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Chronic neuropathic pain is highly disabling and difficult to treat and manage. Patients with such conditions often report altered bodily perceptions that are thought to be associated with maladaptive structural and functional alterations in the somatosensory cortex. Manipulating these altered perceptions using body illusions in virtual reality is being investigated and may have positive clinical implications for the treatment of these conditions. Here, we have conducted a narrative review of the evidence for the types of bodily distortions associated with a variety of peripheral and central neuropathic pain conditions. In addition, we summarize the experimental and clinical studies that have explored embodiment and body transformation illusions in immersive virtual reality for neuropathic pain relief, which are thought to target these maladaptive changes, as well as suggesting directions for future research.
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INTRODUCTION

Chronic pain is one of the leading health issues worldwide in terms of disability (Vos et al., 2012) and economic cost (Gaskin and Richard, 2012), with an estimated 20% of people affected. Up to about 25% of cases are thought to be primarily neuropathic pain (Bouhassira, 2019), defined as a “pain caused by a lesion or disease of the somatosensory system” (International Statistical Classification of Diseases and Related Health Problems, 2011). Characterized by shooting, burning, or gnawing type pain, and often accompanied by sensory and motor loss, it is highly difficult to manage and treat.

The neurophysiology of chronic pain is extraordinarily complex, highly variable, and very different to that of acute pain. It is associated with changes in the peripheral and central nervous system, including the primary motor and sensory cortices (Apkarian et al., 2009), anterior cingulate and insular cortices, subcortical structures including the amygdala and thalamus (Yang and Chang, 2019), and the spinal cord (Facchin et al., 2021). Cortical changes occur in response to peripheral injury and can be of a neurochemical, structural, or functional nature (Wand et al., 2011). The changes are thought to be largely adaptive and favor functional recovery (Cramer et al., 2005); however, it is thought that they can also be maladaptive and associated with pain and distorted bodily perceptions (Flor et al., 1997; Gracely et al., 2002). The degree of functional cortical reorganization seen in neuropathic pain conditions is highly variable and is thought to depend on the species, age when the injury occurs, the time after the injury has occurred, and the behavioral activity and possible therapeutic regimes after the injury (Moxon et al., 2014). Maladaptive cortical reorganization was long thought to be the primary driver of deafferentation-related pain. More specifically, the theory posits that cortical areas representing the deafferented (either through amputation or nerve transection) body part are freed-up due to a lack of input, and get “invaded” by the neighboring body part, a phenomenon first observed in monkeys (Merzenich et al., 1984). This is thought to generate an input/output error signal that gets interpreted as pain (Harris, 1999). By restoring or normalizing the input, as the theory goes, one can reverse this maladaptive plasticity and thereby reduce pain, and this is the purported mechanism for treatments such as mirror therapy, motor imagery, and phantom motor execution (Moseley and Flor, 2012).

Whilst a significant body of data shows that the degrees of cortical reorganization and pain are correlated (see Vittersø et al., 2022, for a review), this does not necessarily imply causation. Indeed, many subsequent studies have instead demonstrated preservation of the limb area in the cortex (see Makin and Bensmaia, 2017, for a discussion), while more advanced neuroimaging studies have not been able to repeat the purported invasion of the surrounding areas (see Muret and Makin, 2021). Speculation as to the exact neurophysiological mechanisms behind distorted body perceptions and neuropathic pain is largely beyond the scope of this review (for a recent review summarizing the evidence for the maladaptive cortical model, see Vittersø et al., 2022). In any case, the potential perceived bodily distortions associated with these changes include alterations in size or shape, in physical position (altered proprioception), false movements, in levels of ownership or misattributed ownership, in perceived presence or absence of body parts (phantoms and reverse phantoms), distorted interoception (i.e., internal bodily sensations, such as heartbeat), and even feelings of hostility towards body parts, and these distortions seem to be correlated with pain levels.

The association between neuropathic pain, perceptual alterations, deafferentation, and cortical changes is therefore highly complex, with each component being neither sufficient nor necessary for the others to occur. Deafferentation does not always cause pain or perceptual disturbances (e.g., not every amputee reports a phantom limb, and not every phantom limb is painful). Perceptual disturbances can occur in the absence of pain, and in the absence of deafferentation (e.g., with bodily illusions such as the phantom-nose illusion; Ramachandran and Hirstein, 1997). Changes to cortical body representations occur in the absence of deafferentation, pain, and perceptual alterations (e.g., with intense skills-based practice; Elbert et al., 1995). And pain and distorted body image can occur in the absence of deafferentation (e.g., in type 1 complex regional pain syndrome CRPS). Conversely, there are associations between these factors. There are positive correlations between measures of perceptual distortion (perceived limb size, level of tactile acuity) and pain levels in both CRPS and phantom limb pain, for example; and training to improve tactile acuity improves pain levels in these patients (Flor et al., 2001; Moseley et al., 2008). Several studies of amputee patients show that phantom pain severity and the degree of cortical reorganization in the somatosensory and motor cortices are positively correlated (e.g., Flor et al., 1995; Karl et al., 2001; Lotze et al., 2001; Raffin et al., 2016). All of this is suggestive of multiple potential mechanisms that may or may not interact and influence each other.

Although the exact neurophysiological mechanisms remain unclear, treatments that aim to “correct” altered bodily perceptions via bodily illusions are thought to be a viable therapeutic avenue and have had some preliminary, if mixed, success (see review by Boesch et al., 2016). However, the relationship between the perceived distortion and the “analgesic” illusion is not always straightforward, and the complex neurophysiology of chronic pain means that even for the same condition these distortions are not always consistently present, and can vary considerably in presentation, which makes their accurate identification an important precursor to effective treatment.

We can get some idea of the general perceptual effects of deafferentation from exploring anesthesia studies, which induce a temporary artificial deafferentation effect. Most of us have experienced dental anesthesia, and the peculiar sensation of facial and lip swelling that comes with it, and many anesthesia studies have shown similar effects of a perceived increase in the size of the affected area (e.g., Türker et al., 2005; Skyt et al., 2015). Healthy subjects report a perceived increase in thumb size following local anesthesia (Gandevia and Phegan, 1999), for example. Further, an illusory elongation of the limb induced by asynchronous stimulation of the virtual body—or disembodiment—has been reported (Perez-Marcos et al., 2018). And in a study of 36 patients undergoing orthopedic surgery with upper limb, lower limb, or spinal anesthetic blocks, Paqueron et al. (2003) found that perceived changes in limb shape and size occurred in more than 30 (83%) of the subjects. Specifically, all 30 perceived their limb to be swollen (an increase in limb width). Eleven patients perceived length changes in the limb (six perceived their limb to be longer, five perceived it to be shorter; by a factor of 2–3 in some cases). Swelling was not perceived as uniform across the limb, however. Most experienced the distal limb to be more swollen, but one patient perceived a normal-sized hand with a swollen forearm, and another reported that he felt his arm and forearm to be enlarged, but not his hand. The timing of these perceptual distortions coincided with the timing of impairment of sensation. Other reported perceptual distortions included a loss of ownership as well as proprioceptive (positional) alterations (i.e., the limb was perceived to be in a different position from where it was in reality). Of note, these distorted perceptions could be corrected when patients visually focused on their limbs (which of course were normally sized). This visually induced correction highlights the high precision weighting given to vision when producing predictions about the state of the body in its environment, and this highlights the therapeutic potential of convincing visual illusions that can be achieved with immersive virtual reality.

We can deduce from anesthesia studies that deafferentation tends to produce a general perception of limb swelling, but with a wide range in other distortions (e.g., in terms of length, ownership, etc.) and no obvious pattern. Acute differences between our top-down self-perceptions and our bottom-up bodily sensations, in particular touch, tend to result in a large prediction error that rises to higher-level brain centers, producing a distorted perception of enlarged size—think of the gap of a recently missing tooth felt with the tongue, or a skin growth or blister felt with the fingers. We speculate that this perceived exaggeration in size may be a protective mechanism that motivates help-seeking behavior when our own body image is acutely altered. Clearly, peripheral neural lesions can cause dramatically altered bottom-up input, and so the resulting potential for prediction error is enormous.

Immersive virtual reality is one such way that bodily illusions, which aim to “correct” these perceptual distortions, can be introduced. Using a combination of a first-person perspective, and visuotactile and/or visuomotor congruent stimulation, the subject can be made to feel as if a limb (Slater et al., 2008; Sanchez-Vives et al., 2010) is their own, in a VR equivalent of the well-known rubber hand illusion (Botvinick and Cohen, 1998). Further, this embodiment illusion can be extended to the whole body (Slater et al., 2009), such that the body of a virtual avatar is felt as one’s own, hereafter termed virtual embodiment.

Illusions of virtual embodiment have been found to successfully modulate pain threshold in healthy subjects. For example, looking at a co-located and embodied virtual arm has been shown to be analgesic compared to a non-VR control (in which the arm is hidden) and a within-VR condition (where a non-corporeal object replaced the virtual arm; Martini et al., 2014; Figure 1A). This is consistent with experiments showing that looking at one’s own body is analgesic, increasing pain threshold and decreasing cortical responses to pain (Longo et al., 2009). This analgesic effect, or increase in the pain threshold, has been shown to rely on the co-location of the real and virtual limbs, which is feasible in virtual reality but not when using physical fake limbs (Nierula et al., 2017; Figure 1B). The pain threshold in the healthy can be further modulated by transforming the embodied virtual body, for example using color (Martini et al., 2013; Figure 1C) or its consistency/transparency (Martini et al., 2015; Figure 1D), or shape (Matamala-Gomez et al., 2020), opening the door for the use of these strategies in the treatment of chronic pain (for a review, see Matamala-Gomez et al., 2019a).
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FIGURE 1. Virtual embodiment experimental setups. (A) Martini et al. (2014) showed that the embodiment of a co-located virtual arm is analgesic compared to a non-VR control (in which the arm is hidden; bottom) and a within-VR condition (where a non-corporeal object replaced the virtual arm; middle). Taken from Martini, M., Perez-Marcos, D., and Sanchez-Vives, M. V. (2014). Modulation of pain threshold by virtual body ownership. Eur. J. Pain 18, 1040–1048. doi: 10.1002/j.1532-2149.2014.00451.x, © Wiley, used with permission. (B) Nierula et al. (2017) showed that the analgesic effect of virtual embodiment relies on co-location of the real and virtual limbs of no more than 30 cm difference. Reprinted from Nierula, B. et al. (2017). Seeing an embodied virtual hand is analgesic contingent on colocation. The Journal of Pain 18, 645–655. doi: 10.1016/j.jpain.2017.01.003, © 2017 with permission from Elsevier. (C,D) Martini et al. (2013); Martini et al. (2015) showed that manipulation of the appearance of the embodied virtual body can cause an alteration of pain threshold in healthy populations. Used with permission.



The purpose of this narrative review is to discuss the type of perceptual bodily distortions associated with various types of chronic neuropathic pain, how they are identified, and whether treatment aimed at reversing these distortions has been successful. By doing so, we hope to provide direction for virtual reality experimentalists and researchers working with people with chronic neuropathic pain; in particular: (1) how to identify those patients that may benefit from immersive virtual reality (VR) treatment focused on addressing/correcting these bodily distortions; and (2) the type of distortion or illusion that could potentially be effective. Other approaches in VR such as mindfulness are also being explored (O’Connor et al., 2022); however, here we focus specifically on bodily illusions.


Search criteria

The PubMed, EBSCO and Google Scholar, and ResearchGate databases were searched for original research studies published between January 2000 and May 2022 related to two topics: (1) reports of bodily perceptual alterations or distortions in neuropathic pain conditions; and (2) their treatment using immersive virtual reality. The search string “neuropathic pain” AND (“body image” AND “perception”) resulted in 3,300 entries in Google Scholar, 125 in ResearchGate, 10 in EBSCOhost, and 13 in PubMed. The search string “neuropathic pain” AND “virtual reality” resulted in 2,810 entries in Google Scholar, 30 in ResearchGate, 90 in EBSCOhost, and 34 in PubMed. Bibliographies of articles were also hand-searched for other relevant studies. A selective narrative review is provided that does not incorporate a systematic quality assessment of the literature. Studies presented below are those that the authors judged to be most relevant to the topics discussed. After screening the titles of studies selected from the search strategy, only those clearly meeting the inclusion and exclusion criteria were kept. Key inclusion criteria were: (1) quantitative or mixed-methods studies (including case studies); (2) the relevant pain condition; (3) and use of immersive or mixed reality technology; and (4) the intervention/manipulation related to body representations and their distortions. Studies were excluded if the intervention did not include immersive virtual reality (e.g., flat screen), or did not include bodily representation in VR. Three authors split the pre-selected studies and each of them evaluated the eligibility of the abstracts and full texts of the studies assigned to them. The review discusses 19 publications in total, published between 2007 and 2022, including 15 studies on peripheral distortions [phantom limb pain (PLP): 6; CRPS: 8; radiculopathies: 1], and 4 publications on central neuropathic pain (spinal cord injury).




