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Abstract

:

Endowed with inherent flexibility, wearable robotic technologies are powerful devices that are known to extend bodily functionality to assist people with spinal cord injuries (SCIs). However, rather than considering the specific psychological and other physiological needs of their users, these devices are specifically designed to compensate for motor impairment. This could partially explain why they still cannot be adopted as an everyday solution, as only a small number of patients use lower-limb exoskeletons. It remains uncertain how these devices can be appropriately embedded in mental representations of the body. From this perspective, we aimed to highlight the homeostatic role of autonomic and interoceptive signals and their possible integration in a personalized experience of exoskeleton overground walking. To ensure personalized user-centered robotic technologies, optimal robotic devices should be designed and adjusted according to the patient’s condition. We discuss how embodied approaches could emerge as a means of overcoming the hesitancy toward wearable robots.
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1. Introduction


Spinal cord injuries (SCIs) are devastating life events that bring abrupt and disruptive changes into a person’s life and entail several secondary health challenges [1]. According to estimations, around 180,000 people worldwide are completely or partially paralyzed and have limited sensation due to SCIs [2,3]. The number of SCIs has increased in recent decades, primarily in individuals under the age of 30 [1]. The magnitude of functional recovery can vary considerably between individuals, depending on the location and severity of the spinal cord lesion. Damage to the spinal cord causes a brain–body disconnection of the body parts below the spinal cord lesion, with the interruption of efferent (motor) and afferent (sensory) information. The level of injury (indicated by the name and number of vertebrae involved) defines the portion of the body affected by the disconnection. The lesion’s severity (or completeness) determines the amount and quality of residual sensory and motor abilities.



This leads to a wide variability in clinical conditions: from complete numbness and inability to move to complete sensation in the absence of motor ability or intermediate situations with residual, but not complete, sensation and movement [4]. Symptoms typical of neurological lesions leading to disconnection of the body from the central nervous system may further manifest as chronic painful and nonpainful sensations (i.e., phantom sensation or neuropathic pain) of different etiologies, further complicating the complex constellation of symptoms in these patients.



Currently, there is no absolute cure, and recovering the mobility of paralyzed limbs is a high priority [5]. In this context, manual wheelchairs are the primary devices used for moving an immobile body. However, patients with SCIs commonly experience several limitations in the form of secondary medical issues concerning body paralysis and immobility, such as pain, muscle atrophy, obesity, coronary heart disease, and diabetes. Thus, the focus on assistive technologies for ambulating SCIs has increased over the past few years, mainly on wearable robotic legs.



Exoskeletons denote one such example of assistive technologies providing powered hip and knee motion to help individuals with SCIs initiate and control basic locomotion movements (for example, standing upright, walking, turning, climbing, and descending stairs) [6]. A wide range of lower-limb exoskeletons is under development. Several are available for research purposes, and some have already met the requirements to be officially recognized as rehabilitative and assistive devices (for a review, see Reference [7]).



The potential of the exoskeleton for gait recovery in SCIs has been demonstrated by objective improvements in performance, such as balance, walking distance, velocity, and duration [8,9]. In addition, a case report showed that two non-ambulatory patients with incomplete spinal lesions were able to walk again after exoskeleton training [10]. Standing and walking in an upright position through the use of an exoskeleton may also help prevent secondary health complications after SCIs, such as spasticity, impaired cardiovascular function, and muscle tone [11,12], promoting physical health and well-being. Surprisingly, despite the physical compensation of motor loss, the medical and societal pressure to walk, and great technological advances, only a small number of patients choose to use an exoskeleton [13]. However, the difficulty with exoskeletons for individuals with SCIs is that their utilization is very similar to dancing with a bad partner to facilitate a movement that the body is incapable of achieving. The notion of embodiment establishes how the brain can appropriately control these devices as one’s real body part.



With this perspective study, we aimed to highlight the homeostatic role of autonomic and interoceptive signals and their possible integration into a personalized experience of exoskeleton overground walking. To this end, we first elucidated high-quality technology available for SCIs for identifying the current gaps and potential benefits for patients. We considered aspects that may play a critical role in better adapting the body of a person with a SCI to the use of EXO to provide a new perspective on the personalized use of exoskeletons. Modulation of the homeostatic and autonomic signals during exoskeleton use could improve the interaction between SCI patients and the technological device, increasing the stability of the system and maximizing movement outcomes with exoskeletons into a single natural (joint) action.




2. Which Exoskeleton?


Despite the presence of several EXOs on the market currently, there are only three exoskeletons that have been approved by the U.S. Food and Drug Administration: ReWalk, Ekso, and Indego (see Table 1). All systems are class 2 medical devices tested in different environments and with specific inclusion and exclusion criteria for SCIs. ReWalk and Indego are approved for community and institutional use, while Ekso is approved only for use in a medical facility under trained medical supervision. Several studies have been conducted to investigate the safety and feasibility of the ReWalk [9,14,15,16], Ekso [5,17], and Indego systems [18,19]. In addition, some reviews have compared different exoskeleton systems as assistive tools for rehabilitation in chronic SCI populations [13,14,15,16,17,18,19].



Several parameters were considered when analyzing the feasibility of exoskeleton use, including the time and frequency of sessions, steps taken, distance traveled, and change in overall competence with use. In addition, several typical functional outcomes, such as the Spinal Cord Independence Measure and Functional Independence Measure (FIM), were evaluated. Considering the results of these reviews, only one study found no differences between assisted walking with the exoskeleton and traditional therapeutic approaches such as electrical stimulation, stretching, and strength training [16]. However, a limitation of the study could be the consideration of only an early generation of exoskeletons before the current advanced progress.



