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Abstract: The present work investigates the application of virtual reality (VR) technology to neurorehabilitation. By consulting a wealth of data, the advantages of VR in neurorehabilitation are introduced, followed by the application status of VR in the rehabilitation of stroke patients, Parkinson’s patients, mental and psychological diseases. Besides, many research experiments on the application of VR technology in rehabilitation medicine at the present stage are investigated. The results indicate that compared with traditional balance training, the VR-based neurological rehabilitation training method can more effectively ease the tilt degree and strengthen the trunk control ability and balance function of patients with post-stroke tilt syndrome. When the effect of traditional rehabilitation training on the gait and balance of Parkinson’s patients is not good enough, VR-based rehabilitation training can at least be used as an alternative therapy. Moreover, VR games have made great breakthroughs in promoting limb rehabilitation and brain injury rehabilitation, which is of incredible benefit to those with motor and activity disorders. It is also beneficial to the treatment and recovery of mental disorders of patients with nerve injury. Although VR still has limitations such as high cost and technical breakthrough bottleneck, it has great advantages in relieving pain, enhancing interest, and recovering patients’ mental health in neurological rehabilitation training.
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1  Introduction

With the joint promotion of national policies, capital, and technology, rehabilitation medicine has become a substantial part of modern medicine worldwide. With the continuous influence of foreign experience in the development of rehabilitation medicine, the continuous improvement and opening of domestic policies of China, new models and new technologies of rehabilitation medicine emerge in an endless stream [1]. The disease spectrum changes from the aging of China’s population, the rehabilitation demand of seniors for high-risk diseases, and the demand due to chronic disease disabilities continuously expand the application range of the rehabilitation medical industry. Based on traditional medical concepts, the precision rehabilitation medical system integrates modern information technologies and intelligent network platforms, such as the medical Internet of Things, telemedicine, and big data intelligent decision engine. These devices perceive and monitor human life characteristics through embedded wearable devices, collect and return information related to rehabilitation, and offer medical intervention information and treatment plan [2–4]. In the process of diagnosis and treatment, the big data intelligent decision engine performs data analysis and mining, mathematical simulation, and image analysis to obtain or transmit information, diagnose and evaluate disease risk, make intelligent judgments and decisions, and display and provide intervention measures.

Digital precision rehabilitation medical system is an expert system established through high-tech means. It is the extension and amplification of human wisdom in the medical field through machines and artificial intelligence (AI). Wang et al. [5] investigated the information demands for Coronavirus Disease 2019 (COVID-19) in Chinese Online Health Communities (OHCs). Specifically, they conducted topic mining and data analysis based on the questions and answers about COVID-19 in six Chinese OHCs. Virtual Reality (VR) is a technology that produces virtual effects for the human senses. It has been extensively used in the field of rehabilitation therapy [6], such as cognitive rehabilitation including attention deficit, spatial perception disorder, and memory disorder, rehabilitation of mental diseases such as anxiety, depression, and phobia, and rehabilitation of motor disorders such as poor balance and coordination ability. These applications have achieved excellent rehabilitation effects [7] and draw much attention from related scholars, especially in the field of neurological rehabilitation. Imbimbo et al. [8] noticed that the cognitive reserve (CR) might influence the rehabilitation outcome, helping to address the patient toward technological or conventional rehabilitation. Therefore, they investigated how CR affected motor rehabilitation outcomes in Parkinson’s patients who underwent VR rehabilitation, aimed at improving walking and balance. Clark et al. [9] evaluated the effectiveness of robots and VR technologies for neurorehabilitation of stroke survivors. Before considering the combination of these techniques and the complexity of the evaluation of rehabilitation outcomes, the authors examined each rehabilitation technique in turn. They found that there was high-quality evidence supporting that upper-limb robotic rehabilitation technology could improve the movement, strength, and activities of daily life; moreover, VR training (VRT) allowed the creation of the most applicable practical environment and incorporation into computer-generated multi-sensory images. Lee et al. [10] investigated the upper limb function and quality of life of community residents with chronic hemiplegia in a virtual training program based on Rapael smart gloves [11]. They selected 36 outpatients who were diagnosed with their first stroke to receive a therapeutic rehabilitation program at the local rehabilitation unit, and randomly assigned participants to a non-immersive VRT (intervention) group and a recreational activity (control) group. Their experimental results indicated that after completing the non-immersive VRT, the intervention group showed a significantly higher Wolf Motor Function Test (WMFT) score. Choi et al. [12] explored the effect of wearable multi-inertial sensing VR rehabilitation systems in improving the upper limb function of children with brain injury. They experimented to evaluate 80 children with brain injuries, including patients with cerebral palsy between the ages of 3 and 16, and implemented 30 minutes of VR intervention and 30 minutes of conventional occupational therapy on the intervention group. Their experimental result showed that the VR group had more significant improvements in upper limb dexterity, the performance of daily living, and forearm supination (p < 0.05).

In summary, the application of VR in rehabilitation therapy has been proven to have brilliant effects. Although conventional occupational therapy is effective for upper limb training, VR has advantages in enhancing flexibility, activities of daily living, and active forearm supination, and has significant effects on children with more severe dyskinesias. VR can be used as an auxiliary means of medical rehabilitation in the future.

2  VR Technology

VR uses an interactive simulation created by computer hardware and software to generate an artificial environment through a computer, giving people an immersive feeling [13]. VR can also provide participants with the opportunity to participate in an environment that has a similar look and feel to real-world objects and events. Participants interact with the projected images, manipulate virtual objects, perform activities in the task program, and receive various forms of feedback through the environment, the most common being visual and auditory feedback, and real-time feedback and instant effects. This provides diverting experience for people in movement study [14]. The application fields of VR are becoming even more extensive. For example, simulated tourism through VR technology can help people set more reasonable tourism routes in reality, liberate cultural relics from geographical restrictions, and display global scenic spots and historical sites stereoscopically. In addition, an interactive three-dimensional (3D) shopping environment can be generated through VR, which breaks through the limitations of time and space [15]. VR can also change the traditional game mode using keyboard, mouse, and fingers, allowing players to play games with their heads, hands, feet, and even the entire body [16]. At present, VR technology has been successfully integrated into many fields such as medicine, psychology, and rehabilitation, and it has been proved to have an active role in the treatment of balance disorders caused by various neurological diseases. Fig. 1 shows the application of VR technology in various fields.
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Figure 1: VR technology application field