NEUROPATHIC PAIN CONDITIONS AND THEIR ASSOCIATED PERCEPTUAL DISTORTIONS


Peripheral neuropathic pain


Phantom limb pain

Phantom limbs have received considerable attention since they were described by the neurologist Silas Weir Mitchell in the 19th century, in soldiers who were injured on the battlefield (Ramachandran and Blakeslee, 1999). They have been intriguing researchers and physicians for decades and a significant amount of literature related to the neural basis of this syndrome has been written. Even so, for people who are not in the field of medicine, it may be difficult to imagine how it is possible to feel a limb that is no longer there, and for that limb to be painful.

The epidemiology of phantom limb sensations (PLS) and phantom limb pain (PLP) varies considerably in the literature. A recent systematic review of 15 studies gave a lifetime prevalence for PLS of 80%, and for PLP of between 76% and 87%, and these sensations occur reasonably quickly after amputation (incidence at 8 days post-amputation 84% and 72% for PLS and PLP, respectively; Stankevicius et al., 2021). Phantom limbs are experienced also by at least 20% of congenital amputees and by 50% of subjects who have amputations before the age of 6 years (Melzack et al., 1997), which is perhaps suggestive of a genetically determined neural hardwiring of our body representation. Phantom limbs can also be experienced in other types of deafferentation injuries such as spinal cord and brachial plexus injuries.


Perceptual distortions associated with phantom limbs

PLS usually include specific positions, shapes, or movements of the phantom, feelings of warmth or cold, itching, tingling, or electric sensations. The phantom may be in an awkward position or posture, and the amputee may or may not have control over its movement. In about 25–30% of cases (Flor, 2002; Stankevicius et al., 2021), the sufferer perceives the phantom as telescopically shortened with the distal hand or foot approaching the residual stump, and sometimes even residing within it. PLP is often described as a stabbing, squeezing, cramping, or burning sensation—typical of neuropathic pain—and it is usually intermittent and located in the distal part of the limb (Flor, 2002). A surprising aspect of both PLS and PLP is their precision—pain can often be felt in a specific part of a specific phantom finger, for example; and it is not typically (as is commonly assumed) a vague sensation.

The brain basis for these altered perceptions and pain is, as outlined previously, controversial, with the maladaptive plasticity (Flor et al., 1995), including white matter plasticity (Jiang et al., 2015), retained cortical representation (Makin et al., 2013), and peripherally driven (Birbaumer et al., 1997; Ilfeld et al., 2021) theories all having supporting and refuting evidence. It may be the case that these mechanisms are not mutually conclusive. Altered cortical representations can co-exist with preserved reservations (Muret and Makin, 2021), and some phantom pains may be centrally driven while some may be more peripheral, depending on the individual. The fact that specific phantom limb treatments work very well for some patients and not at all for others, lends credence to this theory. Birbaumer et al. (1997), for example, performed a small study of six upper-limb amputees with PLP. They provided subjects with a brachial plexus block to remove sensory input from the stump, the missing limb and the shoulder, measured their pain levels, and used neuroelectric source imaging to explore cortical organization. Subsequent to the anesthetic block, they found three of the subjects had near-instantaneous pain relief, and their sensory cortical map organization normalized. The other three patients had no pain relief and no corresponding change in their sensory cortical map; and Foell et al. (2014) found that traditional mirror therapy reduced PLP in participants without a telescoped phantom limb by about half, but those with a telescoped limb reported no analgesic effect. The authors posit that the lack of analgesic effect in the subjects with telescoping can be explained by a difference in proprioceptive positioning of the phantom and its visual position in the mirror, such that the mirror hand is not “embodied” (i.e., perceived as the subject’s own).



Virtual reality interventions for phantom limb pain

In recent years several studies have investigated the use of immersive VR in the treatment and management of PLP with varying results, although the methodological quality is low and mainly features case series with no controls; indeed, no immersive VR studies met the inclusion criteria in a recent systematic review (Herrador Colmenero et al., 2018), for example. Most of these studies have attempted to reproduce the effects of mirror therapy virtually by transposing movements of the healthy limb to the opposite side. Mirror therapy has been shown to be effective for PLP (Wang et al., 2021), but the type and range of movements that can be performed are restricted since they have to be observable in a mirror. VR removes these restrictions since limb movements can be observed in an entire embodied virtual body seen from a first-person perspective.

Kulkarni et al. (2020) conducted a pilot study of upper limb amputees in which movements of the intact limb were transposed to the position of the amputated limb, seen from a first-person perspective in immersive VR. Nine patients participated in a ball-tracking task in VR, and received three VR sessions over 3 months. A small but non-significant reduction in pain levels was noted in the majority of participants; neither were there any changes in the number of pain episodes nor episode duration. Tong et al. (2020) used a similar mirroring technique in five patients with PLP who had the inability to move their phantoms. Whilst only two patients completed the planned 10 sessions over 6 weeks, all five patients reported a reduction in pain and phantom limb sensations, both post individual session and across all sessions, and that their ability to move their phantom was improved. These results are in line with those of Osumi et al. (2019) who again used a mirror-reverse imaging technique in virtual reality to create the feeling of intentional movement of both limbs (phantom and intact) in a study of 19 amputees. They found the treatment only alleviated certain specific characteristics of the PLP: patients with movement- or positional-related pain and distortions improved more than those with “somatosensory-related pain,” who described typical neuropathic pain sensations such as shooting and burning.

Ichinose et al. (2017) conducted a study with nine participants with PLP, who performed immersive VR neurorehabilitation exercises by touching a target with a virtual representation of their affected limb, the movements of which were again mapped from their intact limb. When they used referred sensation to provide additional illusory touch to the phantom limb, through the application of vibration to the cheek, the analgesic effects were significantly improved compared to a non-tactile condition. This highlights the importance of using congruent multisensory stimulation to improve embodiment over the virtual limb.

Rutledge et al. (2019) conducted a feasibility study in both lower and upper limb amputees. The patients used a pedal machine to drive the movements of a corresponding bi-limbed virtual body seen from a first-person perspective in immersive VR. This visuomotor congruence facilitated the embodiment of the intact virtual limb. They found small reductions in pain and moderate reductions in PLS in all participants.

Ambron et al. (2021) conducted a small clinical trial where seven transtibial amputees were exposed to repeated immersive VR gaming activities with a non-embodied control condition and an embodied condition that involved playing games by controlling two intact legs (see Figure 2A). They found that six of the seven experienced a pain reduction immediately post-session, with an overall reduction over the course of repeated sessions. PLP reduced by 28% after the control treatment and 40% after the embodied treatment on average post-treatment.
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FIGURE 2. (A) Lower limb amputee patient using an immersive system and their view of VR games used in the treatments. Note the visual illusion of having two intact lower limbs seen from a first-person perspective. Taken from Ambron, E. et al. Virtual reality treatment displaying the missing leg improves phantom limb pain: a small clinical trial. (2021) Neurorehabilitation and Neural Repair, 35(12), 1100-1111. doi: 10.1177/15459683211054164. Published October 27, 2021, by SAGE. © The Authors. (B) Example of illusory hand manipulation using immersive virtual reality in a patient with CRPS. Taken from Lewis, J. S. et al. (2021). Visual illusions modulate body perception disturbance and pain in Complex Regional Pain Syndrome: A randomized trial. European Journal of Pain, 25(7), 1551-1563. doi: 10.1002/ejp.1766. Published March 23, 2021, by Wiley. © The Authors.



Given the multiple mechanisms that seemingly contribute to PLP, it is unlikely that any single treatment will be effective in the majority of patients, and we can see this clearly in the studies by Foell et al. (2014) and Birbaumer et al. (1997), where there are very clear demarcations between responders and non-responders.

Whilst it is not possible in most cases to disentangle movement and visual effects, in general, the treatments that seem to be of greater efficacy are those orientated at generating a sensation of agency or control over the movements of the phantom—simple visualization of an intact limb appears to be insufficient (Lenggenhager et al., 2014). Whether with mirror therapy, mirror-reverse computer images, or virtual limbs in VR, those therapies that generate the illusion of control and agency over the phantom limb are shown to be partially effective in the reduction of PLP. Those patients with less voluntary control over their phantom, or where it is located in awkward or uncomfortable positions, are more likely to benefit than patients who report primarily neuropathic pain symptoms such as shooting, tingling, or prickling. Thus, determining the characteristics of the patient’s symptoms is important from the outset.

Although no trials yet offer a direct comparison, treatments that include immersive VR in the context of neurorehabilitation (i.e., those that require more attentional and imaginary resources from the patient) may have more potential than the simple visual feedback that takes place in traditional mirror therapy, since the range of possible movements/activities, and environments is limitless in VR, allowing for a more motivational and interesting experience that can be carefully controlled by the experimenter. The rehabilitation can be highly individualized to the patient with appropriate graded progression for example. All of this additionally may improve patient motivation and adherence. It is also important to note that the participants of the studies cited here are adults or senior adults and these conclusions may not apply to children who may need particular consideration. Finally, a priori power calculations were not performed for most of these studies (most being small case series or pilots), and larger, better-powered controlled studies are required before therapeutic efficacy can be confirmed. The studies are summarized in Table 1.

TABLE 1. Summary table of virtual reality studies for the treatment of peripheral neuropathic pain.
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Complex regional pain syndrome

Complex regional pain syndrome is a multifactorial disorder of the upper or lower limb characterized by allodynic pain, swelling, focal dysautonomia including vasomotor instability, skin color/temperature abnormalities, and hyperhidrosis. It is usually preceded by an injury that necessitates a period of immobilization, but symptoms persist even after healing appears complete. In the acute phase the limb becomes sensitive and swollen with an elevated temperature, before progressing to a chronic phase in which the inflamed appearance has resolved, limb temperature decreases, but pain and disability remain (Maihöfner, 2014). Along with temperature changes, patients often report neglect-like symptoms, both cognitive (the limb feeling foreign) and motor (directed mental and visual attention needed to move the limb; Galer and Jensen, 1999), as the impaired spatial perception results in a spatial-dependent modulation of thermoregulation and bodily ownership over the affected limb (Moseley et al., 2012). The pain is often described as strong and burning, and does not follow a dermatomal or peripheral nerve distribution. In addition, patients may report a desire to amputate the limb. These “neglect-like” symptoms indicate an important role of attention and changes in the motor and parietal cortex (McCabe et al., 2009). Patients commonly mention a large discrepancy between how the affected limb looks and how it feels, including a sensation that the limb is bigger, hotter, or heavier than it is in reality (Lewis and McCabe, 2010). The literature distinguishes two types of CRPS, with no obvious neural damage (type 1) and when nerve damage can be identified (type 2), although this classification may be only apparent (Oaklander et al., 2006), and here we will consider both types together.

CRPS is thought to be relatively common, but the reported prevalence in the literature varies from 1% to 37% in distal radius fracture for example (Ortiz-Romero et al., 2017). It is more common with upper limb injuries and in females. Immobilization is a significant risk factor with 47% of 134 CRPS sufferers in one retrospective case study having a history of medically imposed limb immobilization (Allen et al., 1999).

The pathophysiology of CRPS is a highly complex interaction between multiple systems, including peripheral and central sensitization, autonomic and immunologic dysregulation, genetic influences, and psychological stressors. There is also a significant body of literature demonstrating the existence of cortical reorganization in CRPS, including referred sensations between stimulated body parts (Maihöfner et al., 2006), and disturbances of the somatosensory and motor systems.

Current treatments include bisphosphonates, neuropathic and anti-inflammatory medications, spinal cord or dorsal root ganglion stimulation, and physical therapy modalities including mirror therapy or graded motor imagery (Shim et al., 2019). The efficacy of these treatments is variable, and a recent systematic review concluded that although there appears to be a therapeutic role for these interventions, confirmatory RCTs are warranted (Duong et al., 2018). For a review of literature published before 2010, see Swart et al. (2009) and McCabe et al. (2009). Here, we will focus on work on body distortions in CRPS from last decade.


