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Abstract

:

Burn injuries and their treatment are extremely painful. This study aimed to determine whether virtual reality (VR) could reduce pain during robot-assisted gait training (RAGT) in burn patients by analyzing the cerebral blood flow (CBF) in the prefrontal cortex over time using functional near-infrared spectroscopy (fNIRS). The patients included in this study complained of a pain score ≥5 on a visual analog scale (VAS) during RAGT, which was performed 10 times for 2 weeks. Each session consisted of 15 min of VR application, with a 2-min break, and 15 min without VR. The average values of oxyhemoglobin and deoxyhemoglobin concentrations in the prefrontal cortex on fNIRS were calculated at four stages: temporal delay time with only RAGT, RAGT without VR, temporal delay time with RAGT and VR, and RAGT with VR. The pain scores and CBF were evaluated in sessions 1, 5, and 10 of the RAGT. The mean VAS pain scores were significantly lower (p < 0.05) in the experimental condition than in the control condition. Oxyhemoglobin in the prefrontal lobe significantly increased when RAGT was performed with VR. In conclusion, VR may be a strong nonpharmacological pain reduction technique for burn patients during physical therapy.
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1. Introduction


As the survival rate after burn injuries has greatly improved, owing to the development of acute treatment, the importance of rehabilitation for complications related to burns has also increased. Joint contractures due to hypertrophic scarring and pain are the most common complications caused by burns. The pain experienced when moving the burnt limb can discourage patients from undergoing physical therapy. However, if rehabilitation is not performed due to pain, joint contractures can progress and permanent disability may occur in the burnt limb. Robotic therapy for musculoskeletal disorders is performed to allow intensive and repetitive training to increase the range of motion (ROM) and improve motor function [1]. While the clinical effectiveness of exoskeleton robot-assisted rehabilitation has been confirmed in burn patients [2,3,4], robotic therapy cannot be performed in patients who complain of severe pain during treatment. Therefore, there is a need for research on treatment methods that can reduce pain during robotic therapy.



The primary treatment for controlling burn pain is medication. Nonetheless, medicines alone cannot be used to completely relieve pain because of their possible systemic adverse effects [5]. Hence, nonpharmacological treatment methods, including mental imagery, biofeedback, enhanced control, and hypnosis, have been applied [5]. Virtual reality (VR) is a technology that allows participants to feel as if they are in a virtual environment. Recently, VR has been used in rehabilitation as a distraction intervention [6]. Recent studies have confirmed the positive effects of VR application on both pain intensity and pain anxiety during acute burn treatments and procedures that can cause pain [5,6,7,8,9,10]. While there are several reports on VR applications in burn patients [11], only a few studies have conducted objective evaluations of subjective pain reduction when VR is applied to burn patients.



The mechanism underlying the analgesic action of VR is not clear; nevertheless, it probably involves diverting attention away from the noxious stimulus that initiates pain perception. It is thought that the prefrontal cortex (PFC) plays a key role in modulating pain during an attentional task [12,13]. The changes in cerebral blood flow (CBF) and metabolism due to chronic pain and the effects of various treatment modalities have been objectively measured using near-infrared spectroscopy (NIRS) [14]. NIRS is a non-invasive neuromonitoring technique that can measure the oxyhemoglobin (HbO2) and deoxyhemoglobin (HbR) concentrations in the cerebral blood while the study participants are moving [15,16]. A recent study has confirmed that functional near-infrared spectroscopy (fNIRS) can objectively measure pain perception [17]. The present study aimed to determine whether VR application could effectively reduce pain during robot-assisted gait training (RAGT) in burn patients.