2.1 Advantages of VR in Rehabilitation

VR rehabilitation has the following advantages in terms of training intensity and rehabilitation motivation. It can stimulate patients’ participation by improving game elements to increase entertainment. Besides, it can increase the repetitiveness of the task by assigning the rules of the game to a task to encourage patients to participate. Flexible and individualized rehabilitation schemes can also be formulated by VR rehabilitation according to the patient’s motor dysfunction to realize gradual rehabilitation. Moreover, VR can provide real-time feedback during exercise and increase participation and pleasure in rehabilitation tasks of patients [17–19]. The VR rehabilitation system can be used as an auxiliary treatment for routine rehabilitation without the direct supervision of the therapist, as well as a remote or home rehabilitation tool, such as VR game consoles and rehabilitation robots. Furthermore, utilizing motion sensors combined with a scene simulation system for rehabilitation training in VR scenes can realize the evaluation and tracking of patients’ motion functions.

2.2 VR Equipment

A general VR device is equipped with at least a screen, a set of sensors, and a set of computing components. Fig. 2 shows the composition of VR equipment. The screen can display the analog image projected onto the user’s retina. Sensors can sense the user’s rotation angle. The computing component collects sensor data and determines what is displayed on the screen [20]. During physical rehabilitation, the patient’s body shape change and position movement must be captured by the motion tracking sensor and simultaneously transmitted to the virtual object in VR [21]. Sensors that track patient motion must have accessories with motion visualization functions, including mice, joystick, depth-sensing cameras [22], electromagnetic sensors [23], inertial sensors, bending sensors, and data gloves. Sensor technology to identify movement is also crucial in VR rehabilitation.
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Figure 2: Composition of VR equipment

There are wearable VR devices and non-wearable VR devices for recognizing upper limb rehabilitation exercises [24]. Non-wearable devices include vision sensors and robot-based controllers or three-degree-of-freedom controllers (used alone or in combination). Wearable devices cover devices that use data gloves and devices that use the exoskeleton. Sensing cameras in non-wearable devices have been upgraded from web cameras that track markers or color patches to depth-sensing cameras that track body or hand signals. In this way, the user’s movement can be perceived without obstacles in a limited space.

3  Application Status of VR in Neurorehabilitation

3.1 Application of VR in Stroke Rehabilitation

Stroke is one of the main causes of adult disability. Due to various dysfunctions secondary to stroke, many stroke patients are unable to take care of themselves completely in life. In addition to having a serious impact on the quality of life of patients, it also brings a heavy burden to their families and society [25–27]. Stroke has caused many disabilities and a tremendous socio-economic burden worldwide. Although the incidence of age-standardized stroke has declined in most regions, the incidence of stroke due to an aging population has increased. There are about 2 million new stroke patients in China each year, and 70% to 80% of them cannot live independently because of disability. Peng et al. [28] constructed a model based on hybrid feature selection and XGBoost for hypertension detection and prediction. After successfully using Lasso regression to identify factors related to hypertension, they used the XGBoost model to predict hypertension. Stroke is prone to cause various life dysfunctions in patients after surgery. For example, many patients suffer from tilt syndrome with balance disorders during the acute phase of stroke recovery. Moreover, the severity of balance disorder is also related to the severity of the disability of stroke patients.

In the process of rehabilitation training, functional training and specific task training are the key elements of treatment, designed to help stroke patients restore motor control and achieve normal functional movement patterns [29]. Rehabilitation training for stroke patients focuses on the affected limbs or bilateral symmetrical movement through exercise reeducation to effectively improve the movement control and strength of the patient’s body and limbs [30]. Based on the theory of motor learning, task-oriented intensive training, i.e., more doses and exercises and repetitive training, can promote neuroplasticity, thereby promoting sports recovery. Meanwhile, the rehabilitation of stroke patients is usually carried out in standardized treatment rooms and clinical environments. These sites are more monolithic than outdoor environments and lack complex individual and community settings to meet the multitasking needs of stroke patients. VRT aims to improve neuroplasticity by providing a safe and enriching environment and increasing the number of repetitions, exercise intensity, and motivation to comply with interventions when performing specific functional tasks. Fig. 3 reveals the intervention process of VR rehabilitation of stroke patients commonly used in rehabilitation training centers in China.

[image: images]

Figure 3: The intervention process of VR in rehabilitation treatment of stroke patients

3.1.1 Effect of VR on the Balance Function of Patients with Post-Stroke Tilt Syndrome

Tilt syndrome–Pusher Syndrome (PS) [31] is a serious postural control disorder that occurs during the recovery from brain injury. It is characterized by the patient leaning to the affected side under various postures (e.g., sitting and standing) and obstructing the correction of weight transfer to the midline of the body or across the midline to the non-paralyzed side. In addition to poor sitting balance and standing balance, they also have a reduced ability to turn, transfer, and walk. Studies have shown that 5% to 63% of stroke patients will exhibit tilt syndrome, and PS seriously affects the patient’s balance ability.

Robot-assisted gait training provides huge therapeutic advantages for functional activities of posture control [32]. Park et al. [33] studied the impact of robot-assisted gait training using VR and auditory stimulation on the balance and gait ability of stroke patients. The authors randomly divided all subjects into three groups. Among them, 12 subjects consisted of a VR robot-assisted gait training (VRGT) group [34], 12 subjects were in the Auditory Robot Gait Training (ARGT) group, and 16 subjects were in the control group. The subjects received VR and auditory stimulation, meanwhile received robot-assisted gait training for 45 min each time, 3 times a week for a total of 6 weeks, and received general physical therapy for 30 min, five times a week for 6 weeks. Experimental results showed that the Berg balance scale [35], timed up and go test [36], and 10-meter walk test [37] scores significantly improved post-intervention (p < 0.05). Berg Balance Scale. This proved that the balance and gait ability after VRGT were improved compared with general physical therapy, and it was found to effectively enhance the functional activity of stroke patients.