A meta-analysis by Miller et al. (2016) examined the safety and efficacy of these devices [12]. It included 14 studies (eight ReWalk, three Ekso, two Indego, and one unspecified exoskeleton) with a total of 111 patients and concluded that exoskeletons are safe to use and can provide significant health benefits. These findings were confirmed by a more recent meta-analysis that found greater benefits in rehabilitation and reintegration [7]. While individuals with SCIs consider exoskeletons a positive and desirable innovation, their use as both therapeutic and mobility devices at home is still limited [4]. To date, very few studies have reported contrasting attendance rates whenever a training program was offered [6,20]. Data on the evaluation of compliance with ambulation sessions are scarce. A few studies reported cases that dropped out during training due to discomfort, injuries, or adverse events during training [6,21,22]. Clearly, more studies are required.




3. The Exoskeleton and the Body: Bodily (and More) Effects of ReWalk


Among individuals with SCIs, treating secondary conditions after a SCI is a high priority [8,9]. The benefits of walking with an exoskeleton include strengthening impaired muscles, walking speed and efficiency, and secondary conditions after a SCI, such as spasticity [9,23], bone density, lean body mass, muscle tone, pain, and changes in cardiovascular and bladder and bowel functions. Improvements in mood and mental state and overall impact on quality of life have also been reported.



3.1. Spasticity


Spasticity, defined as an increase in muscle tone and tendon reflexes, is a common symptom of SCIs. Spasticity is reported in 66–78% of patients with SCIs [24]. More evidence suggests a significant improvement in spasticity scores on the modified Ashworth scale directly after an exoskeleton session [9,23] in all muscle groups [11] but not in all patients [25]. In contrast, Kressler et al. (2014) reported no change in spasticity with exoskeleton-assisted walking [26]. Despite the small sample sizes in the studies and the tendency to include self-reported data, the evidence of an effect on spasticity following exoskeleton training was reported. However, the effect could not be noticed four weeks after the training program ended [11] and may be predicated on initial low and high spasticity levels [10].




3.2. Musculoskeletal


Prolonged wheelchair use is known to lead to decreased bone mineral density, leading to an increased risk of fractures (approximately 25–46%) [27], muscle mass atrophy, and increased fat mass [28], increasing the risk of weight gain and metabolic complications [29]. Despite the published studies with small samples, different studies have noted musculoskeletal improvements after a 6-week exoskeleton intervention [28,29,30]. Exoskeletons are relevant in maintaining the body composition, increasing bone mineral density, and contributing to lean body mass.




3.3. Pain


SCIs include the development of chronic and neuropathic pain (from 26% to 96% individuals) [31] that is notoriously difficult to treat [32,33]. Although various treatments are available (such as drugs and physical and psychological therapies), pain is refractory in a significant proportion of people with SCIs (from 5 to 37%) [31]. The need for better access to effective noninvasive treatment options to alleviate pain makes the effect of powered exoskeletons on pain of particular interest [9,10,23,25,26,34,35,36].



Exoskeleton adoption reduces the intensity of neuropathic pain [26,37] and nociceptive pain [11,23]. Although pain improvement has been reported after each training session [35], as well as postintervention [38], in patients with SCIs monitored after 60 training sessions, as well as a one-year follow-up, no recurrence of pain was observed [37]. However, short-term alterations in the type, intensity, and location of pain between training sessions were not always observed [11,25], thus indicating that a longer duration of training is required for exoskeleton training in reducing neuropathic pain. However, the risk of developing painful pressure points (i.e., mild upper extremity pain/soreness and lower back pain) caused by balancing requires upper body strength and crutches when using an exoskeleton [11,39]. In summary, even in the case of pain, a potential positive effect of exoskeleton-assisted walking on neuropathic pain was found, although it could be a potential pain generator when called to move the entire body weight.




3.4. Cardiovascular Health


An increased and accelerated risk of cardiovascular disease has been observed in people with SCIs [40,41]. Physical activity and exercise are protective factors for cardiovascular diseases. In this sense, exoskeletons may provide a viable alternative for people with SCIs who have limited physical activity. Some studies have shown that exoskeleton-assisted walking increases the heart rate and may positively impact cardiovascular health in chronic patients with SCIs [42,43]. However, when trying to quantify the required effort in terms of energy expenditure, the conclusions are not univocal. If some studies have evaluated exoskeleton-assisted overground walking as equivalent to a moderate exercise activity, it would not be so in other cases where the energy expenditure would not exceed that of a normal walk [26,34]. In summary, exoskeleton walking may be an option for regular exercise with a positive impact on cardiorespiratory health, but this is based only on cohort studies with small sample sizes.




3.5. Neurogenic Bowel


Neurogenic bowel is another common secondary medical complication following SCIs [44]. Based on previous studies examining the benefits of upright posture and mobility on bowel motility, it was hypothesized that powered exoskeletons could improve bowel function [9,11,25,34,35]. Huang et al. (2015) showed that 20 min of exoskeleton use significantly reduced both enema dose and defecation time [45]. In addition, other studies have reported subjective improved bowel regularity [9,34]. Overall, the studies suggest a potential benefit for bowel function, although a study of six individuals with SCIs did not report an improvement of bowel function [35].