2. Materials and Methods


This study enrolled 33 adult patients with partial-to-full-thickness burns that had spontaneously healed or required skin grafting from the Department of Rehabilitation Medicine at Hangang Sacred Heart Hospital in Korea between June 2020 and July 2021. The present study was registered at ClinicalTrials.gov (identifier: NCT05004766). Additionally, this study was conducted in accordance with the principles embodied in the Declaration of Helsinki and was approved by the Ethics Committee of Hangang Sacred Heart Hospital (approval no.: 2021-013). Written informed consent was obtained from all study participants. Prior to the commencement of the study, all patients rated their most severe pain during RAGT as a score of ≥5 on a visual analog scale (VAS) of 0 to 10, in which 0 represented no pain at all and 10 indicated the worst pain. We included patients aged >18 years with a functional ambulation category score of ≤3 (Table 1). The exclusion criteria were as follows: patients with a history of brain injury, cognitive disorders before burn injury, a medical condition that could have affected the brain structure, problems with weight bearing due to fracture or inflammation, skin disorders that could be worsened by RAGT, and patients with severe pain who could not wear the robot. During the study, the medication dosage was not adjusted to exclude changes in cerebral hemodynamics caused by drugs such as gabapentin or morphine, which could affect brain activation [18].



SUBAR® (CRETEM, Anyang-si, Korea) is a wearable robot with a footplate that assists the patients’ gait. During RAGT, the therapist performed rehabilitation by adjusting the speed, step length, and degree of knee flexion according to the participants’ motor function. SUBAR® allows passive movements of the lower limbs according to the adjusted parameters.



The order in which training was administered was arranged in a block paradigm. Each patient participated in the VR condition, during which RAGT was performed. Each patient also participated in the control condition, during which the participant underwent RAGT with no distractions for the same amount of time spent doing therapy in VR. RAGT was performed 10 times for 2 weeks, from Monday to Friday, for 30 min. Only robotic training without VR was performed for 15 min, and VR and RAGT were performed simultaneously for 15 min (Figure 1).



Using the VR system during RAGT, auditory simulation was applied along with the image of walking on a forest road or coastal road at the same speed as the walking speed of the robot. The VR programs are composed of scenic beauty with the sounds of nature. Each program is a blend of scenes such as the ocean, desert, forest, flowers, waterfalls, and wildlife.



The degree of PFC activation was measured while wearing the fNIRS device (NIRSIT®; OBELAB Inc., Seoul, Korea) on the head during RAGT (Figure 2).



Measurements were performed using a wearable fNIRS, which was fastened to the head using elastic straps inside a plastic cap. The middle of the marker aligned with the middle of the eyes (Nasion in the 10–20 system), and the bottom line of the device was positioned just above the study participants’ eyebrows. This system utilized 24 laser sources (780/850 nm; maximum power under 1 mW) and 32 photo detectors to measure signals from the PFC area. The device had 48 channels with a 3 cm distance between the laser and the detector [15]. The detected signals were filtered using a low-pass (DCT 0.1 Hz) and a high-pass filter (DCT 0.005 Hz) to minimize ambient light noise and motion-dependent noise. Each cycle consisted of four periods of 60 s each (temporal delay time with RAGT, RAGT without VR, temporal delay time with VR, and RAGT with VR (Figure 3).



The degree of PFC activation using NIRS was measured both when VR was applied and when it was not applied. The HbO2 and HbR concentrations in each session were measured on days 1, 5, and 10.



Pain, the primary dependent variable, was measured during training. At the end of each RAGT with VR and RAGT with the control condition, the patients were requested to report the pain score during training on days 1, 5, and 10. All patients verbally rated their pain as a score of 0 to 10 on a VAS, in which 0 represented “no pain at all” and 10 indicated “worst pain”. The patients rated the following factors: (1) how much time they spent thinking about their pain and/or burn wound (endpoints labeled as 0 min, the entire time); (2) how unpleasant the training was (not at all unpleasant to most unpleasant); (3) how much their wound bothered them (not at all bothersome to most bothersome); (4) their worst pain (no pain to worst pain); and (5) their average pain (no pain or worst pain).