De Luca et al. [38] utilized the interactive semi-immersive program (I-SIP) [39] and BTs-Nirvana’s VRT [40] to affect the cognitive function recovery of stroke patients. The authors randomly divided 12 subjects into two groups, namely the experimental group and the control group. The experimental group received BTs-Nirvana VRT, while the control group received standard cognitive therapy. Besides, both groups received the same routine physical therapy plan. Each course lasted 45 min and was repeated 3 times a week for 8 weeks. The experimental group showed greater improvement in trunk control test (p = 0.03), Montreal cognitive assessment (p = 0.01), selective attention assessment score (p = 0.01), language memory (p = 0.03), etc. They concluded that VRT and I-SIP were useful supplementary treatments, which could promote the functional recovery of stroke patients in attention, visual space defects, and motor function [41,42].

Qian et al. [43] studied the impact of VR-based exercise on the physical, psychological, and rehabilitation outcomes of different groups of people. Through 9 databases including Academic Search Premier and PubMed, they retrieved 246 articles with keywords such as VR, Sport Intervention, Physiology, Psychology, and Rehabilitation. They found that four articles studied the impact on psychological outcomes, and three showed positive effects. For example, VR exercise could relieve fatigue, tension, and depression, promote calm, and improve the quality of life. Besides, nine articles investigated the effects of VR-based exercise on physical and/or psychological outcomes of rehabilitation, and six articles observed significant positive changes. In detail, patients suffering from chronic stroke, hemodialysis, spinal cord injury, early cerebral palsy, and cognitive decline usually used VR-based exercise to get improvement.

Therefore, rehabilitation training based on VR technology can effectively ameliorate the tilt degree, trunk control ability, and balance function of patients with post-stroke tilt syndrome than traditional balance training, and significantly improve the depression status of patients. Furthermore, compared with traditional sports, VR sports may have a positive impact on the individual’s physical, psychological, and rehabilitation results.

3.1.2 Effect of VR on the Functional Recovery of Upper Limbs after Stroke

In the early 20th century, the theory of rehabilitation medicine based on neurophysiology was extensively developed. Correspondingly, a series of related treatment methods have emerged, such as Proprioceptive Neuromuscular Facilitation [44], Brunnstrom therapy [45], Bobath therapy [46], multiple sensory stimulation therapy, and Motor Relearning Program [47]. With the progress of neuroplasticity research, treatment methods have also undergone rapid changes based on the theoretical basis of neurological function reorganization, such as compulsory exercise therapy, Constraint-induced Movement [48], and Mirror therapy [49]. These treatment methods have been widely used in the clinical rehabilitation of upper limb function of stroke patients. There are also many research advances in VR technology in the recovery of upper limb function of stroke patients.

Kim [50] studied the impact of VR rehabilitation programs on upper limb function and daily living activities of stroke patients. The subjects were randomly divided into an experimental group with a VR rehabilitation plan and a control group receiving traditional occupational therapy. The intervention was applied five times a week for 30 min each time for six weeks. The scholars conducted the Jebsen-Taylor hand function test [51] to measure the subjects’ manual function test, check the upper limb function before and after the treatment intervention, and calculate the Barthel index to observe their daily activities. The results showed that after the intervention, the upper limb function and activities of daily living of the two groups of participants were significantly improved (p < 0.05). Besides, the improvement of these parameters of participants in the VR rehabilitation program was incredibly greater than that of the control group.

Kim et al. [52] focused on the effect of the new rehabilitation system Rapael smart gloves [53] on the upper limb recovery of patients with subacute stroke. They recruited 41 subacute stroke patients with hemiplegia to receive 40 treatments over four weeks, five times a week for one hour a day. The experimental group took each lesson includes 30 min of training using smart gloves and 30 min of training using conventional Occupational Therapy (OT) [54]. The control group received regular OT for 60 minutes every day. The authors performed the functional evaluation and functional near-infrared spectroscopy measurement before the intervention, immediately after the intervention, and 1 month after the intervention, and repeatedly measured variance for statistical analysis. Results indicated that the experimental group obtained higher scores than the control group (p < 0.05) in all sub-tests of the Failure Mode Analysis [55] of upper limb parameters and the Jebsen-Taylor hand function test [56].

Song et al. [57] evaluated the effect of a virtual training program using Rapael smart gloves on the upper limb function of stroke survivors with chronic hemiplegia. They selected ten chronic hemiplegic stroke survivors who were diagnosed with their first strokes for treatment and rehabilitation at the rehabilitation center. All participants used the VR program with Rapael smart gloves for 30 min 3 days a week for 8 weeks. They also received the regular OT for 40 min 3 days a week for 8 weeks as additional therapy. After completing the eight-week intervention, all participants had improved WMFT [58], Jebsen-Taylor hand function test, grip strength, and cross-country scores compared to their respective baseline before the intervention.

Therefore, VR technology combined with task-oriented training can improve the upper limb function and daily living skills of stroke patients, bringing about a better treatment effect task-oriented training.

3.2 Application of VR Technology to Recovery from Parkinson’s Disease (PD)

PD can impair the movement and coordination of people. More than 10 million people worldwide are affected by it. Approximately 60,000 Americans are diagnosed with PD each year, and by 2020, there were nearly 1 million Parkinson’s patients. Parkinson’s patients may face challenges in vision, cognition, and mobility with the development of the disease and the side effects of certain drugs. Visual impairment can make it difficult to distinguish objects, perceive depth, and safely manipulate space. Changes in cognitive abilities may make previously automated tasks (such as walking) more troublesome [59,60]. Although drug treatment can delay the progression of PD, many patients eventually develop limb motor dysfunction, especially limb balance disorder. These limb dyskinesias can lead to patients with reduced fine movement ability, limited motor ability, and reduced self-care ability, seriously affecting the patient’s quality of life. The rehabilitation treatment methods for PD include physical therapy, OT, and walking training. The gait test process of rehabilitation therapy for Parkinson’s patients frequently adopted by the National Rehabilitation Medical Center is shown in Fig. 4. Some new treatments are emerging, such as motor imagery therapy, behavioral observation therapy, VR, rehabilitation robots, and game training.
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Figure 4: Gait test process of the rehabilitation treatment for Parkinson’s patients

