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Abstract

:

Background: The society is aging in China, and the cognitive level of elderly post-stroke patients gradually declines. Face-to-face cognitive functional training is no longer sufficient. Immersive virtual reality (IVR) is a promising rehabilitation training device. In this study, we developed an IVR-based puzzle game to explore its effectiveness, feasibility, and safety in elderly stroke patients with cognitive dysfunction. Methods: A total of 30 patients with mild post-stroke cognitive impairment after stroke were randomly assigned to a control or IVR group. Patients in both groups received routine rehabilitation therapy. Patients in the control group received traditional cognitive training, and those in the IVR group received IVR-based puzzle game therapy. Before and after treatment, Montreal cognitive assessment (MOCA), trail-making test-A (TMT-A), digit symbol substitution test (DSST), digital span test (DST), verbal fluency test (VFT), and modified Barthel index (MBI) were evaluated in both groups. In addition, the IVR group was administered a self-report questionnaire to obtain feedback on user experience. Results: There was no significant difference in the baseline data between the two groups. After six weeks of treatment, the cognitive assessment scores were improved in both groups. Moreover, the IVR group showed more improvements than the control group in the DSST (Z = 2.203, p = 0.028 < 0.05, η2 = 0.16); MOCA (T = 1.186, p = 0.246 > 0.05, d = 0.44), TMT-A (T = 1.791, p = 0.084 > 0.05, d = 0.65), MBI (T = 0.783, p = 0.44 > 0.05, d = 0.28), FDST (Z = 0.78, p = 0.435 > 0.05, η2 = 0.02), BDST (Z = 0.347, p = 0.728 > 0.05, η2 = 0.004), and VFT(Z = 1.087, p = 0.277 > 0.05, η2 = 0.039) did not significantly improve. The significant difference in DSST represents an improvement in executive function and visual–spatial cognitive characteristics. The other assessment scores did not show such features. Therefore, we did not observe significant differences through this measure. According to the results of the self-report questionnaire, most of the patients were satisfied with the equipment stability and training content. Several individuals reported mild adverse reactions. Conclusions: This pilot study suggests that IVR-based puzzle games are a promising approach to improve post-stroke cognitive function, especially executive cognitive function, and visual–spatial attention in older adults.
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1. Introduction


The population aging is proceeding at an accelerating rate in China. In 2020, the number of people over 65 years old was 1906.4 million, accounting for 13.5% of the total population [1]. The number of elderly people who are unable to live independently and need help due to cognitive decline and dementia has also relatively increased. Stroke is the leading cause of long-term physical and cognitive impairment and death in China. Cognitive degeneration is significantly faster in elderly patients after stroke than in healthy elderly people [2]. More and more studies are showing that the cognitive function of patients with stroke sequelae will continue to decline [3,4], including global cognition, attention, processing speed, memory, language, perceptual motor skills, and executive function [2,5]. The prevalence of dementia ranges from 7% to 49.8% 1 to 10 years after stroke [3,6,7]. Cognitive impairment not only affects the lives of individuals, caregivers, and families, but also places a heavy economic burden on medical resources. It has become one of the main causes of dysfunction, institutionalization, and death of the elderly in China.



Cognitive training has been proven to improve mild cognitive impairment after stroke [8,9]. The traditional cognitive training pattern usually uses paper and tools, requiring the therapist to interact face-to-face with the patient, and is limited by therapeutic tools that cannot meet the treatment needs. After long-term training, patients feel bored and lose their enthusiasm for training, so their compliance with treatment reduces. With the development of science and technology, cognitive training is no longer limited to the therapist’s manual interventions. The elderly are increasingly aware and accepting of computer technology due to the pervasiveness the Internet, computers, mobile phones, and other electronic devices in daily life.



Compared with traditional cognitive training methods, immersive virtual reality (IVR) is an intelligent technology that uses a head-mounted device (HMD) or cave automatic virtual environment (CAVE) equipped with motion sensors to artificially create a virtual environment similar to the real world. Because it can present three-dimensional objects and create complex visual, auditory, and tactile multisensory virtual environments, it brings people an immersive feeling of daily activities, so is more and more popular in the medical and rehabilitation fields [10]. This nonintrusive multisource stimulation can more effectively improve the level of nerve remodeling in damaged brain regions, which is conducive to rehabilitation therapy [11].



Some studies have applied IVR to improve mood [12,13], balance gait [14,15,16], or limb function [17] in the elderly population; however, there is limited academic evidence on how the elderly after a stroke with cognitive impairment experience IVR [18]. Most studies have focused on cognitive dysfunction in the acute phase [17,18,19], but ignore cognitive decline in the chronic phase. On the other hand, the training content and scene design of IVR are relatively unitary. For example, Huang et al. [20] designed IVR recall scenarios to improve and maintain cognitive function in elderly patients with dementia. Researchers from South Korea improved attention and executive function in patients with MCI by designing a 3D VR program for shopping at a supermarket [21]. Manera et al. [22] tried to develop a kitchen and cooking game to assess and rehabilitate elderly people with MCI and Alzheimer’s. Currently, there are still no systematic and comprehensive cognitive training programs for IVR applications on the market.



To solve these problems, we combined IVR with puzzle games. Puzzle games are patterns with different forms and content and a variety of training programs. Recent studies have indicated that puzzle games are enjoyable; repeatable; easy to operate by the elderly; and can improve attention, visuospatial, and executive functions [23,24,25]. Compared with the literature, the advantages of our method are: the IVR puzzle game system contains plentiful training content, which contains 3 major categories and 16 intelligible puzzle game items from which therapists and patients can choose. Our IVR uses a light HMD, stress-free smart sensor. It is easy for the elderly to understand and operate. Completion of the task is not dependent on motor function, and the proposed IVR is suitable for patients with varying degrees of limb impairment. It can also be combined with rehabilitation equipment during training, which is practical. The game interface is clear and real, producing a strong feeling of “faking the real”. The system has an automatic feedback system and does not rely on human supervision. We selected elderly patients in the chronic phase after stroke and aimed to explore the initial effectiveness, feasibility and safety of this intelligent training system in elderly patients with post-stroke cognitive impairment.




2. Materials and Methods


2.1. Participants


This study was performed from January 2022 to October 2022. A total of 30 elderly patients with post-stroke cognitive impairment were recruited from the Department of Geriatric Rehabilitation, Shanghai Fourth Rehabilitation Hospital. The inclusion criteria were as follows: (1) stroke was diagnosed according to the criteria of Chinese Guidelines for the Prevention and Treatment of Cerebrovascular Diseases; (2) 60 ≤ age < 90 years old, with stroke onset ≥ 6 months; (3) met the diagnostic criteria of PSCI [26]; (4) Montreal cognitive assessment scale (MoCA): 18 ≤ MoCA < 26; (5) Fugl–Meyer motor scale > 85 for at least one upper and lower limb; (6) educational attainment ≥ 9 years. The exclusion criteria were as follows: (1) those who were difficult to evaluate or examine or could not cooperate with instructions; (2) patients with severe hearing impairment, visual impairment, mental disorders, or a history of epilepsy; (3) patients with previous vertigo; (4) those who were participating in other clinical studies of cognitive function at the same time. The discontinuation indicators were as follows: (1) patients who were unwilling to continue the trial; (2) intolerable or serious adverse events occurred, such as severe dizziness, vertigo, or other discomforts, and the investigator judged that the risk to the patients was greater than that to the beneficiaries; (3) during the study period, the patient’s condition deteriorated or had a recurrent stroke; (4) unplanned discharge of the patient.