Perceptual distortions in CRPS


Limb perception and representation

One of the most common symptoms in CRPS is the distorted perception of the affected limb’s size. In a task where schematic drawings were compressed or expanded from 85% to 120% of the original size, patients with CRPS claimed their affected limb was bigger than it really was, compared with healthy controls (Peltz et al., 2011). Moreover, there was a positive relationship between the overestimation and disorder duration, neglect-score, and decreased tactile thresholds, which suggests a disruption in the integration between motor processes and the body schema (a dynamic representation of the human body based on its localization in space, Biran et al., 2022) in the central nervous system (Peltz et al., 2011). Lewis and Schweinhardt (2012) studied the relationships between pain levels, body perception disturbance, and tactile acuity. In a controlled observational study, patients who reported greater pain had more extensive body perception disturbances, measured with the Bath CRPS body perception disturbance scale (Lewis and McCabe, 2010). Moreover, patients with stronger body perception disturbance were characterized by worse tactile acuity in a two-point discrimination task, and a longer duration of symptoms was positively related to greater body perception disturbances, confirming the results obtained by Peltz et al. (2011). The authors indicated the involvement of the central nervous system, where the primary somatosensory (S1) and posterior parietal cortices play a role in body image disruption in CRPS patients. They suggested that the affected limb’s cortical representation shrinks, while the representation of the healthy limb remains unaltered. This finding is not without controversy, however. Di Pietro et al. (2015) used functional magnetic resonance imaging (fMRI) to measure the S1 representation in patients with CRPS and healthy controls. The measure of S1 representation was based on the distance between digits one and five activation maxima for both hands. The results suggest that it is actually the healthy limb’s representation in S1 that becomes enlarged and not the representation of the affected limb that shrinks. This may be an adaptive change related to the compensatory increased use of the unaffected limb. Mancini et al. (2019) question previous work on S1 changes as being related to pain, arguing that the S1 size estimation by measuring the Euclidean distance between activation loci of the thumb or index finger and of the little finger is indirect and imprecise. Instead, they used fMRI to measure the somatotopy of the full hand and found that the size of the cortical representation of the affected limb was mostly comparable to those of a healthy limb or with healthy controls. Their data corroborate the effect of disease duration, but they found no relationship with pain intensity, pain sensitivity, and severity of the physical disability. They conclude that the rationale for interventions aimed at restoring somatotopic representations to treat pain is questionable.



Body and peripersonal space

There is a growing interest in the perception of external space in CRPS, and may offer a better explanation of neglect-like symptoms than purely cortical mapping alterations (Moseley et al., 2013). For example, Reid et al. (2016) demonstrated that the somatosensory perceptual distortions are rooted in cognitive processing, and not in altered peripheral coding or spinal transmission of somatosensory inputs. They conducted three studies. In the first, patients performed left/right judgments of pictured hands or feet and of two-dimensional line-drawn letters. The second consisted of temporal order judgments, while the final study consisted of bisection tasks. Longer reaction times when the hand/foot image was presented on the side of the monitor ipsilateral to the affected limb were noted, and there was also a bias in tactile processing toward the healthy side. Most interesting were the results of the bisection judgments on body parts with judgment 14 ± 2 mm from the true midline toward the healthy side. Since the spatial perception of auditory stimuli (outside the body space) was not impaired, the authors claimed that spatial cognitive distortions in CRPS are related to body-related information, and not to the external space perception. Conversely, Filbrich et al. (2017) suggest that this is not completely true. In the visual temporal order judgment tasks, visual stimuli directly surrounding the affected limb were perceived significantly later than stimuli presented next to the unaffected hand, suggesting possible visual distortions in the perception of external stimuli around the affected limb.

Brun et al. (2019) demonstrated a disturbed sense of limb position and alterations in the sense of active limb movement in CRPS patients (compared with healthy controls), in a study utilizing a robotized exoskeleton and a 2D virtual environment in which a virtual upper limb projection was displayed. Nonetheless, these phenomena are not related to the perception of the affected limb. The authors suggest that the sense of limb position and limb movement depend on online sensorimotor integration (therefore, construction of the body schema), while body image distortions in CRPS patients are directly related to the “neglect-like” symptoms.

In contrast, Halicka et al. (2020) show no evidence of systematic spatial biases in visuospatial attention to, or representation of, the side of the space close to the affected limb. Moreover, data do not corroborate the concept of directional slowing of movements toward the affected limb consistent with motor neglect. Nonetheless, the authors reported that CRPS patients initiated and executed movements, with both healthy and affected limbs, more slowly than healthy controls (Of course, people in pain do tend to move more slowly in general, often for reasons of hypervigilance and kinesiophobia, so this is not necessarily reflective of cortical alterations). Moreover, there was no evidence of changes in spatial cognition, measured by the strength of the relationships between the size of spatial biases and the severity of CRPS symptoms. They confirm that there is a direct link between pain levels and CRPS perceptual symptom severity and that patients present with subjective body perception disturbance alongside motor impairments. They therefore recommend a treatment focused on correcting body representation and motor functioning.

In a recent study, Vittersø et al. (2019) investigated the updating of bodily and spatial representations in patients with CRPS. Compared with healthy controls, patients demonstrated more malleable representations. Authors suggest that in CRPS, body and peripersonal space perception is less stable than in healthy people and indicates alterations in neuropsychological processing of the affected side and not specifically the affected limb.

Notably, recent behavioral and EEG evidence indicates that in CRPS both interoception and exteroception may be disturbed. Solcà et al. (2020) observed that CRPS patients scored lower than age-matched healthy controls in a heartbeat counting task. The behavioral result was replicated in an EEG study, with significant suppression of the heartbeat-evoked potential (HEP) in CRPS patients (compared with healthy controls) observed at the predicted location and in the specific time window. Furthermore, there was a correlation between the amplitude of the HEP and performance in the heartbeat counting task. Together, these results indicate that changes in the neural body representation include both exteroceptive and interoceptive bodily signals.




Virtual reality interventions for CRPS

Several studies have investigated the use of VR as a potential therapeutic modality (summarized in Table 1). Sato et al. (2010) used VR mirror visual feedback therapy to reduce pain. The system consisted of a desktop application and a special glove to simulate the finger movements of the unaffected limb on the affected side. The training included sequences of movements while focusing on the motion of the virtual hand on the monitor. Two patients ended the training after five (out of eight) sessions, and overall pain reduction for four out of five patients was over 50%. Although preliminary, the study offered evidence that a VR-based intervention in which “normal” movements of the affected limb were experienced, may have analgesic potential.

As discussed above, immersive VR allows the user to embody a virtual body in place of their own (body swapping). In an early implementation of the full body swapping illusion, Jeon et al. (2014) demonstrated that watching a virtual body swapping training video in a HMD reduced body perception disturbance (BPD) more efficiently than the control condition. BPD is defined as the perceived alteration of the CRPS-affected body part while regarding the rest of the body as normal and includes such symptoms as a sense of disownership, lack of attention to the limb, distorted mental visualization, and different perception of size, shape, weight, pressure, or temperature of the impaired limb (Lewis and McCabe, 2010). Although there was no analgesic effect, the body swapping illusion in virtual reality is a promising direction for CRPS treatment, since generally pain levels and degrees of BPD tend to be correlated (Lewis and McCabe, 2010). Hwang et al. (2014) also explored a body-swapping intervention, in which 39 patients were assigned to one of the three experimental groups: the “virtual body swapping with mental movement rehearsal,” the “watching movement only,” and the “mental rehearsal only.” However, only the body-swap group demonstrated a significant improvement in BPD and there was no significant pain reduction in any of the conditions.

The body swapping illusion in VR was also applied to pediatric patients in two pilot studies (Won et al., 2015). Here, four adolescent participants were tasked with hitting their virtual leg with a balloon. A successful hit was accompanied by audio (a “pop” sound) and tactile feedback (delicate vibration of the floor). Study 1 (two patients) compared two conditions; in the control condition, the virtual leg moved in a one-to-one relationship with the real leg, while in the experimental condition, the virtual leg’s movement was amplified by 50% of the real leg’s movement. In study 2 (two patients), a third condition was added where the patient controlled their arm with their leg. The preliminary results based on six sessions confirm the safety and feasibility of the VR treatment, together with high engagement of patients. The authors did not draw any conclusions on efficacy for reducing the pain, but do suggest the treatment hold promise for increasing mobility.

Solcà et al. (2018) presented a much more technologically advanced and efficient digital therapy based on heartbeat-enhanced virtual reality (HEVR), which combines high control over the procedure in prolonged and repeated doses and an automatized integration with existing treatments, at the same time reducing the burden of repeatable long training sessions for both the patient and the therapist. During HEVR, participants looked at their virtual hand flashing either synchronously or asynchronously with their online-detected heartbeat. The synchronous flashing resulted in a significant pain reduction and strength increase, which was not observed in the control condition, which differed only in the cardiovascular illumination of the virtual hand. The intervention was based on a modulation of the central body representation using multisensory stimulation. In particular, the analgesic effect was a result of the partial overlap and mutual connections between central pain representations and the body matrix, benefiting from the anatomically closely related pathways of pain and cardiac signal processing.

A pilot study by Chau et al. (2020) used a virtual kitchen environment to simulate real-life activities such as washing hands, tossing a article airplane, assembling a sandwich, sorting dishware, and arranging utensils. Six out of eight participants completed the study and four of them reported a subjective pain reduction and improvement in daily functioning. Nonetheless, objective pain scales did not corroborate this effect.

Another application of virtual bodily illusions was recently published by Lewis et al. (2021). In a randomized trial study, CRPS patients embodied a digital image of their affected hand. In the experimental group, the appearance of the hand was altered in real-time according to patients’ suggestions so that it matched the patient’s desired appearance (in terms of shape, size, and/or color), while in the control group, the image was unaltered (see Figure 2B). The intervention brought pain and body perception disturbances reduction after a single exposure (compared to controls) and was sustained after 2 weeks in the follow-up sub-group.

Matamala-Gomez et al. (2019b) compared the impact of varying size and transparency levels of the illusory embodied virtual body in two types of chronic pain patients—those with type I CRPS against those with peripheral nerve injury. They modified the visual aspect of the patient’s embodied virtual arm, comparing three levels of size and four levels of transparency (see Figure 3). All seven conditions taken together decreased post-exposure pain ratings by half, however, not all visual manipulations had the same impact: increasing virtual arm transparency was effective at decreasing pain in CRPS but not in peripheral nerve injury while increasing virtual arm size increased pain ratings in CRPS only. Overall, different etiologies of chronic pain seemed to require different strategies in order to be analgesic.
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FIGURE 3. Transparency and size illusions of an embodied virtual arm. (A) Virtual arm illusion showing arm at 0%, 25%, 50%, and 75% transparency. (B) Virtual arm illusion showing enlarged, normal, and reduced size arm. Note the use of bouncing red balls in which vibration feedback is provided when the balls touch the skin. This visuotactile congruence stimulation helps induce the embodiment illusion. Reprinted from Matamala-Gomez, M. et al. (2019b). Decreasing pain ratings in chronic arm pain through changing a virtual body: different strategies for different pain types. The Journal of Pain 20(6), 685–697. © 2019, with permission from Elsevier.



CRPS is a poorly understood and difficult to treat condition. In the last decade, several studies investigated the usefulness of IVR for CRPS treatment. Most of them were pilot studies or case series, with low numbers of participants and limited controls. Investigated treatments included virtual body aspect alterations and movement observations/performance. There is some evidence of reduction in BPD and pain, and for improvement in function; nonetheless, pain reduction was not universal and was not always linked to BPD. A high selective efficiency in pain reduction and strength increase was shown by a study combining virtual embodiment with real-time heart rate visualization. Overall, IVR-based interventions are feasible, safe, and engaging for patients of all ages and genders, but more studies with bigger sample sizes and improved methodology are required to confirm their usefulness in pain treatment.




Radiculopathies

Chronic low back pain has been associated with central neuroplastic changes, which may be driven by maladaptive beliefs and behaviors, leading to distorted perceptions such as altered dimensions and postures, and a perceived lack of movement control (Wand et al., 2016). Lumbar radiculopathy, in which the spinal nerve root is compressed (usually by a herniated disc) causing significant low back and leg pain, weakness, and paresthesia, is a less common cause of low back pain (5–10% of cases). The mechanism is thought to be a combination of neuropathic and nociceptive pain, due to the compression and the peripherally sensitizing inflammatory process, respectively. Over time, these mechanisms are thought to interact (e.g., prolonged inflammation causing significant demyelination). There is a paucity of evidence relating radiculopathies per se with central changes and therefore altered perceptions. Radiculopathy patients can present with distorted perceptions, but the likely culprit is thought to be maladaptive beliefs and resulting behaviors and not deafferentation itself; for example, belief that pain signifies significant damage and the low back needs protection may induce slow, stiff, guarded movement strategies resulting in altered sensorimotor processing and cortical changes, just as is the case for non-radicular spinal pain (Wand et al., 2012).

Just one immersive VR intervention for radicular pain has been reported in the literature. In a within-subject experimental study of 15 patients with lumbar radiculopathy following failed lumbar surgery, Solcà et al. (2021) used a virtual embodiment illusion to “highlight” the areas of leg sensation felt when patients received therapeutic spinal cord stimulation. They found significant short-term improvements in pain compared to VR-only and incongruent visual highlighting conditions.

