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Virtual reality (VR) and augmented reality (AR) have been combined with physical rehabilitation and psychological treatments to improve patients' emotional reactions, body image, and physical function. Nonetheless, no detailed investigation assessed the relationship between VR or AR manual therapies (MTs), which are touch-based approaches that involve the manipulation of tissues for relieving pain and improving balance, postural stability and well-being in several pathological conditions. The present review attempts to explore whether and how VR and AR might be integrated with MTs to improve patient care, with particular attention to balance and to fields like chronic pain that need an approach that engages both mind and body. MTs rely essentially on touch to induce tactile, proprioceptive, and interoceptive stimulations, whereas VR and AR rely mainly on visual, auditory, and proprioceptive stimulations. MTs might increase patients' overall immersion in the virtual experience by inducing parasympathetic tone and relaxing the mind, thus enhancing VR and AR effects. VR and AR could help manual therapists overcome patients' negative beliefs about pain, address pain-related emotional issues, and educate them about functional posture and movements. VR and AR could also engage and change the sensorimotor neural maps that the brain uses to cope with environmental stressors. Hence, combining MTs with VR and AR could define a whole mind-body intervention that uses psychological, interoceptive, and exteroceptive stimulations for rebalancing sensorimotor integration, distorted perceptions, including visual, and body images. Regarding the technology needed to integrate VR and AR with MTs, head-mounted displays could be the most suitable devices due to being low-cost, also allowing patients to follow VR therapy at home. There is enough evidence to argue that integrating MTs with VR and AR could help manual therapists offer patients better and comprehensive treatments. However, therapists need valid tools to identify which patients would benefit from VR and AR to avoid potential adverse effects, and both therapists and patients have to be involved in the development of VR and AR applications to define truly patient-centered therapies. Furthermore, future studies should assess whether the integration between MTs and VR or AR is practically feasible, safe, and clinically useful.

Keywords: balance, cybersickness, head-mounted display, multisensory integration, presence, simulation, touch


INTRODUCTION

Virtual reality (VR) and augmented reality (AR) have recently drawn professionals and patients' attention in several fields, including psychology, physical, and neurological rehabilitation, and surgery. In particular, the development of low-cost head-mounted displays (HMDs), which can be associated with smartphones, gaming consoles, personal computers, or workstations, brought VR and AR outside research laboratories toward a vast audience of users (1, 2). VR and AR typically use input devices to gather information about the user (e.g., the position of the body and its kinetic information) and the surrounding environment, and output devices to send the user sensory information (e.g., images, vibrations, and sounds) (1).

VR aims to create an environment that the users feel as realistic and coherent: they should experience “presence”—the illusion of “being there” in the simulated environment and the feeling that what is happening is plausible. Indeed, the simulated events have to follow precise physical laws, satisfy psychosocial expectations, and synchronize with the user's actions (2). AR aims to superimpose virtual information on the physical world: just like VR, AR should synchronize the virtual simulation with the real world to give a fair degree of realism and a sense of presence (1). Since the virtual objects extend the real environment (the users “are already there”), the sense of presence in AR could be better defined as “informed continuity.”

The efficacy of both VR and AR lies, thus, in the creation of a coherent simulation: the users must experience the same physical laws during the whole simulation and perceive synchronicity between their (re)actions and the virtual stimuli. Once accustomed to the simulation, the users must see congruence between what is happening and their expectations (1). If the simulated environment lacked coherence, users would feel it as non-realistic: they would live a poor experience, the simulation would fail to induce positive effects, and adverse effects such as cybersickness (i.e., the feeling of discomfort and malaise due to the mismatch between observed and expected sensory signals) could occur. Note that some forms of sickness, e.g., motion sickness, can occur even if users experience presence: in fact, for both presence and cybersickness to occur, the patients have to feel the simulation as realistic (1, 3).

In the last decade, VR and AR applications in the medical and psychological fields have increased: they are used for educational purposes, surgical training and procedures, neuromotor rehabilitation, and anxiety treatments (1, 4). However, more high-quality research is required to include these technologies in healthcare curricula efficiently (5).

Manual therapies (MTs) are touch-based approaches, such as various types of massage or osteopathic manipulative treatment (OMT), that involve the manipulation of tissues (6). Although more rigorous research is required, several papers showed MTs might influence the body's myofascial system, affect local and systemic circulation, improve sleep, and reduce pain (6–9). Despite VR and AR involvement in physical therapy, the literature lacks papers assessing the relationship between MTs and VR or AR, to the best of our knowledge. The published trials about VR and AR in the context of manual approaches discuss VR and AR integration with physical rehabilitation (e.g., physiotherapy for stroke patients) (10, 11), which goes beyond touch or manipulation per se. Hence, the interaction of MTs with VR and AR remains somehow unknown.

Therefore, after briefly reviewing the effects of MTs, VR, and AR in healthcare, the present paper aims to propose how these approaches, in particular, MTs and VR, could be combined for improving patient care. Indeed, integrating the tactile, proprioceptive, and interoceptive sensations elicited by MTs with the (mainly visual-auditory) simulated VR experience could harness the benefits and overcome the limits of both. Their integration's positive effects could occur especially in fields like pain, whose treatment needs a comprehensive approach that involves physical, biochemical, and psychosocial factors (12–14).

In order to obtain a comprehensive analysis of the literature, the current review used the following search strategies in Pubmed:

• for VR and AR, the basic query was [“systematic review” (Publication Type)] AND (“virtual reality” OR “augmented reality”);

• for manual therapies, the basic query was [“systematic review” (Publication Type)] AND [bodywork OR (“manual therapy”) OR (“osteopathic manipulative treatment”) OR (“osteopathic treatment”) OR (“high velocity low amplitude”) OR (“muscle energy”) OR (counterstrain) OR (“myofascial release”) OR (craniosacral) OR (“cranial field”) OR (“lymphatic pump”) OR (“rib raising”) OR (“spinal manipulative”) OR (“suboccipital decompression”) OR (“fourth ventricle”) OR (CV4) OR (“trigger point”)].

For both queries, we repeated the search by adding condition-specific keywords, such as pain, chronic pain, balance, dementia, depression, quality of life, phobia, and surgery. We then selected the papers involving adult people (18+ years old), from inception to February 2021.



THE CURRENT STATE OF THE USE OF MTS, VR, AND AR

MTs, VR, and AR are used to manage several pathological conditions and improve patients' health-related quality of life (HRQoL) and disability. Over the last few years, several systematic reviews investigated their efficacy and safety. Despite the need for more rigorous research—more significant samples, better description of randomization, allocation concealment, interventions, and control group, follow-up assessment, better statistical analyses, standardized methodology, uniform choice of the outcomes to easily pool the results in meta-analyses—for MTs (15–17), VR and AR (2, 10, 18), these interventions have shown positive effects on several conditions as reported in the next paragraphs. VR and AR also helped augment medical education and training (5, 19–22).

MTs, VR, and AR are generally safe—just some minor transient adverse effects were reported, particularly muscle stiffness and symptoms worsening for MTs (23, 24), and musculoskeletal pain, fatigue, and dizziness for VR and AR (25–28). However, due to the limitations mentioned above, authors had difficulties in drawing firm conclusions or recommendations for MTs (17, 29), VR, and AR (11, 18, 30, 31) as valid and reliable treatments.


The Effects of MTs: A Summary

Evidence shows that MTs could help improve fatigue, sleep, and well-being (32–35). MTs seem to increase functionality and HRQoL, while reducing pain in pregnant and postpartum women with LBP, pelvic pain and dysmenorrhea (36–38). MTs might also positively affect maternal antenatal depression (39).

MTs could be useful in caring for individuals with acute and chronic pain. In particular, MTs (e.g., spinal manipulation and mobilization, massage, OMT) showed clinical effects in acute and chronic LBP, neck pain, lateral epicondylitis, headaches, pain due to surgical and non-surgical adhesion, and pain-related disability (17, 23, 24, 40–45). A recent meta-analysis found that OMT, in particular, myofascial release, is effective in reducing pain and improving functional status (even through the reduction of fear-avoidance beliefs) in case of non-specific LBP, even when assessed after 12 weeks (46). MTs seem to reduce pain even in other conditions such as temporomandibular disorder (47), irritable bowel syndrome (48), and fibromyalgia (49, 50).

Nevertheless, there are mixed results on the effectiveness of MTs in reducing pain: for instance, in some cases MTs such as spinal therapies seem to be ineffective in treating mild to moderate chronic LBP (51), whereas in other cases the effects remain clinically significant only in the short-term (e. g., weeks) (49, 50). Although the clinical significance of the result seems small, a recent randomized controlled trial found that, compared to sham therapy, OMT induced a higher reduction in LBP-specific activity limitations at 3 and 12 months (52).

Some weak evidence shows that MTs, for instance, OMT, might help prevent falls and ameliorate objective measures of mobility and balance (e.g., sit-to-stand, gait speed) in the case of dizziness (53) and cervical vertigo (54). MTs might also improve gait in the case of Parkinson's disease (PD) (55). However, in the elderly MTs seem to improve balance function only together with vestibular rehabilitation (56).

Lastly, some evidence shows MTs might help manage essential hypertension as an adjunctive therapy to drugs (15, 16), an effect that could be due to the potential ability of MTs to positively affect the autonomic nervous system regulation (57).



The Effects of VR and AR: A Summary

Table 1 briefly summarizes the main findings that arise from the systematic reviews published during the years about VR and AR.


Table 1. A summary of the main findings of the systematic reviews about VR and AR.
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As an educational tool, VR and AR enable students to better understand anatomical structures and their spatial relationships through interactive 3D images or models (5, 19, 20, 22). AR also catches the attention of students with disabilities or special educational needs, enacting inclusive education (21).

Specific surgical-oriented VR/AR systems [such as the Da Vinci remote surgical system (79)] improve manual dexterity, surgical skills, and intraoperative time in several surgical fields (e.g., dental implantology, neurosurgical operations, and hepato-biliary surgery), in particular, together with interfaces for haptic feedback (4, 5, 58–64). Viewing the 3D reconstructions of the patient's tissues (previously assessed through imaging techniques) during the operations through AR, surgeons could be more accurate and avoid harming delicate tissues (5, 58, 60, 61, 63).

In the field of psychology, both VR and AR have been combined with exposure therapy—recreating the fear/anxiety-inducing stimuli (Virtual Reality Exposure Therapy, VRET, and Augmented Reality Exposure Therapy, ARET); and cognitive therapy—using a virtual coach voiced by a real therapist—to augment the treatment of different kinds of phobias and anxiety, cravings for various substances (e.g., cigarettes, cocaine), post-traumatic stress disorder (PTSD), depressive symptoms, and distorted body image in case of anorexia nervosa. The effects are often transferred successfully in everyday life and maintained for months or years, maybe because AR and (mostly) VR allow the simulation of an ecological environment where every exposition cue can be entirely controlled (2, 65–68). For social phobia, VR is slightly inferior to in vivo exposure therapy, possibly due to the difficulties in recreating credible social interactions (66) or the uncanny valley hypothesis—briefly, feeling eeriness and aversion toward characters/avatars that closely resemble humans but show “non-human” features (e.g., moving robotically or having “cold” eyes) (80, 81). Moreover, VR is useful to reduce anxiety and pain during medical procedures (e.g., immunization, surgery, and oncological care), thus acting as a powerful distraction (69–72)—the greater the immersive experience, the greater the effects (25).

Beyond the field of psychology, VR improves static and dynamic balance, mobility, gait, stride length, sitting and standing time, fear of movements and risk of falls, aerobic and motor function, muscle tension and strength, and activities of daily life in various populations, healthy or with some disorder (e.g., balance deficit, spinal cord injuries, stroke, PD, and multiple sclerosis) (10, 18, 26–28, 30, 73, 76). Moreover, VR reduces neuropathic pain in spinal cord injuries (27), anxiety, and depressive symptoms in people with PD (76). VR also improves executive functions in case of traumatic brain injury (74) and attention in people with unilateral spatial neglect (USN), a neurological disorder that commonly follows injuries (e.g., stroke) to one brain hemisphere and induces deficit in responding to stimuli placed on one side on the vision field (75). VR also helps reduce musculoskeletal related pain (e.g., chronic neck pain and shoulder impingement syndrome), although often similar or inferior to recommended exercises (77).

It is worth noting that, in both fields of psychology and rehabilitation, VR and AR are used mostly as add-on therapies combined with already established treatments. Indeed, VR and AR seem to enhance the conventional therapies' effects through the intensification of experience induced by gamification and realistic simulations (2, 10, 18, 30, 66).

Lastly, by recreating certain events (e.g., phobias and falls) in a simulated environment, VR and AR could also help understand the causes of psychological and neuromotor disorders and the stimuli that trigger them, allowing practitioners to deliver the therapy that best suits their patients (2, 75, 78).




THE CROSSROADS BETWEEN MTS, VR AND AR

Despite the burgeoning research on VR and AR role in the rehabilitation field, MTs and their combination with these technologies seem to have not received attention. Research has focused primarily on patients experiencing VR and AR before or after physical therapy sessions, with therapists acting as “mere” support (e.g., supervision, safeguarding, and manual assistance) or whenever patients had difficulties in executing a task (82–85). Due to their reported effects, MTs could be combined with VR and AR to improve the management of several clinical conditions, including depression, chronic pain, neuropathic pain, and eating disorders.