All individuals signed an informed consent form before the start of the study. The study was approved by the Ethics Committee of Huashan Hospital (KY2022-549) and registered with the Chinese Clinical Trial Registry (ChiCTR2200061932)




2.2. Study Design


In our study, PASS15 software (NCSS LLC., Kaysville, UT, USA) was used to calculate the sample size based on the assumption of equal variance of two samples. We set the power to 0.80 and α to 0.05. The Montreal cognitive assessment (MoCA) was used as the outcome index according to previous similar studies [27]. We considered the cognitive improvement effect of the IVR group was 3.2 higher than that of the non-IVR group as effective, the standard deviation of the individual MoCA was 2.2, and the loss rate was 20%. Finally, 15 cases in the experimental group and 15 cases in the control group were enrolled, for a total of 30 cases.



The 30 individuals were randomly divided into a control group (CG) or immersive virtual reality group (IVRG); each group has 15 individuals. All individuals received routine secondary medicine stroke prevention and 90 min of daily rehabilitation physiotherapy and occupational therapy. After that, individuals in the CG received traditional cognitive training and, those in the IVRG received IVR training. Traditional cognitive training included (1) processing speed and attention training: Schulte table training; (2) memory training: retelling content after seeing pictures such as cards and calendars; (3) computational ability training: performing addition and subtraction operations within 100; (4) executive and problem-solving ability training: such as using building block shapes, picture information classification, and reasoning simulation training. The training content of the IVRG system includes 3 categories: life skills training, exergames and entertaining games; a total of 16 game items are included (Figure 1). The difficulty level of each game is divided into five stars, where one star is the simplest and five stars is the most difficult. Investigators selected one item in each category in turn according to the patient’s interest. Individuals in the IVRG wore head-mounted displays for training and started at the difficulty level of one star. The difficulty of the training was gradually adjusted from simple to complex, and each item lasted 5 min, with 2 min rest between the items. During the treatment, if individuals experienced any intolerable discomfort, the treatment was immediately stopped. The extra intervention time was the same in both groups: 15 min per day, 6 sessions per week, for a total of 6 weeks. Cognitive function was assessed for all subjects before and after 6 weeks of treatment, and self-report questionnaires were administered only for the IVR group after 6 weeks of training. Assessors were therapists who were specifically trained but not involved in the intervention study. The assessment was conducted in a quiet room in the Department of Rehabilitation Assessment. The evaluator was responsible for the evaluation, collecting the evaluation and questionnaire results of all subjects, and making the final statistical analysis.




2.3. Assessments and Questionnaire


The global cognitive function was used as the primary outcome, and the MOCA-Beijing version was used for evaluation [28]. Each score was added to the final score if the patient’s education years was ≤ 12 years plus 1 point, and the highest score was 30 points [29].



Secondary indicators include the trail-making test-A (TMT-A) [30], which assesses attention and information processing speed; the digit symbol substitution test (DSST) [31], which is used to measure executive function and visuospatial attention; the digital span test (DST) from the Wechsler adult intelligence scale IV in China [32], which is used to evaluate performance and memory; verbal fluency test (VFT), animal category [33], which used to assess language ability; and modified Barthel index (MBI) [34], which is used to assess activities of daily living.



TMT has good objectivity and is recommended by the National Institutes of Neurological Disorders and Stroke–Canadian Stroke Network (NINDS-CSN) as one of the three scales to evaluate executive function [35]. DSST is relatively independent of intelligence, education, and age, and is suitable for the elderly [31]. DST includes the forward digit span test (FDST) and backward digit span test (BDST). There are 10-digit strings in the FDST and 9-digit strings in the BDST. They measure immediate memory or short-term memory, attention, and working memory [32]. VFT is a simple measure of semantic fluency that requires individuals to name as many animals as possible in one minute and is widely used for cognitive assessment in older adults [36]. MBI is one of the most recommended methods for measuring activities of daily living, having good internal consistency, and is suitable for stroke patients [37].



The self-report questionnaire mainly consisted of 3 parts and 14 items to investigate the IVR group (Supplementary Materials Table S1). Part I inquired how often individuals used smart devices before the intervention. Part II was the satisfaction survey regarding IVR equipment and training content after 6 weeks of IVR intervention using a five-point Likert scale (ranging from “strongly disagree”, designated as 1, to “strongly agree”, designated as 5). In Part III, the visual analogue scale (VAS) was used to record the occurrence and degree of adverse reactions during the intervention.




2.4. VR Equipment


2.4.1. VR Integrity System Construction


Our study used a virtual reality post-stroke intelligent motor training system that was divided into 4 modules, including observation, doctor, patient, and server terminals. The observation and doctor terminals were installed on the same Android tablet. The doctor terminal, as a signal source for IVR all-in-one networking, was responsible for managing the patient’s personal information and hardware equipment information and controlling the start and stop of the patient’s rehabilitation. For the patient terminal, patients wore the HMD. The direction of motion in the HMD screen could be changed by turning the head. The sensor used 3DOF inertial motion technology and a built-in acceleration gyroscope. Wearing the smart sensor on the patient’s limb or motion device, the angle and acceleration could be fed back to the patient to complete the training. The observation terminal was connected via Bluetooth, a sensor, and VR all-in-one, allowing the doctor to watch the scene of patient training in real time on the Android tablet, and to perform hand position, head position correction, and horizontal switching while guiding patient training. The architecture used by the server terminal was a Spring MVC, which was a module for web development based on the Spring framework, and the database was MYSQL5.6 established by MySQL AB. The system could save the patient’s training data at any time, which were fed back to the doctor after processing (Figure 2).




2.4.2. Scene Modeling


The aim of scene modeling is to be as close to reality as possible based on interest. Therefore, as the most critical and directly touched limb in the scene, 1:1 modeling was used to restore the human arm function to the greatest extent possible. In addition, considering the acceptance of the virtual environment by the elderly, we created a comfortable environment to relax the individuals. For the game background, we selected quiet and relaxed venues such as beaches, street scenes, and parks. Background music was melodious, soothing, and calm. For the construction of the visual environment, we used 8K high-definition 360 degree panoramic shooting to create the most realistic scene.