Generally speaking, we speculate that VR interventions that improve confidence and help strengthen the belief that the back is strong and stable, and that try to restore normal thoughtless, fearless movement are likely to be of benefit (just as such treatments based in reality do). Preliminary pilot studies that have explored the virtual embodiment of strong, fit backs show promise for patients with non-radicular chronic low back pain (Nishigami et al., 2019; Harvie et al., 2020).



Traumatic avulsion

Traumatic nerve avulsion injuries, especially of the brachial plexus, are common in road traffic accidents and (less commonly) in contact sports such as rugby or mixed martial arts. Sometimes these patients can develop painful phantom limbs, due to the massive deafferentation associated with the injury. Melzack and Wall (1996) describe one such patient whose left arm was completely paralyzed but intact; however, he described a phantom left arm that was placed across his chest with a tightly clenched fist and the nails digging into his palm. These injuries are associated with cortical changes. In a study by Pourrier et al. (2010), 10 patients with traumatic upper limb nerve injuries (and subsequent repair surgery) underwent sensory testing. Three were found to have referred sensations from the face to the hand (i.e., when their face was touched, they felt a corresponding sensation in their hand), highlighting the somatotopic reorganization of the sensory cortex in response to the injury.

We found only one study that has explored the use of immersive VR for this type of injury. The previously mentioned study by Matamala-Gomez et al. (2019b) showed that, in general, patients with peripheral nerve injury can readily embody a virtual arm in immersive virtual reality, and that this appears to be analgesic in the short term. However, specific manipulations such as size or transparency did not correlate with the induced analgesia—indeed, increasing transparency appeared to worsen patients with peripheral nerve injury.




Central neuropathic pain


Spinal cord injury


Perceptual distortions in spinal cord injury

More than half of the patients with spinal cord injury (SCI) suffer chronic neuropathic pain syndromes at or below the level of injury (Burke et al., 2017). While pain may result from direct damage to the spinothalamic tract, damage to the tract does not always result in pain. It is thought that ongoing activity in residual spinothalamic pathways plays a key role in the maintenance of central pain in SCI (Wasner et al., 2008). In addition, the reorganization of the somatosensory systems and changes in body representations related to the massive deafferentation associated with SCI (Jutzeler et al., 2015; Osinski et al., 2020; Vastano et al., 2022) are thought to play a role in both the development of pain and perceptual alterations, although the degree to which the cortex reorganizes is highly variable (Moxon et al., 2014). Vastano et al. (2022) provide a comprehensive overview of cortical changes following SCI, their associated perceptual alterations, and the use of multisensory bodily illusions to induce pain relief. Most clinical reports on perceptual alterations come from single case studies and small case series; however, Scandola et al. (2017) published a much larger case series of 49 patients with spinal cord injury. They conducted extensive interviews and collected questionnaires concerning a variety of body related feelings, measured the presence of visceral, musculoskeletal, and neuropathic pain, and personality variables. They then categorized the resulting bodily perceptual distortions into aix categories:


1.   Body parts disappearing

2.   Involuntary motion, including feelings of muscular fatigue

3.   Mislocalization (body parts in the wrong place)

4.   Misoplegia: aversive feelings towards a body part

5.   Disownership-like feelings

6.   Somatoparaphrenia: the sensation that body parts belong to someone else, or are detached from the body.



Of these only disownership and somatoparaphrenia seemed to be correlated. Body part mislocalization was the most common sensation, occurring in all of the tetraplegic patients with complete injury. Feelings of disownership and somatoparaphrenia were more frequent in paraplegic patients (especially those with incomplete lesions) than in tetraplegic patients. They found that the presence of musculoskeletal pain and misoplegia were correlated; and that neuropathic pain was negatively correlated with perceptions of involuntary motion (Scandola et al., 2017). Interestingly, in only four patients were body size alterations noted. In contrast, Fuentes et al. (2013) compared dimensional body image perceptions in 42 tetraplegic and paraplegic patients and 18 healthy controls and found that paraplegic and tetraplegic patients both perceived their torso and limbs as elongated relative to their body width, as compared with healthy controls. Crucially, however, the spinal level of injury made no difference. The authors, therefore, question the link between sensorimotor loss via deafferentation and body image, suggesting instead that the body image changes seen could instead be reflective of postural changes and being unable to stand or walk (Fuentes et al., 2013). Such results do seem to contradict the findings from amputation and anesthesia studies, which implicate sensorimotor loss and subsequent cortical alterations as the primary mechanism of body image distortion. However, the subjects had to locate their various body parts with an anchoring stimulus on a screen, a task that requires visuospatial and motor imagery skills, and therefore did not isolate perceived body image.

Other studies have also shown perceptual alterations in SCI. Arnhoff and Mehl (1963) showed that paraplegic patients overestimate their shoulder width. Conomy (1973) showed a perceived increase in foot and leg size in tetraplegic and paraplegic patients. Melzack (1990) describes the case of a quadriplegic patient who experienced bilateral phantom legs that were continuously positioned at 90 degrees—when lying on his back his phantom legs protruded straight up into the air! The VR interventional studies for neuropathic pain in SCI are summarized in Table 2.

TABLE 2. Summary table of virtual reality studies for the treatment of central neuropathic pain.
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Virtual reality interventions for SCI-related pain

Current treatments for SCI-related neuropathic pain include pharmacological, surgical, electrotherapeutic, physiotherapeutic, and psychological treatments, with only marginal overall benefit. There is also some recent limited, but promising evidence for motor imagery interventions (Moro et al., 2021). Austin and Siddall (2019) published a recent narrative review of virtual reality treatments for SCI pain. Only nine small and low-quality studies met the inclusion criteria, and while there are some promising results, they conclude further high-quality studies are required. Since below-level neuropathic pain is thought to be primarily supraspinally driven, it follows that VR interventions that primarily target cortical representations (as opposed to short-term distraction mechanisms) are more likely to be more successful for this type of pain over the long term (Austin and Siddall, 2019).

A number of studies have explored the use of a virtual walking illusion. Moseley (2007) explored the use of a virtual walking illusion in five patients with incomplete paraplegia. The patients visualized themselves walking while observing a film/mirror setup that gave the illusion they were walking. He found that pain was significantly reduced in four of the five patients (all of which had at-level pain); the other patient (with below-level central pain) experienced an increase in pain severity. The author suggests the difference in responses may be related to differences between central and peripheral pain syndromes (the four responders had cauda equina lesions which are technically peripheral lesions and not spinal cord lesions per se; the non-responder had a T12-level injury, considered central). Analgesia was maintained at 3 months following a subsequent 3-week daily treatment in the responders. Soler et al. (2010) used a similar setup to Moseley (2007) but combined the VR treatment with transcranial direct current stimulation (TDCS). While greater benefits were achieved with a combination of TDCS and virtual walking, virtual walking alone still produced significant reductions in pain severity; however, this was not maintained at follow-up. Richardson et al. (2019) compared virtual walking to virtual wheelchair pushing and found significantly greater pain reduction for the virtual walking setup, irrespective of at-level or below-level pain. These apparent differences between the results of these virtual walking studies may therefore be explained by differences in set-up, dosage, level of pain, level of injury, and degree of injury.

Pozeg et al. (2017) examined changes in body ownership and neuropathic pain in paraplegic patients in a randomized repeated-measures controlled study. They used visuotactile congruent stimulation to induce ownership over a virtual leg in paraplegic patients and controls. The SCI patients showed a small but significant pain reduction, but less embodiment than: (a) the healthy controls; and (b) when other body parts were embodied. These studies are summarized in Table 1.

Overall then, the huge variability in potential perceptual alterations that may result from SCI, together with a wide variety in individual responses to treatment, suggest that: (1) careful individual screening should be performed to try to determine the presence and type of any perceptual alterations; and (2) that individually tailored illusions, which can be relatively easily implemented in VR, are more likely to be of benefit.




Other conditions

The following conditions are those in which distorted bodily perceptions have been reported in the literature, but where there have not been specific VR interventions aimed towards addressing these perceptions, or where the perceptual interventions were not VR based.


Peripheral compression neuropathies: carpal tunnel syndrome

Carpal tunnel syndrome (CTS) is the most common peripheral compression neuropathy. Some studies have found enlarged and/or blurred cortical representations in contralateral S1 for the digits hand in patients with CTS (Druschky et al., 2000; Tecchio et al., 2002; Napadow et al., 2006), and this is thought to manifest clinically as sensory discrimination accuracy compared with healthy controls (Maeda et al., 2014). A study by Schmid and Coppieters (2012), for example, found that patients with unilateral CTS had impaired left/right judgment (i.e., the ability to determine whether a viewed hand is on the left or right side) of the painful arm/hand. The deficit was similar to that reported for more severe conditions such as CRPS and phantom limb pain. Perceived size differences have not been reported. Yoshida et al. (2020) used magnetoencephalography and a static and moving two-point discrimination task to investigate the mechanism underlying the sensation of pain beyond the median nerve territory of the affected hand. The study proved an activation of bilateral sensorimotor areas in sites other than the hand and high activation of the inferior parietal lobule in the left hemisphere. Overall, results suggested that pain in extra-territorial areas may be linked to a dysfunction of spatial cognition in CTS patients. No studies have explored whether addressing these perceptual deficits using immersive VR has any effect on symptoms in CTS; however, a single case report that explored the use of explicit motor imagery had positive results (Anderson and Meyster, 2018), therefore therapeutic movement using virtual embodiment may be of interest to explore.



Post-stroke pain

Central post-stroke pain is common, affecting between 11% and 55% of patients following a stroke (Leijon et al., 1989; Andersen et al., 1995; Vestergaard et al., 1995). It seems to occur where the infarct affects some of the central nociceptive processing pathways (spino thalamo cortical pathways), without actual stimulation of peripheral nociceptors (Treister et al., 2017). Head and Holmes (1911) put forward a disinhibition theory which suggested that injury to these sensory pathways leads to a compensatory overactivation within the thalamus.

Clinically, central post-stroke pain is often missed, since pain is quite common in stroke patients for a number of other reasons such as the development of CRPS, joint subluxation, and pain associated with spasticity. Central post-stroke pain onset can be variable but most often begins 1–3 months post-stroke with most patients affected before 6 months post-stroke (Kumar and Soni, 2009). It is well documented that stroke is associated with a number of perceptual alterations, both common (e.g., neglect, visuospatial problems) and relatively unusual (phantom or supernumerary limbs), but these are thought to be primarily a result of the infarction itself and not a subsequent result of any associated pain, although the relationships may be complex. In a study of 50 post-stroke patients, Antoniello et al. (2010) noted phantom experiences in just over 50%, with either a positional phantom (n = 22), a kinesthetic phantom (n = 14), or a mix of the two (n = 10). Interestingly, only in one patient was the phantom perceived as painful and the timing of the mixed or kinesthetic phantom (mean 27 months) does not coincide with the typical time to development of post-stroke pain. More common perceptual problems such as neglect tend to occur in the acute phase of stroke, and perceptual distortions are therefore unlikely to be driven by the same mechanisms as central post-stroke pain, which is usually of a much slower onset. The phenomena of asomatognosia and somatoparaphrenia (disownership and misattributed ownership, respectively) in stroke is well documented, and studies that have explored the use of embodiment illusions in patients with these conditions found that they are stronger illusory effect on the affected vs. the unaffected side (van Stralen et al., 2013) and vs. healthy controls, as assessed with both the self-report questionnaire and the proprioceptive drift (Bolognini et al., 2014; Burin et al., 2015; Llorens et al., 2017). This suggests a more flexible sense of body ownership in these patients.

Most trials exploring the use of VR for stroke have been focused on rehabilitation (Perez-Marcos et al., 2012), with some promising results for regaining of function (for a systematic review, see Laver et al., 2017). Our search did not find any studies of immersive VR interventions specifically for post-stroke pain. However, in a single case report, a 50-year-old woman with weakness, spasticity, sensory loss, and burning pain in the left upper limb underwent 10 sessions of conventional mirror therapy in 2 weeks, with significant pain relief post-treatment that was maintained at 1-year follow-up (Corbetta et al., 2018). The potential exists then for VR treatments that provide illusory movement of an embodied arm, though this has yet to be explored.



Other central pain syndromes

The extent to which body image is altered in other central pain syndromes is relatively unexplored; however, it follows that since perceptual disorders are intrinsically linked to pain and sensorimotor deficits in many other neurological diseases (Moseley and Flor, 2012), they are likely to play a role.

Multiple sclerosis (MS) is a common autoimmune disease in which the myelin sheaths of the central nervous system are attacked and destroyed by the body’s immune system, causing significant sensory and motor deficits as well as pain. Pain is present in about 40% of cases, but only about 5% of this is neuropathic-type pain. MS pain is strongly correlated with fatigue, depression, and disability (Heitmann et al., 2020); however, any link between pain and perceptual deficits is not clear.