3.6. Physical Functioning and Physical Well-Being


Walking is a top priority in patients with SCIs [46]. A wearable exoskeleton to assist walking provides a realistic possibility of fulfilling this priority, even in patients with complete or incomplete paralysis. Therefore, the psychological impact of rehabilitation with powered exoskeletons has been investigated, with several studies demonstrating potential health benefits. For example, Stampacchia et al. (2016) found positive changes in activity limitations, symptoms, emotions, and overall quality of life [23]. Similarly, some case studies [37,47] reported an increase in another domain of health-related quality of life measures (physical functioning, physical role function, physical pain, general health, vitality, and physical well-being), which was confirmed at follow-up six months after rehabilitation. Considering that the results are based on small samples and the paucity of studies, further evidence is needed to understand these aspects better.



In summary, exoskeletons not only have the potential to help people with SCIs regain mobility but could also offer a number of secondary physical benefits that could reduce complications arising from prolonged immobilization in a wheelchair. In future studies, various training programs must overcome the perils of heterogeneous populations (injury severity and neurological level of SCIs) and methods (small sample sizes). Prolonged use of an exoskeleton at home or over a long period of time may prove these effective benefits.





4. The Exoskeleton in the Body: Exoskeleton Embodiment as an Upgrade to a Personalized Exoskeleton


Neuroscience and experimental psychology have shown that the brain can treat a tool as part of the body [48,49,50,51] (Figure 1).



Several studies have documented behavioral and neural changes following tool use. In blind people, the use of a long cane is perceived as an extension of the body’s senses, with the sense of touch being transferred from the hand to the endpoint of the assistive device [52]. In amputees, the use of a prosthesis is associated with the perception of effective arm lengthening [53]. Furthermore, brain imaging studies have shown cortical reorganization after the use of assistive devices [54,55,56], suggesting that external objects are incorporated into the neural representation of the body [57]. Body representation is thus plastic and appears to be able to include salient artificial tools [58,59] and even assistive devices [60].



The close link between the assistive device and body awareness and perception, referred to as embodiment, is the most crucial factor [48] influencing user acceptance, competence, and rejection [61]. The embodiment of a prosthetic aid can improve the competence and safety of movement, thereby reducing physical effort and injuries caused by the use of the tool [48,49] and offering new ways to restore interactions between the body and the world. However, the embodiment is a highly complex and plastic process [62] that operates on sensory–motor maps and requires interplay between the perception of afferent and efferent bodily signals and the cognitive evaluation of these states to influence brain experiences [48,49].



Despite the awareness that only bioinspired robots can improve rehabilitation [63], there have been very few attempts to develop person-centered wearable robotics and training to improve embodiment [64]. Adoption of the right assistive device depends on several factors [65], not only the design of the assistive device (comfort, availability, functionality, and durability) but also the needs and limits of the patient (physical and cognitive impairment and goals).



How can these devices be appropriately controlled by the brain as one’s real body part? In amputees, appropriate redirection of physiological sensations from a limb to the phantom limb map drives a perceptual shift towards the embodiment of the device [61]. Unable to use motor, somatic, and proprioceptive information, individuals with SCIs may experience constant pain that adversely affects their body awareness, perception, and predictions [66]. A reduction in the privileged sensory and proprioceptive information of the body results in a lack of body awareness and makes it difficult to modulate movement and tool use prediction to shape the mental simulation process [48,49].



Currently, brain–computer interfaces probably best represent the concept and promise of the embodiment of an exoskeleton. In particular, it is necessary to execute the control of movement via neural interfaces capable of recording cortical electrical activity and translating it into commands. In experiences such as the exceptional procedure observed by Benabid et al. [67], the most pertinent example of the personalization of an intervention was achieved in a mutual learning and adaptation process involving the patient, the devices, and a multidisciplinary clinical team. However, being very invasive and extremely expensive, this pathway is unsuitable for a large population and needs, especially of large and high-level multidisciplinary teams. Although successful in augmenting leg and arm motions, the use of exoskeletons still neglects the important role that in the transmission of signals could play in body awareness and sentience in patients with SCIs.




5. The Exoskeleton with the Body: Interaction between Different Signals and Homeostasis as the Next Level for Personalized Exoskeleton Rehabilitation


Considering the currently available information and the growing body of literature, it is easy to understand why promoting an adequate exoskeleton–patient interaction is onerous and controversial in terms of both appreciation and efficacy. One sparsely researched resource is interoception, which refers to a constant flow of bodily and visceral-derived data informing and regulating higher cognitive activities that rarely cross the threshold of awareness [68].



An approach focused on embodiment and, as a consequence, on a transparent unified experience of thought and action requires a full understanding of the potential impact of SCIs on the information that comes from the body. A curious but explanatory effect of this complexity is that spinal lesions do not apparently affect the sense of ownership for the supralesional part of the body but, rather, the stability of the body schema—namely, the representation of the body in the space necessary for action [69]. While touch and vision do play pivotal roles in ownership, proprioception is dominated by signals of internal origin. The fact that the lesion seemingly also alters the proprioceptive abilities for the body part not directly affected suggests that an approach oriented to the entire body experience is necessary to restore body awareness so that a profitable interaction with assistive devices can be supported.



Before a successful embodiment of prosthetic legs, information is needed on the systematic dysfunction of how the human brain in patients with spinal lesions adapts to changes in body signals [66]. Individuals with SCIs exhibit disturbances in their homeostatic balance [66,69,70]. The loss of somatic and visceral information leads to the misperception of interoceptive signals and the maintenance of homeostatic stability [66,69,70]. This contributes to the distortions of body awareness and internal conscious representation of the body.