2.5. Statistical Analysis


SPSS version 20.0 (IBM Inc., Chicago, IL, USA) was used for statistical analysis. Measurement data were tested for normal distribution and homogeneity variance. Enumeration data were analyzed by Fisher’s precision probability test. Normally distributed data are expressed as mean ± standard deviation, a paired-sample t-test was used for intragroup comparison, and the independent-sample t-test was used for intergroup comparison. Skewed distributions are expressed as the median (interquartile range), the Wilcoxon W test was used for intragroup comparison, and the Mann–Whitney U test was used for intergroup comparison. We considered differences with a two-sided p < 0.05 to be statistically significant. Self-report questionnaires were analyzed as percentages.





3. Results


3.1. Baseline Clinical Data


A total of 30 patients were included in our study, with an average age of 74.16 ± 7.08 years old, with 15 cases in the IVRG, and 15 cases in the CG. All patients completed the training, including 17 men and 13 women, 21 cases of cerebral infarction, and 9 cases of cerebral hemorrhage. There was no significant difference in the baseline data between the two groups (p > 0.05) (Table 1).




3.2. Results of the Cognitive Evaluation


There were no significant differences in MOCA, TMT-A, MBI, DSST, FDST, BDST, or VFT scores between the IVR and control groups before treatment (p > 0.05) (Table 2). After 6 weeks of treatment, the scores for the MOCA (IVRG: T = 8.981, p < 0.001; CG: T = 13.229, p < 0.001), TMT-A (IVRG: T = 5.644, p < 0.001; CG: T = 4.112, p = 0.001), MBI (IVRG: T = −2.779, p = 0.015; CG: T = −6.089, p = 0.000) (Figure 3), DSST (IVGR: Z = 3.422, p = 0.001; CG: Z = 3.482, p < 0.001), FDST (IVGR: Z = 2.887, p = 0.004; CG: Z = 2.121, p = 0.034), BDST (IVGR: Z = 3.317, p = 0.001; CG: Z = 2.111, p = 0.035), and VFT (IVGR: Z = 3.332, p = 0.001; CG: Z = 3.429, p = 0.001) (Figure 4) in both groups significantly improved compared with those before treatment (p < 0.05). The comparison of scores after treatment between the two groups showed that the DSST scores of the IVR group (21,6) were higher than those of control group (14,11), and the difference was statistically significant (Z = 2.203, p = 0.028 < 0.05, η2 = 0.16); MOCA (T = 1.186, p = 0.246 > 0.05, d = 0.44), TMT-A (T = 1.791, p = 0.084 > 0.05, d = 0.65), MBI (T = 0.783, p = 0.44 > 0.05, d = 0.28) (Figure 3), FDST (Z = 0.78, p = 0.435 > 0.05, η2 = 0.02), BDST (Z = 0.347, p = 0.728 > 0.05, η2 = 0.004), and VFT (Z = 1.087, p = 0.277 > 0.05, η2 = 0.039) were not significantly improved. The size effect of the differences between groups in DSST was η2 = 0.16 > 0.14 (p = 0.028 < 0.05), which means the significant difference in DSST was reliable.




3.3. Self-Report Questionnaire


In the IVRG, 73.33% of the elderly stroke patients had never used smartphones. They used geriatric cellular phones with buttons or had no phones. A total of 60% of individuals had never used portable Android devices (PADs), and 20–13.33% of individuals seldom or sometimes used PADs to watch TV shows or play games. Of the individuals, 60% were still willing to use smart devices and 66.67% could completely understand the training directive. None of the individuals were dissatisfied with the training content, and 53.34% of them derived enjoyment from the IVR training process. More than 73.33% of individuals approved of the stability and maneuverability of our IVR device. A total of 73.34% of individuals were willing to promote the IVR device (Figure 5).




3.4. Side Effects


During IVR intervention, there were two individuals who reported dizziness without nausea and vomiting, and their VAS score was one. Two individuals reported dry eyes, and three individuals reported eye fatigue, of which two individuals had a VAS score of one and one individual had a VAS score of two (Figure 6). The other individuals did not report any adverse reactions that occurred.





4. Discussion


The purpose of this study was to investigate the initial effect and feasibility of IVR-based puzzle games in elderly patients with cognitive impairments after stroke. We initially found that IVR could improve their cognitive function, especially the executive functioning and visuospatial attention of elderly stroke patients. It is feasible to provide them with 15 min of IVR training 6 times a week.



4.1. Effectiveness of IVR-Based Puzzle Games


After six weeks of treatment, the global cognitive function (MoCA), attention and information processing speed (TMT-A), executive function and visuospatial attention (DSST), performance and memory (FDST and BDST), language ability (VFT), and activities of daily living (MBI) in both groups significantly improved. Moreover, the IVRG showed more improvements than the CG in the DSST (Z = 2.203, p = 0.028 < 0.05). This result is similar to those of a previous meta-analysis [38] of 894 patients from 23 randomized controlled trials, which showed significant improvements in executive and visuospatial function after VR interventions compared with conventional rehabilitation. However, there were no significant differences observed in global cognitive function, attention, verbal fluency, depression, or quality of life.



The significant difference in DSST represents an improvement in executive function and visual–spatial cognitive characteristics. The other assessment scores such as DST and MBI, did not show such improvements. Therefore, we did not observe significant differences in this measure. The DSST test required subjects to fill in the corresponding symbols of numbers on a blank form as fastest as possible within 90 s. In this process, the subjects needed to match nine digits corresponding to symbols and fill them in within the time limit. Executive functions include task setting, behavioral initiation, monitoring, and self-regulation [39]. In older adults, these domains all play an important role in cognitive tasks. For example, in our preset training, when completing the task of cooking, subjects needed to understand the whole cooking process, from washing vegetables under the tap, cutting dishes, to cooking. In this process, the system broadcasted the steps that needed to be completed by voice prompts, and only when the content of one stage was complete could the subject proceed to the next step, which required the subject to make appropriate choices and respond to the task.



The underlying mechanism through which IVR training improves cognitive function is unclear. The current possible hypothesis is that the virtual environment stimulates and activates brain metabolism, increases cerebral blood flow and neurotransmitter release [40,41], and reactivates and improves various cortical functions [41,42]. A study also found that the input of sensory function activates the brain regions associated with executive function [43]. Virtual reality technology is characterized by immersion, interactivity, and imagination [44]. Participants are isolated from the real world by different sensory capture devices [45]. IVR allows individuals to interact with virtual environments and three-dimensional entities to promptly obtain natural feedback information. The multiple sensory function declines experienced in elderly patients are associated with cognitive decline [46,47]. Especially for elderly patients, multisensory intervention learning is more beneficial than single-sensory intervention for those with cognitive decline [48,49]. Our IVR-based puzzle game system integrates interactive screens, immersive vision, voice prompts, and physical vibrations to stimulate the various senses of the participants in the virtual environment.