Statistical analysis was performed using SPSS version 23 (IBM Corp., Armonk, NY, USA). The values were presented as mean ± standard deviation. Inter-condition scores (the condition with VR and the condition without VR) were compared using the Wilcoxon signed-rank sum test after conducting a normality test, with the significance level set at p < 0.05.




3. Results


On each day, the patients rated pain on the VAS during RAGT for each condition (once after RAGT with VR and once after the control condition). Except for the mean VAS pain rating of botheration (p = 0.12), the mean VAS pain ratings (time spent thinking about pain, unpleasantness, worst pain, and average pain) were significantly higher in the control condition than during VR application on day 1 (p < 0.001, p < 0.001, p < 0.001, and p < 0.001, respectively) (Table 2). The mean VAS pain ratings (time spent thinking about pain, unpleasantness, botheration, worst pain, and average pain) were significantly higher in the control condition than during VR application on day 5 (p < 0.001, p < 0.001, p < 0.001, p < 0.001, and p < 0.001, respectively) and day 10 (p < 0.001, p < 0.001, p < 0.001, p < 0.001, and p < 0.001, respectively).



The results of the analyses conducted on HbO2 in the PFC indicated a significant VR-related PFC activation during RAGT, as compared with the results in the control condition on day 1 (p = 0.03), day 5 (p = 0.03), and day 10 (p = 0.02) (Table 3 and Figure 4). The analysis of HbR in the PFC showed no significant differences between VR application and control conditions on day 1 (p = 0.45), day 5 (p = 0.77), and day 10 (p = 0.18) (Table 3).




4. Discussion


The findings of this study confirmed that VR application during RAGT significantly reduced the pain during training. In this study, the sensory (worst pain and average pain) and affective (unpleasant and bothersome) components of pain were evaluated. The time spent thinking about pain means procedural burn pain. VR reduced the patients’ pain scores for both sensory pain (ratings of worst and average pain) and affective pain (ratings of unpleasantness and botheration). In addition to the pain reduction described by the patients, increased PFC activation, which is the mechanism for the pain reduction with VR, was confirmed.



Pain includes multiple dimensions—sensory, affective, and cognitive. The findings of pain studies suggest that instead of an isolated dimension being involved in pain, it is a network of several interconnected brain dimensions. These brain regions comprise sensory (somatosensory cortex and insula), affective (insula and anterior cingulate cortex), and cognitive (prefrontal cortex [PFC]) dimensions. The PFC is involved in the memory of pain experience, emotion, and cognition. Several studies have shown that the PFC is associated with painful stimulation [15,19]. The PFC is activated when an individual consciously tries to suppress pain. The PFC activation resulting from an increased cognitive load during an attentional task, may inhibit the pain network, leading to diminished pain perception [13].



There is sufficient evidence regarding changes in the sensory and motor areas of the brain in patients experiencing pain. Modulation of these sensory and motor areas has been proven to be effective for pain control [20]. Reducing attention to pain can decrease pain perception. VR training is known to reduce pain by inducing attention to the VR environment [6,21]. Directing the attention to the VR environment as a result of audiovisual stimulation during training reduces pain awareness and increases pain tolerance [5]. Cognitive training with VR can interpret pain and modulate pain input to brain regions, reducing pain perception and pain-associated emotions [22]. Attentional distraction is an important mechanism that contributes to VR analgesia [14,23]. The mechanisms of attentional distraction involve changes in pain-inhibitory circuits [24]. The gate control theory may elucidate the pain reduction mechanism of VR [21,22,23]; that is, VR reduces pain perception by diverting attention away from pain [25]. Unlike other analgesics, which disrupt the C-fiber pathway that relays pain signals to the central nervous system, VR affects pain perception via attention and concentration [26]. Less attention to pain can result in a reduction in the amount of time spent thinking about pain [8,27]. With sensory-perception-motor response, VR has proven to be clinically useful even when applied in rehabilitation for patients with pain [28]. A previous study confirmed that pain is reduced when the motor ability is improved as a result of corticospinal tract stimulation [29]. With these mechanisms, robotic training and rehabilitation using VR have been shown to improve performance [30,31]. The decrease in mean pain ratings when applying VR in both the sensory and affective domains for pain observed in this study was the same as that observed in previous studies.