Homeostatic stability requires a balance between internal feedback and environmental context. This facilitates the identification of correct interoceptive signals and allostatic interoceptive signals [71,72]. The integrity of the system is maintained by comparing interoceptive mechanisms and visceral inputs [71,72], allowing the former to be constantly updated in relation to the state of the body [73].



Allostatic interoceptive inferences are considered the first low-level processes to adapt to the demands of the external environment. The vagus nerve is a key homeostatic component of the parasympathetic branch of the autonomic nervous system (ANS) and carries ascending interoceptive sensory information via the internal organs and the enteric nervous system. Visceral and interoceptive signals, particularly respiratory and cardiac signals, reach the superior cerebral areas through the vagal system. One of the major interoceptive targets of the brainstem, the nucleus tractus solitarius (NTS), is fundamental for the control of physiological states and is connected mainly via the thalamus to several interoceptive areas, such as the somatosensory cortex and the insula [74]. These networks play an important role in body representation and the sense of body ownership. Accordingly, the modulation of autonomic signals can affect interoceptive signals. Therefore, noninvasive vagal stimulation (taVNS), a technique currently used in the treatment of various diseases [75], can presumably be used to modulate interoceptive signals [76] and, consequently, enhance body awareness by strengthening the connection between different body parts and the overall body representation (Figure 2). In fact, some studies reported that the synchronization of taVNS with the respiratory rhythm caused a stronger activation of some vagal targets, such as the NTS or neuromodulating nuclei (i.e., locus coeruleus and raphe nuclei), synchronizing the stimulation with the expiratory phase [77,78].



Interestingly, the vagal pathway is not involved in spinal lesions. For this reason, taVNS offers several advantages for people with SCIs [79]. To consider an assistive device as part of one’s body, two elements are essential for people with SCIs: the use of an assistive device capable of partially restoring the lost functionality (i.e., movement) and the need to experience better body awareness, especially internal body awareness [80,81]. In this sense, the use of taVNS during rehabilitation training with assistive devices (e.g., an exoskeleton) is likely to allow subjects, especially those with more severe injuries, to feel like they have an “insentient” body again.



Improving autonomic signals and, consequently, interoceptive signals could also restore homeostasis in people with SCIs. Moreover, coordination between respiratory rhythm and movement could be another approach for rehabilitation with an assistive device, especially an exoskeleton [82]. Adaptation to the voluntary breathing rhythm could allow synchronization of the subject with the exoskeleton’s movement to improve their ability to walk autonomously. In addition, the analgesic effects of taVNS could also be used to treat neuropathic pain, which could contribute to less change in body awareness and further improve embodiment effects [79]. With this finding, the interaction between different signals (i.e., interoceptive and autonomic) and the maintenance of homeostasis could be considered the next stage of “personalized” exoskeleton rehabilitation.




6. Conclusions


Despite the technological advancements witnessed over the past few decades, only limited success has been reported in the usage of exoskeletons [4,13]. Both clinicians and engineers have recognized the possibility that people with SCIs could reject their bionic legs, because they do not yet feel like biological ones [48,49,80,83]. However, little attention has been paid to how the human body responds to and supports such technological innovations in terms of active body control and sensing [48,49,80,83,84]. These concerns are particularly relevant for patients with body paralysis and numbness due to SCIs. In this sense, it would be the most effective and useful to focus on personalized interventions that can emphasize residual abilities after SCIs. Some useful signals seem to be the autonomic and non-perceptual ones, which, when combined, can provide the patient with a useful aid in general rehabilitation and the acceptance and use of the exoskeleton.







Author Contributions


Conceptualization and writing—original draft preparation, G.F., E.L., F.F. and M.P.; writing—review and editing: G.F., E.L., F.F., L.D.G., M.C., A.M.G. and M.P.; supervision, M.P.; and 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).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lee, B.B.; Cripps, R.A.; Fitzharris, M.; Wing, P.C. The global map for traumatic spinal cord injury epidemiology: Update 2011, global incidence rate. Spinal Cord 2014, 52, 110–116. [Google Scholar] [CrossRef] [PubMed]

	



Wyndaele, M.; Wyndaele, J.J. Incidence, prevalence and epidemiology of spinal cord injury: What learns a worldwide literature survey? Spinal Cord 2006, 44, 523–529. [Google Scholar] [CrossRef]

	



Goulet, J.; Richard-Denis, A.; Thompson, C.; Mac-Thiong, J.M. Relationships Between Specific Functional Abilities and Health-Related Quality of Life in Chronic Traumatic Spinal Cord Injury. Am. J. Phys. Med. Rehabil. 2019, 98, 14–19. [Google Scholar] [CrossRef] [PubMed]

	



Roberts, T.T.; Leonard, G.R.; Cepela, D.J. Classifications in Brief: American Spinal Injury Association (ASIA) Impairment Scale. Clin. Orthop. Relat. Res. 2017, 475, 1499–1504. [Google Scholar] [CrossRef] [PubMed]

	



Van Dijsseldonk, R.B.; van Nes, I.J.W.; Geurts, A.C.H.; Keijsers, N.L.W. Exoskeleton home and community use in people with complete spinal cord injury. Sci. Rep. 2020, 10, 15600. [Google Scholar] [CrossRef]

	



Bach Baunsgaard, C.; Vig Nissen, U.; Katrin Brust, A.; Frotzler, A.; Ribeill, C.; Kalke, Y.B.; Leon, N.; Gomez, B.; Samuelsson, K.; Antepohl, W.; et al. Gait training after spinal cord injury: Safety, feasibility and gait function following 8 weeks of training with the exoskeletons from Ekso Bionics. Spinal Cord 2018, 56, 106–116. [Google Scholar] [CrossRef] [PubMed]