Exergames are thought to improve both motor function and cognition in older adults [43], which are defined as physical exercise that combines interaction with cognitive stimulation in a game environment. In our study design, the post-stroke elderly patients in the IVRG could choose a suitable or interesting game from options including playing squash or baseball, using an antiaircraft gun, and gliding. The subjects who chose to play squash or baseball were given a stick or, which they could swing as if they were hitting the ball in a game. The antiaircraft gun and gliding required the subject to use a pedal or limb linkage. A HMD was used as the aiming direction, and the head needed to be moved to aim in the shooting direction. The patient also needed to shake their arm or pedal the bicycle. The faster the speed, the more bullets could be emitted. Our results support previous findings. Htut et al. [50] found that virtual-reality-based game exercise not only improved the balance and muscle endurance of the elderly but also increased the patient’s enthusiasm and improved the global cognitive level on the MOCA more than traditional physical activity. Huang [11] suggested that the combination of immersive VR and exergames enhanced the sense of presence during exercise and had the potential to further improve executive function in older adults after 4 weeks of exergame training. Executive function plays an important role in improving the ability to perform activities daily living. However, unfortunately, the IVRG did not show significant advantages over the non-IVRG in our results. This may be related to the standard of the MBI scale. Although the MBI is reliable and effective, it lacks detailed assessment of the cognitive field and the participation in some social activities [51]. Moreover, our puzzle games are extensive but goal-oriented, so need further improvement. The complexity of future life skills training projects and steps need to be further upgraded.



IVR may improve the visual–spatial function of elderly patients through the characteristics of ecological validity [52]. IVR may mistakenly make subjects believe that they are in the real world through immersive stimulation. The interference from the outside world can be eliminated, and the participants can be immersed in the virtual world through increased attention and reduced distraction [19]. In addition, in our study, for the VR background, we selected diversified and comfortable natural environments, and the kitchen, road, and room were all three-dimensional simulated spaces that accurately mimicked real environments, which could improve the patient‘s visual spatial ability through visual stimulation. Kim et al. [53] mentioned in their discussion that for their virtual background, they selected natural landscapes such as mountains, fields, ski resorts, and football fields. Visual attention and short-term visuospatial memory in the VR group were significantly improved in acute stroke patients with cognitive impairment, which was similar to our finding.



IVR can not only be used to train executive ability, spatial disorientation, but also to improve episodic and verbal memory, attention [52], and living ability [18,54]. However, because different training items have varying training effects, the results of our study are different from those of previous studies. Gamito et al. [55] used several activities of daily living as VR cognitive function training content, such as purchasing items, finding routes, finding characters, recognizing signs, and calculating. After 4–6 weeks of two to three sessions per week, stroke patients had improved memory and attention but not visual function. Previous studies have been conducted to help patients improve episodic memory by showing them familiar environments, including streets, residences, and childhood scenes [56,57]. The task of listing supermarket shopping items has also been used to help elderly patients improve age-related memory decline [21,58]. Combined with our research, most of our training was aimed at the patient completing a task but did not involve memorizing or recalling. However, the performance and memory of the IVRG group were improved compared with those before treatment. The reason may be that VR can improve the memory function of the elderly by enhancing concentration [56,57,58].



Our IVR-based puzzle game training program provided variety and enjoyment. It integrates diversified and plentiful life skills, exergames, and entertainment modules. It could improve cognitive function in terms of episodic memory, verbal memory, attention and daily living ability, and had a significant effect on executive ability and spatial orientation. However, previous studies have also pointed out that [55,59] there is insufficient evidence that the cognitive function of the IVR group improved more than that of the non-IVR group. Therefore, we hope that IVR may maintain and, if possible, improve cognitive function in elderly patients with chronic stroke. There are a large number of elderly patients with stroke sequelae in China. At present, the rehabilitation of patients after stroke is carried out in rehabilitation hospitals. The disadvantages are short hospitalization time, shortage of ward beds, and lack of therapists, so are not suitable for long-term rehabilitation of elderly patients. In the long run, community-based rehabilitation can meet the needs of some patients, but only if there are enough therapists. According to the results, the therapeutic effect of IVR with a smart device is consistent with that of therapists and is acceptable to elderly stroke patients, which makes it possible for IVR to replace manual therapy and have the opportunity to be widely used [60,61].




4.2. Feasibility and Safety of IVR in Elderly Stroke Patients


The results of self-report Part I (Figure 5A–C) showed that most elderly patients had no experience with using smart devices, and nearly half of them were unwilling to use smart devices. However, the results of the final survey of IVR are encouraging. Almost all the elderly patients gave positive answers to our training content and the manipulability of the IVR equipment, and they were willing to try this new training method. Morganti [62] also reported that elderly participants were initially unfamiliar with the VR device, but after continuous training, they showed enthusiasm for the rehabilitation exercise. In Part II (Figure 5D–F), more than half of the older participants approved of the content of the puzzle games, indicating that they were receptive to such games. The IVR-based puzzle games attracted these older patients for several reasons. On the one hand, a comfortable visual backdrop and gentle auditory experience attracted the participants and enabled them to quickly immerse in the training environment during the training process. The built-in automatic voice broadcast system of the HMD interactive system encouraged participants when they completed one stage of the task to enhance their self-confidence and desire to make further efforts, which could have increase participants’ motivation to persist in completing the training. On the other hand, the three categories of puzzle games were easily understood by the elderly, and the instructions of the game were acceptable and operable. Participants could have fun while training.



It should be noted that one-quarter of the participants had a neutral attitude toward the game contents, which means that the puzzle games need to be further improved to be more suitable for the interests of the elderly. We will adjust the game contents to include activities such as tai chi, painting, cross-stitch, square dancing, chess, cards, and other puzzle activities in the future.



HMD and smart sensors are linked to VR through a network and Bluetooth. If the network is unstable or the Bluetooth disconnects during patient training, it will affect the stability and control performance of the device, including the inability of the doctor, on the observation side, to keep abreast of the patient’s training. About three-quarters of the participants were satisfied with the device, and the rest were neutral (Figure 5G–H). This may be related to network instability during training as well as the interruption of smart sensor transmission.



Considering that all the elder stroke patients were wearing a HMD and using IVR equipment for the first time, we were not sure how well the patients would accept them, so each training session was no longer than 15 min. Similar to other studies [56,57,58], the incidence of dizziness in elderly stroke patients was very low, which automatically resolved after the end of the intervention. In the beginning, we were concerned about the vision problems of the elderly: whether they could see the pictures on the screen after wearing the HMD or whether those who wore glasses would feel uncomfortable wearing the HMD. The participants were tested and asked whether they could see clearly on the screen before training, and no patients complained about related problems after adjusting the position of the HMD. It is feasible for the elderly who wear glasses to wear a HMD at the same time. One patient reported mild dry eyes and eye strain before the intervention, but the IVR did not significantly worsen his symptoms; in addition, he successfully completed the entire study task. A small number of patients will experience eye fatigue, which can be relieved after rest. Dizziness, nausea, headache, dry eyes, eye strain, and other adverse reactions were not reported in the remaining patients. This means that the vast majority of elderly patients with mild cognitive decline after stroke well-tolerated IVR and were receptive to it.