In recent years, VR, as a therapeutic tool, has become a new topic in neurorehabilitation research. Lei et al. [61] pointed out that from the perspective of kinesiology learning, VR provided the possibility of high-intensity, task-oriented, multi-sensory feedback training, which could promote the visual, auditory, and tactile input of patients and increase the patient’s interest in the rehabilitation process. Besides, the immersive or non-immersive virtual environment could effectively improve the patient’s treatment compliance. At this stage, VR technology has become a promising tool for the research and rehabilitation of Parkinson’s patients with gait and balance disorders, because it allows users to participate in a rich and highly personalized complex environment [62]. Canning et al. [63] reviewed the basic principles and evidence for the use of VR in the evaluation and rehabilitation of patients with PD, made recommendations for future research, and discussed the use of VR in clinical practice. In the assessment of Parkinson’s patients, VR has been used to manipulate the environment to enhance research into the behavioral and neural basis of gait and balance, and to improve the understanding of the motor cognitive neural circuits involved.

Maggio et al. [64] evaluated the effect of using the BTS-Nirvana (BTS-N) system [65] for VRT on the cognitive and behavioral recovery of Parkinson’s patients. BTS-N is a semi-immersive treatment system for sports and cognitive rehabilitation of patients with neurological diseases by creating virtual scenes that patients can interact with. The authors recruited 20 Parkinson’s patients undergoing neurorehabilitation therapy and randomly divided them into 2 groups, i.e., the experimental group used BTS-N for semi-immersive VRT, and the control group received traditional cognitive training. They evaluated each participant before and immediately after the end of each training that was performed three times a week, lasting 60 min for 8 weeks, with a total of 24 times in each group. They ultimately found that compared with the control group, the experimental group had greater improvement in cognitive function in terms of executive and visuospatial ability. The results of the study indicated that rehabilitation through new VR instruments might be a valuable tool for improving the cognitive and behavioral outcomes of Parkinson’s patients.

VR is a common intervention for the rehabilitation of patients with neurological disorders. Chen et al. [66] determined the short-term effect of VR on balance and compared it with the effect of active intervention in Parkinson’s patients. The authors conducted fourteen randomized controlled trials, including 574 individuals eligible for qualitative analysis, of which 12 studies involving 481 individuals were identified as eligible for meta-analysis. Analysis results showed that compared with active intervention, VR improved the Berg balance scale score (mean difference = 1.23; 95% CI = 0.15 to 2.31; I2 = 56%). After sensitivity analysis, the results of dynamic gait index and functional gait assessment were also significant (mean difference = 0.69; 95% CI = 0.12 to 1.26; I2 = 0%). Both provide moderate statistical evidence. However, the Timed Up & Go Test (TUGT) and the Activities-Specific Balance Confidence Scale did not differ significantly. They concluded that existing moderate evidence of the effectiveness of VR with the Berg Balance Scale, Dynamic Gait Index, and Functional Gait Assessment for individuals with PD was promising. Moreover, although these differences did not reach the clinically important threshold of change, VR was comparable to active interventions and could be regarded as adjuvant therapy for the balanced rehabilitation of patients with PD.

Lina et al. [67] evaluated the influence of VR on balance, motor function, gait, and ability of daily living activities of Parkinson’s patients. The authors independently screened related articles for inclusion, extracted data, and evaluated quality, included 12 randomized clinical trials involving 360 patients with PD. They found that VR could improve balance, measured by the Berg balance scale (fixed model weighted average difference = 2.28, 95% CI = 1.39 to 3.16, p < 0.00001); strengthens motor function, evaluated by TUGT (fixed Model weighted average difference = –1.66, 95% CI = –2.74 to 0.58, p = 0.003); passed the 10-meter walking test time (fixed model weighted average difference = 0.13, 95% CI = 0.02 to 0.24, p = 0.02) evaluation Gait ability of patients with PD. Moreover, VR could improve the ability of individuals to perform activities of daily living, assessed by modified Barthel index [68] (fixed model weighted average difference = 2.93, 95% CI = 0.8 to 5.06, p = 0.007). These research results indicated that VR rehabilitation could help improve the balance, motor function, gait, and activities of daily living in patients with PD.

To sum up, VR rehabilitation training can achieve the same effect as traditional rehabilitation training, and has better performance in the gait and balance of Parkinson’s patients. On the whole, when traditional rehabilitation training is not good enough for the gait and balance of patients with PD, VRT can at least be used as an alternative therapy. Of course, this therapy requires a more rigorous large-sample and multi-center randomized controlled trial design to provide a stronger evidence-based basis for verifying its potential advantages.

3.3 Role of VR Games in Neurological Rehabilitation

In the ever-changing technological era, the trend of VR is undoubted. It can improve the sound, stage, and game effects to the extreme, and bring the audience a new audio-visual experience. It has been noticed that VR, which has emerged in concerts by major domestic and foreign artists, adds a sense of technology to the gorgeous stage. VR is also a human-computer interaction (HCI) technology currently used to assist disease treatment. It is a computer simulation system that can create a virtual world. The 3D digital model composed of computer graphics is compiled into the computer to create a realistic virtual environment and make users feel immersed. This is the VR immersion [69] or presence [70]. Based on the sense of presence, users can experience different identities and explore different forms of self. In traditional video games, users are mainly involved in vision and thinking. In VR technology, the users immerse themselves in the virtual environment in the form of an entire biological entity, where they can fully mobilize their visual imagination, and fully stimulate and express consciousness and emotions.