	



Chiș, L.C.; Copotoiu, M.; Moldovan, L. Different Types of Exoskeletons can Improve the Life of Spinal Cord Injury’s Patients—A Meta-Analysis. Procedia Manuf. 2020, 46, 844–849. [Google Scholar] [CrossRef]

	



Grasmucke, D.; Zieriacks, A.; Jansen, O.; Fisahn, C.; Sczesny-Kaiser, M.; Wessling, M.; Meindl, R.C.; Schildhauer, T.A.; Aach, M. Against the odds: What to expect in rehabilitation of chronic spinal cord injury with a neurologically controlled Hybrid Assistive Limb exoskeleton. A subgroup analysis of 55 patients according to age and lesion level. Neurosurg. Focus 2017, 42, E15. [Google Scholar] [CrossRef] [PubMed]

	



Esquenazi, A.; Talaty, M.; Packel, A.; Saulino, M. The ReWalk powered exoskeleton to restore ambulatory function to individuals with thoracic-level motor-complete spinal cord injury. Am. J. Phys. Med. Rehabil. 2012, 91, 911–921. [Google Scholar] [CrossRef]

	



Khan, A.S.; Livingstone, D.C.; Hurd, C.L.; Duchcherer, J.; Misiaszek, J.E.; Gorassini, M.A.; Manns, P.J.; Yang, J.F. Retraining walking over ground in a powered exoskeleton after spinal cord injury: A prospective cohort study to examine functional gains and neuroplasticity. J. Neuroeng. Rehabil. 2019, 16, 145. [Google Scholar] [CrossRef]

	



Baunsgaard, C.B.; Nissen, U.V.; Brust, A.K.; Frotzler, A.; Ribeill, C.; Kalke, Y.B.; Leon, N.; Gomez, B.; Samuelsson, K.; Antepohl, W.; et al. Exoskeleton gait training after spinal cord injury: An exploratory study on secondary health conditions. J. Rehabil. Med. 2018, 50, 806–813. [Google Scholar] [CrossRef]

	



Miller, L.E.; Zimmermann, A.K.; Herbert, W.G. Clinical effectiveness and safety of powered exoskeleton-assisted walking in patients with spinal cord injury: Systematic review with meta-analysis. Med. Devices 2016, 9, 455–466. [Google Scholar] [CrossRef]

	



Federici, S.; Meloni, F.; Bracalenti, M.; De Filippis, M.L. The effectiveness of powered, active lower limb exoskeletons in neurorehabilitation: A systematic review. NeuroRehabilitation 2015, 37, 321–340. [Google Scholar] [CrossRef] [PubMed]

	



Holanda, L.J.; Silva, P.M.M.; Amorim, T.C.; Lacerda, M.O.; Simao, C.R.; Morya, E. Robotic assisted gait as a tool for rehabilitation of individuals with spinal cord injury: A systematic review. J. Neuroeng. Rehabil. 2017, 14, 126. [Google Scholar] [CrossRef] [PubMed]

	



Esquenazi, A.; Talaty, M.; Jayaraman, A. Powered Exoskeletons for Walking Assistance in Persons with Central Nervous System Injuries: A Narrative Review. PM&R 2017, 9, 46–62. [Google Scholar] [CrossRef]

	



Fisahn, C.; Aach, M.; Jansen, O.; Moisi, M.; Mayadev, A.; Pagarigan, K.T.; Dettori, J.R.; Schildhauer, T.A. The Effectiveness and Safety of Exoskeletons as Assistive and Rehabilitation Devices in the Treatment of Neurologic Gait Disorders in Patients with Spinal Cord Injury: A Systematic Review. Glob. Spine J. 2016, 6, 822–841. [Google Scholar] [CrossRef]

	



Chang, S.R.; Kobetic, R.; Audu, M.L.; Quinn, R.D.; Triolo, R.J. Powered Lower-Limb Exoskeletons to Restore Gait for Individuals with Paraplegia—A Review. Case Orthop. J. 2015, 12, 75–80. [Google Scholar]

	



Lajeunesse, V.; Vincent, C.; Routhier, F.; Careau, E.; Michaud, F. Exoskeletons’ design and usefulness evidence according to a systematic review of lower limb exoskeletons used for functional mobility by people with spinal cord injury. Disabil. Rehabil. Assist. Technol. 2016, 11, 535–547. [Google Scholar] [CrossRef] [PubMed]

	



Louie, D.R.; Eng, J.J.; Lam, T.; Spinal Cord Injury Research Evidence Research Team. Gait speed using powered robotic exoskeletons after spinal cord injury: A systematic review and correlational study. J. Neuroeng. Rehabil. 2015, 12, 82. [Google Scholar] [CrossRef]

	



Benson, I.; Hart, K.; Tussler, D.; van Middendorp, J.J. Lower-limb exoskeletons for individuals with chronic spinal cord injury: Findings from a feasibility study. Clin. Rehabil. 2016, 30, 73–84. [Google Scholar] [CrossRef] [PubMed]

	



He, Y.; Eguren, D.; Luu, T.P.; Contreras-Vidal, J.L. Risk management and regulations for lower limb medical exoskeletons: A review. Med. Devices 2017, 10, 89–107. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez-Fernandez, A.; Lobo-Prat, J.; Font-Llagunes, J.M. Systematic review on wearable lower-limb exoskeletons for gait training in neuromuscular impairments. J. Neuroeng. Rehabil. 2021, 18, 22. [Google Scholar] [CrossRef] [PubMed]