Considering that MTs elicit tactile, proprioceptive, and interoceptive sensations, whereas VR and AR send primarily visual and auditory stimuli, these interventions could be complementary. It is true that new technologies are emerging to bring tactile and internal sensations in simulated environments—for example, force feedback systems like Geomagic Touch to simulate tactile sensations and proprioception (86), skin-integrated wireless haptic interfaces to transfer touch (87), and wearable acoustic or vibrotactile transducers for evoking inner body sensations (88), but MTs could be the easiest way to add the sense of touch, proprioception, and interoception to VR and AR (89). On the other hand, VR and AR could be used as add-on therapies to enhance the effects of MTs in the same way they do when added to psychological and rehabilitative treatments (Figure 1).
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FIGURE 1. The integration of VR and AR in the MT setting. The MT setting would be enhanced by the addition of VR and AR: however, this implies the therapist and the patient need to pay attention to both old and new therapeutic factors. The factors could be summarized as follows (see the section “The Crossroads between MTs, VR and AR,” for further information). (A) Manual therapist's features: knowledge of AR and VR technology, clinical effects and risks; knowledge of tools (e.g., questionnaires, biomarkers such as heart rate variability) for identifying patients who would benefit from AR or VR (every patient could respond differently to them and some patients could be at a higher risk of experiencing adverse effects, from cybersickness to depersonalization). (B) Patient's features: mindset (i.e., expectation about VR or AR positive effects); knowledge of AR and VR potential effects and risks; adequate psychological and physical health status (based on their psychophysical health, some patients could be at a higher risk of experiencing adverse effects, from cybersickness to depersonalization). (C) Healthcare setting: head-mounted device; PC (or other types of hardware) for running/managing AR or VR simulation; space/room/tools for “virtual exercises.” (D) Patient-practitioner relationship: verbal and non-verbal (touch) communication; trust (it is paramount when the patient is immersed in the virtual environment and, therefore, does not see the “real” therapist); virtual-mediated relationship (in the virtual simulation, there could be an avatar of the therapist and phenomena like the uncanny valley could happen). (E) Treatment features: specific (technical) and non-specific (placebo) touch; virtual simulation; feeling of presence/flow (necessary for an optimal AR and VR experience); placebo effect (the patient could feel better just due to the simple fact that an “awesome” technology is being used); safety.


The combination of MTs with VR and AR could define a whole-body intervention that includes both interoceptive and exteroceptive signals, with the potential of improving sensorimotor integration and rebalancing distorted perceptions and body images in patients suffering from eating disorders, autism spectrum disorder (ASD), or other disperceptive conditions (maybe even body identity integrity disorder) (88, 90, 91). Indeed, Suzuki et al. found that, through AR, the online integration of visual, tactile, and internal stimuli (i.e., the heart rhythm) enhances the sense of ownership in the case of rubber hand illusion (RHI) (92).

Therefore, after discussing the usefulness of low-cost head-mounted displays (HMDs), the devices more suitable to introduce VR in the setting of MTs, this section will focus on the potential and reciprocal contributions between VR (in particular), AR, and MTs to improve healthcare.

As a side note, VR and AR could also improve students' training and manual skills. For instance, AR-derived 3D models of the manipulated/mobilized body tissues could enhance the manipulations' efficacy and avoid potential adverse effects. However, the technology required for achieving the high precision in tactile and force reproduction needed to perform efficient training is still lacking at the moment (93).


The Advantages of HMDs in Research and Clinical Fields

A limitation of several VR studies is that the authors used systems such as Nintendo® Wii Fit, PlayStation® 2 EyeToy camera, and Microsoft® Xbox Kinect that, although more engaging than conventional therapy, lack the immersion that should characterize VR—they lack presence (1, 2). Furthermore, they are non-specific systems for rehabilitation as they were designed for other purposes, and therefore, they may show lower therapeutic usefulness. Indeed, VR systems explicitly intended for clinical purposes showed more significant effects than non-specific ones and conventional therapy in the rehabilitation of post-stroke motor recovery (11). However, such systems can be costly and need advanced engineering to be realized (88).

The commercialization of low-cost HMDs, which can be associated with personal computers, tablets, and smartphones, partially overcome the lack of immersion (2). Indeed, HMDs could help elicit the feeling of presence through a stereoscopic view of the simulated environment, making the users focus on the virtual experience and avoid external (visual) distractions. HMDs continuously track the position of the user's head to allow a 360° visual navigation of the virtual environment: if turning the head failed to induce a change in the visual image, the users would immediately realize to be in a non-realistic environment and, thus, presence would be impossible (2). HMDs may also include headphones to send auditory stimuli to the users, thus monopolizing both eyes and ears (1, 2). However, visual and auditory stimuli are not enough to create a truly immersive experience, which also needs proprioceptive or haptic stimuli, especially when the simulation aims to target body ownership (1, 2, 88, 90). For this reason, HMDs might be combined with proprioceptive/haptic devices placed on various body parts (1) or real-time motion capture, although the cost for such a set-up could be high (88).

Despite the limitations regarding immersion, HMDs could represent the key for combining VR and AR with MTs: on the one hand, the tactile stimuli of MTs might somehow replace the proprioceptive and interoceptive stimuli needed for immersion; on the other hand, while receiving MTs, patients tend to stand still, e.g., lying on the massage table, and so tracking the body's movements could be unnecessary. Therefore, while receiving treatment, the patients could easily immerse themselves in the VR experience, hence benefitting from interventions. In fact, the therapeutic goal becomes paramount to choose the proper equipment to use: for instance, proprioceptive devices or motion-capture would be necessary if the VR experience had to directly act on body perception, whereas the same devices would be not required if the VR simulation served just as a distractor or relaxing stimulus.

HMDs could also enhance ecological validity in both the research and the clinical setting. In neuroscience, VR has been deemed paramount to introducing ecological validity in the laboratories while maintaining adequate control of experimental stimuli and confounding variables (94). Using VR, researchers may study a range of cognitive processes in a simulated environment that resembles everyday life—researchers may recreate realistic social interactions, emotional cues, and narrative experiences–, thus eliciting more natural behaviors and physiological reactions and allowing better findings generalization (94, 95). Creating an ecologically valid environment is also paramount in the rehabilitation field: patients could interact with controlled, personalized, and meaningful sensorimotor stimuli, while receiving real-time feedback about the performance through visual, auditory, or kinesthetic means (11, 96, 97).

The portability and accessibility of HMDs could increase the studies' ecological validity and generalization because researchers may study VR directly in the clinical setting or at the patients' homes, thus genuinely bringing VR outside the laboratories and into real life. Indeed, VR helps people perform therapeutic exercises at home with good results in stroke and incomplete spinal cord injury (98–102).

Relying on the Internet and the Cloud, HMDs and associated devices (e.g., smartphones) could send data about the performed exercises directly to the therapists, thus allowing them to supervise their patients better and potentially improving adherence to therapy (103). Even automated daily monitoring by home-based VR systems helps increase patients adherence (98); moreover, it is possible to create a multi-user virtual environment that allows patients and caregivers to interact among themselves to improve rehabilitation outcomes (101, 102).

All these features can also be used to customize the treatment received by the patients. Indeed, technological evolution allows therapists to model therapeutic exercises or tasks for their patients: therapists could record themselves while doing the exercises, save and customize the motions through VR software and, then, construct specific and easily flexible therapeutic plans. On the other side, patients could view the tasks to be performed as many times as they need, detect maladaptive movements (through kinesthetic or visual sensors) and check their performance and progress (97, 98, 103). The correction of maladaptive movements or postures could also be augmented by integrating kinesthetic sensors with output devices placed on various body parts. Whenever the sensors (e.g., accelerometers) detect a maladaptive behavior, the output devices could induce accurate vibrotactile stimuli on the body, prompting the users to adjust their posture or motion (104).

Manual therapists could instruct patients through HMDs as well, showing them how to perform several kinds of self-massage or self-touch that could help maintain the effects of MTs in the long-term. Regarding home-based care, the use of wireless haptic interfaces (87) could even allow therapists to perform MTs remotely (at least, those involving gentle or moderate strokings and pressures).

Although cheaper than other technologies, HMDs are not free: their cost could still be unaffordable for people of low socioeconomic status. Therefore, who should bear the cost of HMDs (or similar devices) for these people, should they need them for improving their health through home-based VR sessions (105)? Indeed, this is a central theme that needs to be faced by the healthcare system if VR and AR are to be introduced in clinical practice.



How MTs Could Enhance VR and AR Experience

MTs may induce local effects, through the activation of mechanobiological pathways that can change the cells' behavior (106), and lead to systemic responses involving the circulatory, immune, endocrine, and nervous systems, and the mental state (6, 7, 9, 107–110). These systemic responses could influence the brain processes and, thus, interact with the VR and AR experience. In particular, MTs could facilitate the feeling of presence by influencing the physiological parameters (e.g., heart and breathing rate) that are typically regarded as markers of flow—the optimal experience of being fully immersed and involved in an activity perceived as immensely rewarding, with a good sense of agency and without self-referential thoughts (111). As flow entails a high degree of presence and concentration, eliciting such an experience could reduce cybersickness, which is negatively correlated to presence (although more rigorous studies are required since presence and cybersickness share common VR features, such as immersion) (3), thus improving VR efficacy.

Indeed, touch activates several neural pathways that project to cerebral areas involved in sensory, affective, and cognitive functions (112). Whereas, the Aβ nervous fibers send information about the sensory quality of touch principally, the Aδ and C fibers mediate affective touch, i.e., touch whose experience is accompanied by hedonic, emotional, and motivational qualities (89, 113). In particular, stimulating C fibers with slow (1–10 cm/s) and gentle (0.3–2.5 mN) strokings or pressures may induce a pleasant feeling and the activation of brain areas involved in interoceptive networks (e.g., insular and cingulate cortex) and emotional regulation (e.g., orbitofrontal cortex) (89, 114–116). The same neural activation occurs in other MTs like Swedish massage and spinal manipulative treatment (117, 118).

Interestingly, in the last few years, several papers showed that OMT may affect brain activity in both healthy adults (57, 119) and patients with chronic LBP (110, 120). OMT influenced regional cerebral blood flow, blood oxygen level dependent response and functional connectivity in many cerebrals areas, including the insula, cingulate cortex, amygdala, striatum, caudate, middle frontal and temporal gyri, cerebellum, and prefrontal cortex (57, 110, 119, 120). As all these areas play paramount roles in reorienting the attention between exogenous and endogenous stimuli, ideating and coordinating movement, monitoring the internal milieu, and regulating emotions, physiological arousal and pain (57, 110, 119, 120), affecting their activity might help people improve their experience in a simulated environment.

MTs may elicit a parasympathetic response, which usually correlates with a state of relaxation (6, 7, 57, 121, 122). MTs could reduce signal molecules tied to the stress response, including adrenocorticotropic hormone (ACTH), cortisol, and vasopressin, and enhance the production of endorphins, endocannabinoids, and oxytocin, hence favoring a more relaxed mind and a better mood (6, 7, 123–126). Touch might also increase trust in other people and prosocial behavior (127–129). These neuroendocrine and psychological effects could facilitate the immersion in the simulated environment, whether realized through VR or AR, and the flow experience. Although people need to activate stress and sympathetic responses to sustain the metabolic demands and the mental efforts required to accomplish specific VR or AR tasks (e.g., rehabilitation training), Tian et al. found indices of parasympathetic modulation (i.e., higher respiratory depth) in cases of flow (111). A stress response modulated by the parasympathetic tone could favor presence and reduce cybersickness, which is typically characterized by high secretion of hormones such as ACTH and vasopressin (3). Since parasympathetic is related to prosocial behavior, empathy, and a flexible mind (130, 131), MTs could improve the VR and AR efficacy in social phobia.

Currently, there is robust evidence that inflammation may influence the nervous system and cognitive-affective functions (132–135). Therefore, it is not surprising that an inflammatory challenge (typhoid vaccination) compromised spatial memory in a VR task, inducing an IL-6 increase that reduced glucose concentration within the perirhinal and entorhinal cortex and parahippocampal region (136). Since MTs might reduce inflammatory cytokines, including IL-1β, IL-2, IL-6, TNF-α, and INF-γ (123, 124, 137, 138), MTs could improve the performance obtained using simulations, thus augmenting the effect size of VR and AR interventions.

The activation of the interoceptive network and the physiological changes mentioned above, including the possible modifications of heart rate variability (HRV) elicited by the alteration in the autonomic tone (57, 116, 121, 122, 139), could be of great value to VR and AR since a solely exteroceptive illusion seems not enough to significantly reduce clinical pain (140). From recent studies, a more embodied illusion is needed: in particular, since we feel our body “from the inside,” VR and AR needs to create a simulation able to modulate the inner body sensations and feelings (e.g., heart rate) (88, 90). Therefore, MTs could help VR and AR create an interoceptive embodiment illusion without the need for complex devices, similarly to Suzuki et al., which showed an improved sense of body ownership with an AR-based integration of visual, tactile, and interoceptive stimuli (92). Moreover, a recent study showed that, after four OMT sessions, regional cerebral blood flow in areas such as the insula and the lentiform nucleus changed in correlation with HRV in patients with chronic LBP (110), thus showing how peripheral stimuli may affect brain activity. However, technological tools would be more precise than MTs in delivering specific stimuli. Besides, more research is required to assess whether MTs could effectively enhance the ownership of a virtual body (141).



How VR and AR Could Improve MTs Effectiveness

VR and AR could help MTs in several ways and especially in treating pain and pain-related disability. Appropriate VR designs are recognized to provide analgesic outcomes (142): they can easily catch the attention of the users, shifting their cognitive resources away from their body to the virtual tasks, effects that can result in pain reduction (143). Considering that just thinking about a movement can trigger pain in some conditions (e.g., complex regional pain syndrome) (144, 145), VR and AR applications could recreate the stimuli that trigger pain in the same way they do with phobias and cravings (2).

A specific simulated environment depicting several types of postures, movements, or situations could help therapists and patients understand better when and how pain occurs. This type of simulation could show postures/movements from both first and third-person perspective: in the former case, appropriate kinesthetic and proprioceptive devices could be paramount to elicit the sense of body ownership efficiently; in the latter case, the observation of another person or avatar would trigger the activation of the mirror neuron system, an essential mediator for successful sensorimotor rehabilitation using VR (146–148).