Our review did not find any published immersive VR interventions for MS. However, Nava et al. (2018) compared the rubber hand illusion in patients with relapsing-remitting MS and healthy controls and found that, while there was no difference in their reported subjective ownership of the rubber hand between groups, in the MS patients there was no proprioceptive drift towards the rubber hand. They speculate that MS affects primarily the self-location components of bodily self-consciousness while leaving unaltered the sense of body ownership, which requires additional top-down processes that are less affected by the myelin loss seen in MS. Perhaps VR interventions that focus on retraining the user’s proprioception may potentially be of benefit.





CONCLUSION AND FUTURE RESEARCH

While showing promise, the use of virtual embodiment and body transformation illusions for neuropathic pain conditions requires higher-quality research, with large randomized clinical trials, before reaching any firm conclusions regarding clinical efficacy. Additionally, we would argue that any clinical trials should be pragmatic, reflecting real-world usage. The technological and cost revolution that has occurred in virtual reality over the last few years has made these powerful bodily illusion and embodiment tools readily available to the general public, facilitating their use at home or in outpatient clinics. However, its use in these settings is still very new, and there are many ethical and practical considerations that need to be explored (Donegan et al., 2020). In these early stages, the deep involvement and detailed feedback of end-users are essential when in the design phase of clinical trials.

The complex multi-systemic nature of neuropathic pain means that any single treatment used in isolation is highly unlikely to be effective. While treatments that aim to target and reverse distorted body perceptions associated with neuropathic pain have shown some therapeutic promise, they will not be effective for every neuropathic condition and every individual. A significant challenge will be whether we can easily identify patients that are more likely to respond to such treatments, since altered bodily perceptions can often be subtle and easily missed in clinical assessments, or patients may not volunteer such information for fear of being stigmatized. The use of validated patient reported outcome measures such as the Bath CRPS Body Perception Disturbance Scale (Lewis and McCabe, 2010) could be of help, and equivalent valid and reliable measures are required for other neuropathic pain conditions for both the initial identification of these disturbances as well as accurately monitoring their progress during treatment.

Additionally, much remains unknown and controversial regarding the physiological mechanisms of the effect of these treatments. The maladaptive cortical representations model, once widely accepted, has come under increasing scrutiny for example. More advanced neuroimaging techniques with better spatial and temporal resolution are now much more widely available and should be used in conjunction with non-invasive measures of neural function such as transcranial magnetic stimulation (TMS)/EMG, to try to clarify these underlying mechanisms.

Finally, little is known about the optimal dosage for bodily illusions. Whether repeated treatments prolong any analgesic effect is not clear, nor is the minimal nor optimal time for the length or number of treatment sessions known. Also, whether there is a cumulative benefit for combining bodily illusions with other brain-based treatments such as TMS should be explored. It is likely, given the heterogeneous nature of chronic pain, that the most clinically effective way forward will be a targeted and individualized multi-treatment approach, but whether this can be delivered cost-effectively remains to be seen. Even still, the fact that these treatments have the potential to help address a series of previously intractable and highly disabling pain conditions is hugely exciting.



AUTHOR CONTRIBUTIONS

All authors contributed to the bibliographic review and writing of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the Commission for Universities and Research of the Department of Innovation, Universities, and Enterprise of the Generalitat de Catalunya -AGAUR- (IU16-011508) and co-financed by the European Union Regional Development Fund within the framework of the ERDF/FEDER Operational Program of Catalonia 2014–2020 with a grant of 50% of total eligible cost.



REFERENCES

Allen, G., Galer, B. S., and Schwartz, L. (1999). Epidemiology of complex regional pain syndrome: a retrospective chart review of 134 patients. Pain 80, 539–544. doi: 10.1016/S0304-3959(98)00246-2

Ambron, E., Buxbaum, L. J., Miller, A., Stoll, H., Kuchenbecker, K. J., and Coslett, H. B. (2021). Virtual reality treatment displaying the missing leg improves phantom limb pain: a small clinical trial. Neurorehabil. Neural Repair 35, 1100–1111. doi: 10.1177/15459683211054164

Anderson, B., and Meyster, V. (2018). Treatment of a patient with central pain sensitization using graded motor imagery principles: a case report. J. Chiropr. Med. 17, 264–267. doi: 10.1016/j.jcm.2018.05.004

Andersen, G., Vestergaard, K., Ingeman-Nielsen, M., and Jensen, T. S. (1995). Incidence of central post-stroke pain. Pain 61, 187–193. doi: 10.1016/0304-3959(94)00144-4

Antoniello, D., Kluger, B. M., Sahlein, D. H., and Heilman, K. M. (2010). Phantom limb after stroke: an underreported phenomenon. Cortex 46, 1114–1122. doi: 10.1016/j.cortex.2009.10.003

Apkarian, A. V., Baliki, M. N., and Geha, P. Y. (2009). Towards a theory of chronic pain. Prog. Neurobiol. 87, 81–97. doi: 10.1016/j.pneurobio.2008.09.018


Arnhoff, F., and Mehl, M. (1963). Body image deterioration in paraplegia. J. Nerv. Ment. Dis. 137, 88–92.


Austin, P. D., and Siddall, P. J. (2019). Virtual reality for the treatment of neuropathic pain in people with spinal cord injuries: a scoping review. J. Spinal Cord Med. 44, 1–11. doi: 10.1080/10790268.2019.1575554

Biran, I., Book, A., Aviram, L., Bregman, N., Bahagali, E., and Tripto, A. (2022). Body structural description impairment in complex regional pain syndrome type I. Front. Psychol. 13:853641. doi: 10.3389/fpsyg.2022.853641

Birbaumer, N., Lutzenberger, W., Montoya, P., Larbig, W., Unertl, K., Töpfner, S., et al. (1997). Effects of regional anesthesia on phantom limb pain are mirrored in changes in cortical reorganization. J. Neurosci. 17, 5503–5508. doi: 10.1523/JNEUROSCI.17-14-05503.1997

Boesch, E., Bellan, V., Moseley, G. L., and Stanton, T. R. (2016). The effect of bodily illusions on clinical pain. Pain 157, 516–529. doi: 10.1097/j.pain.0000000000000423

Bolognini, N., Ronchi, R., Casati, C., Fortis, P., and Vallar, G. (2014). Multisensory remission of somatoparaphrenic delusion: my hand is back! Neurol. Clin. Pract. 4, 216–225. doi: 10.1212/CPJ.0000000000000033

Botvinick, M., and Cohen, J. (1998). Rubber hands’ feel’touch that eyes see. Nature 391:756. doi: 10.1038/35784

Bouhassira, D. (2019). Neuropathic pain: definition, assessment and epidemiology. Rev. Neurol. (Paris) 175, 16–25. doi: 10.1016/j.neurol.2018.09.016

Brun, C., Giorgi, N., Pinard, A. M., Gagné, M., McCabe, C. S., and Mercier, C. (2019). Exploring the relationships between altered body perception, limb position sense and limb movement sense in complex regional pain syndrome. J. Pain 20, 17–27. doi: 10.1016/j.jpain.2018.07.008

Burin, D., Livelli, A., Garbarini, F., Fossataro, C., Folegatti, A., Gindri, P., et al. (2015). Are movements necessary for the sense of body ownership? Evidence from the rubber hand illusion in pure hemiplegic patients. PLoS One 10:e0117155. doi: 10.1371/journal.pone.0117155

Burke, D., Fullen, B. M., Stokes, D., and Lennon, O. (2017). Neuropathic pain prevalence following spinal cord injury: a systematic review and meta-analysis. Eur. J. Pain 21, 29–44. doi: 10.1002/ejp.905


Chau, B., Phelan, I., Ta, P., Chi, B., Loyola, K., Yeo, E., et al. (2020). Immersive virtual reality for pain relief in upper limb complex regional pain syndrome: a pilot study. Innov. Clin. Neurosci. 17, 47–52.


Conomy, J. P. (1973). Disorders of body image after spinal cord injury. Neurology 23, 842–850. doi: 10.1212/wnl.23.8.842

Corbetta, D., Sarasso, E., Agosta, F., Filippi, M., and Gatti, R. (2018). Mirror therapy for an adult with central post-stroke pain: a case report. Arch. Physiother. 8, 1–6. doi: 10.1186/s40945-018-0047-y

Cramer, S. C., Lastra, L., Lacourse, M. G., and Cohen, M. J. (2005). Brain motor system function after chronic, complete spinal cord injury. Brain 128, 2941–2950. doi: 10.1093/brain/awh648

Di Pietro, F., Stanton, T. R., Moseley, G. L., Lotze, M., and Mcauley, J. H. (2015). Interhemispheric somatosensory differences in chronic pain reflect abnormality of the Healthy side. Hum. Brain Mapp. 36, 508–518. doi: 10.1002/hbm.22643

Donegan, T., Ryan, B. E., Swidrak, J., and Sanchez-Vives, M. V. (2020). Immersive virtual reality for clinical pain: considerations for effective therapy. Front. Virtual Reality 1:9. doi: 10.3389/frvir.2020.00009

Druschky, K., Kaltenhäser, M., Hummel, C., Druschky, A., Huk, W. J., Stefan, H., et al. (2000). Alteration of the somatosensory cortical map in peripheral mononeuropathy due to carpal tunnel syndrome. Neuroreport 11, 3925–3930. doi: 10.1097/00001756-200011270-00063

Duong, S., Bravo, D., Todd, K. J., Finlayson, R. J., and Tran, D. Q. (2018). Treatment of complex regional pain syndrome: an updated systematic review and narrative synthesis. Can. J. Anesth. 65, 658–684. doi: 10.1007/s12630-018-1091-5

Elbert, T., Pantev, C., Wienbruch, C., Rockstroh, B., and Taub, E. (1995). Increased cortical representation of the fingers of the left hand in string players. Science 270, 305–307. doi: 10.1126/science.270.5234.305

Facchin, M., Viola, M., and Zanin, E. (2021). Retiring the “Cinderella view”: the spinal cord as an intrabodily cognitive extension. Biol. Philos. 36, 1–25. doi: 10.1007/s10539-021-09822-1

Filbrich, L., Alamia, A., Verfaille, C., Berquin, A., Barbier, O., Libouton, X., et al. (2017). Biased visuospatial perception in complex regional pain syndrome. Sci. Rep. 7:9712. doi: 10.1038/s41598-017-10077-8

Flor, H. (2002). Phantom-limb pain: characteristics, causes and treatment. Lancet Neurol. 1, 182–189. doi: 10.1016/s1474-4422(02)00074-1

Flor, H., Braun, C., Elbert, T., and Birbaumer, N. (1997). Extensive reorganization of primary somatosensory cortex in chronic back pain patients. Neurosci. Lett. 224, 5–8. doi: 10.1016/s0304-3940(97)13441-3

Flor, H., Denke, C., Schaefer, M., and Grüsser, S. (2001). Effect of sensory discrimination training on cortical reorganisation and phantom limb pain. Lancet 357, 1763–1764. doi: 10.1016/S0140-6736(00)04890-X

Flor, H., Elbert, T., Knecht, S., Wienbruch, C., Pantev, C., Birbaumers, N., et al. (1995). Phantom-limb pain as a perceptual correlate of cortical reorganization following arm amputation. Nature 375, 482–484. doi: 10.1038/375482a0

Foell, J., Bekrater-Bodmann, R., Diers, M., and Flor, H. (2014). Mirror therapy for phantom limb pain: brain changes and the role of body representation. Eur. J. Pain 18, 729–739. doi: 10.1002/j.1532-2149.2013.00433.x

Fuentes, C. T., Pazzaglia, M., Longo, M. R., Scivoletto, G., and Haggard, P. (2013). Body image distortions following spinal cord injury. J. Neurol. Neurosurg. Psychiatry 84, 201–207. doi: 10.1136/jnnp-2012-304001

Galer, B. S., and Jensen, M. (1999). Neglect-like symptoms in complex regional pain syndrome: results of a self-administered survey. J. Pain Symptom Manage. 18, 213–217. doi: 10.1016/s0885-3924(99)00076-7

Gandevia, S. C., and Phegan, C. M. L. (1999). Perceptual distortions of the human body image produced by local anaesthesia, pain and cutaneous stimulation. J. Physiol. 514, 609–616. doi: 10.1111/j.1469-7793.1999.609ae.x

Gaskin, D. J., and Richard, P. (2012). The economic costs of pain in the United States. J. Pain 13, 715–724. doi: 10.1016/j.jpain.2012.03.009

Gracely, R. H., Petzke, F., Wolf, J. M., and Clauw, D. J. (2002). Functional magnetic resonance imaging evidence of augmented pain processing in fibromyalgia. Arthritis Rheum. 46, 1333–1343. doi: 10.1002/art.10225