NIRS shows correlations with neural activities [16]. Brain activation has been confirmed to be highly correlated with HbO2. This phenomenon is reflected by the increase in blood flow to activated brain areas. With respect to the global increase in CBF, the observed hemodynamic change is mainly dominated by the sympathetic nervous system [32]. Pain exerts a substantially greater effect on HbO2 dynamics in the PFC and sensory–motor areas [15,17,33,34]. Given that changes in HbO2 are widely agreed upon as representing cortical activity, the results of several studies suggest that the pain experience is affected by the sensory–motor areas responsible for peripheral sensation and by the PFC, which is mainly responsible for the cognitive aspect of pain [14,35,36]. In this study, it was objectively confirmed by fNIRS that the activation of the PFC, a pain control area, was increased when VR was applied as compared with the control condition, in which only RAGT was performed.



Future studies should further expand the number and duration of virtual worlds used. Whether VR training that integrates multiple sensory and cognitive domains has any effect, as compared with simple distraction, warrants further investigation. Randomized controlled trials exploring the clinical effects of VR on parameters such as physical performance, ROM measurements, and pain during robotic therapy are required. Although this study comparatively analyzed only the degree of PFC activation using fNIRS, it is considered a great advantage in that it could be measured simultaneously during the experiment. The hemodynamic delay time was set from 15 s to <1 min in some randomized crossover trials [37,38]; however, the delay time of 1 min set in this study had the limitation that the “carried over” effect could not be completely excluded. Further randomized controlled trials are likely to be required in the future. Because this study was an open-label study, bias was possible. Nonetheless, the environment other than VR was not affected as much as possible during the study. In future research, we plan to simultaneously perform MRI to analyze pain-related subcortical areas.




5. Conclusions


This study confirmed that VR is an effective method for reducing pain when RAGT is applied to burn scars. Additional research on the value of VR analgesia during burn rehabilitation is warranted because of the potential of VR in new nonpharmacological techniques.







Author Contributions


C.H.S., Y.S.C. and S.Y.J., contributed equally as corresponding authors of this work; S.Y.L., performed data analysis and interpreted the results; J.Y.C., revised the article critically for important intellectual content; J.W.Y. and M.N., were involved in study conception and design. All authors contributed to the writing of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the National Research Foundation of Korea (NRF) grant funded by the Korean government (MSIT) (grant number 2021R1A2C1093082), the Soonchunhyang University Research Fund, and the Hallym University Research Fund.




Institutional Review Board Statement


The study was conducted in accordance with the guidelines of the Declaration of Helsinki and was approved by the Ethics Committee of Hangang Sacred Heart Hospital (approval no.: 2021-013). This study was registered at ClinicalTrials.gov (identifier: NCT05004766).




Informed Consent Statement


Written informed consent was obtained from all participants involved in the study.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Padilla-Castaneda, M.A.; Sotgiu, E.; Frisoli, A.; Bergamasco, M. A robotic & virtual reality orthopedic rehabilitation system for the forearm. Stud. Health Technol. Inform. 2012, 181, 324–328. [Google Scholar] [PubMed]

	



Joo, S.Y.; Lee, S.Y.; Cho, Y.S.; Lee, K.J.; Kim, S.H.; Seo, C.H. Effectiveness of robot-assisted gait training on patients with burns: A preliminary study. Comput. Methods Biomech. Biomed. Eng. 2020, 23, 888–893. [Google Scholar] [CrossRef] [PubMed]

	