That same simulated environment could also help decrease the pain-related experience in the same way that interventions such as RHI, mental imagery, and mirror therapy do (149–151). Indeed, VR and AR might revolutionize these and similar interventions by creating highly realistic immersive environments and reproducing a real embodied experience through the induction of visual, auditory, olfactory, tactile, and even interoceptive signals (88, 90).

Through VR and AR, the triggering stimuli can be adapted to patients' needs varying their intensity, duration, repetition, and so on. The simulated stimuli could even surpass reality (e.g., impossible body postures), hence favoring better results with more ease, although this is yet to be tested (2, 66). Indeed, VR and AR reduce pain in phantom limb pain (152) or complex regional pain syndrome (153).

All these effects could make patients more aware of their pain-related experience and improve pain management. For example, patients could better comprehend what events trigger their pain, thus learning how to manage and face them, and what events may reduce pain. On the other hand, therapists could better understand their patients' pain-related experiences. On occasion, pain treatment is problematic because patients fail to reproduce the exact conditions that induce their pain. Therefore, therapists lack a clear understanding of their patients' pain-related experience and the best intervention to perform. This situation is particularly significant when pain is not worsened by physical factors but by psychosocial ones, like stress, negative emotions, and beliefs. Despite evidence demonstrating that psychological and neurobiological factors can significantly influence musculoskeletal pain—pain is more about how the brain elaborates the psychophysical stimuli and responds to them, and that pain is, first and foremost, a subjective feeling (14, 154–156)—too often therapists give patients explanations in primarily biomechanical terms. Consequently, pain and disability persist, HRQoL decreases, and patients' costs to sustain for treatments rise (154, 155, 157–159).

VR and AR could help therapists enhance the effectiveness of pain neuroscience education and other programs aiming to teach the most recent discoveries about the complexity of pain (154, 160). Through virtual simulations, patients could see how the nervous system functions, understand the difference between simple nociception and complex phenomena like central sensitization that play a central role in chronic pain. Since alterations in the brain sensorimotor bodily maps are involved in chronic pain, VR could help patients actually see those maps. Moreover, therapists might show patients 3D interactive models of body anatomy, for instance, models of the intervertebral disks, thus removing false beliefs about anatomy (e.g., slipped disks) that could perpetrate pain through fear, nocebo effects, or other neural mechanisms (154, 155, 160, 161).

VR and AR applications could help patients overcome the fear of movement through exposition to activities perceived as painful (162, 163). While patients are distracted by VR applications, therapists could also reproduce supposed painful movements and then make patients aware that the movements were executed with little or no pain.

It is worth noting that sometimes pain could arise from traumatic events (e.g., car accidents) the patients fail to correctly remember—the memory was not adequately encoded and, therefore, the event lacks a precise context. A typical example of this situation is PTSD (164). The “blurred” memory could induce an overgeneralization of fear. Since the memory contains just general features of the traumatic event, fear is extended to every situation that shares those general conditions with the traumatic event (e.g., every time the subject gets in a car), increasing disability (164). A recent study found that, in this case, fear is not subject to extinction—the patients are not sure the exposed condition is the traumatic one and, thus, cannot change their behavior. A way to overcome that fear is by enriching the blurred memory, recreating in the therapeutic setting a “controlled” event similar to the traumatic one to skew fear toward this new context and, then, apply exposure therapy (164). VR could be perfect for this purpose and, since fear overgeneralization might sustain chronic pain (165), VR could reduce pain.

VR also has the potential to elicit awe, emotion at the core of experiences such as flow, strong spiritual and mystical feelings, and the “overview effect” (i.e., the sense of the interconnectedness of all life evoked in astronauts by the sight of Earth). Awe-inspiring environments might create a safe space that makes patients relaxed, peaceful, joyful, prosocially active, and ready to have a transformative experience, i.e., changing their behavior (166). This sense of safety and trust induced by VR could strengthen the placebo effect that arises from touch (touch is paramount for the social nature of humans) (89, 167), the therapeutic ritual intrinsic to MTs, and the relationship between therapists and patients, usually viewed as a cornerstone of MTs (168, 169). In the same way, VR could help people overcome the aversion they might have for touch, especially affective touch: indeed, patients who developed an insecure attachment style or experienced traumatic events, as well as patients who have PTSD, anorexia nervosa, ASD, or other conditions involving altered sensations and perceptions, rate affective touch as less pleasant than typical touch or even negative (170–173). Manual therapists might have difficulties in treating these people. A VR environment that induces peace and trust could conceivably elicit the same effects of oxytocin (usually correlated with trust), that is increasing tactile perception and, maybe, pleasantness (174, 175).

Lastly, as already described in the paragraph “3.1 The advantages of HMDs in research and clinical fields,” an advantage that VR and AR could give to MTs is the possibility of continuing and monitoring the treatment at the patient's home, thus improving adherence to therapy (103). By remotely connecting through the Internet, therapists could efficiently communicate with their patients, check whether they are performing the given exercises/tasks, and also evaluate how they are proceeding in the therapeutic plan. As therapists may record themselves to better show patients how to perform the therapeutic exercises, so the VR systems could record patients and send therapists their data—this would be particularly useful for those patients who can't reach the therapists' clinic, due to health-related disability or living far away from it.

However, this use of VR entails careful control and protection of patients' personal data to guarantee their privacy, especially if third parties are involved in the applications used by therapists and patients (176).



The Brain, as A Bayesian Organ, Meets VR

The VR's putative modulatory effects on pain and other conditions (e.g., distorted body image) may be achieved since VR might reflect how the brain works (90). If the brain functions as a Bayesian organ that follows the free-energy principle, then the perception of both the inner and outer world arises from the brain—and arguably from the whole organism (14) —internal generative model, which is continuously used for efficiently adapting to the environment (177).

According to this view, the organism does not need to understand what is happening in the world perfectly, nor it could: due to the limited energy and resources (e.g., nutrients and cognitive capacity) available, it would be impossible to pay attention to all the environmental variables, i.e., sensory stimuli. Therefore, based on past sensorimotor activations (past beliefs), the brain creates a surrogate model of reality—the internal generative model—and then makes predictions about the upcoming events (posterior beliefs) by weighting that same model with the sensory evidence (actual information). These predictions must be accurate enough (not the most correct!) to allow the organism to survive and protect its psychophysical integrity. After every experience (and especially during sleep, when the brain is not engaged with the external world), the brain:

• tests its generative model against the sensory information coming from the world;

• tries to fit the sensory information in the generative model;

• if required, updates the generative model (we shall soon see how) to increase its usefulness and accuracy, but always trying to keep the model's complexity and redundancy at a minimum (177).

Since the resources available are limited, the brain needs to make useful predictions while maintaining a surrogate model of reality as simple as possible. This way, both the information free energy (the number of variables accounted for) and the thermodynamic free energy (the metabolic cost to encode and apply the generative model) are minimized [for an in-depth review, see (177)]. From a neural point of view, the brain tries to keep the number of synapses encoding the generative model at a minimum (indeed, during sleep, synaptic pruning occurs) to have simple and efficient neural networks able to respond to the world promptly and guarantee the organism survival. This process could be considered, briefly, the Bayesian idea of optimization applied to the brain (177).

The Bayesian brain has gained growing attention in the last years. It involves the whole body multisensorial, motor, and interoceptive/affective representation in the brain and its control by a complex neural network—the “body matrix” (88). Indeed, the generative model is an embodied simulation of the potential internal and sensorimotor states of the body. Based on the sensorimotor predictions made by integrating the generative model with the actual sensory information, the body matrix alters the physiological bodily conditions and the interoceptive and exteroceptive sensations through top-down modulation. Then, it redistributes throughout the whole organism the available energy and resources to cope with the upcoming events (88). But the brain has to minimize its free energy, i.e., the occurrence of “surprising” events not accounted for by the generative model. Indeed, the brain uses embodied simulations to represent and predict possible future sensations, actions, and emotions. These sensorimotor expectations may match or mismatch with the actual sensorimotor activity—in the latter scenario, a “surprise” or prediction error arises, which the brain must minimize to regulate the body and respond to it efficiently. As said, the brain could lack energy or not know how to manage the unexpected error (88, 90). Therefore, the brain may: (1) “suppress” prediction errors by superimposing its sensorimotor expectations on the body; (2) update its predictions, also changing the related beliefs about the world. However, it seems that the update of its internal generative model, i.e., learning, needs a great “surprise” and a “destabilized” sense of agency—the subject should fail to gather other information about the current situation or to enact the brain predictions, which means that usually, the brain superimposes “its” reality (88, 177, 178).

VR could facilitate the update of the internal generative model since it seems to function similarly to the brain: indeed, researchers aim to construct VR systems able to create sensory stimuli, detect the subjects' movements or actions and, based on a model of the users' body, try to predict the sensory consequences to give users a plausible and coherent experience, as if they were in the real world (90). If the brain is a Bayesian organ, then the process just described represents just what the brain does. On the other hand, the brain itself could represent a VR generating system that simulates a body and an environment to move around (177).

The more advanced the VR system is—i.e., multimodal devices to recreate every external and internal sensation, and software based on complex machine learning algorithms able to perform the aforementioned processes—the more the simulation is perceived as coherent and embodied. VR users, thus, would feel the virtual body as their own, the brain would generate its internal model based on it, and the sense of agency would become “embodied” in it (88, 90). Again, the simulation does not need to reflect reality, i.e., follow the physical laws of the real world or recreate the actual human body, to induce embodiment: as for presence, what matters is the coherence of the virtual simulation. Whenever the brain perceives coherence between the actions the user performs, the simulated events, and the sensations felt in response, the brain considers the situation as plausible and real, although potentially absurd (for instance, Steptoe et al. showed that it is possible to make people “own” and “control” a tail) (179).

When patients perceive a virtual simulation as coherent, therapists could use VR to elicit specific prediction errors through finely controlled stimuli to violate the internal generative model and facilitate its update. This way, therapists could favor modifying the dysfunctional representations of the body that may be at the root of pain, eating disorders, and other conditions that involve self-perception, including depression. Indeed, the brain uses the embodied simulation to predict sensations, actions, and even emotions (88, 90).

Therefore, complex VR simulations aim to act as cognitive prostheses to change the neurobiological processes that underlie both the perception and the physiological body responses to events. To this end, therapists need systems (hardware and software) that create a scenario that is felt coherent by the patients' brain, despite the awareness that “it is all an illusion,” and that is able to elicit specific responses (i.e., prediction errors) useful to reach the desired outcome (e.g., rehabilitation, pain reduction, better body image) (88, 90, 177). The more a VR system can do this, the better it is.



The Limitations to the Integration of MTs With VR and AR

There are several considerations in regards to the integration between MTs and simulated experiences: in particular, they concern the state of research about the relationship between MTs and VR or AR, the characteristics of available VR and AR technologies, the possible negative consequences of their use.

Since literature lacks papers about the integration between MTs and VR or AR, trials that combine these interventions are required, starting from the ones that should assess the feasibility of combining the two approaches and evaluate possible adverse effects. The following trials should assess the effects of VR and AR applied before or after MTs sessions; others should investigate the effects of conducting VR sessions while the patient is receiving MT. Researchers should also evaluate whether VR could help patients change their counterproductive or wrong beliefs about pain and movement. Lastly, there is the need to understand whether manual therapists could use already developed VR and AR applications, or if new and original software is required.

Therapists need valid and reliable devices able to create immersive environments that induce presence/flow and avoid cybersickness. Since presence and cybersickness share a common ground—they are both increased by immersion, research should define which features of the simulation or the technology used could skew the virtual experience toward presence or cybersickness (3, 111, 180). In particular, some VR devices may favor cybersickness due to lack of accuracy in motion tracking or gesture recognition, low or not appropriate visual display frame rate, and even mismatches in conveying to the user different sensory information (especially, mismatches about visual-vestibular cues) (3).

Although useful as explained in “3.1 The advantage of HMDs in research and clinical fields,” HMDs might favor cybersickness, in particular, when the body is immobile while the eyes are tracking virtual visual stimuli. This might occur when the patient explores a virtual environment while receiving MT on a massage table (176, 181). In fact, manual stimulation could obstacolate the feeling of presence when it is not mirrored by something that is happening inside the virtual simulation: would it not be strange to feel touched but failing to see who or what is touching? If this were the case, the integration between MTs and VR or AR could be reduced to only specific and restricted interventions, which may require customized software that recreates the exact manual stimulations applied by the therapist. Should such a customized software be required, its cost could be particularly high and, therefore, therapists could have difficulties in acquiring it for their private practice.

According to some authors, HMDs could hinder the immersion in the virtual simulation due to the feeling of wearing HMDs (176). However, depending on the simulation, VR might act as a distractor powerful enough to make users forget about HMDs (as when people are lost in thought). On the other hand, wearing HMDs could help people remember they are experiencing a virtual simulation, that is discriminating between the real and virtual world, thus reducing possible adverse effects of VR (see below) (176).

Researchers could also study which biomarkers can discriminate between presence and cybersickness: for instance, some trials evaluated the use of HRV, which functions as a useful indicator of stress, sympathetic and parasympathetic modulation, all factors that can influence the balance between presence and cybersickness (3). The HRV measuring tools seem to be easily incorporated in the VR equipment and, from the preliminary results, several HRV metrics appear to detect cybersickness (182–184). The evaluation of cybersickness could also be tied to the research of biomarkers revealing the effectiveness of the virtual simulation in updating the brain generative model. Indeed, eliciting prediction errors (surprise) is necessary, but not sufficient for the update to take place: the whole simulation experience needs to be carefully constructed to properly activate the brain networks involved by the body matrix (88). Preliminary results showed some markers (e.g., increased pupil diameter and anterior cingulate cortex activity) might successfully detect the brain update of its beliefs: further proves would help create optimal virtual simulation (88, 185). Therefore, it becomes paramount to see whether MTs could enhance the feeling of presence, favor the update of the generative model and reduce cybersickness through their neuroendocrine effects (“3.2. How MTs could enhance VR experience”) or, as mentioned before, hinder presence, worsen the simulated experience and facilitate the negative effects VR and AR could have (see below).