Reliable, sensitive, and safe training environments are provided by precise control and manipulation in a virtual environment. IVR-based puzzle games have great potential to be used for cognitive intervention in elderly patients with mild cognitive decline after stroke. Moreover, if this interactive technology can be used for social contact, interest activities, and other long-term rehabilitation training goals [63], it may become possible to reduce therapist workload by increasing training initiative [48].




4.3. Limitations and Prospects


There are some limitations to this study. The sample size in this study was relatively small, so future studies with larger sample sizes are needed. Moreover, six weeks is too short for patients who need rehabilitation for a long time, and the long-term effects of IVR on cognition are unclear. Cognitive assessment scales were used to evaluate the outcomes in our study, but there was a lack of objective measurement tools. Participants could not be blinded to the trial design, but, fortunately, no participants withdrew from the study. Further studies may address these shortcomings in the future by increasing the sample size; using a longer-duration intervention and follow-up; applying task-related electroencephalograph (EEG), functional near-infrared spectroscopy (fNIRS), and functional magnetic resonance imaging (fMRI) for objective evaluation. Considering that improvements in the cognitive domain are related to training content, it is suggested that systematic training content should also be added to improve memory and performance on command tasks.





5. Conclusions


Overall, our research preliminarily demonstrated that IVR-based puzzle games may improve global cognitive, episodic memory, verbal memory, attention, and daily living ability, especially executive ability and spatial orientation, in elderly patients with post-stroke cognitive impairments. This intelligent interactive experience has better applicability in the elderly. The IVR-based puzzle game was well accepted and tolerated in elderly stroke patients and can be recommended for use. Our study changes the traditional two-dimensional training mode to increase the authenticity of the training scene, and brought enjoyment to the elderly patients. Virtual reality technology may have the same efficacy as conventional cognitive rehabilitation; as a noninvasive intervention, it may have the advantages of interest and rich content. It may have application value and development prospects in improving the cognitive function of the elderly with chronic stroke.








Supplementary Materials


Details of self-report questionnaire and the example of VR training video can be found in the supplemental file (Supplementary Materials); https://www.mdpi.com/article/10.3390/brainsci13010079/s1.





Author Contributions


Conceptualization, Z.L., Z.H., M.C. and J.J.; methodology, Z.L., Z.H., J.Y. and H.L.; validation, J.Y., H.L., M.C. and J.J.; formal analysis, Z.L., Z.H. and J.Y.; investigation, Z.L., Z.H., C.F., N.W., G.L. and J.B.; resources, J.Y., Y.Z. and J.J.; data curation, H.L. and M.C.; writing—original draft preparation, Z.L. and Z.H.; writing—review and editing, Z.L., Z.H., J.Y., H.L., C.F., Y.Z., M.C. and J.J.; visualization, Z.L., Z.H. and J.Y.; supervision, Y.Z., M.C. and J.J.; project administration, M.C. and J.J.; funding acquisition, J.J. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Key Research and Development Program Project of China (2018YFC2002300 and 2018YFC2002301), National Natural Integration Project (91948302), the National Natural Science Foundation of China (82021002), Shanghai Science and Technology Innovation Action Plan (22YF1404200), Shanghai Jing’an District Health System Key Discipline Construction (2021ZB02), Medical Research Program of Shanghai Jing’an District Science (2021QN06), Shanghai Jing’an District Science and Technology Commission, and Shanghai Jin’an District Health Commission (2022MS15).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee of Huashan Hospital (KY2022-549).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study. Written informed consent was obtained from the patients to publish this paper.




Data Availability Statement


Not applicable.




Acknowledgments


We thank all patients for their participation in the study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zheng, Z. From the past to the future: What we learn from China’s 2020 Census. China Popul. Dev. Stud. 2021, 5, 101–106. [Google Scholar] [CrossRef]

	



Lo, J.W.; Crawford, J.D.; Desmond, D.W.; Bae, H.J.; Lim, J.S.; Godefroy, O.; Roussel, M.; Kang, Y.; Jahng, S.; Kohler, S.; et al. Long-Term Cognitive Decline After Stroke: An Individual Participant Data Meta-Analysis. Stroke 2022, 53, 1318–1327. [Google Scholar] [CrossRef] [PubMed]

	



Pendlebury, S.T.; Rothwell, P.M. Incidence and prevalence of dementia associated with transient ischaemic attack and stroke: Analysis of the population-based Oxford Vascular Study. Lancet Neurol. 2019, 18, 248–258. [Google Scholar] [CrossRef] [PubMed]

	



Altieri, M.; Di Piero, V.; Pasquini, M.; Gasparini, M.; Vanacore, N.; Vicenzini, E.; Lenzi, G.L. Delayed poststroke dementia: A 4-year follow-up study. Neurology 2004, 62, 2193–2197. [Google Scholar] [CrossRef]

	



Hurford, R.; Charidimou, A.; Fox, Z.; Cipolotti, L.; Werring, D.J. Domain-specific trends in cognitive impairment after acute ischaemic stroke. J. Neurol. 2013, 260, 237–241. [Google Scholar] [CrossRef]

	



Hénon, H.; Pasquier, F.; Leys, D. Poststroke Dementia. Cerebrovasc. Dis. 2006, 22, 61–70. [Google Scholar] [CrossRef]

	



Morley, J.E. An Overview of Cognitive Impairment. Clin. Geriatr. Med. 2018, 34, 505–513. [Google Scholar] [CrossRef]

	



Miotto, E.C.; Bazan, P.R.; Batista, A.X.; Conforto, A.B.; Figueiredo, E.G.; Martin, M.; Avolio, I.B.; Amaro, E.J.; Teixeira, M.J. Corrigendum: Behavioral and Neural Correlates of Cognitive Training and Transfer Effects in Stroke Patients. Front. Neurol. 2021, 12, 785008. [Google Scholar] [CrossRef]

	



Unverzagt, F.W.; Guey, L.T.; Jones, R.N.; Marsiske, M.; King, J.W.; Wadley, V.G.; Crowe, M.; Rebok, G.W.; Tennstedt, S.L. ACTIVE cognitive training and rates of incident dementia. J. Int. Neuropsychol. Soc. 2012, 18, 669–677. [Google Scholar] [CrossRef]

	



Parsons, T.D. Virtual Reality for Enhanced Ecological Validity and Experimental Control in the Clinical, Affective and Social Neurosciences. Front. Hum. Neurosci. 2015, 9, 660. [Google Scholar] [CrossRef]

	



Huang, K. Exergaming Executive Functions: An Immersive Virtual Reality-Based Cognitive Training for Adults Aged 50 and Older. Cyberpsychol. Behav. Soc. Netw. 2020, 23, 143–149. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Q.; Wang, Y.; Yao, M.Z.; Tang, Q.; Yang, Y. The Effects of Viewing an Uplifting 360-Degree Video on Emotional Well-Being Among Elderly Adults and College Students Under Immersive Virtual Reality and Smartphone Conditions. Cyberpsychol. Behav. Soc. Netw 2020, 23, 157–164. [Google Scholar] [CrossRef] [PubMed]