The reason why video games can assist in the treatment of diseases may be the use of psychological theories in games. Patients can vent their emotions to control their behaviors by playing games. The HCI can interfere with patients’ cognitive and behavioral skills, ease emotional and physical symptoms, and adjust immune effects accordingly, furnishing certain therapeutic effects [71,72]. Nowadays, the adjuvant therapy of video games has shown a vigorous trend worldwide, and it can play an auxiliary role in the treatment and rehabilitation of mental illness. Serious games have also made great breakthroughs in promoting physical rehabilitation and brain injury rehabilitation, which are very valuable to people with movement disorders and mobility impairments. For example, some somatosensory games can be used in VR scenes to arrange training tasks such as grasping and stepping to help Parkinson’s patients with symptoms such as limb dyskinesia and abnormal gait recover their posture and gait. In addition, VR allows epilepsy patients to control the flight path of the aircraft through brain waves when playing a flying game. This method helps to stimulate the patient to generate the trace current of normal human brain waves, and there are currently clinical application cases. Fig. 5 illustrates a summary of the methods that VR games are often used to help with upper limb rehabilitation training in Chinese rehabilitation training centers.
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Figure 5: VR games-assisted upper limb rehabilitation training

Karamians et al. [73] compared the therapeutic effects of VR games with those of traditional physical therapy, and utilized a random-effects meta-analysis model to qualify the proportion of people recovering after rehabilitation training in VR games. They also studied studies on whether the effect of VR on neurological rehabilitation therapy was different because of the pathological characteristics or therapeutic factors of participants. They found that VR game intervention improved the rehabilitation effect up to 28.5%; when computer training involved game components rather than just visual feedback, the overall therapeutic benefit was much greater (10.8%); meanwhile, VR game intervention showed a significant therapeutic advantage over active control therapy (10.4%).

Qidwai et al. [74] explored the feasibility of Electroencephalogram (EEG) and (Electromyography) EMG combined with a VR game system in the direction of relief and rehabilitation of facial paralysis. They selected a 23-year-old female patient with facial paralysis as a single case for a 10-day exercise program (days 2–11) using immersive VR equipment, randomly launching virtual animations in an unpredictable test mode. In this experiment, they collected the EEG and EMG patterns corresponding to the upper quadrant of the face at baseline, post-intervention, and follow-up. The survey results showed that muscle activation gradually improved in response to impulsive and unpredictable activities in the virtual environment provided by immersive VR equipment. The case report found a positive correlation between VR, EMG activation in the upper quadrant of the face, and EEG pattern changes after intervention.

Loss of arm function and hand mobility can reduce the independence of activities of daily living in patients with multiple sclerosis (MS) [75]. Jonsdottir et al. [76] verified the feasibility and effectiveness of a serious game method to supervise the upper limb rehabilitation of the larger affected arm of MS patients and the cross effect on the untreated arm. They investigated eighteen people with moderate to severe MS symptoms (mean age 56.1 (range 28–73) years; average disease duration 17.6 (4–35) years). Each participant underwent 12 serious and supervised games (45 minutes, 12 times) aimed at improving the most severely affected upper limbs. The authors chose Nine Hole Peg Test [77] and Box and Blocks Test [78] for validation and used the Visual Analogue Scale [79] of EuroQual-5DL [80] to evaluate the perceived health before and after the intervention. Besides, they adopted non-parametric tests and set p to 0.05. Analysis proved that after serious game training, participants’ bilateral mobility and arm function improved (10%–18%); however, only the treatment group had a statistically significant improvement (p < 0.05). Moreover, perceived mental health improved after training (p < 0.05), but perceive physical health did not. They found that clinical interventions using the VR method of serious games had a positive impact on the arm recovery of patients with moderate to severe MS, mainly improving the treated arm, but positively affecting the untreated arm. Moreover, these people were motivated during the intervention and expressed willingness to continue this training at home as part of the continuity of care.

It is worth emphasizing that video game therapy cannot completely replace traditional medical therapy. However, video games are superior to traditional therapies in assisting the treatment of diseases. Through interesting HCI, it can increase the interest of patients and enhance the motivation of patients to treat diseases, which is conducive to disease treatment. Many patients have benefited from video game-assisted therapy. In the future, the application of video games to medical treatment will gradually become popular and expand, but its drawbacks will become increasingly obvious. It is not recommended to rely solely on one treatment for any disease problem. Reasonable adjustment of the body and mind and maintaining an optimistic attitude are the prerequisites for obtaining obvious therapeutic efficacy.

3.4 Application of VR Technology to Rehabilitation Treatment of Mental Illness

VR is a new way of HCI created by computers and the latest detection technology. In brief, VR creates a virtual world, but users think everything is real. So far, VR has not only attracted people’s attention to the field of computer graphics, but also involved a wide range of fields, including video conferencing, network technology, and distributed computing technology. In the field of collaborative design, there is a technology called VE, which allows engineers to interact with the prototypes they design in real-time.

In addition to watching movies and playing games, VR can also have a more profound impact on humans. The Virtual Human Interaction Lab of Stanford University was established about 15 years ago. Unlike other laboratories, it does not develop new technologies, but focuses on the changes in human thinking and behavior that VR technology can bring. For example, experts use VR technology to create a virtual distress scene for patients with post-traumatic stress disorder (PTSD) to guide them out of the dark mind. Persistent intrusive memories and repeated traumatic scenario dreams will bring psychological pain to patients with PTSD, especially those with childhood trauma, which will affect their lives. In the future, PTSD could be alleviated by VR technology. The subject can return to the “virtual pain site” more realistically, and even the doctor can enter the “virtual pain site” to guide and treat them through communication with the subject.

Although the development of VR in the game field is still constrained by factors such as the high cost of VR equipment, limited audiences, and lack of core VR games, domestic and foreign scholars and therapists have conducted many attempts to use VR technology to assist disease treatment. For example, VR technology has achieved rich results in the treatment of phobias, attention deficit disorder, schizophrenia, anorexia, male sexual dysfunction, and pain relief. For some diseases, it is difficult to achieve the desired results using traditional diagnostic methods or treatment methods, while video games show advantages. For instance, one of the clinical manifestations of autism is a social communication disorder, and it is often difficult for patients to understand human facial expressions in real life. In 2005, a British study found that in a cooperative VR environment, more than 90% of the subjects could accurately recognize human expressions in the virtual environment. Fig. 6 illustrates the specific VR treatment methods for mental and psychological diseases after investigation.
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Figure 6: VR applying to the treatment of mental and psychological diseases