Another possible issue with VR and AR is the uncanny valley phenomenon that could arise, for instance, when VR is used to support and supervise patients at home. The therapist avatar or, more likely, the virtual coach could elicit feelings of aversion if it should look quite-but-not-exactly human (80, 81), thus reducing both motivation and engagement in the VR therapy. The uncanny valley could induce a nocebo effect that would be deleterious in the long-run, especially for those conditions such as chronic pain, whose management needs to reduce any possible source of stress, anxiety, or fear (154, 159, 160). However, in the VR field, the uncanny valley seems to induce fewer avoidance feelings than expected (186), although more research is required to confirm this.

Another limitation is that VR simulations are not usually personalized for specific patients, but represent “generic” scenarios (e.g., events, avatars) to which every patient has to adapt. This limitation could entail a low engagement with the therapy, especially in the long-run and despite relying on specific features such as gamification for increasing motivation. Indeed, even factors such as age, gender, and personality traits may influence the VR experience and its effectiveness (97, 187). On the other hand, a therapy tailored to the patient's needs, preferences, and goals has long been recognized as paramount for the success and efficacy of any treatment plan, in particular, in case of chronic pain (159). Thus, VR software should allow therapists to create or use applications that could be easily customizable to offer calibrated and personalized interventions to their patients. The development of pathology-specific devices and software would help overcome these limitations and define precise treatment protocols, especially if both therapists and patients are actively involved in the development process itself (2, 11, 82). Despite this essential need, such software can be truly expensive to create (88), especially if we think about how every therapist and patient, as complex organisms, can behave differently based on the therapy used and have completely different experiences regarding the “same” symptom (e.g., pain) (14).

The addition of MTs to VR could increase the patients' motivation by improving their body awareness. Therapists can use touch to help patients become more aware of their bodily sensations—touch can elicit both interoceptive and proprioceptive feelings (89, 113) —and their meaning. Especially in case of pathological conditions, people do feel their body but do not know how to make sense of those “chaotic” sensations, thus becoming overwhelmed by them, e.g., people with lower interoceptive awareness show higher insular activation and greater neural processing (i.e., higher metabolic costs) than people with high interoceptive awareness (188). Therapists could then instruct patients to use their bodily feelings to develop better emotional awareness and regulation and guide them during the therapeutic process (189, 190). Consequently, patients could make better use of VR simulations, having been educated about managing the sensations that could emerge from their bodies. Besides, since touch elicits prosocial behavior and therapeutic compliance (127–129), it is conceivable that touch in itself could increase the patients' motivation and adherence to therapy. As interventions applied before a VR or AR session, MTs could overcome the before-mentioned limitations regarding the mismatch between real and simulated experience induced by an “unseen touch.” However, all these potential effects of MTs on VR experience are to be critically assessed.

Last but not least, a limitation regarding the use of VR and AR (especially VR) arises from the negative consequences the users could suffer. Patients could have difficulties in “returning to the real world” should the VR sessions be too frequent or take too much time (176). Motion sickness, nausea, dizziness, vomiting are some of the most common VR adverse effects, which can affect real life (e.g., driving a car) and last even for months for some patients (181). Besides, as VR could change for the better the body image of people, so VR could change it for the worse should the simulation not be carefully designed. By augmenting or intensifying the users' experience through specific stimuli, AR and VR could overload the users' neural and cognitive resources (the brain and the mind could receive too much information), thus increasing stress and inducing a strong “wear and tear” response (176, 191). By having their body swapped with a virtual one, patients could start having negative beliefs about their real body or even experiencing a distorted perception of it (105, 176). Indeed, Kilteni et al. found that even a short exposure to a virtual body illusion changes the corticospinal tracts' excitability, thus inducing cortical reorganization (192). The distorted perception could also affect the sensorimotor control of the real body and spatial navigation. For example, suppose the users experience a virtual body bigger than their own and complete hand-eye coordination tasks: in that case, they could have difficulties in hand-eye coordination once returned to their real body (191).

VR could also induce negative emotions that persist in real life—reliving a fear in a virtual environment could be way more intense than just thinking about it, and indeed immersion/absorption mediates the emotional experience in VR (193)—and cause memory alterations (e.g., did the event happen for real or just in VR?) (176). The same memory reconsolidation mechanism that VR might elicit for reducing fear, and associated pain (164), could negatively alter the patient's memory, especially when the simulation is immersive and realistic (176). Therefore, the patients could experience difficulties in discriminating between reality and virtual simulation, potentially suffering issues of depersonalization—the bodily self is perceived as unreal—or derealization—the external world is perceived as unreal. These problems could occur mainly in those people whose mental health is already fragile or at risk of deterioration (105), as it can be in the case of chronic pain (194). Besides, negative social interactions that the patients could have in VR, for instance, with the therapist's avatar, could lead to altered behavior in real life, thus with the real therapist (105, 176).

All these negative effects on emotion, memory, and behaviors may be increased by body-swapping since different bodies—different embodiments—seem to easily favor different emotions and behaviors that may transfer in real life (105, 176, 195). The virtual simulation could also induce negative effects on the sense of agency. If the virtual body's movements mismatched with the physical body's ones, the subjects could feel reduced control over their real body—this could be one of the aforementioned adverse effects of the integration between MTs and VR or AR. The consequences could be devastating, including depersonalization and feeling as an automaton (the body moves on its own) (105). Since creating a mismatch could be paramount to update the brain internal generative model, it becomes of the utmost importance to understand how to induce that mismatch without harming patients.

Therefore, beyond designing VR and AR technologies able to minimize all the risks mentioned above, it is paramount to help manual therapists understand which patients would benefit from VR and which patients would risk deteriorating their condition (105, 176, 191).




CONCLUSIONS AND FUTURE PERSPECTIVES

The present review discussed the effects of MTs, VR, and AR. These interventions have been applied in several medicine and psychology fields and showed results that could significantly impact healthcare if confirmed by more rigorous trials. The commercialization of low-cost HMDs could allow manual therapists to combine VR and AR with MTs, thus creating an intervention that genuinely affects the whole mind-body unity. Indeed, MTs act primarily through touch, eliciting the tactile, proprioceptive, and interoceptive systems, whereas VR and AR send primarily visual-auditory stimuli and aim to affect the user's body's perception. Both MTs and VR may influence the mind, inspiring calm, joy, trust, and awe. Through remote Internet connection, HMDs would also allow manual therapists to supervise their patients at home and patients to continue their treatment outside the clinic, as it is already successfully happening in the rehabilitation field.

Regarding the effects the integration between MTs and VR or AR might have on balance and gait, both types of interventions have shown positive effects on these conditions, even in the case of pathologies such as PD (10, 55, 56, 82). Therefore, their integration could help improve stability, static and dynamic balance and reduce risk of falls by increasing body awareness through touch and augmenting cognitive functions related to motor skills through simulations. Moreover, as both inflammation and pain are linked to an increased risk of falls (196–198), especially in the elderly, MTs and VR or AR could also positively influence balance due the combination of the anti-inflammatory effects of MTs (6, 7, 123, 124) with the fear and pain modulation effects of VR and AR (2, 142, 143).

However, several limitations exist that must be overcome to fully harness the potential of the integration between MTs and virtual simulations, starting from assessing the feasibility of combining the two interventions. On the one hand, more research is required to see whether MTs could elicit or hinder the feeling of presence or flow during VR and augment the sense of ownership of the virtual body. On the other hand, more research is required to see whether VR and AR could help MTs manage painful conditions and address negative beliefs about movement and pain. There is also the need to evaluate which available VR and AR applications might be adequate to use in the MTs setting. Besides, to define a truly personalized approach, both therapists and patients have to be involved in elaborating VR and AR software and the process of gamification. Lastly, therapists require reliable tools to recognize which patients would benefit from VR and AR since, as any other treatment, they may induce serious adverse effects.

The success of the integration between MTs and VR or AR in everyday clinical practice will also depend on its practical feasibility. Indeed, although low-cost devices such as HDMs are ever more available (88), the software required for creating personalized applications could result in being particularly expensive for individual therapists without the support of healthcare institutions (4). Moreover, despite its use in rehabilitation and in the psychological field, literature lacks paper, whether controlled trials or systematic reviews, assessing the cost-effectiveness of the integration of VR and AR within the healthcare system (5, 22, 90). In the same way, literature lacks paper evaluating the adoption rate between patients: therefore, as of today, therapists cannot make a precise estimate about how many of their patients would use the potentially expensive and complex VR or AR systems they could buy for improving their practice (142).

All these questions are therefore left for future research, with the hope that healthcare and educational institutions may lead the innovation, both for their patients and the patients of private clinics, thus realizing the clinical usefulness of these interventions—with VR and AR we can make the impossible possible (2, 199).
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ACTH, adrenocorticotropic hormone; ADHD, attention-deficit hyperactivity disorder; AR, augmented reality; ARET, augmented reality exposure therapy; ASD, autism spectrum disorder; HMD, head-mounted display; HRQoL, health-related quality of life; LBP, low back pain; MT, manual therapy; OMT, osteopathic manipulative treatment; PD, Parkinson's disease; PTSD, post-traumatic stress disorder; RHI, rubber hand illusion; VR, virtual reality; VRET, virtual reality exposure therapy.



REFERENCES

 1. Cipresso P, Giglioli IAC, Raya MA, Riva G. The past, present, and future of virtual and augmented reality research: a network and cluster analysis of the literature. Front Psychol. (2018) 9:2086. doi: 10.3389/fpsyg.2018.02086

 2. Freeman D, Reeve S, Robinson A, Ehlers A, Clark D, Spanlang B, et al. Virtual reality in the assessment, understanding, and treatment of mental health disorders. Psychol Med. (2017) 47:2393–400. doi: 10.1017/S003329171700040X

 3. Weech S, Kenny S, Barnett-Cowan M. Presence and cybersickness in virtual reality are negatively related: a review. Front Psychol. (2019) 10:158. doi: 10.3389/fpsyg.2019.00158

 4. Joda T, Gallucci GO, Wismeijer D, Zitzmann NU. Augmented and virtual reality in dental medicine: a systematic review. Comput Biol Med. (2019) 108:93–100. doi: 10.1016/j.compbiomed.2019.03.012

 5. Tang KS, Cheng DL, Mi E, Greenberg PB. Augmented reality in medical education: a systematic review. Can Med Educ J. (2020) 11:e81–96. doi: 10.36834/cmej.61705

 6. Field T. Massage therapy research review. Complement Ther Clin Pract. (2016) 24:19–31. doi: 10.1016/j.ctcp.2016.04.005

 7. Tozzi P. A unifying neuro-fasciagenic model of somatic dysfunction – Underlying mechanisms and treatment – Part II. J Bodyw Mov Ther. (2015) 19:526–43. doi: 10.1016/j.jbmt.2015.03.002

 8. Tozzi P. A unifying neuro-fasciagenic model of somatic dysfunction – Underlying mechanisms and treatment – Part I. J Bodyw Mov Ther. (2015) 19:310–26. doi: 10.1016/j.jbmt.2015.01.001

 9. Bishop MD, Torres-Cueco R, Gay CW, Lluch-Girbés E, Beneciuk JM, Bialosky JE. What effect can manual therapy have on a patient's pain experience? Pain Manag. (2015) 5:455–64. doi: 10.2217/pmt.15.39

 10. Lee HS, Park YJ, Park SW. The effects of virtual reality training on function in chronic stroke patients: a systematic review and meta-analysis. BioMed Res Int. (2019) 2019:1–12. doi: 10.1155/2019/7595639

 11. Maier M, Rubio Ballester B, Duff A, Duarte Oller E, Verschure PFMJ. Effect of specific over nonspecific VR-based rehabilitation on poststroke motor recovery: a systematic meta-analysis. Neurorehabil Neural Repair. (2019) 33:112–29. doi: 10.1177/1545968318820169

 12. Coronado RA, Bialosky JE. Manual physical therapy for chronic pain: the complex whole is greater than the sum of its parts. J Man Manip Ther. (2017) 25:115–7. doi: 10.1080/10669817.2017.1309344

 13. Wideman TH, Edwards RR, Walton DM, Martel MO, Hudon A, Seminowicz DA. The Multimodal Assessment Model of Pain: A Novel Framework for Further Integrating the Subjective Pain Experience Within Research and Practice. Clin J Pain. (2019) 35:212–21. doi: 10.1097/AJP.0000000000000670

 14. Stilwell P, Harman K. An enactive approach to pain: beyond the biopsychosocial model. Phenomenol Cogn Sci. (2019) 18:637–65. doi: 10.1007/s11097-019-09624-7

 15. Xiong XJ Li SJ, Zhang YQ. Massage therapy for essential hypertension: a systematic review. J Hum Hypertens. (2015) 29:143–51. doi: 10.1038/jhh.2014.52

 16. Yang X, Zhao H, Wang J. Chinese massage (Tuina) for the treatment of essential hypertension: a systematic review and meta-analysis. Complement Ther Med. (2014) 22:541–8. doi: 10.1016/j.ctim.2014.03.008

 17. Rubinstein SM, de Zoete A, van Middelkoop M, Assendelft WJJ, de Boer MR, van Tulder MW. Benefits and harms of spinal manipulative therapy for the treatment of chronic low back pain: systematic review and meta-analysis of randomised controlled trials. BMJ. (2019) 2019:l689. doi: 10.1136/bmj.l689

 18. de Araújo AVL, Neiva JF de O, Monteiro CB de M, Magalhães FH. Efficacy of virtual reality rehabilitation after spinal cord injury: a systematic review. BioMed Res Int. (2019) 2019:1–15. doi: 10.1155/2019/7106951

 19. Kyaw BM, Saxena N, Posadzki P, Vseteckova J, Nikolaou CK, George PP, et al. Virtual reality for health professions education: systematic review and meta-analysis by the digital health education collaboration. J Med Internet Res. (2019) 21:e12959. doi: 10.2196/12959 