Halicka, M., Vittersø, A. D., McCullough, H., Goebel, A., Heelas, L., Proulx, M. J., et al. (2020). Disputing space-based biases in unilateral complex regional pain syndrome. bioRxiv [Preprint]. doi: 10.1101/2020.01.02.893263

Harris, A. J. (1999). Cortical origin of pathological pain. Lancet 354, 1464–1466. doi: 10.1016/S0140-6736(99)05003-5

Harvie, D. S., Rio, E., Smith, R. T., Olthof, N., and Coppieters, M. W. (2020). Virtual reality body image training for chronic low back pain: a single case report. Front. Virtual Reality 1:13. doi: 10.3389/frvir.2020.00013

Head, H., and Holmes, G. (1911). Sensory disturbances from cerebral lesions. Brain 34, 102–254. doi: 10.1093/brain/34.2-3.102

Heitmann, H., Haller, B., Tiemann, L., Mühlau, M., Berthele, A., Tölle, T. R., et al. (2020). Longitudinal prevalence and determinants of pain in multiple sclerosis. Pain 161, 787–796. doi: 10.1097/j.pain.0000000000001767

Herrador Colmenero, L., Perez Marmol, J. M., Martí-García, C., Querol Zaldivar, M. D. L. Á., Tapia Haro, R. M., Castro Sánchez, A. M., et al. (2018). Effectiveness of mirror therapy, motor imagery and virtual feedback on phantom limb pain following amputation: a systematic review. Prosthet. Orthot. Int. 42, 288–298. doi: 10.1177/0309364617740230

Hwang, H., Cho, S., and Lee, J. H. (2014). The effect of virtual body swapping with mental rehearsal on pain intensity and body perception disturbance in complex regional pain syndrome. Int. J. Rehabil. Res. 37, 167–172. doi: 10.1097/MRR.0000000000000053

Ichinose, A., Sano, Y., Osumi, M., Sumitani, M., Kumagaya, S. I., and Kuniyoshi, Y. (2017). Somatosensory feedback to the cheek during virtual visual feedback therapy enhances pain alleviation for phantom arms. Neurorehabil. Neural Repair 31, 717–725. doi: 10.1177/1545968317718268

Ilfeld, B. M., Khatibi, B., Maheshwari, K., Madison, S. J., Esa, W. A. S., Mariano, E. R., et al. (2021). Ambulatory continuous peripheral nerve blocks to treat postamputation phantom limb pain: a multicenter, randomized, quadruple-masked, placebo-controlled clinical trial. Pain 162:938. doi: 10.1097/j.pain.0000000000002087

International Statistical Classification of Diseases and Related Health Problems (2011). Encyclopedia of Clinical Neuropsychology. New York, NY: Springer. doi: 10.1007/978-0-387-79948-3_3055

Jeon, B., Cho, S., and Lee, J. H. (2014). Application of virtual body swapping to patients with complex regional pain syndrome: a pilot study. Cyberpsychol. Behav. Soc. Netw. 17, 366–370. doi: 10.1089/cyber.2014.0046

Jiang, G., Yin, X., Li, C., Li, L., Zhao, L., Evans, A. C., et al. (2015). The plasticity of brain gray matter and white matter following lower limb amputation. Neural Plast. 2015:823185. doi: 10.1155/2015/823185

Jutzeler, C. R., Freund, P., Huber, E., Curt, A., and Kramer, J. L. K. (2015). Neuropathic pain and functional reorganization in the primary sensorimotor cortex after spinal cord injury. J. Pain 16, 1256–1267. doi: 10.1016/j.jpain.2015.08.008

Karl, A., Birbaumer, N., Lutzenberger, W., Cohen, L. G., and Flor, H. (2001). Reorganization of motor and somatosensory cortex in upper extremity amputees with phantom limb pain. J. Neurosci. 21, 3609–3618. doi: 10.1523/JNEUROSCI.21-10-03609.2001

Kulkarni, J., Pettifer, S., Turner, S., and Richardson, C. (2020). An investigation into the effects of a virtual reality system on phantom limb pain: a pilot study. Br. J. Pain 14, 92–97. doi: 10.1177/2049463719859913

Kumar, G., and Soni, C. R. (2009). Central post-stroke pain: current evidence. J. Neurol. Sci. 284, 10–17. doi: 10.1016/j.jns.2009.04.030

Laver, K. E., Lange, B., George, S., Deutsch, J. E., Saposnik, G., and Crotty, M. (2017). Virtual reality for stroke rehabilitation. Cochrane Database Syst. Rev. 11:CD008349. doi: 10.1002/14651858.CD008349.pub4

Leijon, G., Boivie, J., and Johansson, I. (1989). Central post-stroke pain - neurological symptoms and pain characteristics. Pain 36, 13–25. doi: 10.1016/0304-3959(89)90107-3

Lenggenhager, B., Arnold, C. A., and Giummarra, M. J. (2014). Phantom limbs: pain, embodiment and scientific advances in integrative therapies. Wiley Interdiscip. Rev. Cogn. Sci. 5, 221–231. doi: 10.1002/wcs.1277


Lewis, J., and McCabe, C. (2010). Body perception disturbance (BPD) in CRPS. Pract. Pain Manage. 10, 60–66.


Lewis, J. S., Newport, R., Taylor, G., Smith, M., and McCabe, C. S. (2021). Visual illusions modulate body perception disturbance and pain in complex regional pain syndrome: a randomized trial. Eur. J. Pain 25, 1551–1563. doi: 10.1002/ejp.1766

Lewis, J. S., and Schweinhardt, P. (2012). Perceptions of the painful body: the relationship between body perception disturbance, pain and tactile discrimination in complex regional pain syndrome. Eur. J. Pain 16, 1320–1330. doi: 10.1002/j.1532-2149.2012.00120.x

Llorens, R., Borrego, A., Palomo, P., Cebolla, A., Noé, E., i Badia, S. B., et al. (2017). Body schema plasticity after stroke: subjective and neurophysiological correlates of the rubber hand illusion. Neuropsychologia 96, 61–69. doi: 10.1016/j.neuropsychologia.2017.01.007

Longo, M. R., Betti, V., Aglioti, S. M., and Haggard, P. (2009). Visually induced analgesia: seeing the body reduces pain. J. Neurosci. 29, 12125–12130. doi: 10.1523/JNEUROSCI.3072-09.2009

Lotze, M., Flor, H., Grodd, W., and Birbaumer, N. (2001). Phantom movements and pain. An fMRI study in upper limb amputees. Brain 124, 2268–2277. doi: 10.1093/brain/124.11.2268

Maeda, Y., Kettner, N., Holden, J., Lee, J., Kim, J., Cina, S., et al. (2014). Functional deficits in carpal tunnel syndrome reflect reorganization of primary somatosensory cortex. Brain 137, 1741–1752. doi: 10.1093/brain/awu096

Maihöfner, C. (2014). [Complex regional pain syndrome: A current review]. Schmerz (Berlin, Germany) 28, 319–338. doi: 10.1007/s00482-014-1421-7

Maihöfner, C., Neundörfer, B., Birklein, F., and Handwerker, H. O. (2006). Mislocalization of tactile stimulation in patients with complex regional pain syndrome. J. Neurol. 253, 772–779. doi: 10.1007/s00415-006-0117-z

Makin, T. R., and Bensmaia, S. J. (2017). Stability of sensory topographies in adult cortex. Trends Cogn. Sci. 21, 195–204. doi: 10.1016/j.tics.2017.01.002

Makin, T. R., Scholz, J., Filippini, N., Henderson Slater, D., Tracey, I., and Johansen-Berg, H. (2013). Phantom pain is associated with preserved structure and function in the former hand area. Nat. Commun. 4:1570. doi: 10.1038/ncomms2571

Mancini, F., Wang, A. P., Schira, M. M., Isherwood, Z. J., McAuley, J. H., Iannetti, G. D., et al. (2019). Fine-grained mapping of cortical somatotopies in chronic complex regional pain syndrome. J. Neurosci. 39, 9185–9196. doi: 10.1523/JNEUROSCI.2005-18.2019

Martini, M., Kilteni, K., Maselli, A., and Sanchez-Vives, M. V. (2015). The body fades away: investigating the effects of transparency of an embodied virtual body on pain threshold and body ownership. Sci. Rep. 5:13948. doi: 10.1038/srep13948

Martini, M., Perez-Marcos, D., and Sanchez-Vives, M. V. (2013). What color is my arm? Changes in skin color of an embodied virtual arm modulates pain threshold. Front. Hum. Neurosci. 7:438. doi: 10.3389/fnhum.2013.00438

Martini, M., Perez-Marcos, D., and Sanchez-Vives, M. V. (2014). Modulation of pain threshold by virtual body ownership. Eur. J. Pain 18, 1040–1048. doi: 10.1002/j.1532-2149.2014.00451.x

Matamala-Gomez, M., Donegan, T., Bottiroli, S., Sandrini, G., Sanchez-Vives, M. V., and Tassorelli, C. (2019a). Immersive virtual reality and virtual embodiment for pain relief. Front. Hum. Neurosci. 13:279. doi: 10.3389/fnhum.2019.00279

Matamala-Gomez, M., Gonzalez, A. M. D., Slater, M., and Sanchez-Vives, M. V. (2019b). Decreasing pain ratings in chronic arm pain through changing a virtual body: different strategies for different pain types. J. Pain 20, 685–697. doi: 10.1016/j.jpain.2018.12.001

Matamala-Gomez, M., Nierula, B., Donegan, T., Slater, M., and Sanchez-Vives, M. V. (2020). Manipulating the perceived shape and color of a virtual limb can modulate pain responses. J. Clin. Med. 9:291. doi: 10.3390/jcm9020291

McCabe, C. S., Cohen, H., Hall, J., Lewis, J., Rodham, K., and Harris, N. (2009). Somatosensory conflicts in complex regional pain syndrome type 1 and fibromyalgia syndrome. Curr. Rheumatol. Rep. 11, 461–465. doi: 10.1007/s11926-009-0067-4


Melzack, R. (1990). John J. Bonica distinguished lecture the gate control theory 25 years later: new perspectives on phantom limb pain. Pain 41:S254.


Melzack, R., Israel, R., Lacroix, R., and Schultz, G. (1997). Phantom limbs in people with congenital limb deficiency or amputation in early childhood. Brain 120, 1603–1620. doi: 10.1093/brain/120.9.1603


Melzack, R., and Wall, P. (1996). The Challenge of Pain. London, UK: Penguin.


Merzenich, M. M., Nelson, R. J., Stryker, M. P., Cynader, M. S., Schoppmann, A., and Zook, J. M. (1984). Somatosensory cortical map changes following digit amputation in adult monkeys. J. Comp. Neurol. 224, 591–605. doi: 10.1002/cne.902240408

Moro, V., Corbella, M., Ionta, S., Ferrari, F., and Scandola, M. (2021). Cognitive training improves disconnected limbs’ mental representation and peripersonal space after spinal cord injury. Int. J. Environ. Res. Public Health 18:9589. doi: 10.3390/ijerph18189589

Moseley, L. G. (2007). Using visual illusion to reduce at-level neuropathic pain in paraplegia. Pain 130, 294–298. doi: 10.1016/j.pain.2007.01.007

Moseley, G. L., and Flor, H. (2012). Targeting cortical representations in the treatment of chronic pain: a review. Neurorehabil. Neural Repair 26, 646–652. doi: 10.1177/1545968311433209

Moseley, G. L., Gallace, A., and Iannetti, G. D. (2012). Spatially defined modulation of skin temperature and hand ownership of both hands in patients with unilateral complex regional pain syndrome. Brain 135, 3676–3686. doi: 10.1093/brain/aws297

Moseley, G. L., Gallace, A., Di Pietro, F., Spence, C., and Iannetti, G. D. (2013). Limb-specific autonomic dysfunction in complex regional pain syndrome modulated by wearing prism glasses. Pain 154, 2463–2468. doi: 10.1016/j.pain.2013.07.026

Moseley, G. L., Zalucki, N. M., and Wiech, K. (2008). Tactile discrimination, but not tactile stimulation alone, reduces chronic limb pain. Pain 137, 600–608. doi: 10.1016/j.pain.2007.10.021

Moxon, K. A., Oliviero, A., Aguilar, J., and Foffani, G. (2014). Cortical reorganization after spinal cord injury: always for good? Neuroscience 283, 78–94. doi: 10.1016/j.neuroscience.2014.06.056

Muret, D., and Makin, T. R. (2021). The homeostatic homunculus: rethinking deprivation-triggered reorganisation. Curr. Opin. Neurobiol. 67, 115–122. doi: 10.1016/j.conb.2020.08.008