Another example is the diagnosis of schizophrenia. Research has found that cognitive inconsistencies can cause schizophrenic patients to misinterpret things and make wrong judgments. For example, the patient thinks that the tree is blue, the barking of the dog is made by the cow, etc. These behaviors are usually difficult to detect. Israeli researchers began to use virtual games to help patients diagnose diseases as early as possible. With the special glasses designed by the researchers, people can feel different 3D visual effects from their environment. Things in the real environment have 3D sounds, shapes, and directions, which makes cognitive inconsistencies easy to distinguish. The results show that 85% of patients with schizophrenia can be correctly predicted. In the past two decades, there has been a rapid increase in testing the effectiveness and acceptability of VR in the evaluation and treatment of mental health problems. Rus-Calafell et al. [81] investigated the application of VR to psychiatric assessment and treatment. They searched the Web of Science, PsychInfo, EMBASE, Scopus, ProQuest, and PubMed databases, and identified 638 articles that might meet the inclusion criteria, of which 50 articles were included in the review. They concluded that VR provided a valuable method to assess the presence of symptoms in an ecologically effective environment, and facilitated the learning of new emotional and behavioral responses. In summary, VR is a promising method that can be used for the assessment of neurocognitive deficits and the study of related clinical symptoms. Fig. 7 shows a mental health adjustment method using VR combined with brain waves.
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Figure 7: VR mental health adjustment method combined with brain waves

Memory bias (such as overconfidence in false memories) is related to the pathogenesis of delusions. VR can offer an opportunity to observe this prejudice and improve the cognitive insight of mental patients through corrective feedback. Dietrichkeit et al. [82] designed a VR environment for 39 mental patients and 20 healthy controls to elicit false memories and subsequently had to recollect items and faces. They used a stochastic-controlled design where half of the sample received performance feedback on the recollection task to correct overconfidence, and utilized the Baker Cognitive Insight Scale to measure changes in cognitive insights. They concluded that patients with psychosis showed impaired social cognition and there was evidence for impaired metacognition, as patients reported higher cognitive insight despite comparable or worse performance as well as overconfidence relative to controls.

McDonnell et al. [83] collected the data of 64 high-risk individuals with clinical psychosis in a cross-sectional study, including bullying victimization history, interpersonal sensitivity, and state paranoia after exposure to social VR environment. They used an underground trip in London as the scene of the VR experiment. Through result analysis, they found that interpersonal sensitivity fully explained the significant relationship between severe bullying victims in childhood and paranoid concepts in clinical high-risk groups [84]. They also reported that according to the Akaike Information Criterion standard, the best model selected was the complete mediation model: severe bullying→interpersonal sensitivity→status paranoia. Through the results, they found that the severity of bullying was more important than the frequency of bullying when explaining state paranoia. Therefore, they suggested that interpersonal sensitivity was a target for intervention due to its significant role played in the association between being bullied in childhood and paranoid ideation in the clinical high-risk group.

The imagination of memory [85] is to be stored in an interconnected network. To extract part of the memory, the individual must activate a guiding index, which is called “beginning” in psychology. For example, when something wakes up unconsciously, the connection is activated. For example, a person watching a horror movie at home begins to think that he will evoke terrible or fearful memories; even if he hears leaves falling from the window, he feels very bad, just like someone is about to climb in. For another example, when a mother saw other children’s mouths filled with cream bubbles, she cannot help laughing because this scene activates her memories of her children. Therefore, it is essential to grasp the scale when VR technology is used in the treatment of mental illness. Although there are still some practical obstacles, the therapeutic advantages of VR games in rehabilitation medicine are still prominent.

4  Challenges of VR Technology in Neurorehabilitation

4.1 Advantages and Limitations of VR Rehabilitation in Recovery from Stroke and PD

Taking stroke patients as an example, with the assistance of VR rehabilitation robots, patients can carry out active or passive rehabilitation training according to different conditions of patients without the whole process assistance of medical staff. This treatment method can recuperate patients from diseases more efficiently and improve their quality of life. At present, the upper and lower limb rehabilitation robots used in clinics are bulky and expensive, and most of them belong to non-wearable rehabilitation robots. In recent years, the emerging exoskeleton wearable rehabilitation robot is small, lightweight, convenient, and practical, putting forward new requirements for the research and development of rehabilitation robots. The HCI mode of rehabilitation robots in daily clinical contact is monotonous, and they mostly furnish two-dimensional scenes with simple structure and single color, which are far from the sufficient environment for patients’ rehabilitation training. Therefore, higher requirements are put forward for VR technology, which needs to create a highly immersive and interactive scene through 3D vision and hearing effects, form a loop of feedback information and control commands, and strengthen the awareness of patients’ independent participation. The challenges faced by the application of VR technology in neurorehabilitation include several aspects, such as high treatment cost and limited application prospects.

Compared with traditional rehabilitation treatment methods, such as physical therapy, occupational therapy, and speech therapy, the existing rehabilitation robots are costly. If the cost cannot be reduced, the prohibitive cost will inevitably impede the popularization of rehabilitation robots among the public. VR equipment can improve the rehabilitation effect and reduce the medical cost and treatment cost, which can generalize the rehabilitation robot. VR technology can also spice up the training by adopting games and offering patients real-time feedback through the screen and game results, to boost the self-confidence and training compliance of patients. In addition, compared with traditional rehabilitation approaches, VR is easier to operate. Patients can connect online and conduct remote rehabilitation training by terminals in clinics or at home to save labor and reduce technical requirements. This is a rehabilitation method suitable for promoting community and family rehabilitation. However, VR technology has some limitations. First, VR equipment is not popular at this stage. Second, the planning and adjustment results of VR games will affect the training intensity, and sometimes tough games make patients prone to resistance and reduce the degree of cooperation of patients. In addition, VR equipment requires patients to have many left-behind functions, indicating that they can understand and cooperate with treatment with the help of pedal props of the system. Therefore, VR technology cannot be applied to patients with more serious symptoms. Moreover, some patients feel dizzy when wearing VR devices.