 20. Uruthiralingam U, Rea PM. Augmented And Virtual Reality In Anatomical Education – A Systematic Review. In: Rea PM, editor. Biomedical Visualisation Advances in Experimental Medicine and Biology Cham: Springer International Publishing (2020). p. 89–101. doi: 10.1007/978-3-030-37639-0_5

 21. Quintero J, Baldiris S, Rubira R, Cerón J, Velez G. Augmented reality in educational inclusion. A systematic review on the last decade. Front Psychol. (2019) 10:1835. doi: 10.3389/fpsyg.2019.01835

 22. Zhao J, Xu X, Jiang H, Ding Y. The effectiveness of virtual reality-based technology on anatomy teaching: a meta-analysis of randomized controlled studies. BMC Med Educ. (2020) 20:127. doi: 10.1186/s12909-020-1994-z

 23. Paige NM, Miake-Lye IM, Booth MS, Beroes JM, Mardian AS, Dougherty P, et al. Association of spinal manipulative therapy with clinical benefit and harm for acute low back pain: systematic review and meta-analysis. JAMA. (2017) 317:1451. doi: 10.1001/jama.2017.3086

 24. Masaracchio M, Kirker K, States R, Hanney WJ, Liu X, Kolber M. Thoracic spine manipulation for the management of mechanical neck pain: a systematic review and meta-analysis. PLoS ONE. (2019) 14:e0211877. doi: 10.1371/journal.pone.0211877

 25. Luo H, Cao C, Zhong J, Chen J, Cen Y. Adjunctive virtual reality for procedural pain management of burn patients during dressing change or physical therapy: A systematic review and meta-analysis of randomized controlled trials. Wound Repair Regen. (2019) 27:90–101. doi: 10.1111/wrr.1

 26. Iruthayarajah J, McIntyre A, Cotoi A, Macaluso S, Teasell R. The use of virtual reality for balance among individuals with chronic stroke: a systematic review and meta-analysis. Top Stroke Rehabil. (2017) 24:68–79. doi: 10.1080/10749357.2016.1192361

 27. Lei C, Sunzi K, Dai F, Liu X, Wang Y, Zhang B, et al. Effects of virtual reality rehabilitation training on gait and balance in patients with Parkinson's disease: a systematic review. PLoS ONE. (2019) 14:e0224819. doi: 10.1371/journal.pone.0224819

 28. Massetti T, Trevizan IL, Arab C, Favero FM, Ribeiro-Papa DC, de Mello Monteiro CB. Virtual reality in multiple sclerosis – A systematic review. Mult Scler Relat Disord. (2016) 8:107–12. doi: 10.1016/j.msard.2016.05.014

 29. Miake-Lye IM, Mak S, Lee J, Luger T, Taylor SL, Shanman R, et al. Massage for pain: an evidence map. J Altern Complement Med. (2019) 25:475–502. doi: 10.1089/acm.2018.0282

 30. de Amorim JSC, Leite RC, Brizola R, Yonamine CY. Virtual reality therapy for rehabilitation of balance in the elderly: a systematic review and META-analysis. Adv Rheumatol. (2018) 58:18. doi: 10.1186/s42358-018-0013-0

 31. Dockx K, Bekkers EM, Van den Bergh V, Ginis P, Rochester L, Hausdorff JM, et al. Virtual reality for rehabilitation in Parkinson's disease. Cochrane Database Syst Rev. (2016) 12:CD010760. doi: 10.1002/14651858.CD010760.pub2

 32. Margenfeld F, Klocke C, Joos S. Manual massage for persons living with dementia: a systematic review and meta-analysis. Int J Nurs Stud. (2019) 96:132–42. doi: 10.1016/j.ijnurstu.2018.12.012

 33. Lee J, Han M, Chung Y, Kim J, Choi J. Effects of foot reflexology on fatigue, sleep and pain: a systematic review and meta-analysis. J Korean Acad Nurs. (2011) 41:821. doi: 10.4040/jkan.2011.41.6.821

 34. Hmwe NTT, Browne G, Mollart L, Allanson V, Chan SW. An integrative review of acupressure interventions for older people: a focus on sleep quality, depression, anxiety, and agitation. Int J Geriatr Psychiatry. (2019) 34:381–96. doi: 10.1002/gps.5031

 35. Waits A, Tang Y-R, Cheng H-M, Tai C-J, Chien L-Y. Acupressure effect on sleep quality: a systematic review and meta-analysis. Sleep Med Rev. (2018) 37:24–34. doi: 10.1016/j.smrv.2016.12.004

 36. Franke H, Franke J-D, Belz S, Fryer G. Osteopathic manipulative treatment for low back and pelvic girdle pain during and after pregnancy: a systematic review and meta-analysis. J Bodyw Mov Ther. (2017) 21:752–62. doi: 10.1016/j.jbmt.2017.05.014

 37. Hall H, Cramer H, Sundberg T, Ward L, Adams J, Moore C, et al. The effectiveness of complementary manual therapies for pregnancy-related back and pelvic pain: a systematic review with meta-analysis. Medicine. (2016) 95:e4723. doi: 10.1097/MD.0000000000004723

 38. Ruffini N, D'Alessandro G, Cardinali L, Frondaroli F, Cerritelli F. Osteopathic manipulative treatment in gynecology and obstetrics: a systematic review. Complement Ther Med. (2016) 26:72–8. doi: 10.1016/j.ctim.2016.03.005

 39. Smith CA, Shewamene Z, Galbally M, Schmied V, Dahlen H. The effect of complementary medicines and therapies on maternal anxiety and depression in pregnancy: a systematic review and meta-analysis. J Affect Disord. (2019) 245:428–39. doi: 10.1016/j.jad.2018.11.054

 40. Wasserman JB, Copeland M, Upp M, Abraham K. Effect of soft tissue mobilization techniques on adhesion-related pain and function in the abdomen: a systematic review. J Bodyw Mov Ther. (2019) 23:262–9. doi: 10.1016/j.jbmt.2018.06.004

 41. Coulter ID, Crawford C, Vernon H, Hurwitz EL, Khorsan R, Booth MS, et al. Manipulation and mobilization for treating chronic nonspecific neck pain: a systematic review and meta-analysis for an appropriateness panel. Pain Physician. (2019) 22:E55–70.

 42. Coulter ID, Crawford C, Hurwitz EL, Vernon H, Khorsan R, Suttorp Booth M, et al. Manipulation and mobilization for treating chronic low back pain: a systematic review and meta-analysis. Spine J. (2018) 18:866–79. doi: 10.1016/j.spinee.2018.01.013

 43. Falsiroli Maistrello L, Rafanelli M, Turolla A. Manual therapy and quality of life in people with headache: systematic review and meta-analysis of randomized controlled trials. Curr Pain Headache Rep. (2019) 23:78. doi: 10.1007/s11916-019-0815-8

 44. Cerritelli F, Lacorte E, Ruffini N, Vanacore N. Osteopathy for primary headache patients: a systematic review. J Pain Res. (2017) 10:601–11. doi: 10.2147/JPR.S130501

 45. Haller H, Lauche R, Sundberg T, Dobos G, Cramer H. Craniosacral therapy for chronic pain: a systematic review and meta-analysis of randomized controlled trials. BMC Musculoskelet Disord. (2020) 21:1. doi: 10.1186/s12891-019-3017-y

 46. Dal Farra F, Risio RG, Vismara L, Bergna A. Effectiveness of osteopathic interventions in chronic non-specific low back pain: a systematic review and meta-analysis. Complement Ther Med. (2021) 56:102616. doi: 10.1016/j.ctim.2020.102616

 47. de Melo L, de Medeiros A, Campos M, de Resende C, Barbosa G, de Almeida E. Manual therapy in the treatment of myofascial pain related to temporomandibular disorders: a systematic review. J Oral Facial Pain Headache. (2020) 34:141–8. doi: 10.11607/ofph.2530

 48. Muller A, Franke H, Resch K-L, Fryer G. Effectiveness of osteopathic manipulative therapy for managing symptoms of irritable bowel syndrome: a systematic review. J Am Osteopath Assoc. (2014) 114:470–9. doi: 10.7556/jaoa.2014.098

 49. Li Y, Wang F, Feng C, Yang X, Sun Y. Massage therapy for fibromyalgia: a systematic review and meta-analysis of randomized controlled trials. PLoS ONE. (2014) 9:e89304. doi: 10.1371/journal.pone.0089304

 50. Yuan SLK, Matsutani LA, Marques AP. Effectiveness of different styles of massage therapy in fibromyalgia: a systematic review and meta-analysis. Man Ther. (2015) 20:257–64. doi: 10.1016/j.math.2014.09.003

 51. Thomas JS, Clark BC, Russ DW, France CR, Ploutz-Snyder R, Corcos DM. Effect of spinal manipulative and mobilization therapies in young adults with mild to moderate chronic low back pain: a randomized clinical trial. JAMA Netw Open. (2020) 3:e2012589. doi: 10.1001/jamanetworkopen.2020.12589

 52. Nguyen C, Boutron I, Zegarra-Parodi R, Baron G, Alami S, Sanchez K, et al. Effect of osteopathic manipulative treatment vs sham treatment on activity limitations in patients with nonspecific subacute and chronic low back pain: a randomized clinical trial. JAMA Intern Med. (2021) 181:620. doi: 10.1001/jamainternmed.2021.0005

 53. Tramontano M, Consorti G, Morone G, Lunghi C. Vertigo and balance disorders – the role of osteopathic manipulative treatment: a systematic review. Complement Med Res. (2020) 23:1–10. doi: 10.1159/000512673

 54. Huang F, Zhao S, Dai L, Feng Z, Wu Z, Chen J, et al. Tuina for cervical vertigo: a systematic review and meta-analysis of randomized controlled trials. Complement Ther Clin Pract. (2020) 39:101115. doi: 10.1016/j.ctcp.2020.101115

 55. Cerritelli F, Ruffini N, Lacorte E, Vanacore N. Osteopathic manipulative treatment in neurological diseases: systematic review of the literature. J Neurol Sci. (2016) 369:333–41. doi: 10.1016/j.jns.2016.08.062

 56. Regauer V, Seckler E, Müller M, Bauer P. Physical therapy interventions for older people with vertigo, dizziness and balance disorders addressing mobility and participation: a systematic review. BMC Geriatr. (2020) 20:494. doi: 10.1186/s12877-020-01899-9

 57. Cerritelli F, Cardone D, Pirino A, Merla A, Scoppa F. Does osteopathic manipulative treatment induce autonomic changes in healthy participants? A thermal imaging study. Front Neurosci. (2020) 14:887. doi: 10.3389/fnins.2020.00887

 58. Farronato M, Maspero C, Lanteri V, Fama A, Ferrati F, Pettenuzzo A, et al. Current state of the art in the use of augmented reality in dentistry: a systematic review of the literature. BMC Oral Health. (2019) 19:135. doi: 10.1186/s12903-019-0808-3

 59. Ayoub A, Pulijala Y. The application of virtual reality and augmented reality in Oral & Maxillofacial Surgery. BMC Oral Health. (2019) 19:238. doi: 10.1186/s12903-019-0937-8

 60. Barsom EZ, Graafland M, Schijven MP. Systematic review on the effectiveness of augmented reality applications in medical training. Surg Endosc. (2016) 30:4174–83. doi: 10.1007/s00464-016-4800-6

 61. Wong K, Yee HM, Xavier BA, Grillone GA. Applications of augmented reality in otolaryngology: a systematic review. Otolaryngol Neck Surg. (2018) 159:956–67. doi: 10.1177/0194599818796476

 62. Tang NSJ, Ahmadi I, Ramakrishnan A. Virtual surgical planning in fibula free flap head and neck reconstruction: a systematic review and meta-analysis. J Plast Reconstr Aesthet Surg. (2019) 72:1465–77. doi: 10.1016/j.bjps.2019.06.013

 63. Meola A, Cutolo F, Carbone M, Cagnazzo F, Ferrari M, Ferrari V. Augmented reality in neurosurgery: a systematic review. Neurosurg Rev. (2017) 40:537–48. doi: 10.1007/s10143-016-0732-9

 64. Fida B, Cutolo F, di Franco G, Ferrari M, Ferrari V. Augmented reality in open surgery. Updat Surg. (2018) 70:389–400. doi: 10.1007/s13304-018-0567-8

 65. Chicchi Giglioli IA, Pallavicini F, Pedroli E, Serino S, Riva G. Augmented reality: a brand new challenge for the assessment and treatment of psychological disorders. Comput Math Methods Med. (2015) 2015:1–12. doi: 10.1155/2015/862942

 66. Wechsler TF, Kümpers F. Mühlberger A. Inferiority or Even superiority of virtual reality exposure therapy in phobias?—a systematic review and quantitative meta-analysis on randomized controlled trials specifically comparing the efficacy of virtual reality exposure to gold standard in vivo exposure in agoraphobia, specific phobia, and social phobia. Front Psychol. (2019) 10:1758. doi: 10.3389/fpsyg.2019.01758

 67. Segawa T, Baudry T, Bourla A, Blanc J-V, Peretti C-S, Mouchabac S, et al. Virtual Reality (VR) in assessment and treatment of addictive disorders: a systematic review. Front Neurosci. (2020) 13:1409. doi: 10.3389/fnins.2019.01409

 68. Fodor LA, Cote? CD, Cuijpers P. Szamoskozi Ştefan, David D, Cristea IA. The effectiveness of virtual reality based interventions for symptoms of anxiety and depression: a meta-analysis. Sci Rep. (2018) 8:10323. doi: 10.1038/s41598-018-28113-6 

 69. Eijlers R, Utens EMWJ, Staals LM, de Nijs PFA, Berghmans JM, Wijnen RMH, et al. Systematic review and meta-analysis of virtual reality in pediatrics: effects on pain and anxiety. Anesth Analg. (2019) 129:1344–53. doi: 10.1213/ANE.0000000000004165