Napadow, V., Kettner, N., Ryan, A., Kwong, K. K., Audette, J., and Hui, K. K. S. (2006). Somatosensory cortical plasticity in carpal tunnel syndrome-a cross-sectional fMRI evaluation. Neuroimage 31, 520–530. doi: 10.1016/j.neuroimage.2005.12.017

Nava, E., Mattioli, F., Gamberini, C., Stampatori, C., Bellomi, F., Turati, C., et al. (2018). Altered bodily self-consciousness in multiple sclerosis. J. Neuropsychol. 12, 463–470. doi: 10.1111/jnp.12134

Nierula, B., Martini, M., Matamala-Gomez, M., Slater, M., and Sanchez-Vives, M. V. (2017). Seeing an embodied virtual hand is analgesic contingent on colocation. J. Pain 18, 645–655. doi: 10.1016/j.jpain.2017.01.003

Nishigami, T., Wand, B. M., Newport, R., Ratcliffe, N., Themelis, K., Moen, D., et al. (2019). Embodying the illusion of a strong, fit back in people with chronic low back pain. A pilot proof-of-concept study. Musculoskelet. Sci. Pract. 39, 178–183. doi: 10.1016/j.msksp.2018.07.002

Oaklander, A. L., Rissmiller, J. G., Gelman, L. B., Zheng, L., Chang, Y., and Gott, R. (2006). Evidence of focal small-fiber axonal degeneration in complex regional pain syndrome-I (reflex sympathetic dystrophy). Pain 120, 235–243. doi: 10.1016/j.pain.2005.09.036

O’Connor, S., Mayne, A., and Hood, B. (2022). Virtual reality-based mindfulness for chronic pain management: a scoping review. Pain Manage. Nurs. 23, 359–369. doi: 10.1016/j.pmn.2022.03.013

Ortiz-Romero, J., Bermudez-Soto, I., Torres-González, R., Espinoza-Choque, F., Zazueta-Hernandez, J. A., and Perez-Atanasio, J. M. (2017). Factors associated with complex regional pain syndrome in surgically treated distal radius fracture. Acta Ortop. Bras. 25, 194–196. doi: 10.1590/1413-785220172505165544

Osinski, T., Acapo, S., Bensmail, D., Bouhassira, D., and Martinez, V. (2020). Central nervous system reorganization and pain after spinal cord injury: possible targets for physical therapy—a systematic review of neuroimaging studies. Phys. Ther. 100, 946–962. doi: 10.1093/ptj/pzaa043

Osumi, M., Inomata, K., Inoue, Y., Otake, Y., Morioka, S., and Sumitani, M. (2019). Characteristics of phantom limb pain alleviated with virtual reality rehabilitation. Pain Med. 20, 1038–1046. doi: 10.1093/pm/pny269

Paqueron, X., Leguen, M., Rosenthal, D., Coriat, P., Willer, J. C., and Danziger, N. (2003). The phenomenology of body image distortions induced by regional anaesthesia. Brain 126, 702–712. doi: 10.1093/brain/awg063

Peltz, E., Seifert, F., Lanz, S., Müller, R., Maihöfner, C., Alivisatos, B., et al. (2011). Impaired hand size estimation in CRPS. J. Pain 12, 1095–1101. doi: 10.1016/j.jpain.2011.05.001

Perez-Marcos, D., Martini, M., Fuentes, C. T., Rivas, A. I. B., Haggard, P., and Sanchez-Vives, M. V. (2018). Selective distortion of body image by asynchronous visuotactile stimulation. Body Image 24, 55–61. doi: 10.1016/j.bodyim.2017.11.002

Perez-Marcos, D., Solazzi, M., Steptoe, W., Oyekoya, O., Frisoli, A., Weyrich, T., et al. (2012). A fully immersive set-up for remote interaction and neurorehabilitation based on virtual body ownership. Front. Neurol. 3:110. doi: 10.3389/fneur.2012.00110

Pourrier, S. D., Nieuwstraten, W., Van Cranenburgh, B., Schreuders, T. A. R., Stam, H. J., and Selles, R. W. (2010). Three cases of referred sensation in traumatic nerve injury of the hand: implications for understanding central nervous system reorganization. J. Rehabil. Med. 42, 357–361. doi: 10.2340/16501977-0526

Pozeg, P., Palluel, E., Ronchi, R., Solcà, M., Al-Khodairy, A. W., Jordan, X., et al. (2017). Virtual reality improves embodiment and neuropathic pain caused by spinal cord injury. Neurology 89, 1894–1903. doi: 10.1212/WNL.0000000000004585

Raffin, E., Richard, N., Giraux, P., and Reilly, K. T. (2016). Primary motor cortex changes after amputation correlate with phantom limb pain and the ability to move the phantom limb. Neuroimage 130, 134–144. doi: 10.1016/j.neuroimage.2016.01.063


Ramachandran, V. S., and Blakeslee, S. (1999). Phantoms In the Brain: Probing the Mysteries of the Human Mind. New York, NY: HarperCollins.



Ramachandran, V. S., and Hirstein, W. (1997). Three laws of qualia: what neurology tells us about the biological functions of consciousness. J. Conscious. Stud. 4, 429–457.


Reid, E., Wallwork, S. B., Harvie, D., Chalmers, K. J., Gallace, A., Spence, C., et al. (2016). A new kind of spatial inattention associated with chronic limb pain? Ann. Neurol. 79, 701–704. doi: 10.1002/ana.24616

Richardson, E. J., McKinley, E. C., Rahman, A. K. M., Klebine, P., Redden, D. T., and Richards, J. S. (2019). Effects of virtual walking on spinal cord injury-related neuropathic pain: a randomized, controlled trial. Rehabil. Psychol. 64:13. doi: 10.1037/rep0000246

Rutledge, T., Velez, D., Depp, C., McQuaid, J. R., Wong, G., Jones, R. C. W., et al. (2019). A virtual reality intervention for the treatment of phantom limb pain: development and feasibility results. Pain Med. 20, 2051–2059. doi: 10.1093/pm/pnz121

Sanchez-Vives, M. V., Spanlang, B., Frisoli, A., Bergamasco, M., and Slater, M. (2010). Virtual hand illusion induced by visuomotor correlations. PLoS One 5:e10381. doi: 10.1371/journal.pone.0010381

Sato, K., Fukumori, S., Matsusaki, T., Maruo, T., Ishikawa, S., Nishie, H., et al. (2010). 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. 11, 622–629. doi: 10.1111/j.1526-4637.2010.00819.x

Scandola, M., Aglioti, S. M., Avesani, R., Bertagnoni, G., Marangoni, A., and Moro, V. (2017). Corporeal illusions in chronic spinal cord injuries. Conscious. Cogn. 49, 278–290. doi: 10.1016/j.concog.2017.01.010

Schmid, A. B., and Coppieters, M. W. (2012). Left/right judgment of body parts is selectively impaired in patients with unilateral carpal tunnel syndrome. Clin. J. Pain 28, 615–622. doi: 10.1097/AJP.0b013e31823e16b9

Shim, H., Rose, J., Halle, S., and Shekane, P. (2019). Complex regional pain syndrome: a narrative review for the practising clinician. Br. J. Anaesth. 123, e424–e433. doi: 10.1016/j.bja.2019.03.030

Skyt, I., Dagsdóttir, L., Vase, L., Baad-Hansen, L., Castrillon, E., Roepstorff, A., et al. (2015). Painful stimulation and transient blocking of nerve transduction due to local anesthesia evoke perceptual distortions of the face in healthy volunteers. J. Pain 16, 335–345. doi: 10.1016/j.jpain.2015.01.006

Slater, M., Pérez Marcos, D., Ehrsson, H., and Sanchez-Vives, M. V. (2008). Towards a digital body: the virtual arm illusion. Front. Hum. Neurosci. 2:6. doi: 10.3389/neuro.09.006.2008

Slater, M., Perez-Marcos, D., Ehrsson, H. H., and Sanchez-Vives, M. V. (2009). Inducing illusory ownership of a virtual body. Front. Neurosci. 3, 214–220. doi: 10.3389/neuro.01.029.2009

Solcà, M., Krishna, V., Young, N., Deogaonkar, M., Herbelin, B., Orepic, P., et al. (2021). Enhancing analgesic spinal cord stimulation for chronic pain with personalized immersive virtual reality. Pain 162, 1641–1649. doi: 10.1097/j.pain.0000000000002160

Solcà, M., Park, H. D., Bernasconi, F., and Blanke, O. (2020). Behavioral and neurophysiological evidence for altered interoceptive bodily processing in chronic pain. Neuroimage 217:116902. doi: 10.1016/j.neuroimage.2020.116902

Solcà, M., Ronchi, R., Bello-Ruiz, J., Schmidlin, T., Herbelin, B., Luthi, F., et al. (2018). Heartbeat-enhanced immersive virtual reality to treat complex regional pain syndrome. Neurology 91, e479–e489. doi: 10.1212/WNL.0000000000005905

Soler, M. D., Kumru, H., Pelayo, R., Vidal, J., Tormos, J. M., Fregni, F., et al. (2010). Effectiveness of transcranial direct current stimulation and visual illusion on neuropathic pain in spinal cord injury. Brain 133, 2565–2577. doi: 10.1093/brain/awq184

Stankevicius, A., Wallwork, S. B., Summers, S. J., Hordacre, B., and Stanton, T. R. (2021). Prevalence and incidence of phantom limb pain, phantom limb sensations and telescoping in amputees: a systematic rapid review. Eur. J. Pain 25, 23–38. doi: 10.1002/ejp.1657

Swart, K. C. M. A., Stins, J. F., and Beek, P. J. (2009). Cortical changes in complex regional pain syndrome (CRPS). Eur. J. Pain 13, 902–907. doi: 10.1016/j.ejpain.2008.11.010

Tecchio, F., Padua, L., Aprile, I., and Rossini, P. M. (2002). Carpal tunnel syndrome modifies sensory hand cortical somatotopy: a MEG study. Hum. Brain Mapp. 17, 28–36. doi: 10.1002/hbm.10049

Tong, X., Wang, X., Cai, Y., Gromala, D., Williamson, O., Fan, B., et al. (2020). “I dreamed of my hands and arms moving again”: a case series investigating the effect of immersive virtual reality on phantom limb pain alleviation. Front. Neurol. 11:876. doi: 10.3389/fneur.2020.00876

Treister, A. K., Hatch, M. N., Cramer, S. C., and Chang, E. Y. (2017). Demystifying poststroke pain: from etiology to treatment. PM R 9, 63–75. doi: 10.1016/j.pmrj.2016.05.015

Türker, K. S., Yeo, P. L., and Gandevia, S. C. (2005). Perceptual distortion of face deletion by local anaesthesia of the human lips and teeth. Exp. Brain Res. 165, 37–43. doi: 10.1007/s00221-005-2278-x

van Stralen, H. E., van Zandvoort, M. J. E., Kappelle, L. J., and Dijkerman, H. C. (2013). The rubber hand illusion in a patient with hand disownership. Perception 42, 991–993. doi: 10.1068/p7583

Vastano, R., Costantini, M., and Widerstrom-Noga, E. (2022). Maladaptive reorganization following SCI: the role of body representation and multisensory integration. Prog. Neurobiol. 208:102179. doi: 10.1016/j.pneurobio.2021.102179

Vestergaard, K., Nielsen, J., Andersen, G., Ingeman-Nielsen, M., Arendt-Nielsen, L., and Jensen, T. S. (1995). Sensory abnormalities in consecutive, unselected patients with central post-stroke pain. Pain 61, 177–186. doi: 10.1016/0304-3959(94)00140-A

Vittersø, A. D., Buckingham, G., Halicka, M., Proulx, M. J., and Bultitude, J. H. (2019). Altered updating of bodily and spatial representations following tool-use in complex regional pain syndrome. bioRxiv [Preprint]. doi: 10.1097/j.pain.0000000000001845

Vittersø, A. D., Halicka, M., Buckingham, G., Proulx, M. J., and Bultitude, J. H. (2022). The sensorimotor theory of pathological pain revisited. Neurosci. Biobehav. Rev. 139:104735. doi: 10.1016/j.neubiorev.2022.104735

Vos, T., Flaxman, A. D., Naghavi, M., Lozano, R., Michaud, C., Ezzati, M., et al. (2012). Years lived with disability (YLDs) for 1160 sequelae of 289 diseases and injuries 1990–2010: a systematic analysis for the global burden of disease study 2010. Lancet 380, 2163–2196. doi: 10.1016/S0140-6736(12)61729-2

Wand, B. M., Catley, M. J., Rabey, M. I., O’Sullivan, P. B., O’Connell, N. E., and Smith, A. J. (2016). Disrupted self-perception in people with chronic low back pain. Further evaluation of the fremantle back awareness questionnaire. J. Pain 17, 1001–1012. doi: 10.1016/j.jpain.2016.06.003