Although it has yet to establish itself as a mainstream treatment model, VR technology has changed from an interesting concept to a hot topic in the field of digital medicine. With the in-depth study of this immersive technology by researchers, it is becoming even more clear that this new entertainment technology in life can solve some perennial problems in the medical industry. Freezing of Gait (FoG) [86] is a crucial motor disorder in patients with PD. The pathophysiological mechanism of FoG symptoms is unknown yet, and there are no definite and effective therapeutic drugs and means in clinical practice. FoG disease causes difficulty in walking for patients, increases the risk of falls, and seriously affects the quality of daily life of patients. Hence, there is an urgent need to develop effective rehabilitation treatment techniques. The follow-up work studies the following aspects.

Firstly, the influence of speed and spatial frequency of dynamic vision index on walking motion is only studied in two stages of parameter change. Future research will expand the variation range of displacement velocity and spatial frequency, and find new influence effects. The study of the single-factor effect shall consider the comprehensive effect of two factors, and the study of the double-factor effect may also be one of the directions of future research. Secondly, due to the limitations of EEG detection technology in the laboratory, most of the research on the impact of visual cues on walking adopts the motor imagination test method. Although some studies have confirmed that the EEG signals in the process of movement are similar to the actual moving process, this method has been widely used in many studies on the impact of external conditions on walking. However, it is hoped that the portable and highly sensitive EEG detection technology can be used in the future to obtain the EGG signals during the real walking movement stimulated by visual cues. As a result, analysis of visual signal frequency characteristics, i.e., the time of electroencephalogram signals, will achieve a more informative content for the content design. Finally, the brain is a complex control center, which receives visual signals as well as auditory, vibration, and proprioceptive signals. It is unclear whether the combination of several sensory indicators can more effectively ameliorate the symptoms of FoG. Multi-sensors suggest effective fusion to reduce the symptoms of FoG.

4.2 Advantages and Limitations of VR Games in the Rehabilitation of Mental Illness

VR games have been tentatively applied in the diagnosis and treatment of various diseases. The existing application effect research involves both commercial games and games developed by researchers. Most studies have proved the effectiveness of VR game-assisted disease treatment to varying degrees through empirical research. However, due to the diversity of different research and evaluation tools, the length of intervention, and the flexibility of intervention activities, it is difficult to compare the actual effect of different games. The optimization effect of VR games-assisted disease treatment on traditional therapy is manifested in the following aspects.

VR games can enhance treatment efficiency and effect. The common treatment method for phobia is “flooding therapy”, also known as “implosive therapy” or “impact therapy”. Rothbaum et al. [87], scholars of Emory University School of medicine in Atlanta, pointed out that phobia was mainly due to the memory of some fears, that was, by activating the patient’s fear and then eliminating it in his worried state. In the traditional “flooding therapy”, doctors guide patients into situations that frighten them through imagination through oral narration. However, this method is restricted by both doctors and patients, and there is great uncertainty. Using the “telepresence” of VR technology, patients can directly enter a safe and controllable computer simulation situation.

VR games can enhance the interest and motivation of rehabilitation training. The treatment process of many diseases is lengthy and dull, while VR games can stimulate users’ interest by using multi-sensory stimulation. The reward and punishment rules set in the game and personalized, diversified, and progressive game content can strengthen and keep users’ interest and motivation. Moreover, in traditional therapy, there is a host-client relationship between active physicians and passive patients. In contrast, VR games are user-oriented, which can dramatically enhance users’ active motivation. For example, in a previous study, doctors conducted a six-week monitoring experiment on 26 elderly people; the results showed that the total time of training was more than three times longer than that under the supervision of rehabilitation medical staff. This reveals that interactive games can enable the elderly to exercise spontaneously and do rehabilitation training.

Hoffman et al. [88] found that VR could effectively help patients immerse themselves in the virtual world and achieve the effect of pain relief. They arranged that two patients received dental treatment in three situations in one study: (1) distracted attention with VR; (2) watching movies; (3) without anything. They found that Patient 1 had the highest pain when watching movies and when nothing was used, and the pain was mild in VR; Patient 2 reported mild to moderate pain when watching movies, and almost no pain during VR. From the limited sample of this study, they proved the effect of VR in reducing pain by diverting patients’ attention.

In addition, using VR in the diagnosis of internal diseases can improve the diagnosis rate and reduce the pain of patients. In March 1999, the Mayo Clinic in Minnesota reported that using VR games to diagnose colon cancer allowed doctors to “walk” in the colon as if they were looking for tumors or polyps. The new technology can also enlarge the image of the colon locally, examine small pieces, “cut” them, and expose the intestinal wall so that doctors can better examine them. A study for 70 patients showed that the use of VR technology would make the diagnosis more accurate. The whole scanning process was less than 2 minutes, and the patient did not need to remain calm. Using the most commonly used blood test method, patients have to endure certain pain, and the diagnosis rate is less than 50%. Therefore, by using VR technology to simulate disease reality, doctors’ diagnosis is more direct and intuitive, and doctors’ diagnosis process will not bring substantive pain to patients in reality.

Moreover, VR games can protect patients’ privacy. Patients with obsessive-compulsive disorder (OCD) are more likely to accept the typical treatment method of cognitive-behavioral therapy, including thought stopping, exposure method, and response prevention, which requires massive intervention from doctors. Thought stopping is a method to block forced thinking by diverting attention or external control. For example, when forced thinking occurs repeatedly in the patient, it is feasible to transfer attention by adjusting the alarm sound. The exposure method and response prevention refer to encouraging patients to face and gradually accept situations that lead to forced thinking under the guidance of clinicians. For instance, if a patient is afraid of getting dirty, he will uncontrollably wash his hands repeatedly to ensure that he is not sick. He must insist on not washing his hands during multiple treatments such as exposure to sweat, soles of shoes, handles of public toilet doors, etc., and realize that he will not get sick. Anxiety associated with OCD symptoms will be relieved after multiple treatments until it disappears.

After years of randomized controlled clinical trials and open research, the British Institute of Psychiatry has developed a behavioral therapy project called OCFighter [89], a self-help project for the treatment of OCD. Interactive voice response in this treatment program has been widely tested and praised. This form enables patients to participate in treatment autonomously and provides them with continuous support and supervision. Many users trust OCFighter very much because it reduces the stigma of patients. Research has validated that OCFighter is effective.