 70. Iannicelli AM, Vito D, Dodaro CA, De Matteo P, Nocerino R, Sepe A, et al. Does virtual reality reduce pain in pediatric patients? A systematic review. Ital J Pediatr. (2019) 45:171. doi: 10.1186/s13052-019-0757-0

 71. Gujjar KR, van Wijk A, Kumar R, de Jongh A. Are technology-based interventions effective in reducing dental anxiety in children and adults? A systematic review. J Evid Based Dent Pract. (2019) 19:140–55. doi: 10.1016/j.jebdp.2019.01.009

 72. Chan E, Foster S, Sambell R, Leong P. Clinical efficacy of virtual reality for acute procedural pain management: a systematic review and meta-analysis. PLoS ONE. (2018) 13:e0200987. doi: 10.1371/journal.pone.0200987

 73. Ahern MM, Dean LV, Stoddard CC, Agrawal A, Kim K, Cook CE, et al. The Effectiveness of virtual reality in patients with spinal pain: a systematic review and meta-analysis. Pain Pract. (2020) 20:656–75. doi: 10.1111/papr.12885

 74. Manivannan S, Al-Amri M, Postans M, Westacott LJ, Gray W, Zaben M. The effectiveness of virtual reality interventions for improvement of neurocognitive performance after traumatic brain injury: a systematic review. J Head Trauma Rehabil. (2019) 34:E52–65. doi: 10.1097/HTR.0000000000000412

 75. Pedroli E, Serino S, Cipresso P, Pallavicini F, Riva G. Assessment and rehabilitation of neglect using virtual reality: a systematic review. Front Behav Neurosci. (2015) 9:226. doi: 10.3389/fnbeh.2015.00226

 76. Chi B, Chau B, Yeo E, Ta P. Virtual reality for spinal cord injury-associated neuropathic pain: systematic review. Ann Phys Rehabil Med. (2019) 62:49–57. doi: 10.1016/j.rehab.2018.09.006

 77. Gumaa M, Rehan Youssef A. Is virtual reality effective in orthopedic rehabilitation? A systematic review and meta-analysis. Phys Ther. (2019) 99:1304–25. doi: 10.1093/ptj/pzz093

 78. Bluett B, Bayram E, Litvan I. The virtual reality of Parkinson's disease freezing of gait: a systematic review. Parkins. Relat Disord. (2019) 61:26–33. doi: 10.1016/j.parkreldis.2018.11.013

 79. George EI, Brand TC, LaPorta A, Marescaux J, Satava RM. Origins of robotic surgery: from skepticism to standard of care. JSLS. (2018) 22:e2018.00039. doi: 10.4293/JSLS.2018.00039

 80. Cheetham M. Editorial: The uncanny valley hypothesis and beyond. Front Psychol. (2017) 8:1738. doi: 10.3389/fpsyg.2017.01738

 81. de Borst AW, de Gelder B. Is it the real deal? Perception of virtual characters versus humans: an affective cognitive neuroscience perspective. Front Psychol. (2015) 6:576. doi: 10.3389/fpsyg.2015.00576

 82. Weber H, Barr C, Gough C, van den Berg M. How commercially available virtual reality-based interventions are delivered and reported in gait, posture, and balance rehabilitation: a systematic review. Phys Ther. (2020) 2020:pzaa123. doi: 10.1093/ptj/pzaa123

 83. Feng H, Li C, Liu J, Wang L, Ma J, Li G, et al. Virtual reality rehabilitation versus conventional physical therapy for improving balance and gait in Parkinson's Disease patients: a randomized controlled trial. Med Sci Monit. (2019) 25:4186–92. doi: 10.12659/MSM.916455

 84. Cuesta-Gómez A, Sánchez-Herrera-Baeza P, Oña-Simbaña ED, Martínez-Medina A, Ortiz-Comino C. Balaguer-Bernaldo-de-Quirós C, Jardón-Huete A, Cano-de-la-Cuerda R. Effects of virtual reality associated with serious games for upper limb rehabilitation in patients with multiple sclerosis: randomized controlled trial. J NeuroEngineering Rehabil. (2020) 17:90. doi: 10.1186/s12984-020-00718-x

 85. Khurana M, Walia S, Noohu MM. Study on the Effectiveness of virtual reality game-based training on balance and functional performance in individuals with paraplegia. Top Spinal Cord Inj Rehabil. (2017) 23:263–70. doi: 10.1310/sci16-00003

 86. Tang Y, Liu S, Deng Y, Zhang Y, Yin L, Zheng W. Construction of force haptic reappearance system based on Geomagic Touch haptic device. Comput Methods Programs Biomed. (2020) 190:105344. doi: 10.1016/j.cmpb.2020.105344

 87. Yu X, Xie Z, Yu Y, Lee J, Vazquez-Guardado A, Luan H, et al. Skin-integrated wireless haptic interfaces for virtual and augmented reality. Nature. (2019) 575:473–9. doi: 10.1038/s41586-019-1687-0

 88. Riva G, Serino S, Di Lernia D, Pavone EF, Dakanalis A. Embodied Medicine: Mens Sana in Corpore Virtuale Sano. Front Hum Neurosci. (2017) 11:381. doi: 10.3389/fnhum.2017.00120

 89. McGlone F, Wessberg J, Olausson H. Discriminative and affective touch: sensing and feeling. Neuron. (2014) 82:737–55. doi: 10.1016/j.neuron.2014.05.001

 90. Riva G, Wiederhold BK, Mantovani F. Neuroscience of virtual reality: from virtual exposure to embodied medicine. Cyberpsychology Behav Soc Netw. (2019) 22:82–96. doi: 10.1089/cyber.2017.29099.gri

 91. Giummarra MJ, Bradshaw JL, Nicholls MER, Hilti LM, Brugger P. Body integrity identity disorder: deranged body processing, right fronto-parietal dysfunction, and phenomenological experience of body incongruity. Neuropsychol Rev. (2011) 21:320–33. doi: 10.1007/s11065-011-9184-8

 92. Suzuki K, Garfinkel SN, Critchley HD, Seth AK. Multisensory integration across exteroceptive and interoceptive domains modulates self-experience in the rubber-hand illusion. Neuropsychologia. (2013) 51:2909–17. doi: 10.1016/j.neuropsychologia.2013.08.014

 93. Amirabdollahian F, Livatino S, Vahedi B, Gudipati R, Sheen P, Gawrie-Mohan S, et al. Prevalence of haptic feedback in robot-mediated surgery: a systematic review of literature. J Robot Surg. (2018) 12:11–25. doi: 10.1007/s11701-017-0763-4

 94. Parsons TD. Virtual reality for enhanced ecological validity and experimental control in the clinical, affective and social neurosciences. Front Hum Neurosci. (2015) 9:660. doi: 10.3389/fnhum.2015.00660

 95. Pourmand A, Davis S, Lee D, Barber S, Sikka N. Emerging utility of virtual reality as a multidisciplinary tool in clinical medicine. Games Health J. (2017) 6:263–70. doi: 10.1089/g4h.2017.0046

 96. Sveistrup H. Motor rehabilitation using virtual reality. J NeuroEngineering Rehabil. (2004) 1:10. doi: 10.1186/1743-0003-1-10

 97. Teo W-P, Muthalib M, Yamin S, Hendy AM, Bramstedt K, Kotsopoulos E, et al. Does a Combination of Virtual Reality, Neuromodulation and Neuroimaging Provide a Comprehensive Platform for Neurorehabilitation? – A Narrative Review of the Literature Front Hum Neurosci. (2016) 10:284. doi: 10.3389/fnhum.2016.00284

 98. Wittmann F, Held JP, Lambercy O, Starkey ML, Curt A, Höver R, et al. Self-directed arm therapy at home after stroke with a sensor-based virtual reality training system. J NeuroEngineering Rehabil. (2016) 13:75. doi: 10.1186/s12984-016-0182-1

 99. Villiger M, Liviero J, Awai L, Stoop R, Pyk P, Clijsen R, et al. Home-based virtual reality-augmented training improves lower limb muscle strength, balance, and functional mobility following chronic incomplete spinal cord injury. Front Neurol. (2017) 8:635. doi: 10.3389/fneur.2017.00635

 100. Fluet GG, Qiu Q, Patel J, Cronce A, Merians AS, Adamovich SV. Autonomous use of the home virtual rehabilitation system: a feasibility and pilot study. Games Health J. (2019) 8:432–8. doi: 10.1089/g4h.2019.0012

 101. Thielbar K, Spencer N, Tsoupikova D, Ghassemi M, Kamper D. Utilizing multi-user virtual reality to bring clinical therapy into stroke survivors' homes. J Hand Ther. (2020) 33:246–53. doi: 10.1016/j.jht.2020.01.006

 102. Thielbar KO, Triandafilou KM, Barry AJ, Yuan N, Nishimoto A, Johnson J, et al. Home-based upper extremity stroke therapy using a multiuser virtual reality environment: a randomized trial. Arch Phys Med Rehabil. (2020) 101:196–203. doi: 10.1016/j.apmr.2019.10.182

 103. Camporesi C, Kallmann M, Han JJ. VR solutions for improving physical therapy. In: 2013 IEEE Virtual Reality. Lake Buena Vista, FL: IEEE (2020). p. 77–8. doi: 10.1109/VR.2013.6549371

 104. Cinquetti V, D'agostino M, Bacher L, Gallace A, Ferrise F, Bordegoni M. Design of a Wearable Tactile Interface to Convey Gravitational Information. Pisa (2020). doi: 10.13140/RG.2.2.12381.31205

 105. Madary M, Metzinger TK. Recommendations for good scientific practice and the consumers of VR-technology. Front Robot AI. (2016) 3:3. doi: 10.3389/frobt.2016.00003

 106. Silver FH, Siperko LM, Seehra GP. Mechanobiology of force transduction in dermal tissue. Skin Res Technol. (2003) 9:3–23. doi: 10.1034/j.1600-0846.2003.00358.x

 107. Schleip R. Fascial plasticity – a new neurobiological explanation Part 2. J Bodyw Mov Ther. (2003) 7:104–16. doi: 10.1016/S1360-8592(02)00076-1

 108. Bialosky JE, Bishop MD, Price DD, Robinson ME, George SZ. The mechanisms of manual therapy in the treatment of musculoskeletal pain: a comprehensive model. Man Ther. (2009) 14:531–8. doi: 10.1016/j.math.2008.09.001

 109. Bialosky JE, Beneciuk JM, Bishop MD, Coronado RA, Penza CW, Simon CB, et al. Unraveling the mechanisms of manual therapy: modeling an approach. J Orthop Sports Phys Ther. (2018) 48:8–18. doi: 10.2519/jospt.2018.7476

 110. Cerritelli F, Chiacchiaretta P, Gambi F, Saggini R, Perrucci MG, Ferretti A. Osteopathy modulates brain–heart interaction in chronic pain patients: an ASL study. Sci Rep. (2021) 11:4556. doi: 10.1038/s41598-021-83893-8

 111. Tian Y, Bian Y, Han P, Wang P, Gao F, Chen Y. Physiological signal analysis for evaluating flow during playing of computer games of varying difficulty. Front Psychol. (2017) 8:1121. doi: 10.3389/fpsyg.2017.01121

 112. Gallace A, Spence C. In Touch with the Future: the Sense of touch from Cognitive Neuroscience TO Virtual Reality. 1st ed. Oxford: Oxford University Press (2014).

 113. Gallace A, Spence C. The science of interpersonal touch: an overview. Neurosci Biobehav Rev. (2010) 34:246–59. doi: 10.1016/j.neubiorev.2008.10.004

 114. Gordon I, Voos AC, Bennett RH, Bolling DZ, Pelphrey KA, Kaiser MD. Brain mechanisms for processing affective touch. Hum Brain Mapp. (2013) 34:914–22. doi: 10.1002/hbm.21480

 115. Cerritelli F, Chiacchiaretta P, Gambi F, Ferretti A. Effect of continuous touch on brain functional connectivity is modified by the operator's tactile attention. Front Hum Neurosci. (2017) 11:368. doi: 10.3389/fnhum.2017.00368

 116. Edwards DJ, Young H, Curtis A, Johnston R. The immediate effect of therapeutic touch and deep touch pressure on range of motion, interoceptive accuracy and heart rate variability: a randomized controlled trial with moderation analysis. Front Integr Neurosci. (2018) 12:41. doi: 10.3389/fnint.2018.00041

 117. Sliz D, Smith A, Wiebking C, Northoff G, Hayley S. Neural correlates of a single-session massage treatment. Brain Imaging Behav. (2012) 6:77–87. doi: 10.1007/s11682-011-9146-z

 118. Sparks CL, Liu WC, Cleland JA, Kelly JP, Dyer SJ, Szetela KM, et al. Functional magnetic resonance imaging of cerebral hemodynamic responses to pain following thoracic thrust manipulation in individuals with neck pain: a randomized trial. J Manipulative Physiol Ther. (2017) 40:625–34. doi: 10.1016/j.jmpt.2017.07.010

 119. Tramontano M, Cerritelli F, Piras F, Spanò B, Tamburella F, Piras F, et al. Brain connectivity changes after osteopathic manipulative treatment: a randomized manual placebo-controlled trial. Brain Sci. (2020) 10:969. doi: 10.3390/brainsci10120969

 120. Cerritelli F, Chiacchiaretta P, Gambi F, Perrucci MG, Barassi G, Visciano C, et al. Effect of manual approaches with osteopathic modality on brain correlates of interoception: an fMRI study. Sci Rep. (2020) 10:3214. doi: 10.1038/s41598-020-60253-6

 121. Henley CE, Ivins D, Mills M, Wen FK, Benjamin BA. Osteopathic manipulative treatment and its relationship to autonomic nervous system activity as demonstrated by heart rate variability: a repeated measures study. Osteopath Med Prim Care. (2008) 2:7. doi: 10.1186/1750-4732-2-7

 122. Buttagat V, Eungpinichpong W, Chatchawan U, Kharmwan S. The immediate effects of traditional Thai massage on heart rate variability and stress-related parameters in patients with back pain associated with myofascial trigger points. J Bodyw Mov Ther. (2011) 15:15–23. doi: 10.1016/j.jbmt.2009.06.005

 123. Rapaport MH, Schettler P, Bresee C. A preliminary study of the effects of a single session of Swedish massage on hypothalamic–pituitary–adrenal and immune function in normal individuals. J Altern Complement Med. (2010) 16:1079–88. doi: 10.1089/acm.2009.0634

 124. Rapaport MH, Schettler P, Bresee C. A preliminary study of the effects of repeated massage on hypothalamic–pituitary–adrenal and immune function in healthy individuals: a study of mechanisms of action and dosage. J Altern Complement Med. (2012) 18:789–97. doi: 10.1089/acm.2011.0071

 125. Morhenn V, Beavin LE, Zak PJ. Massage increases oxytocin and reduces adrenocorticotropin hormone in humans. Altern Ther Health Med. (2012) 18:11–8.