	



Stampacchia, G.; Rustici, A.; Bigazzi, S.; Gerini, A.; Tombini, T.; Mazzoleni, S. Walking with a powered robotic exoskeleton: Subjective experience, spasticity and pain in spinal cord injured persons. NeuroRehabilitation 2016, 39, 277–283. [Google Scholar] [CrossRef] [PubMed]

	



McKay, W.B.; Sweatman, W.M.; Field-Fote, E.C. The experience of spasticity after spinal cord injury: Perceived characteristics and impact on daily life. Spinal Cord 2018, 56, 478–486. [Google Scholar] [CrossRef] [PubMed]

	



Juszczak, M.; Gallo, E.; Bushnik, T. Examining the Effects of a Powered Exoskeleton on Quality of Life and Secondary Impairments in People Living With Spinal Cord Injury. Top Spinal Cord Inj. Rehabil. 2018, 24, 336–342. [Google Scholar] [CrossRef]

	



Kressler, J.; Thomas, C.K.; Field-Fote, E.C.; Sanchez, J.; Widerstrom-Noga, E.; Cilien, D.C.; Gant, K.; Ginnety, K.; Gonzalez, H.; Martinez, A.; et al. Understanding therapeutic benefits of overground bionic ambulation: Exploratory case series in persons with chronic, complete spinal cord injury. Arch. Phys. Med. Rehabil. 2014, 95, 1878–1887.e4. [Google Scholar] [CrossRef] [PubMed]

	



Ashe, M.C.; Craven, C.; Eng, J.J.; Krassioukov, A.; The SCIRE Research Team. Prevention and Treatment of Bone Loss after a Spinal Cord Injury: A Systematic Review. Top Spinal Cord Inj. Rehabil. 2007, 13, 123–145. [Google Scholar] [CrossRef]

	



Neto, F.R.; Lopes, G.H. Body composition modifications in people with chronic spinal cord injury after supervised physical activity. J. Spinal Cord Med. 2011, 34, 586–593. [Google Scholar] [CrossRef]

	



Gorgey, A.S.; Dolbow, D.R.; Dolbow, J.D.; Khalil, R.K.; Castillo, C.; Gater, D.R. Effects of spinal cord injury on body composition and metabolic profile—Part I. J. Spinal Cord Med. 2014, 37, 693–702. [Google Scholar] [CrossRef]

	



Karelis, A.D.; Carvalho, L.P.; Castillo, M.J.; Gagnon, D.H.; Aubertin-Leheudre, M. Effect on body composition and bone mineral density of walking with a robotic exoskeleton in adults with chronic spinal cord injury. J. Rehabil. Med. 2017, 49, 84–87. [Google Scholar] [CrossRef] [PubMed]

	



Dijkers, M.; Bryce, T.; Zanca, J. Prevalence of chronic pain after traumatic spinal cord injury: A systematic review. J. Rehabil. Res. Dev. 2009, 46, 13–29. [Google Scholar] [CrossRef]

	



Leemhuis, E.; Giuffrida, V.; Giannini, A.M.; Pazzaglia, M. A Therapeutic Matrix: Virtual Reality as a Clinical Tool for Spinal Cord Injury-Induced Neuropathic Pain. Brain Sci. 2021, 11, 1201. [Google Scholar] [CrossRef]

	



Cardenas, D.D.; Jensen, M.P. Treatments for chronic pain in persons with spinal cord injury: A survey study. J. Spinal Cord Med. 2006, 29, 109–117. [Google Scholar] [CrossRef] [PubMed]

	



Kozlowski, A.J.; Bryce, T.N.; Dijkers, M.P. Time and Effort Required by Persons with Spinal Cord Injury to Learn to Use a Powered Exoskeleton for Assisted Walking. Top Spinal Cord Inj. Rehabil. 2015, 21, 110–121. [Google Scholar] [CrossRef] [PubMed]

	



Zeilig, G.; Weingarden, H.; Zwecker, M.; Dudkiewicz, I.; Bloch, A.; Esquenazi, A. Safety and tolerance of the ReWalk exoskeleton suit for ambulation by people with complete spinal cord injury: A pilot study. J. Spinal Cord Med. 2012, 35, 96–101. [Google Scholar] [CrossRef]

	



Sale, P.; Russo, E.F.; Scarton, A.; Calabro, R.S.; Masiero, S.; Filoni, S. Training for mobility with exoskeleton robot in spinal cord injury patients: A pilot study. Eur. J. Phys. Rehabil. Med. 2018, 54, 745–751. [Google Scholar] [CrossRef]

	



Cruciger, O.; Schildhauer, T.A.; Meindl, R.C.; Tegenthoff, M.; Schwenkreis, P.; Citak, M.; Aach, M. Impact of locomotion training with a neurologic controlled hybrid assistive limb (HAL) exoskeleton on neuropathic pain and health related quality of life (HRQoL) in chronic SCI: A case study. Disabil. Rehabil. Assist. Technol. 2016, 11, 529–534. [Google Scholar] [CrossRef]

	



Labruyere, R.; van Hedel, H.J. Strength training versus robot-assisted gait training after incomplete spinal cord injury: A randomized pilot study in patients depending on walking assistance. J. Neuroeng. Rehabil. 2014, 11, 4. [Google Scholar] [CrossRef] [PubMed]

	