So far, there are multitudes of applications related to VR game-assisted disease treatment, which is essentially the assistance and optimization of traditional therapy, rather than negation. Many studies have proved that, to a certain extent, the intervention of VR games has a better effect than traditional therapy. However, in the future, it still needs a wider scope, longer cycle, more scientific, fine, and in-depth application effect research to draw more convincing conclusions. Meanwhile, due to its state and its development stage, it is hard for VR game-assisted disease treatment to avoid some problems and limitations. Nevertheless, with the progress of science and technology and the deepening of research, these problems will be solved gradually. The problems related to the VR game or its use are not uncontrollable. Based on studying the mechanism of VR games on various systems of the human body, targeted monitoring and adjustment are needed. This is not only a research gap at present, but also a direction worth effort in the future.

4.3 Advantages and Limitations of VR Technology in the Rehabilitation of Mental Illness

At present, there is no particularly good way to diagnose and treat mental illness other than psychological counseling and medication. However, according to the latest research report, VR technology can effectively improve the treatment efficiency of mental illness. Meanwhile, people can use VR for emotional counseling in their own homes without worrying about privacy issues. For example, depression is undoubtedly the psychological problem that bothers people the most. The main manifestations of depression are persistent low mood, slow thinking, decreased volition, cognitive impairment, and physical discomfort, and even more serious suicide attempts and behaviors. VR can build a virtual world to evaluate situational memory or to dissolve habitual and selective attention patterns, allowing depression patients to discover that their past thoughts are wrong. Research conducted by the University of London shows that when depressed patients are placed in a VR environment, patients can give themselves more sympathy and treat themselves more tolerantly. VR therapy can make depression patients realize that excessive self-blame is undesirable, and they need to let it go and soothe themselves.

Schizophrenia is a common disease in mental illness. Patients with schizophrenia often have no insight and clear consciousness and normal intelligence. The clinical symptoms of schizophrenia are comprehensive, often involving various obstacles in perception, thinking, emotion, and behavior, and incoordination of mental activities. The treatment of schizophrenia should be carried out as soon as possible, but early schizophrenia is difficult to judge. Researchers from the University of Exeter in the United Kingdom have developed a VR-based mirror game that can give a more accurate early diagnosis report of schizophrenia than a psychological clinic through imitation and interaction. In fact, VR is more excellent in psychological treatment than physical treatment. As a new type of treatment technology, VR technology breaks through the limitations of previous psychotherapy technology, with a very real sense of presence and immersion. This kind of immersion can help the patient to activate the individual sense of fear and also effectively help the patient adjust to the dissonance hypothesis. In addition, the environment of VR treatment is controllable. Through VR equipment, people can perform psychotherapy in a safe environment. At present, VR psychotherapy is still in its early stage. The popularization of VR psychotherapy is still enslaved to factors such as lack of standardization of treatment technology and software, single application, expensive equipment, and high research and development costs.

In general, VR medicine is still in its infancy in terms of breakthroughs in treatment models and practical clinical applications. Through a proliferation of experiments, innovators in this field will further verify the effectiveness of VR medicine. Shortly, the integration of VR and AI, big data, sensors, biofeedback, augmented reality, and other technologies will make VR medical treatment more intelligent. These application cases of VR technology in the field of medical rehabilitation not only show the convenience brought to people by the rapid development of VR technology, but also prove the necessity of the continuous development of VR technology in the future. VR technology allows us to provide some new treatment methods for some of the existing diseases that are difficult to treat. It is believed that in the future, it will help more patients to alleviate the pain of the disease.

Moreover, there are still many hurdles to clear in the large-scale clinical application of VR. Firstly, VR headsets and other hardware need to be designed. At present, these hardware devices are relatively large, not light enough, and not convenient to use. It is difficult for patients to adapt to them because of their sensitivity. Secondly, when using VR therapy, patients will also consider whether insurance companies cover it. In the United States, insurance companies pay for the treatment services of patients, so whether the insurance company includes VR therapy in the reimbursement plan will directly affect the popularization of VR in medical care. Thirdly, VR needs to be integrated with the hospital management system, especially the electronic medical record system. As a digital treatment method, VR technology must be connected to a hospital’s network system to implement more effective tracking of use and prescribing. Finally, VR is a new thing after all, and many doctors are not familiar with the technology and do not understand its application potential. Therefore, VR education and training for doctors and patients still have a long way to go. Although VR faces many obstacles, it is definitely that this novel technology will obtain an increasingly tolerant and open attitude from the health care industry.

5  Conclusion

For a long time, influenced by the view that nerve cells cannot regenerate after death, the academic community has always believed that patients are difficult to recover after severe nerve damage. However, the practice of clinical rehabilitation medicine proves that the function after neurological disease and injury can be recovered. After brain injury, the brain function can be reconstituted to some extent. Many brain injury patients have recovered their impaired nerve function after rehabilitation. In particular, modern medical treatment combined with advanced computer technology brings new hope to neurological rehabilitation medicine. With the continuous enhancement of research, VR is no longer satisfied with the treatment of certain diseases, but is forming a platform. On this platform, various treatment plans can be better deployed to suit the conditions of different patients and meet the individual needs of patients.

Multitudes of studies mentioned here have shown that VR technology combined with task-oriented training in postoperative rehabilitation can effectively improve the upper limb function of stroke patients, and the treatment effect is better than task-oriented training. Moreover, it can effectively improve the quality of life of stroke patients and Parkinson’s patients. VR games have the advantages of relieving pain, increasing the fun of rehabilitation treatment, and enhancing treatment efficiency in the process of neurorehabilitation. Even simulating the patient’s memory through a virtual environment can help treat mental and psychological illnesses. Of course, VR technology also has its shortcomings, such as expensive equipment and low penetration. VR technology involves many uncertain factors and requires a wealth of experiments and research for theoretical support. Experts agree that therapeutic VR will be most effective if researchers and suppliers can find ways to support the technology in a wider range of medical operations. Although many cases have proven the role of VR, it is just a tool. In the medical and health field, tools must have the environment and conditions to use them, and be combined with other treatment techniques or tools. In the medical and health field, tools must have qualified use environment and conditions and be combined with other treatment techniques or tools.
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