Joo, S.Y.; Cho, Y.S.; Lee, S.Y.; Seok, H.; Seo, C.H. Effects of Virtual Reality-Based Rehabilitation on Burned Hands: A Prospective, Randomized, Single-Blind Study. J. Clin. Med. 2020, 9, 731. [Google Scholar] [CrossRef] [PubMed]

	



Joo, S.Y.; Lee, S.Y.; Cho, Y.S.; Lee, K.J.; Seo, C.H. Effects of Robot-Assisted Gait Training in Patients with Burn Injury on Lower Extremity: A Single-Blind, Randomized Controlled Trial. J. Clin. Med. 2020, 9, 2813. [Google Scholar] [CrossRef] [PubMed]

	



Patterson, D.R. Non-opioid-based approaches to burn pain. J. Burn. Care Rehabil. 1995, 16, 372–376. [Google Scholar] [CrossRef]

	



Miller, A.C.; Hickman, L.C.; Lemasters, G.K. A distraction technique for control of burn pain. J. Burn. Care Rehabil. 1992, 13, 576–580. [Google Scholar] [CrossRef]

	



Hoffman, H.G.; Patterson, D.R.; Carrougher, G.J. Use of virtual reality for adjunctive treatment of adult burn pain during physical therapy: A controlled study. Clin. J. Pain 2000, 16, 244–250. [Google Scholar] [CrossRef]

	



Carrougher, G.J.; Hoffman, H.G.; Nakamura, D.; Lezotte, D.; Soltani, M.; Leahy, L.; Engrav, L.H.; Patterson, D.R. The effect of virtual reality on pain and range of motion in adults with burn injuries. J. Burn. Care Res. 2009, 30, 785–791. [Google Scholar] [CrossRef]

	



Maani, C.V.; Hoffman, H.G.; Morrow, M.; Maiers, A.; Gaylord, K.; McGhee, L.L.; DeSocio, P.A. Virtual reality pain control during burn wound debridement of combat-related burn injuries using robot-like arm mounted VR goggles. J. Trauma 2011, 71, S125–S130. [Google Scholar] [CrossRef]

	



Huang, Q.; Lin, J.; Han, R.; Peng, C.; Huang, A. Using Virtual Reality Exposure Therapy in Pain Management: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Value Health 2022, 25, 288–301. [Google Scholar] [CrossRef]

	



Czech, O.; Wrzeciono, A.; Batalík, L.; Szczepańska-Gieracha, J.; Malicka, I.; Rutkowski, S. Virtual reality intervention as a support method during wound care and rehabilitation after burns: A systematic review and meta-analysis. Complementary Ther. Med. 2022, 68, 102837. [Google Scholar] [CrossRef] [PubMed]

	



Hoffman, H.G.; Richards, T.L.; Van Oostrom, T.; Coda, B.A.; Jensen, M.P.; Blough, D.K.; Sharar, S.R. The analgesic effects of opioids and immersive virtual reality distraction: Evidence from subjective and functional brain imaging assessments. Anesth. Analg. 2007, 105, 1776–1783. [Google Scholar] [CrossRef] [PubMed]

	



Bantick, S.J.; Wise, R.G.; Ploghaus, A.; Clare, S.; Smith, S.M.; Tracey, I. Imaging how attention modulates pain in humans using functional MRI. Brain A J. Neurol. 2002, 125, 310–319. [Google Scholar] [CrossRef] [PubMed]

	



Hoffman, H.G.; Richards, T.L.; Coda, B.; Bills, A.R.; Blough, D.; Richards, A.L.; Sharar, S.R. Modulation of thermal pain-related brain activity with virtual reality: Evidence from fMRI. Neuroreport 2004, 15, 1245–1248. [Google Scholar] [CrossRef] [PubMed]

	



Joo, S.Y.; Cho, Y.S.; Lee, K.J.; Lee, S.Y.; Seo, C.H. Frontal lobe oxyhemoglobin levels in patients with lower extremity burns assessed using a functional near-Infrared spectroscopy device during usual walking: A pilot study. Comput. Methods Biomech. Biomed. Eng. 2021, 24, 115–121. [Google Scholar] [CrossRef]