 126. Buscemi A, Martino S, Scirè Campisi S, Rapisarda A, Coco M. Endocannabinoids release after osteopathic manipulative treatment. a brief review. J Complement Integr Med. (2020) 18:1–7. doi: 10.1515/jcim-2020-0013

 127. Crusco AH, Wetzel CG. The midas touch: the effects of interpersonal touch on restaurant tipping. Pers Soc Psychol Bull. (1984) 10:512–7. doi: 10.1177/0146167284104003

 128. Guéguen N, Vion M. The effect of a practitioner's touch on a patient's medication compliance. Psychol Health Med. (2009) 14:689–94. doi: 10.1080/13548500903334739

 129. Guéguen N, Meineri S, Charles-Sire V. Improving medication adherence by using practitioner nonverbal techniques: a field experiment on the effect of touch. J Behav Med. (2010) 33:466–73. doi: 10.1007/s10865-010-9277-5

 130. Petrocchi N, Cheli S. The social brain and heart rate variability: implications for psychotherapy. Psychol Psychother Theory Res Pract. (2019) 92:208–23. doi: 10.1111/papt.12224

 131. Colzato LS, Jongkees BJ, de Wit M, van der Molen MJW, Steenbergen L. Variable heart rate and a flexible mind: higher resting-state heart rate variability predicts better task-switching. Cogn Affect Behav Neurosci. (2018) 18:730–8. doi: 10.3758/s13415-018-0600-x

 132. Réus GZ, Fries GR, Stertz L, Badawy M, Passos IC, Barichello T, et al. The role of inflammation and microglial activation in the pathophysiology of psychiatric disorders. Neuroscience. (2015) 300:141–54. doi: 10.1016/j.neuroscience.2015.05.018

 133. Wang X, Zhu M, Hjorth E, Cortés-Toro V, Eyjolfsdottir H, Graff C, et al. Resolution of inflammation is altered in Alzheimer's disease. Alzheimers Dement. (2015) 11:40-50.e2. doi: 10.1016/j.jalz.2013.12.024

 134. Chesnokova V, Pechnick RN, Wawrowsky K. Chronic peripheral inflammation, hippocampal neurogenesis, and behavior. Brain Behav Immun. (2016) 58:1–8. doi: 10.1016/j.bbi.2016.01.017

 135. Bottaccioli AG, Bottaccioli F, Minelli A. Stress and the psyche-brain-immune network in psychiatric diseases based on psychoneuroendocrineimmunology: a concise review: Psychoneuroendocrineimmunology of psychiatric diseases. Ann N Y Acad Sci. (2019) 1437:31–42. doi: 10.1111/nyas.13728

 136. Harrison NA, Doeller CF, Voon V, Burgess N, Critchley HD. Peripheral inflammation acutely impairs human spatial memory via actions on medial temporal lobe glucose metabolism. Biol Psychiatry. (2014) 76:585–93. doi: 10.1016/j.biopsych.2014.01.005

 137. Teodorczyk-Injeyan JA, Injeyan HS, Ruegg R. Spinal manipulative therapy reduces inflammatory cytokines but not substance P production in normal subjects. J Manipulative Physiol Ther. (2006) 29:14–21. doi: 10.1016/j.jmpt.2005.10.002

 138. Eagan TS, Meltzer KR, Standley PR. Importance of strain direction in regulating human fibroblast proliferation and cytokine secretion: a useful in vitro model for soft tissue injury and manual medicine treatments. J Manipulative Physiol Ther. (2007) 30:584–92. doi: 10.1016/j.jmpt.2007.07.013

 139. Amoroso Borges BL, Bortolazzo GL, Neto HP. Effects of spinal manipulation and myofascial techniques on heart rate variability: a systematic review. J Bodyw Mov Ther. (2018) 22:203–8. doi: 10.1016/j.jbmt.2017.09.025

 140. Boesch E, Bellan V, Moseley GL, Stanton TR. The effect of bodily illusions on clinical pain: a systematic review and meta-analysis. Pain. (2016) 157:516–29. doi: 10.1097/j.pain.0000000000000423

 141. de Jong JR, Keizer A, Engel MM, Dijkerman HC. Does affective touch influence the virtual reality full body illusion? Exp Brain Res. (2017) 235:1781–91. doi: 10.1007/s00221-017-4912-9

 142. Tashjian VC, Mosadeghi S, Howard AR, Lopez M, Dupuy T, Reid M, et al. Virtual reality for management of pain in hospitalized patients: results of a controlled trial. JMIR Ment Health. (2017) 4:e9. doi: 10.2196/mental.7387

 143. Li A, Montaño Z, Chen VJ, Gold JI. Virtual reality and pain management: current trends and future directions. Pain Manag. (2011) 1:147–57. doi: 10.2217/pmt.10.15

 144. Moseley GL, Zalucki N, Birklein F, Marinus J, van Hilten JJ, Luomajoki H. Thinking about movement hurts: the effect of motor imagery on pain and swelling in people with chronic arm pain. Arthritis Rheum. (2008) 59:623–31. doi: 10.1002/art.23580

 145. Munzert J, Lorey B, Zentgraf K. Cognitive motor processes: the role of motor imagery in the study of motor representations. Brain Res Rev. (2009) 60:306–26. doi: 10.1016/j.brainresrev.2008.12.024

 146. Raz G, Gurevitch G, Vaknin T, Aazamy A, Gefen I, Grunstein S, et al. Electroencephalographic evidence for the involvement of mirror-neuron and error-monitoring related processes in virtual body ownership. Neuroimage. (2020) 207:116351. doi: 10.1016/j.neuroimage.2019.116351

 147. Brihmat N, Tarri M, Quidé Y, Anglio K, Pavard B, Castel-Lacanal E, et al. Action, observation or imitation of virtual hand movement affect differently regions of the mirror neuron system and the default mode network. Brain Imaging Behav. (2018) 12:1363–78. doi: 10.1007/s11682-017-9804-x

 148. Modroño C, Bermúdez S, Cameirão M, Pereira F, Paulino T, Marcano F, et al. Is it necessary to show virtual limbs in action observation neurorehabilitation systems? J Rehabil Assist Technol Eng. (2019) 6:205566831985914. doi: 10.1177/2055668319859140

 149. Saleh Velez FG, Pinto CB, Bailin ES, Münger M, Ellison A, Costa BT, et al. Real-time video projection in an mri for characterization of neural correlates associated with mirror therapy for phantom limb pain. J Vis Exp. (2019) 2020:58800. doi: 10.3791/58800

 150. Zangrando F, Paolucci T, Vulpiani MC, Lamaro M, Isidori R, Saraceni VM. Chronic pain and motor imagery: a rehabilitative experience in a case report. Eur J Phys Rehabil Med. (2014) 50:67–72.

 151. Fang W, Zhang R, Zhao Y, Wang L, Zhou Y-D. Attenuation of Pain Perception Induced by the Rubber Hand Illusion. Front Neurosci. (2019) 13:261. doi: 10.3389/fnins.2019.00261

 152. Thøgersen M, Andoh J, Milde C, Graven-Nielsen T, Flor H, Petrini L. Individualized augmented reality training reduces phantom pain and cortical reorganization in amputees: a proof of concept study. J Pain. (2020) 21:1257–69. doi: 10.1016/j.jpain.2020.06.002

 153. Sato K, Fukumori S, Matsusaki T, Maruo T, Ishikawa S, Nishie H, et al. Nonimmersive virtual reality mirror visual feedback therapy and its application for the treatment of complex regional pain syndrome: an open-label pilot study. Pain Med. (2010) 11:622–9. doi: 10.1111/j.1526-4637.2010.00819.x

 154. Louw A, Nijs J, Puentedura EJ. A clinical perspective on a pain neuroscience education approach to manual therapy. J Man Manip Ther. (2017) 25:160–8. doi: 10.1080/10669817.2017.1323699

 155. Louw A, Farrell K, Landers M, Barclay M, Goodman E, Gillund J, et al. The effect of manual therapy and neuroplasticity education on chronic low back pain: a randomized clinical trial. J Man Manip Ther. (2017) 25:227–34. doi: 10.1080/10669817.2016.1231860

 156. Moseley GL, Butler DS. Fifteen years of explaining pain: the past, present, and future. J Pain. (2015) 16:807–13. doi: 10.1016/j.jpain.2015.05.005

 157. Zusman M. Belief reinforcement: one reason why costs for low back pain have not decreased. J Multidiscip Healthc. (2013) 6:197. doi: 10.2147/JMDH.S44117

 158. Lewis J, O'Sullivan P. Is it time to reframe how we care for people with non-traumatic musculoskeletal pain? Br J Sports Med. (2018) 52:1543–4. doi: 10.1136/bjsports-2018-099198

 159. O'Sullivan PB, Caneiro JP, O'Keeffe M, Smith A, Dankaerts W, Fersum K, et al. Cognitive functional therapy: an integrated behavioral approach for the targeted management of disabling low back pain. Phys Ther. (2018) 98:408–23. doi: 10.1093/ptj/pzy022

 160. Moseley GL, Butler DS. Explain Pain Supercharged: the Clinician‘s Manual. Adelaide: Noigroup Publications (2017).

 161. Moseley L. No brain, no pain: it is in the mind, so test results can make it worse. The Conversation. (2015). Available online at: http://theconversation.com/no-brain-no-pain-it-is-in-the-mind-so-test-results-can-make-it-worse-40989 (accessed on August 15, 2020).

 162. Hennessy RW, Rumble D, Christian M, Brown DA, Trost Z. A Graded exposure, locomotion-enabled virtual reality app during walking and reaching for individuals with chronic low back pain: cohort gaming design. JMIR Serious Games. (2020) 8:e17799. doi: 10.2196/17799

 163. Fowler CA, Ballistrea LM, Mazzone KE, Martin AM, Kaplan H, Kip KE, et al. virtual reality intervention for fear of movement for Veterans with chronic pain: protocol for a feasibility study. Pilot Feasibility Stud. (2019) 5:146. doi: 10.1186/s40814-019-0501-y

 164. Zinn R, Leake J, Krasne FB, Corbit LH, Fanselow MS, Vissel B. Maladaptive properties of context-impoverished memories. Curr Biol. (2020) 30:2300–11.e6. doi: 10.1016/j.cub.2020.04.040

 165. Moseley GL, Vlaeyen JWS. Beyond nociception: the imprecision hypothesis of chronic pain. Pain. (2015) 156:35–8. doi: 10.1016/j.pain.0000000000000014

 166. Stepanova ER, Quesnel D, Riecke BE. Understanding AWE: Can a virtual journey, inspired by the overview effect, lead to an increased sense of interconnectedness? Front Digit Hum. (2019) 6:9. doi: 10.3389/fdigh.2019.00009

 167. Dunbar RIM. The social role of touch in humans and primates: behavioural function and neurobiological mechanisms. Neurosci Biobehav Rev. (2010) 34:260–8. doi: 10.1016/j.neubiorev.2008.07.001

 168. Bialosky JE, Bishop MD, Penza CW. Placebo mechanisms of manual therapy: a sheep in Wolf's clothing? J Orthop Sports Phys Ther. (2017) 47:301–4. doi: 10.2519/jospt.2017.0604

 169. Hrossowyc D. Resonance, regulation and revision: Rosen method meets the growing edge of neurological research. Rosen Method Int J. (2009) 2:3–9.