	



Niki, K.; Yahara, M.; Inagaki, M.; Takahashi, N.; Watanabe, A.; Okuda, T.; Ueda, M.; Iwai, D.; Sato, K.; Ito, T. Immersive Virtual Reality Reminiscence Reduces Anxiety in the Oldest-Old Without Causing Serious Side Effects: A Single-Center, Pilot, and Randomized Crossover Study. Front. Hum. Neurosci. 2020, 14, 598161. [Google Scholar] [CrossRef] [PubMed]

	



Yang, W.C.; Wang, H.K.; Wu, R.M.; Lo, C.S.; Lin, K.H. Home-based virtual reality balance training and conventional balance training in Parkinson’s disease: A randomized controlled trial. J. Med. Assoc. 2016, 115, 734–743. [Google Scholar] [CrossRef] [PubMed]

	



Muhla, F.; Clanche, F.; Duclos, K.; Meyer, P.; Maiaux, S.; Colnat-Coulbois, S.; Gauchard, G.C. Impact of using immersive virtual reality over time and steps in the Timed Up and Go test in elderly people. PLoS ONE 2020, 15, e0229594. [Google Scholar] [CrossRef]

	



Muhla, F.; Duclos, K.; Clanche, F.; Meyer, P.; Maiaux, S.; Colnat-Coulbois, S.; Gauchard, G.C. Does the Management of Visual and Audible Motion Information during an Immersive Virtual Reality Timed Up and Go Test Impact Locomotor Performance in the Elderly? Gerontology 2022, 68, 456–464. [Google Scholar] [CrossRef]

	



Kiper, P.; Szczudlik, A.; Agostini, M.; Opara, J.; Nowobilski, R.; Ventura, L.; Tonin, P.; Turolla, A. Virtual Reality for Upper Limb Rehabilitation in Subacute and Chronic Stroke: A Randomized Controlled Trial. Arch. Phys. Med. Rehabil. 2018, 99, 834–842. [Google Scholar] [CrossRef]

	



Laver, K.E.; George, S.; Thomas, S.; Deutsch, J.E.; Crotty, M. Virtual reality for stroke rehabilitation. Cochrane Database Syst. Rev. 2017, 11, CD008349. [Google Scholar] [CrossRef]

	



Olk, B.; Dinu, A.; Zielinski, D.J.; Kopper, R. Measuring visual search and distraction in immersive virtual reality. R. Soc. Open. Sci. 2018, 5, 172331. [Google Scholar] [CrossRef]

	



Huang, L.C.; Yang, Y.H. The Long-term Effects of Immersive Virtual Reality Reminiscence in People With Dementia: Longitudinal Observational Study. JMIR Serious Games 2022, 10, e36720. [Google Scholar] [CrossRef]

	



Maeng, S.; Hong, J.P.; Kim, W.; Kim, H.; Cho, S.; Kang, J.M.; Na, K.; Oh, S.; Park, J.W.; Bae, J.N.; et al. Effects of Virtual Reality-Based Cognitive Training in the Elderly with and without Mild Cognitive Impairment. Psychiatry Investig. 2021, 18, 619–627. [Google Scholar] [CrossRef] [PubMed]

	



Manera, V.; Petit, P.; Derreumaux, A.; Orvieto, I.; Romagnoli, M.; Lyttle, G.; David, R.; Robert, P.H. ‘Kitchen and cooking,’a serious game for mild cognitive impairment and Alzheimer’s disease: A pilot study. Front. Aging Neurosci. 2015, 7, 00024. [Google Scholar] [CrossRef] [PubMed]

	



Chesham, A.; Gerber, S.M.; Schütz, N.; Saner, H.; Gutbrod, K.; Müri, R.M.; Nef, T.; Urwyler, P. Search and Match Task: Development of a Taskified Match-3 Puzzle Game to Assess and Practice Visual Search. JMIR Serious Games 2019, 7, e13620. [Google Scholar] [CrossRef] [PubMed]

	



Krebs, C.; Falkner, M.; Niklaus, J.; Persello, L.; Kloppel, S.; Nef, T.; Urwyler, P. Application of Eye Tracking in Puzzle Games for Adjunct Cognitive Markers: Pilot Observational Study in Older Adults. JMIR Serious Games 2021, 9, e24151. [Google Scholar] [CrossRef]

	



Nef, T.; Chesham, A.; Schutz, N.; Botros, A.A.; Vanbellingen, T.; Burgunder, J.M.; Mullner, J.; Martin, M.R.; Urwyler, P. Development and Evaluation of Maze-Like Puzzle Games to Assess Cognitive and Motor Function in Aging and Neurodegenerative Diseases. Front. Aging Neurosci. 2020, 12, 87. [Google Scholar] [CrossRef]

	



Dong, Q.; Guo, Q.; Luo, B.; Xu, Y. Expert consensus on the management of cognitive impairment after stroke. Chin. J. Stroke 2017, 12, 519–531. [Google Scholar]

	



Rogers, J.M.; Duckworth, J.; Middleton, S.; Steenbergen, B.; Wilson, P.H. Elements virtual rehabilitation improves motor, cognitive, and functional outcomes in adult stroke: Evidence from a randomized controlled pilot study. J. Neuroeng. Rehabil. 2019, 16, 56. [Google Scholar] [CrossRef]

	



Huang, L.; Chen, K.L.; Lin, B.Y.; Tang, L.; Zhao, Q.H.; Lv, Y.R.; Guo, Q.H. Chinese version of Montreal Cognitive Assessment Basic for discrimination among different severities of Alzheimer’s disease. Neuropsychiatr. Dis. Treat. 2018, 14, 2133–2140. [Google Scholar] [CrossRef]

	



Ziad, S.; Nasreddine, M.; Natalie, A.; Phillips, P.; Dirian, B.V.R.B. The Montreal Cognitive Assessment, MoCA: A Brief Screening Tool For Mild Cognitive Impairment. J. Am. Geriatr. Soc. 2005, 53, 695–699. [Google Scholar]

	



Mateen, B.A.; Bussas, M.; Doogan, C.; Waller, D.; Saverino, A.; Kiraly, F.J.; Playford, E.D. The Trail Making test: A study of its ability to predict falls in the acute neurological in-patient population. Clin. Rehabil. 2018, 32, 1396–1405. [Google Scholar] [CrossRef]

	



Rosano, C.; Newman, A.B.; Katz, R.; Hirsch, C.H.; Kuller, L.H. Association between lower digit symbol substitution test score and slower gait and greater risk of mortality and of developing incident disability in well-functioning older adults. J. Am. Geriatr. Soc. 2008, 56, 1618–1625. [Google Scholar] [CrossRef] [PubMed]

	