Wand, B. M., Parkitny, L., O’Connell, N. E., Luomajoki, H., McAuley, J. H., Thacker, M., et al. (2011). Cortical changes in chronic low back pain: current state of the art and implications for clinical practice. Man. Ther. 16, 15–20. doi: 10.1016/j.math.2010.06.008

Wand, B. M., Tulloch, V. M., George, P. J., Smith, A. J., Goucke, R., O’Connell, N. E., et al. (2012). Seeing it helps: movement-related back pain is reduced by visualization of the back during movement. Clin. J. Pain 28, 602–608. doi: 10.1097/AJP.0b013e31823d480c

Wang, F., Zhang, R., Zhang, J., Li, D., Wang, Y., Yang, Y. H., et al. (2021). Effects of mirror therapy on phantom limb sensation and phantom limb pain in amputees: a systematic review and meta-analysis of randomized controlled trials. Clin. Rehabil. 35, 1710–1721. doi: 10.1177/02692155211027332

Wasner, G., Lee, B. B., Engel, S., and McLachlan, E. (2008). Residual spinothalamic tract pathways predict development of central pain after spinal cord injury. Brain 131, 2387–2400. doi: 10.1093/brain/awn169

Won, A. S., Tataru, C. A., Cojocaru, C. M., Krane, E. J., Bailenson, J. N., Niswonger, S., et al. (2015). Two virtual reality pilot studies for the treatment of pediatric CRPS. Pain Med. 16, 1644–1647. doi: 10.1111/pme.12755

Yang, S., and Chang, M. C. (2019). Chronic pain: structural and functional changes in brain structures and associated negative affective states. Int. J. Mol. Sci. 20:3130. doi: 10.3390/ijms20133130

Yoshida, A., Iwatsuki, K., Hoshiyama, M., and Hirata, H. (2020). Disturbance of somatotopic spatial cognition and extra-territorial pain in carpal tunnel syndrome. NeuroRehabilitation 46, 423–431. doi: 10.3233/NRE-193007

Conflict of Interest: The 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Donegan, Ryan, Sanchez-Vives and Świdrak. 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/images/fnhum-16-1024910-g003.gif
/ 3
Wf%\v DS

-






OPS/images/fnhum-16-1024910-t002.jpg
Authors/year

Moseley (2007)

Pozeg et al. (2017)

Richardson et al.
(2019)

Soler et al. (2010)

Study
design

Experimental
within-group

Randomized,
repeated-
measures
study

RCT

RCT

Participants/condition

Adult SCI patients with
chronic pain (1 = 4)

Adult SCI patients with
chronic pain (1 = 20)

Healthy controls (1 = 20)

Adult SCI patients with
chronic pain (1 = 59)

Adult SCI patients with
chronic pain (1 = 40)

Type of VR
intervention

Mirror/recorded
video split screen

Immersive VR
with HMD,
real-time video

3D video

Mirror/recorded
video split screen,
combined with
TDCS

Type of
illusion/intervention, plus
dosage

Virtual walking observed in a
virtual mirror, daily 3 weeks

Virtual leg illusion,
Virtual body illusion

Single session

Virtual walking from a 1PP

Single session

Virtual walking observed in a
virtual mirror; 10 sessions/2 weeks

Control
condition

Guided imagery,
watching a film

Healthy controls
(n=20),
asynchronous
tactile stimulation

Virtual wheelchair
mobilization from
alPP

Sham TDCS, video
images unrelated
to gait

Time-points

Baseline, 3 weeks,
3 months

Pre-post

Pre-post

Baseline; 2, 4,
12 weeks

Outcome/results

Mean 53% reduction in
pain intensity at 3 weeks,
43% at 3 months from
baseline

Weaker embodiment in
SCI vs. healthy controls

Mild analgesia for both
conditions post-
treatment (individual
values NR)

NSig difference between
groups.

Post sig. reduction pain
intensity (individual
values NR)

Sig reduction in overall
pain intensity
post-treatment in
DCS-illusion groups,
maintained at follow up
(individual values NR)





OPS/images/fnhum-16-1024910-g002.gif





OPS/images/fnhum-16-1024910-t001.jpg
Authors/year

Ambron et al. (2021)

Ichinose etal. (2017)

Kulkarni et al. (2020)

Osumi et al. (2019)

Rutledge et al. (2019)

Tong et al. (2020)

Chau et al. (2020)

Hwang et al. (2014)

Jeon et al. (2014)

Lewis et al. (2021)

Matamala-Gomez

etal. (2019b)

Sato et al. (2010)

Solca et al. (2018)

Won etal. (2015)

Solca et al. (2021)

Study
design

Clinical trial

Experimental
within-group

Prospective pilot
study,
non-controlled

Experimental
within-group

Experimental
within-group

Experimental
within-group

Pilot
longitudinal
study with one
group

RCT

RCT

RCT

Experimental
within-group
study

Open-label case
study

Crossover
double-blind
study

Two descriptive
between-
subjects pilot
studies

Randomized,
within group
study

Participants/condition

Adult lower limb amputees
with chronic PLP (n = 7)

Adult upper limb amputees
with chronic PLP (n=9)

Adult upper limb amputees
with chronic PLP (n = 9)

Adult PLP patients:

13 amputees and

six brachial plexus avulsion
injury (n = 19)

Males adult veterans with
PLP: upper (1) and lower
(13) amputees (n = 14)

Adult upper limb patients
with chronic PLP (n = 5)

Adult patients with CRPS
(n =8, 6 completed)

Adults with CRPS
(n =39)3 conditions, each
n=13

Male adults with CRPS T
(n=10)

Forty-five patients with
CRPS and BPD, single
exposure: experimental
group n = 23, control group
n = 22; repeated exposure
subgroup: n =21 and

n = 18 respectively

Adults with CRPS ( = 10)
or with PNI (n =9)

CRPS adults (n = 5)

Adult patients with CRPS
(n = 24)/Healthy controls
(n=24)

Pediatric patients (between
13 and 17 years old) with
CRPS (n = 4)3 conditions:
(1) normal condition (legs
in a one-to-one
relationship);

(2) extended condition)leg
movements were increased
by afactor of 1.5);

(3) switched condition (legs
controlled the avatars’
arms)

Patients with chronic
radicular pain (n = 15)

Type of VR
intervention

Immersive VR
using HMD,
animated limb

Immersive VR
using HMD,
animated limb

Immersive VR
using HMD,
animated limb

Immersive VR
using HMD,
infrared sensor
forhand tracking,
agency over the
virtual limb

Immersive VR,
HMD, motion
sensor, and pedaler

Immersive VR
using HMD,
animated limb

Immersive VR
with HMD

Recorded video of
movements seen
from 1PP
displayed in HMD

Immersive VR
using HMD,
recorded video

Mediated virtual

reality system
MIRAGE

Immersive VR
with HMD

Desktop virtual
reality mirror
visual feedback

Immersive VR
powered by
biofeedback

Immersive VR
using HMD,
spatialized audio
feedback, haptic
feedback

Immersive VR
with HMD

Control
condition

Type of illusion/intervention,
plus dosage

Non-embodied
immersive VR

Intact virtual limb seen from 1PP,
with transposed movements from
contralateral intact limb;

5-7 sessions control, 10-12 sessions
treatment (done sequentially by all
patients)

Intact virtual limb seen from 1PP,
with transposed movements from
contralateral intact limb, plus cheek
tactile fb, 2-4 days/2-3 sessions per
day

As intervention
without tactile fb
or, fb to intact limb

Intact virtual limb seen from 1PP, None
with transposed movements from

contralateral intact limb;

3 x 10 min sessions

Single session with three tasks (total None
20 min): (1) putting the ball into the

hall; (2) tracing a figure-eight;

(3) loading small blocks. Control

the virtual phantom limb with the

intact limb movements

Mirror therapy paradigm. Intact None
virtual limb seen from 1PP using a
basic bicycle pedaler on the floor
(lower limb amputees) or on a table
(upper limb amputee). Duration
and frequency of the VR
intervention was variable.

10 participants completed 1 baseline
visit and a single treatment session.
four participants completed
multiple sessions (5/ 12/ 14/ 28)
either in the laboratory or at home.

Intact virtual limb seen from 1PP, None
with transposed movements from

contralateral intact limb, 10x

sessions over 6 weeks

Ten sessions of exercises in a virtual none
kitchen with hand movements

tracked; mirrored hand movements

options if holding the controller was

too painful

Virtual body swapping with mental Watching
rehearsal. movement only,

mental rehearsal
Single session only

Body swapping illusion, with
explicit motor imagery; 3 m 20's
long video clip played 2, training
session max. 10 min long

Body swapping
illusion, passive
observation

All participants: 1 session x 1 min,
repeated exposure subgroup:
five sessions (2 weeks);

Unaltered image of
the limb

altered/Unaltered image of the
affected limb, Altered image
according to the patient’s
description of the desired hand’s
look

Virtual embodiment and
manipulation of avatar to change
limb size (three levels) and
transparency (four levels)

Non- manipulated
avatar condition
for size and
transparency

Visual motor therapy with a None
Cyberglove for finger motion

simulation and FASTRAK for arm

movement simulation,

1 session/week, 5-8 sessions

Visual heart rate feedback (flashing
in synchrony/asynchrony)
presented on a virtual depiction of
the affected limb, within-subject
design, two conditions, Each
repeated three times consecutively,
single stimulation lasted 90 s

Hand flashing
asynchronous to
heart beat

Interaction in 1PP with a sequence None
of balloons at different distances.

‘When the balloon was hit, audio

feedback was provided and the floor

vibrated slightly. 6 x 5 min sessions.

SCS with virtual embodiment; area Incongruent

of altered sensation from SCS SCS-VR and VR
highlighted on the virtual body, alone

single session 7.5 min

Time-points

Post-session and
post-treatment)

weeks), 1, 4, and
8 week follow up

Pre-post

Pre-post

Pre-post

Pre-post

Pre-post

Pre-post each

session

Pre-post

Pre-post

Pre-post
intervention in
each session,
pre-post study in
the repeated
exposure group

Pre-post

Each session
Pre-post

Pre-post block,
Pre-post
stimulation

Pre-post

Pre-post

Outcome/results

Mean post-treatment
pain of 28% after control
treatment, and 40%
post-virtual embodiment
intervention

Mean 16% pain
reduction (treatment
group) vs. baseline

Mean 23% pain
reduction vs. baseline

Mean 59% pain
reduction vs. baseline

Near complete
elimination of phantom
sensations

Small reduction in pain
(individual values NR)

Mean 57% pain
reduction vs. baseline

Four of six participants
reported subjective pain
reduction and daily
functioning
improvement, no change
in objective pain scales,
low correlation between
subjective and objective
pain scales

No pain decrease in any
of the groups, BPD
improved only in virtual
body swapping with
‘mental rehearsal group

No difference in pain
between groups (absolute
values NR). BPD
improved in the
treatment group, not
controls

Pain and BPD reduction
post VR exposure,
maintained at f/u; mean
11% reduction in pain
intensity

Mean overall
post-exposure pain
reduction of 50%.
Increasing transparency
reduced pain in CRPS
and increased pain in
PNI. Increased size
increased pain in

CRPS only.

4/5 patients had >50%
reduction in pain
intensity

Sig. pain reduction

(—1 point), increased
strength (0.75kg),
modulation of heart rate
variability only in
experimental conditions
(—3 ms) and healthy
controls (individual
values NR)

Subjectively, better
treatment adherence and
motivation, less
complaints about pain
during treatment

Mean pain reduction of
44% in the treatment
group (23% in
incongruent SCS-VR, 3%
in VR only)

NR, not reported; BPD, body perception disturbance; CRPS, complex regional pain syndrome; SCI, spinal cord injury; SCS, spinal cord stimulation; PLP, phantom limb pain; 1PP, first-person perspective; TDCS, transcranial direct current
stimulation; fb, feedback; sig, significant; Nsig, not significant.





OPS/xhtml/Nav.xhtml


Contents





		Cover



		Altered bodily perceptions in chronic neuropathic pain conditions and implications for treatment using immersive virtual reality



		Introduction



		Search Criteria











		Neuropathic Pain Conditions And Their Associated Perceptual Distortions



		Peripheral Neuropathic Pain



		Central Neuropathic Pain



		Other Conditions











		Conclusion And Future Research



		Author Contributions



		Funding



		References

















OPS/images/crossmark.jpg





OPS/images/fnhum-16-1024910-g001.gif





OPS/images/cover.jpg
’ frontiers

Altered bodily perceptions in
chronic neuropathic pain
conditions and implications for
treatment using immersive virtual
reality









OPS/images/logo.jpg
’ frontiers )
in Human Neuroscience