 170. Krahé C, von Mohr M, Gentsch A, Guy L, Vari C, Nolte T, et al. Sensitivity to CT-optimal, affective touch depends on adult attachment style. Sci Rep. (2018) 8:14544. doi: 10.1038/s41598-018-32865-6

 171. Strauss T, Rottstädt F, Sailer U, Schellong J, Hamilton JP, Raue C, et al. Touch aversion in patients with interpersonal traumatization. Depress Anxiety. (2019) 36:635–46. doi: 10.1002/da.22914

 172. Crucianelli L, Cardi V, Treasure J, Jenkinson PM, Fotopoulou A. The perception of affective touch in anorexia nervosa. Psychiatry Res. (2016) 239:72–8. doi: 10.1016/j.psychres.2016.01.078

 173. Croy I, Geide H, Paulus M, Weidner K, Olausson H. Affective touch awareness in mental health and disease relates to autistic traits – An explorative neurophysiological investigation. Psychiatry Res. (2016) 245:491–6. doi: 10.1016/j.psychres.2016.09.011

 174. Urtado Silva J, Galhardoni R, Ciampi de. Andrade D, Brito I. Effects of intranasal oxytocin on tactile perception. Neurosci Lett. (2019) 698:64–8. doi: 10.1016/j.neulet.2018.12.032

 175. Crucianelli L, Serpell L, Paloyelis Y, Ricciardi L, Robinson P, Jenkinson P, et al. The effect of intranasal oxytocin on the perception of affective touch and multisensory integration in anorexia nervosa: protocol for a double-blind placebo-controlled crossover study. BMJ Open. (2019) 9:e024913. doi: 10.1136/bmjopen-2018-024913

 176. Slater M, Gonzalez-Liencres C, Haggard P, Vinkers C, Gregory-Clarke R, Jelley S, et al. The ethics of realism in virtual and augmented reality. Front Virtual Real. (2020) 1:1. doi: 10.3389/frvir.2020.00001

 177. Hobson JA, Hong CC-H, Friston KJ. Virtual reality and consciousness inference in dreaming. Front Psychol. (2014) 5:1133. doi: 10.3389/fpsyg.2014.01133

 178. Hechler T, Endres D, Thorwart A. Why harmless sensations might hurt in individuals with chronic pain: about heightened prediction and perception of pain in the mind. Front Psychol. (2016) 7:1638. doi: 10.3389/fpsyg.2016.01638

 179. Steptoe W, Steed A, Slater M. Human tails: ownership and control of extended humanoid avatars. IEEE Trans Vis Comput Graph. (2013) 19:583–90. doi: 10.1109/TVCG.2013.32

 180. Xu W, Liang H-N, Zhang Z, Baghaei N. Studying the effect of display type and viewing perspective on user experience in virtual reality exergames. Games Health J. (2020) 9:405–14. doi: 10.1089/g4h.2019.0102

 181. Viirre E, Lorant Z, Draper M, Furness TA. Virtual reality and the vestibular system: a brief review. In: Akay M, Marsh A, editors. Information Technologies in Medicine, Volume II. New York, NY: John Wiley & Sons, Inc. (2021). p. 101–8. doi: 10.1002/0471206458.ch5

 182. Garcia-Agundez A, Reuter C, Caserman P, Konrad R, Göbel S. Identifying cybersickness through heart rate variability alterations. Int J Virtual Real. (2019) 19:1–10. doi: 10.20870/IJVR.2019.19.1.2907

 183. Magaki T, Vallance M. Developing an accessible evaluation method of VR cybersickness. In: 2019 IEEE Conference on Virtual Reality and 3D User Interfaces (VR). Osaka: IEEE (2019). p. 1072–3. doi: 10.1109/VR.2019.8797748

 184. Setiowati NO, Wijayanto T, Trapsilawati F. Identifying cybersickness when wearing a head-mounted display through heart rate variability data. IOP Conf Ser Mater Sci Eng. (2020) 885:12069. doi: 10.1088/1757-899X/885/1/012069

 185. O'Reilly JX, Schuffelgen U, Cuell SF, Behrens TEJ, Mars RB, Rushworth MFS. Dissociable effects of surprise and model update in parietal and anterior cingulate cortex. Proc Natl Acad Sci USA. (2013) 110:E3660–9. doi: 10.1073/pnas.1305373110

 186. Kätsyri J, de Gelder B, Takala T. Virtual faces evoke only a weak uncanny valley effect: an empirical investigation with controlled virtual face images. Perception. (2019) 48:968–91. doi: 10.1177/0301006619869134

 187. Dellazizzo L, Potvin S, Luigi M, Dumais A. Evidence on virtual reality–based therapies for psychiatric disorders: meta-review of meta-analyses. J Med Internet Res. (2020) 22:e20889. doi: 10.2196/20889

 188. Haase L, Stewart JL, Youssef B, May AC, Isakovic S, Simmons AN, et al. When the brain does not adequately feel the body: links between low resilience and interoception. Biol Psychol. (2016) 113:37–45. doi: 10.1016/j.biopsycho.2015.11.004

 189. Moriguchi Y, Komaki G. Neuroimaging studies of alexithymia: physical, affective, and social perspectives. Biopsychosoc Med. (2013) 7:8. doi: 10.1186/1751-0759-7-8 

 190. Mehling WE, Wrubel J, Daubenmier JJ, Price CJ, Kerr CE, Silow T, et al. Body Awareness: a phenomenological inquiry into the common ground of mind-body therapies. Philos Ethics Humanit Med. (2011) 6:6. doi: 10.1186/1747-5341-6-6

 191. Behr K-M, Nosper A, Klimmt C, Hartmann T. Some practical considerations of ethical issues in VR research. Presence Teleoperators Virtual Environ. (2005) 14:668–76. doi: 10.1162/105474605775196535

 192. Kilteni K, Grau-Sánchez J, Veciana De Las Heras M, Rodríguez-Fornells A, Slater M. Decreased corticospinal excitability after the illusion of missing part of the arm. Front Hum Neurosci. (2016) 10:145. doi: 10.3389/fnhum.2016.00145

 193. Lavoie R, Main K, King C, King D. Virtual experience, real consequences: the potential negative emotional consequences of virtual reality gameplay. Virtual Real. (2020) 25:69–81. doi: 10.1007/s10055-020-00440-y

 194. Hooten WM. Chronic Pain and Mental Health Disorders. Mayo Clin Proc. (2016) 91:955–70. doi: 10.1016/j.mayocp.2016.04.029

 195. Porras Garcia B, Ferrer Garcia M, Olszewska A, Yilmaz L, González Ibañez C, Gracia Blanes M, et al. Is this my own body? Changing the perceptual and affective body image experience among college students using a new virtual reality embodiment-based technique. J Clin Med. (2019) 8:925. doi: 10.3390/jcm8070925

 196. Hicks C, Levinger P, Menant JC, Lord SR, Sachdev PS, Brodaty H, et al. Reduced strength, poor balance and concern about falls mediate the relationship between knee pain and fall risk in older people. BMC Geriatr. (2020) 20:94. doi: 10.1186/s12877-020-1487-2

 197. Marshall LM, Litwack-Harrison S, Cawthon PM, Kado DM, Deyo RA, Makris UE, et al. Prospective study of back pain and risk of falls among older community-dwelling women. J Gerontol A Biol Sci Med Sci. (2016) 71:1177–83. doi: 10.1093/gerona/glv225

 198. Amorim JSC de, Torres KCL, Teixeira-Carvalho A, Martins-Filho OA, Lima-Costa MF, Peixoto SV. Inflammatory markers and occurrence of falls. Rev Saúde Pública. (2019) 53:35. doi: 10.11606/S1518-8787.2019053000855

 199. Zweifach SM, Triola MM. Extended reality in medical education: driving adoption through provider-centered design. Digit Biomark. (2019) 3:14–21. doi: 10.1159/000498923

Conflict of Interest: VM was employed by company Softcare Studios.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Cerritelli, Chiera, Abbro, Megale, Esteves, Gallace and Manzotti. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Challenges and Perspectives of the Integration Between Virtual and Augmented Reality and Manual Therapies



		Introduction



		The Current State of the Use of MTs, VR, and AR



		The Effects of MTs: A Summary



		The Effects of VR and AR: A Summary







		The Crossroads Between MTs, VR and AR



		The Advantages of HMDs in Research and Clinical Fields



		How MTs Could Enhance VR and AR Experience



		How VR and AR Could Improve MTs Effectiveness



		The Brain, as A Bayesian Organ, Meets VR



		The Limitations to the Integration of MTs With VR and AR







		Conclusions and Future Perspectives



		Author Contributions



		Abbreviations



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

The Challenges and Perspectives of
the Integration Between Virtual and
Augmented Reality and Manual
Therapies





OPS/images/fneur-12-700211-g001.gif





OPS/images/fneur-12-700211-t001.jpg
Field

Education

Oral and
maxillofacial

surgery

Surgery

Psychology

Physiotherapy
and rehabilitation

Pain

Pathophysiology

References

Uruthiralingam and Rea,
(20)

Zhao et al. (22)

Kyaw et al. (19)

Tang etal. (5)

Quintero et al. (21)

Jodaetal. (4)
Farronato et al. (58)
Ayoub and Puljala, (59)

Tang etal. (5)
Barsom et al. (60)
Wong et al. (61)

Tang et al. (62)
Meola et al. (63)
Fida et al. (64)

Freeman etal. (2)

Chicehi Gigiioi et al. (65)
Wechsler et al. (66)

Segawa et al. (67)

Fodor et al. (68)
Eijlers et al. (69)
lanniceli et al. (70)

Guiar et al. (71)
Chan etal. (72)

Luo et al. (25)

de Amorim et al. (30)

Lee etal. (10)
de Aratjo et al. (18)
Inithayarajah et al. (26)
Massetti et al. (26)

Ahern etal. (79)

Leietal. (27)

Manivannan et al. (74)

Pedroli et al. (75)

Chietal. (76)

Gumaa and Rehan
Youssef, (77)

Bluett et al. (78)

VR/AR

VR/AR

VR

AR

AR

VR/AR

VR/AR

VRET, VR
cogritive
therapy

ARET
VRET and
VR cognitive
therapy

VRET

VR and
VRET

VR

VR

VR

VR

VR

VR

VR

VR

VR

VR

VR

Main findings

Improved anatomical education for undergraduate and postgraduate students, residents, dentistry, and
nursery students in 75 out of 87 reviewed papers.

Improved the test scores compared to other methods (e.g., lectures, textbooks, and dissections) in
different anatomical fields (e.g., musculoskeletal, neurologic, and gastroenteric).

Longer courses showed larger effect size than short ones.

The more the learners could interact with the 3D virtual models, the more the gain in knowledge and in
cognitive skils (e.g., history taking, counseling competencies, decision-making, and communication).
Improved test scores and higher satisfaction and learning engagement using MagicBook, an AR system
that uses webcam or smartphone to recreate 8D interactive models.

Increased the attention, interest and motivation of students, even with disabilties or special educational
needs.

Improved manual dexterity and surgical skills in undergraduate and postgraduate students.

Improved the execution of several procedures, including caries and submandibular glands removal and
orbital floor reconstruction.

The simulations were able to detect students with potential learning challenges and to discriminate
between novices and experts.

Reduced intraoperative times, potential ischemic times, tissue damages in several medical procedures,
including laparoscopic tasks, bone reconstruction, lumbar punctures, otorhinolaryngologic and
neurosurgical operations.

Faciltated and improved pancreatic, hepato-bilfary, and urogenital surgery.

Surgeons could manipulate the 3D virtual representation to assure to not expose or harm delicate
tissues.

The AR navigation system allowed to better view the anatomical structures, and reduced mental
demand, physical demand, effort, and frustration compared to conventional navigation systems.
Improved specific phobias, social anxiety, PTSD, obsessive-compulsive disorder, generalized aniety
disorder, psychotic disorders (reduced distress and persecutory delusions, and improved social
functioning), anorexia nervosa and cravings for substances.

The effect sizes were comparable to face-to-face exposure therapy and quite large, and the results
persisted for several years after the end of the therapy.

Improved phobia of small animels and acrophobia.

Improved phobias (especially, specific phobia and agoraphobia) and anxiety more effective than inactive
control groups (e.g., walist, placebo, or no treatmen).

Comparable to in vivo exposure or cognitive therapies.

Slightly inferior for social phobia.

Mixed results for treating craving of several substances (i.e., nicotine, alcohol, cocaine, and cannabis) or
behavior (.., gambling and interet gaming).

Comparable to CBT in terms of effectiveness and relapse.

A combination of VR, exposure, and cognitive therapy couid be the best treatment course.

Helped in eliciting cravings, thus allowing to comprehend which stimuli can trigger them.

Reduced anxiety and depression more than control interventions (1., waitist, placebo, relaxation), but
similar to other psychological interventions.

Reduced anxiety and pain during medical procedures, including immunization, surgery, burn, dental, and
oncological care, and venous access more than usual care (although the reviewed studies did not clearly
describe usual care).

VR-analgesics for burn care (e.g., dressing change, and physical therapy) reduced unpleasantness,
pain, the time spent thinking about pain, anxiety.

VR was perceived as fun, even when the level of perceived presence was quite low (3.4 out of 10).
Improved static and dynamic balance, mobility, gait, and reduced sitting and standing time, fear and risk
offalls in various elderly samples, healthy or with some disorder (e.g., balance deficit, diabetes melitus,
or PD) more than placebo, standard proprioceptive training, and kinesiotherapy

Improved balance, stride length, sitting and standing time, when VR was used in rehabiltation programs
for spinal cord injuries, limb and overall function in chronic stroke patients, PD, and multiple sclerosis.
Improved aerobic and motor function, muscle tension, muscle strength, and activities of day ffe alone
orin combination with occupational therapy or physiotherapy.

Some minor and transient adverse effects (e.g., musculoskeletal pain, fatigue, and dizziness)

were reported.

Reduced fear of movement in patients with LBP more than conventional stabilization exercises or
physical therapy.

Improved HRQoL, level of confidence in difficult activities that could cause falls, and neuropsychiatric
symptoms (i.e., anxiety and depression) more than standard care, conventional therapy, or any other
non-VR rehabiltation program for PD.

Improved executive functions, driving attitud, attention, learning, and problem solving-skils in case of
traumatic brain injury, but lack of improvement in employment rate.

Improved dail e in patients with USN.

More useful than classical tests for assessing the severity of USN, since VR had the advantage of testing
USN in simulated real-lfe conditions, e.g., driving in the streets.

Reduced neuropathic pain in patients with spinal cord injuries through various VR systems (virtual
walking, training, illusion, or hypnosis).

Reduced chronic neck pain and shoulder impingement syndrome more than conventional therapy.

VR was similar or inferior to exercises in many other conditions, including rheumatoid arthritis, knee
arthiis, back pain, and fibromyalgia.

Improved understanding of the pathophysiology of freezing of gait in PD by reproducing this event in a
safe environment (i., without the risk of a real fal).

AR, augmented reality; ARET, augmented reality exposure therapy; CBT, cognitive behavioral therapy; HRQoL, health-related quality of life; LBF, low back pain; PD, Parkinson’s disease;
PTSD, post-traumatic stress disorder; USN, unilateral spatial neglect; VR, virtual reality; VRET, virtual reality exposure therapy.
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