Cui, J.; Wang, J.; Fan, H.; Yao, J.; Chen, N.; Duan, J.; Zou, Y. Norm development of the Chinese edition of Wechsler Adult Intelligence Scale-Fourth Edition. Chin. Ment. Health J. 2017, 31, 635–641. [Google Scholar]

	



Manly, J.J.; Jacobs, D.M.; Sano, M.; Bell, K.; Merchant, C.A.; Small, S.A.; Stern, Y. Effect of literacy on neuropsychological test performance in nondemented, education-matched elders. J. Int. Neuropsychol. Soc. 1999, 5, 191–202. [Google Scholar] [CrossRef] [PubMed]

	



Collin, C.; Wade, D.T.; Davies, S.; Horne, V. The Barthel ADL Index: A reliability study. Int. Disabil. Stud. 1988, 10, 61–63. [Google Scholar] [CrossRef]

	



Hachinski, V.; Iadecola, C.; Petersen, R.C.; Breteler, M.M.; Nyenhuis, D.L.; Black, S.E.; Powers, W.J.; Decarli, C.; Merino, J.G.; Kalaria, R.N.; et al. National Institute of Neurological Disorders and Stroke-Canadian Stroke Network vascular cognitive impairment harmonization standards. Stroke 2006, 37, 2220–2241. [Google Scholar] [CrossRef]

	



Zhao, Q.; Guo, Q.; Hong, Z. Clustering and switching during a semantic verbal fluency test contribute to differential diagnosis of cognitive impairment. Neurosci. Bull. 2013, 29, 75–82. [Google Scholar] [CrossRef]

	



Shah, S.; Vanclay, F.; Cooper, B. Improving the sensitivity of the Barthel Index for stroke rehabilitation. J. Clin. Epidemiol. 1989, 42, 703–709. [Google Scholar] [CrossRef]

	



Zhang, Q.; Fu, Y.; Lu, Y.; Zhang, Y.; Huang, Q.; Yang, Y.; Zhang, K.; Li, M. Impact of Virtual Reality-Based Therapies on Cognition and Mental Health of Stroke Patients: Systematic Review and Meta-analysis. J. Med. Internet. Res. 2021, 23, e31007. [Google Scholar] [CrossRef]

	



Alvarez, J.A.; Emory, E. Executive function and the frontal lobes: A meta-analytic review. Neuropsychol. Rev. 2006, 16, 17–42. [Google Scholar] [CrossRef]

	



You, S.H.; Jang, S.H.; Kim, Y.H.; Hallett, M.; Ahn, S.H.; Kwon, Y.H.; Kim, J.H.; Lee, M.Y. Virtual reality-induced cortical reorganization and associated locomotor recovery in chronic stroke: An experimenter-blind randomized study. Stroke 2005, 36, 1166–1171. [Google Scholar] [CrossRef]

	



Carrieri, M.; Petracca, A.; Lancia, S.; Basso, M.S.; Brigadoi, S.; Spezialetti, M.; Ferrari, M.; Placidi, G.; Quaresima, V. Prefrontal Cortex Activation Upon a Demanding Virtual Hand-Controlled Task: A New Frontier for Neuroergonomics. Front. Hum. Neurosci. 2016, 10, 53. [Google Scholar] [CrossRef]

	



García-Betances, R.I.; Arredondo Waldmeyer, M.T.; Fico, G.; Cabrera-Umpiérrez, M.F. A Succinct Overview of Virtual Reality Technology Use in Alzheimer’s Disease. Front. Aging Neurosci. 2015, 7, 00080. [Google Scholar]

	



Monteiro-Junior, R.S.; Vaghetti, C.A.; Nascimento, O.J.; Laks, J.; Deslandes, A.C. Exergames: Neuroplastic hypothesis about cognitive improvement and biological effects on physical function of institutionalized older persons. Neural. Regen. Res. 2016, 11, 201–204. [Google Scholar] [CrossRef] [PubMed]

	



Flannery, R.J. Treating learned helplessness in the elderly dementia patient: Preliminary inquiry. Am. J. Alzheimer’s Dis. Other Demen 2002, 17, 345–349. [Google Scholar] [CrossRef]

	



Park, M.J.; Kim, D.J.; Lee, U.; Na, E.J.; Jeon, H.J. A Literature Overview of Virtual Reality (VR) in Treatment of Psychiatric Disorders: Recent Advances and Limitations. Front. Psychiatry 2019, 10, 505. [Google Scholar] [CrossRef] [PubMed]

	



Li, N.; Chen, G.; Xie, Y.; Chen, Z. Aging Effect on Visuomotor Adaptation: Mediated by Cognitive Decline. Front. Aging Neurosci. 2021, 13, 742928. [Google Scholar] [CrossRef] [PubMed]

	



Campos, J.L.; Marusic, U.; Mahoney, J.R. Editorial: The intersection of cognitive, motor, and sensory processing in aging: Links to functional outcomes, Volume I. Front. Aging Neurosci. 2022, 14, 1009532. [Google Scholar] [CrossRef]

	



Bauer, A.C.; M.Andringa, G. The Potential of Immersive Virtual Reality for Cognitive Training in Elderly. Gerontology 2020, 66, 614–623. [Google Scholar] [CrossRef] [PubMed]

	



Freiherr, J.; Lundstrom, J.N.; Habel, U.; Reetz, K. Multisensory integration mechanisms during aging. Front. Hum. Neurosci. 2013, 7, 863. [Google Scholar] [CrossRef]

	



Htut, T.Z.; Hiengkaew, V.; Jalayondeja, C.; Vongsirinavarat, M. Effects of physical, virtual reality-based, and brain exercise on physical, cognition, and preference in older persons: A randomized controlled trial. Eur. Rev. Aging Phys. Act. 2018, 15, 10. [Google Scholar] [CrossRef]

	



Ohura, T.; Hase, K.; Nakajima, Y.; Nakayama, T. Validity and reliability of a performance evaluation tool based on the modified Barthel Index for stroke patients. BMC Med. Res. Methodol. 2017, 17, 131. [Google Scholar] [CrossRef] [PubMed]

	



Kober, S.E.; Wood, G.; Hofer, D.; Kreuzig, W.; Kiefer, M.; Neuper, C. Virtual reality in neurologic rehabilitation of spatial disorientation. J. Neuroeng. Rehabil. 2013, 10, 17. [Google Scholar] [CrossRef]

	



Kim, B.R.; Chun, M.H.; Kim, L.S.; Park, J.Y. Effect of Virtual Reality on Cognition in Stroke Patients. Ann. Rehabil. Med. 2011, 35, 450. [Google Scholar] [CrossRef] [PubMed]

	



Cunha, N.M.D.; Nguyen, D.; Naumovski, N.; Mckune, A.J.; Kellett, J.; Georgousopoulou, E.N.; Frost, J.; Isbel, S. A Mini-Review of Virtual Reality-Based Interventions to Promote Well-Being for People Living with Dementia and Mild Cognitive Impairment. Gerontology 2019, 65, 430–440. [Google Scholar]