	



Chou, P.H.; Tang, K.T.; Chen, Y.H.; Sun, C.W.; Huang, C.M.; Chen, D.Y. Reduced frontal activity during a verbal fluency test in fibromyalgia: A near-infrared spectroscopy study. J. Clin. Neurosci. 2018, 50, 35–40. [Google Scholar] [CrossRef]

	



Peng, K.; Yücel, M.A.; Aasted, C.M.; Steele, S.C.; Boas, D.A.; Borsook, D.; Becerra, L. Using prerecorded hemodynamic response functions in detecting prefrontal pain response: A functional near-infrared spectroscopy study. Neurophotonics 2018, 5, 011018. [Google Scholar] [CrossRef]

	



Iannetti, G.D.; Zambreanu, L.; Wise, R.G.; Buchanan, T.J.; Huggins, J.P.; Smart, T.S.; Vennart, W.; Tracey, I. Pharmacological modulation of pain-related brain activity during normal and central sensitization states in humans. Proc. Natl. Acad. Sci. USA 2005, 102, 18195–18200. [Google Scholar] [CrossRef]

	



Sakuma, S.; Inamoto, K.; Yamaguchi, Y.; Takagi, S.; Higuchi, N. Changes in prefrontal cerebral hemodynamics during intermittent pain stimulation to gingiva: Preliminary study using functional near infrared spectroscopy. J. Dent. Sci. 2021, 16, 980–986. [Google Scholar] [CrossRef]

	



Joo, S.Y.; Park, C.H.; Cho, Y.S.; Seo, C.H.; Ohn, S.H. Plastic Changes in Pain and Motor Network Induced by Chronic Burn Pain. J. Clin. Med. 2021, 10, 2592. [Google Scholar] [CrossRef]

	



Kipping, B.; Rodger, S.; Miller, K.; Kimble, R.M. Virtual reality for acute pain reduction in adolescents undergoing burn wound care: A prospective randomized controlled trial. Burn 2012, 38, 650–657. [Google Scholar] [CrossRef] [PubMed]

	



Mott, J.; Bucolo, S.; Cuttle, L.; Mill, J.; Hilder, M.; Miller, K.; Kimble, R.M. The efficacy of an augmented virtual reality system to alleviate pain in children undergoing burns dressing changes: A randomised controlled trial. Burn 2008, 34, 803–808. [Google Scholar] [CrossRef] [PubMed]

	



Hoffman, H.G.; Seibel, E.J.; Richards, T.L.; Furness, T.A.; Patterson, D.R.; Sharar, S.R. Virtual reality helmet display quality influences the magnitude of virtual reality analgesia. J. Pain 2006, 7, 843–850. [Google Scholar] [CrossRef] [PubMed]

	



Diers, M. Neuroimaging the pain network-Implications for treatment. Best Pract. Res. Clin. Rheumatol. 2019, 33, 101418. [Google Scholar] [CrossRef]

	



Jones, T.; Moore, T.; Choo, J. The Impact of Virtual Reality on Chronic Pain. PLoS ONE 2016, 11, e0167523. [Google Scholar] [CrossRef]

	



Pourmand, A.; Davis, S.; Marchak, A.; Whiteside, T.; Sikka, N. Virtual Reality as a Clinical Tool for Pain Management. Curr. Pain Headache Rep. 2018, 22, 53. [Google Scholar] [CrossRef]

	



Ford, C.G.; Manegold, E.M.; Randall, C.L.; Aballay, A.M.; Duncan, C.L. Assessing the feasibility of implementing low-cost virtual reality therapy during routine burn care. Burns 2018, 44, 886–895. [Google Scholar] [CrossRef]

	