Kolakowsky-Hayner, S.A.; Crew, J.; Moran, S.; Shah, A. Safety and feasibility of the EksoTM bionic exoskeleton to aid ambulation after spinal cord injury. J. Spine 2013, 2013, 1–8. [Google Scholar] [CrossRef]

	



Bauman, W.A.; Spungen, A.M. Coronary heart disease in individuals with spinal cord injury: Assessment of risk factors. Spinal Cord 2008, 46, 466–476. [Google Scholar] [CrossRef] [PubMed]

	



Hagen, E.M.; Lie, S.A.; Rekand, T.; Gilhus, N.E.; Gronning, M. Mortality after traumatic spinal cord injury: 50 years of follow-up. J. Neurol. Neurosurg. Psychiatry 2010, 81, 368–373. [Google Scholar] [CrossRef]

	



Asselin, P.; Knezevic, S.; Kornfeld, S.; Cirnigliaro, C.; Agranova-Breyter, I.; Bauman, W.A.; Spungen, A.M. Heart rate and oxygen demand of powered exoskeleton-assisted walking in persons with paraplegia. J. Rehabil. Res. Dev. 2015, 52, 147–158. [Google Scholar] [CrossRef]

	



Evans, N.; Hartigan, C.; Kandilakis, C.; Pharo, E.; Clesson, I. Acute Cardiorespiratory and Metabolic Responses During Exoskeleton-Assisted Walking Overground Among Persons with Chronic Spinal Cord Injury. Top Spinal Cord Inj. Rehabil. 2015, 21, 122–132. [Google Scholar] [CrossRef] [PubMed]

	



Lynch, A.C.; Antony, A.; Dobbs, B.R.; Frizelle, F.A. Bowel dysfunction following spinal cord injury. Spinal Cord 2001, 39, 193–203. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Q.; Yu, L.; Gu, R.; Zhou, Y.; Hu, C. Effects of robot training on bowel function in patients with spinal cord injury. J. Phys. Ther. Sci. 2015, 27, 1377–1378. [Google Scholar] [CrossRef] [PubMed]

	



Ditunno, P.L.; Patrick, M.; Stineman, M.; Ditunno, J.F. Who wants to walk? Preferences for recovery after SCI: A longitudinal and cross-sectional study. Spinal Cord 2008, 46, 500–506. [Google Scholar] [CrossRef]

	



Raab, K.; Krakow, K.; Tripp, F.; Jung, M. Effects of training with the ReWalk exoskeleton on quality of life in incomplete spinal cord injury: A single case study. Spinal Cord Ser. Cases 2016, 2, 15025. [Google Scholar] [CrossRef]

	



Pazzaglia, M.; Galli, G.; Scivoletto, G.; Molinari, M. A functionally relevant tool for the body following spinal cord injury. PLoS ONE 2013, 8, e58312. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Maravita, A.; Iriki, A. Tools for the body (schema). Trends Cogn. Sci. 2004, 8, 79–86. [Google Scholar] [CrossRef]

	



Hoffmann, M.; Marques, H.; Arieta, A.; Sumioka, H.; Lungarella, M.; Pfeifer, R. Body schema in robotics: A review. IEEE Trans. Auton. Ment. Dev. 2010, 2, 304–324. [Google Scholar] [CrossRef]

	



Serino, A.; Bassolino, M.; Farne, A.; Ladavas, E. Extended multisensory space in blind cane users. Psychol. Sci. 2007, 18, 642–648. [Google Scholar] [CrossRef] [PubMed]

	



McDonnell, P.M.; Scott, R.N.; Dickison, J.; Theriault, R.A.; Wood, B. Do artificial limbs become part of the user? New evidence. J. Rehabil. Res. Dev. 1989, 26, 17–24. [Google Scholar] [PubMed]

	



Lotze, M.; Grodd, W.; Birbaumer, N.; Erb, M.; Huse, E.; Flor, H. Does use of a myoelectric prosthesis prevent cortical reorganization and phantom limb pain? Nat. Neurosci. 1999, 2, 501–502. [Google Scholar] [CrossRef]

	



Giraux, P.; Sirigu, A.; Schneider, F.; Dubernard, J.M. Cortical reorganization in motor cortex after graft of both hands. Nat. Neurosci. 2001, 4, 691–692. [Google Scholar] [CrossRef] [PubMed]

	



Maruishi, M.; Tanaka, Y.; Muranaka, H.; Tsuji, T.; Ozawa, Y.; Imaizumi, S.; Miyatani, M.; Kawahara, J. Brain activation during manipulation of the myoelectric prosthetic hand: A functional magnetic resonance imaging study. Neuroimage 2004, 21, 1604–1611. [Google Scholar] [CrossRef]

	



Lewis, J.W. Cortical networks related to human use of tools. Neuroscientist 2006, 12, 211–231. [Google Scholar] [CrossRef] [PubMed]

	



Maravita, A.; Spence, C.; Kennett, S.; Driver, J. Tool-use changes multimodal spatial interactions between vision and touch in normal humans. Cognition 2002, 83, B25–B34. [Google Scholar] [CrossRef]

	



Farne, A.; Serino, A.; Ladavas, E. Dynamic size-change of peri-hand space following tool-use: Determinants and spatial characteristics revealed through cross-modal extinction. Cortex 2007, 43, 436–443. [Google Scholar] [CrossRef]

	



Standal, Ø.F. Re-embodiment: Incorporation through embodied learning of wheelchair skills. Med. Health Care Philos. 2011, 14, 177–184. [Google Scholar] [CrossRef]

	