	



Gamito, P.; Oliveira, J.; Coelho, C.; Morais, D.; Lopes, P.; Pacheco, J.; Brito, R.; Soares, F.; Santos, N.; Barata, A.F. Cognitive training on stroke patients via virtual reality-based serious games. Disabil. Rehabil. 2017, 39, 385–388. [Google Scholar] [CrossRef] [PubMed]

	



Optale, G.; Urgesi, C.; Busato, V.; Marin, S.; Piron, L.; Priftis, K.; Gamberini, L.; Capodieci, S.; Bordin, A. Controlling Memory Impairment in Elderly Adults Using Virtual Reality Memory Training: A Randomized Controlled Pilot Study. Neurorehabilit. Neural. Repair. 2010, 24, 348–357. [Google Scholar] [CrossRef]

	



Huygelier, H.; Schraepen, B.; van Ee, R.; Vanden Abeele, V.; Gillebert, C.R. Acceptance of immersive head-mounted virtual reality in older adults. Sci. Rep. 2019, 9, 4519. [Google Scholar] [CrossRef]

	



Plechatá, A.; Sahula, V.; Fayette, D.; Fajnerová, I. Age-Related Differences With Immersive and Non-immersive Virtual Reality in Memory Assessment. Front. Psychol. 2019, 10, 1330. [Google Scholar] [CrossRef]

	



Wiley, E.; Khattab, S.; Tang, A. Examining the effect of virtual reality therapy on cognition post-stroke: A systematic review and meta-analysis. Disabil. Rehabil. Assist. Technol. 2022, 17, 50–60. [Google Scholar] [CrossRef]

	



Jonsdottir, J.; Baglio, F.; Gindri, P.; Isernia, S.; Castiglioni, C.; Gramigna, C.; Palumbo, G.; Pagliari, C.; Di Tella, S.; Perini, G.; et al. Virtual Reality for Motor and Cognitive Rehabilitation From Clinic to Home: A Pilot Feasibility and Efficacy Study for Persons With Chronic Stroke. Front. Neurol. 2021, 12, 601131. [Google Scholar] [CrossRef]

	



Broeren, J.; Claesson, L.; Goude, D.; Rydmark, M.; Sunnerhagen, K.S. Virtual Rehabilitation in an Activity Centre for Community-Dwelling Persons with Stroke. Cerebrovasc. Dis. 2008, 26, 289–296. [Google Scholar] [CrossRef] [PubMed]

	



Morganti, F. Virtual interaction in cognitive neuropsychology. Stud. Health Technol. Inf. 2004, 99, 55–70. [Google Scholar]

	



Baker, S.; Waycott, J.; Robertson, E.; Carrasco, R.; Neves, B.B.; Hampson, R.; Vetere, F. Evaluating the use of interactive virtual reality technology with older adults living in residential aged care. Inf. Process. Manag. 2020, 57, 102105. [Google Scholar] [CrossRef]








[image: Brainsci 13 00079 g001a 550][image: Brainsci 13 00079 g001b 550] 





Figure 1. A total of 16 training items were available for researchers and individuals. (A–D) Life skills: cooking (A), cleaning a window (B), crossing a road (C), and watering flowers (D); (E–H) exergames: playing squash (E), shooting antiaircraft guns (F), flying gliders (G), and playing baseball (H); (I–P) entertaining games: breaking eggshells (I), swatting insects (J), lighting fireworks (K), whack-a-mole (L), pumping up a balloon (M), flying a Kongming lantern (N), Fruit Ninja (O), and Bubble Jab (P). 
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Figure 2. Product structure diagram for immersive virtual reality (IVR). 
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Figure 3. Bar plots for comparison of MOCA (A), TMT-A (B), and MBI (C) between the IVRG and CG before and after treatment. Significant differences were observed in intragroup. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Abbreviation: MOCA, Montreal cognitive assessment; TMT-A, trail-making test-A; MBI, modified Barthel index; IVRG, immersive virtual reality group; CG, control group. 
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Figure 4. Boxplots comparing DSST (A), FDST (B), BDST (C), and VFT (D) between the IVRG and CG before and after treatment. Significant differences were observed in intragroup. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Abbreviation: DSST: digit symbol substitution test; FDST: forward digit span test; BDST: backward digit span test; VFT: verbal fluency test; IVRG, immersive virtual reality group; CG, control group. 
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Figure 5. Histograms (A–C) depict the frequency of smart device usage experienced and the willingness to accept smart devices by the IVR group. Histograms (D–I) depict satisfaction with IVR equipment and training contents experience. PAD, portable android device; IVR, immersive virtual reality. 
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Figure 6. The bar diagram depicts the self-reported incidence and extent of adverse reactions associated with the IVR experience. The horizontal axis represents the percentage of adverse symptoms that occurred, including dizziness, nausea, headache, dry eyes, and eye strain. The vertical axis represents the severity of adverse symptoms experienced by individuals using a VAS, where 0 means no occurrence, and the higher the number, the more severe the adverse symptoms. Five colored lines are used to represent five adverse symptoms. VAS, visual analog scale. 
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Table 1. Baseline clinical data of elderly stroke patients between the IVRG and CG.
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	IVRG n = 15
	CG n = 15
	T
	p Value





	Age (Years)
	74.93 ± 6.81
	73.40 ± 7.5
	0.586
	0.562



	Male/Female
	9/6
	8/7
	
	1 a



	Time since onset (months)
	42.93 ± 34.54
	29.27 ± 36.51
	1.053
	0.301



	Type, n (%)
	
	
	
	0.427 a



	Cerebral infarction
	12(80)
	9(60)
	
	



	Cerebral hemorrhage
	3(20)
	6(40)
	
	







IVRG, immersive virtual reality group; CG, control group; a Fisher’s precision probability test.
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Table 2. Comparisons of baseline cognitive evaluation between the IVR and control groups before treatment.
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	IVRG (n = 15)
	CG (n = 15)
	T/Z
	p-Value





	MOCA
	21.47 ± 2.67
	21.27 ± 2.76
	0.202
	0.842 a



	TMT A(s)
	155 ± 67.48
	159.4 ± 97.33
	0.144
	0.887 a



	MBI
	64.67 ± 11.41
	59.33 ± 10.83
	1.313
	0.200 a



	DSST
	14,6
	12,12
	0.956
	0.339 b



	FDST
	7,1
	7,2
	0.441
	0.659 b



	BDST
	4,1
	4,1
	0.334
	0.738 b



	VFT
	14,5
	11,6
	1.494
	0.135 b







IVRG, immersive virtual reality group; CG, control group; MOCA, Montreal cognitive assessment; TMT-A, trail-making test-A; MBI, modified Barthel index; DSST, digit symbol substitution test; FDST: forward digit span test; BDST: backward digit span test; VFT, verbal fluency test; a, independent-sample t-test; b, Mann–Whitney U test.
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