Pekyavas, N.O.; Ergun, N. Comparison of virtual reality exergaming and home exercise programs in patients with subacromial impingement syndrome and scapular dyskinesis: Short term effect. Acta Orthop. Traumatol. Turc. 2017, 51, 238–242. [Google Scholar] [CrossRef]

	



Soler, M.D.; Kumru, H.; Pelayo, R.; Vidal, J.; Tormos, J.M.; Fregni, F.; Navarro, X.; Pascual-Leone, A. Effectiveness of transcranial direct current stimulation and visual illusion on neuropathic pain in spinal cord injury. Brain 2010, 133, 2565–2577. [Google Scholar] [CrossRef]

	



Chi, B.; Chau, B.; Yeo, E.; Ta, P. Virtual reality for spinal cord injury-associated neuropathic pain: Systematic review. Ann. Phys. Rehabil. Med. 2019, 62, 49–57. [Google Scholar] [CrossRef]

	



Saita, K.; Morishita, T.; Arima, H.; Hyakutake, K.; Ogata, T.; Yagi, K.; Shiota, E.; Inoue, T. Biofeedback effect of hybrid assistive limb in stroke rehabilitation: A proof of concept study using functional near infrared spectroscopy. PLoS ONE 2018, 13, e0191361. [Google Scholar] [CrossRef] [PubMed]

	



Barati, Z.; Shewokis, P.A.; Izzetoglu, M.; Polikar, R.; Mychaskiw, G.; Pourrezaei, K. Hemodynamic response to repeated noxious cold pressor tests measured by functional near infrared spectroscopy on forehead. Ann. Biomed. Eng. 2013, 41, 223–237. [Google Scholar] [CrossRef] [PubMed]

	



Hall, M.; Kidgell, D.; Perraton, L.; Morrissey, J.; Jaberzadeh, S. Pain Induced Changes in Brain Oxyhemoglobin: A Systematic Review and Meta-Analysis of Functional NIRS Studies. Pain Med. 2021, 22, 1399–1410. [Google Scholar] [CrossRef] [PubMed]

	



Hong, K.S.; Bhutta, M.R.; Liu, X.; Shin, Y.I. Classification of somatosensory cortex activities using fNIRS. Behav. Brain Res. 2017, 333, 225–234. [Google Scholar] [CrossRef] [PubMed]

	



Wriessnegger, S.C.; Bauernfeind, G.; Kurz, E.M.; Raggam, P.; Müller-Putz, G.R. Imagine squeezing a cactus: Cortical activation during affective motor imagery measured by functional near-infrared spectroscopy. Brain Cogn. 2018, 126, 13–22. [Google Scholar] [CrossRef]

	



Yücel, M.A.; Aasted, C.M.; Petkov, M.P.; Borsook, D.; Boas, D.A.; Becerra, L. Specificity of hemodynamic brain responses to painful stimuli: A functional near-infrared spectroscopy study. Sci. Rep. 2015, 5, 9469. [Google Scholar] [CrossRef]

	



St George, R.J.; Jayakody, O.; Healey, R.; Breslin, M.; Hinder, M.R.; Callisaya, M.L. Cognitive inhibition tasks interfere with dual-task walking and increase prefrontal cortical activity more than working memory tasks in young and older adultsi. Gait Posture 2022, 95, 186–191. [Google Scholar] [CrossRef]

	



Kim, J.; Lee, G.; Lee, J.; Kim, Y.H. Changes in Cortical Activity during Preferred and Fast Speed Walking under Single- and Dual-Tasks in the Young-Old and Old-Old Elderly. Brain Sci. 2021, 11, 1551. [Google Scholar] [CrossRef]








[image: Jcm 11 03762 g001 550] 