Schofield, J.S.; Evans, K.R.; Carey, J.P.; Hebert, J.S. Applications of sensory feedback in motorized upper extremity prosthesis: A review. Expert Rev. Med. Devices 2014, 11, 499–511. [Google Scholar] [CrossRef] [PubMed]

	



Scorolli, C.; Binkofski, F.; Buccino, G.; Nicoletti, R.; Riggio, L.; Borghi, A.M. Abstract and concrete sentences, embodiment, and languages. Front. Psychol. 2011, 2, 227. [Google Scholar] [CrossRef] [PubMed]

	



Pfeifer, R.; Lungarella, M.; Iida, F. Self-organization, embodiment, and biologically inspired robotics. Science 2007, 318, 1088–1093. [Google Scholar] [CrossRef] [PubMed]

	



Sharples, S.; Martin, J.; Lang, A.; Craven, M.; O’Neill, S.; Barnett, J. Medical device design in context: A model of user-device interaction interaction and consequences. Displays 2012, 33, 221–232. [Google Scholar] [CrossRef]

	



Karmarkar, A.M.; Collins, D.M.; Wichman, T.; Franklin, A.; Fitzgerald, S.G.; Dicianno, B.E.; Pasquina, P.F.; Cooper, R.A. Prosthesis and wheelchair use in veterans with lower-limb amputation. J. Rehabil. Res. Dev. 2009, 46, 567–576. [Google Scholar] [CrossRef] [PubMed]

	



Lucci, G.; Pazzaglia, M. Towards multiple interactions of inner and outer sensations in corporeal awareness. Front. Hum. Neurosci. 2015, 9, 163. [Google Scholar] [CrossRef] [PubMed]

	



Benabid, A.L.; Costecalde, T.; Eliseyev, A.; Charvet, G.; Verney, A.; Karakas, S.; Foerster, M.; Lambert, A.; Moriniere, B.; Abroug, N.; et al. An exoskeleton controlled by an epidural wireless brain-machine interface in a tetraplegic patient: A proof-of-concept demonstration. Lancet Neurol. 2019, 18, 1112–1122. [Google Scholar] [CrossRef]

	



Vaitl, D. Interoception. Biol. Psychol. 1996, 42, 1–27. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Sterling, P. Homeostasis vs allostasis: Implications for brain function and mental disorders. JAMA Psychiatry 2014, 71, 1192–1193. [Google Scholar] [CrossRef]

	



Nikolova, N.; Waade, P.T.; Friston, K.J.; Allen, M. What Might Interoceptive Inference Reveal about Consciousness? Rev. Philos. Psychol. 2021. [Google Scholar] [CrossRef]

	



Barrett, L.F.; Simmons, W.K. Interoceptive predictions in the brain. Nat. Rev. Neurosci. 2015, 16, 419–429. [Google Scholar] [CrossRef] [PubMed]

	



Critchley, H.D.; Harrison, N.A. Visceral influences on brain and behavior. Neuron 2013, 77, 624–638. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



De Martino, M.L.; De Bartolo, M.; Leemhuis, E.; Pazzaglia, M. Rebuilding Body-Brain Interaction from the Vagal Network in Spinal Cord Injuries. Brain Sci. 2021, 11, 1084. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Scivoletto, G.; Galli, G.; Torre, M.; Molinari, M.; Pazzaglia, M. The Overlooked Outcome Measure for Spinal Cord Injury: Use of Assistive Devices. Front. Neurol. 2019, 10, 272. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Leemhuis, E.; Giuffrida, V.; De Martino, M.L.; Forte, G.; Pecchinenda, A.; De Gennaro, L.; Giannini, A.M.; Pazzaglia, M. Rethinking the Body in the Brain after Spinal Cord Injury. J. Clin. Med. 2022, 11, 388. [Google Scholar] [CrossRef] [PubMed]








[image: Jpm 12 00380 g001 550] 





Figure 1. Embodiment and body ownership examples. (A1) Hand-related neuronal populations that normally react only to visual stimuli near the hand (A2) after repeated tool use and show similar activation patterns for the area surrounding the tool. (B) The classic rubber hand illusion show how artificial objects, using proper stimulation procedures, can be experienced as part of our own body. (C) The appropriate combination of training and features of prosthetic devices can lead to their integration into body representations, allowing for effective interaction with one’s body and environment. 
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Figure 2. taVNS stimulation of the auricular branch of the vagus nerve (VN) projects to the nucleus tractus solitari (NTS), continuing to the locus coeruleus and parabrachial nucleus. From the parabrachial nucleus, it propagates to various subcortical and cortical brain regions. HTh: hypothalamus; PBN: parabrachial nucleus; LC: locus coeruleus; NTS: nucleus tractus solitary; DMNV: dorsal motor nucleus of the vagus nerve. 
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Table 1. Robotic exoskeletons approved for rehabilitation by the Food and Drug Administration.
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	Device
	Approved for Use
	Injury Level





	ReWalk™ (ReWalk Robotics Inc., Marlboro, MA, USA and Yokneam, Israel)
	Rehabilitation and personal mobility (community)
	T4–L5 (Rehabilitation)

T7–L5 (Personal Use)



	Indego™ (Parker Hannifin Corporation, Cleveland, OH, USA)
	Rehabilitation and personal mobility (community)
	T4–L5 (Rehabilitation)

T7–L5 (Personal Use)



	Ekso® (Ekso Bionics, Berkley, CA, USA)
	Rehabilitation
	T4–L5 AIS A–D

C7–T3 if AIS D
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