Figure 1. (A) Control condition without virtual reality. (B) The application of virtual reality to a patient during robot-assisted gait training. 
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Figure 2. A patient wearing fNIRS during robot-assisted gait training. 
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Figure 3. Block diagram of the protocol. 
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Figure 4. Reconstructed DOP images of HbO2. (A) Data from day 1, (B) data from day 5, and (C) data from day 10. 
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Table 1. Basic characteristics of the study participants.
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	Participants

(n = 33)





	Male:female
	27:6



	Mean age (years)
	57.55 ± 7.55



	TBSA (%)
	



	Duration from burn to oxyhemoglobin level measurement (days)
	106.82 ± 72.68



	Mechanism of burn, n

FB:EB:SB:CB
	15:6:3:9



	VAS
	8.09 ± 1.01







TBSA, total body surface area; FB, flame burn; EB, electrical burn; SB, scaling burn; CB, contact burn; VAS, visual analog scale.
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Table 2. Comparison of the mean pain scores between RAGT with VR and RAGT without VR.
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Day 1

	
Day 5

	
Day 10




	

	
Control

	
VR

	
p

	
Control

	
VR

	
p

	
Control

	
VR

	
p






	
Time spent thinking about pain

	
8.00 ± 1.79

	
6.09 ± 1.65

	
<0.001 *

	
7.45 ± 1.64

	
5.55 ± 1.75

	
<0.001 *

	
7.64 ± 1.39

	
4.91 ± 1.40

	
<0.001 *




	
Unpleasantness

	
8.00 ± 1.37

	
4.73 ± 1.89

	
<0.001 *

	
7.82 ± 1.42

	
4.55 ± 1.52

	
<0.001 *

	
7.36 ± 1.17

	
4.64 ± 1.69

	
<0.001 *




	
Botheration

	
8.09 ± 1.01

	
7.64 ± 1.39

	
0.12

	
7.82 ± 0.85

	
6.00 ± 1.37

	
<0.001 *

	
7.73 ± 1.07

	
4.82 ± 1.13

	
<0.001 *




	
Worst pain

	
8.64 ± 0.90

	
6.27 ± 1.63

	
<0.001 *

	
8.64 ± 0.90

	
6.18 ± 1.61

	
<0.001 *

	
8.10 ± 1.10

	
4.82 ± 1.36

	
<0.001 *




	
Average pain

	
8.00 ± 0.87

	
4.64 ± 1.75

	
<0.001 *

	
7.64 ± 0.49

	
4.36 ± 1.39

	
<0.001 *

	
7.73 ± 1.07

	
4.45 ± 1.58

	
<0.001 *








RAGT, robot-assisted gait training; VR, virtual reality. Values are presented as mean ± standard deviation. The p-values for between-condition differences were calculated using the Wilcoxon signed-rank sum test (*, p < 0.05), as appropriate.
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Table 3. Comparison of HbO2 and HbR between RAGT with VR and RAGT without VR.






Table 3. Comparison of HbO2 and HbR between RAGT with VR and RAGT without VR.





	

	
Day 1

	
Day 5

	
Day 10




	

	
Control

	
VR

	
p

	
Control

	
VR

	
p

	
Control

	
VR

	
p






	
HbO2

	
0.00026 ± 0.00049

	
0.00055 ± 0.00071

	
0.03 *

	
0.00000 ± 0.00050

	
0.00043 ± 0.00072

	
0.03

	
−0.00020 ± 0.00067

	
0.00014 ± 0.00044

	
0.02 *




	
HbR

	
−0.00014 ± 0.00034

	
−0.00013 ± 0.00046

	
0.45

	
−0.00007 ± 0.00025

	
−0.00014 ± 0.00039

	
0.77

	
−0.0007 ± 0.00028

	
0.00003 ± 0.00026

	
0.18








HbO2, oxyhemoglobin; HbR, deoxyhemoglobin; RAGT, robot-assisted gait training; VR, virtual reality. Values are presented as mean ± standard deviation. The p-values for between-condition differences were calculated using the Wilcoxon signed-rank sum test (*, p < 0.05), as appropriate.
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