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Background and purpose: Mixed reality (MR) rehabilitation therapy tries to overcome the limitations of virtual reality therapy by integration of real, vivid images into the existing world. The aims of this study were to investigate the effect of MR therapy on finger movement function in hemiplegic stroke patients and to identify issues related to the practical use of MR system.Methods: The study included five hemiplegic stroke patients with Brunnström stage V or lower in the upper limb or fingers. In this MR-based intervention, using HoloLens® and Leap Motion®, the unaffected hand was projected as a mirrored virtual hand onto the affected side. Patients were instructed to clench their fist on the paralyzed side ten times. The distance traveled by each fingertip between the clenched and open positions was measured using a 3D motion capture system. Additionally, a questionnaire regarding the MR therapy was administered to the patients.Results: Wearing the MR system increased the distance traveled by the tip of the index finger by a mean of 1.75 cm between the first and tenth fist-clenching movements (p < 0.05). There were no significant differences in the fingertip movement distances of any of the other fingers. The subjects gave positive reactions to most of the questions in the questionnaire.Conclusion: MR therapy may help improve finger movement function in patients with hemiplegic stroke.Keywords: stroke, mixed reality (MR), upper limb, rehabilitation-, occupational thearpy
1 INTRODUCTION
Stroke remains a leading cause of long-term disability worldwide, with over 13 million new cases reported each year. Notably, 55%–75% of stroke survivors experience persistent upper limb motor impairment, underscoring the importance of hand function recovery as a central goal of post-stroke rehabilitation. In response, various effective therapeutic approaches have been proposed and implemented. (Yavuzer et al., 2008; Katan and Luft, 2018). In particular, therapies utilizing visual illusions can cause kinesthetic illusions and induce excitation of the cerebral motor cortex. The effect on brain activity of visual illusions in mirror therapy has been widely investigated, and improvements in Functional Independence Measure (FIM) scores and Brunnström Stage (BRS) have been reported (Garry et al., 2005). The use of mirrors makes it easy to imagine movements of the paralyzed arm, heightening the excitation of the cerebral cortex. In a previous study, it was reported that the details of how movements are observed, and the direction of movement affect the ease with which these movements can be imagined (Celnik et al., 2008). Another study utilizing virtual reality (VR) found that movements of the paralyzed arm on VR both dispelled patients’ feelings of dissonance with their self-image and increased motor-evoked potentials (Aoyama and Kaneko, 2011). Furthermore, previous study supports that upper extremity training using VR technology has the potential to contribute to the improvement of upper extremity function.
Although the concept of mixed reality (MR) has existed since the 1990s, the years since 2016 have seen the advent of MR as a cutting-edge technology that overcomes the limitations of VR by integrating real, vivid images into the existing world (Tamura H, 1998; Silva A, 2010). Despite the reported efficacy of upper extremity training using VR, studies demonstrating the effectiveness of upper extremity training using MR are still limited. However, MR-based upper extremity training may allow movements of the paralyzed side without dissonance, potentially enhancing its therapeutic effect.
While VR has been widely studied in neurorehabilitation, MR offers a more immersive environment by integrating digital feedback into the real world. Recent studies have suggested that MR can reduce self-image dissonance and more effectively facilitate the integration of visual and proprioceptive inputs (Huang Y and Lee, 2022). Furthermore, interventions using MR technology have shown potential in enhancing sensorimotor integration and supporting the recovery of fine motor function during rehabilitation.
In this study, we investigated the effect of the use of MR therapy on finger movements by hemiplegic stroke patients. We also identified issues facing the practical use of MR.
2 MATERIALS AND METHODS
2.1 Study design
This study was designed as a proof-of-concept exploratory trial.
2.2 Subjects
The study subjects were hemiplegic stroke patients admitted to Showa University Fujigaoka Rehabilitation Hospital between October 2019 and 31 March 2021 whose arms or fingers were Brunnström stage V or below. The following patients were excluded: those with a diagnosis of dementia, those who were unable to perform the required movements with their arm on the unaffected side by themselves after these had been explained (for any reason, including decreased mobility of the unaffected arm, diminished balance function when seated, or cognitive functional decline), previous fracture of the paralyzed arm, or peripheral neuropathy. Five patients met these criteria. This study was an exploratory investigation aimed at evaluating the potential effects of mixed MR therapy. The study was approved by the Institutional Review Board of Kitasato University School of Medicine (Approval number: C19-183). Written informed consent was obtained from all participants, including consent for participation and for the use of video recordings in presentations and publications. A patent application for the MR device used has been submitted (Applicant: The Kitasato Institute; Inventors: Shuichi Sasaki, Naonobu Takahira, and four others; Application Number: 2019–118957).
3 METHODS
3.1 System
The MR intervention system consisted of HoloLens® (Microsoft Corporation) for visual output and Leap Motion® (Ultraleap Inc.) for three-dimensional motion tracking. Participants observed a virtual mirrored image of their unaffected hand superimposed on the paretic hand, designed to enhance motor imagery. The images were analyzed by the 3D motion capture platform for arm movement analysis and played back through the HMD (Figures 1, 2).
[image: Figure 1]FIGURE 1 | Appearance of the system and intervention scene.
[image: Figure 2]FIGURE 2 | Image projected on the HMD(Image of the subject seen). (A) Virtual hand (B) Normal upper limb.
3.2 Parameters evaluated
3.2.1 Patient data
Information on sex, age, disease, Brunnström stage, and affected side was obtained from Fujigaoka Rehabilitation Hospital medical records.
3.2.2 Fingertip movement distances
Each participant, while seated and wearing the MR system, was instructed to perform ten repetitions of fist-clenching movements with the paretic hand. Fingertip travel distances were measured using Leap Motion® and analyzed as Euclidean displacement from full flexion to full extension.
Fingertip travel distance was selected as the primary outcome measure because improvements in finger motor function have been reported to be particularly challenging within the spectrum of upper limb recovery. Specifically, fine motor tasks such as finger flexion and extension are considered key indicators of recovery progression and are central targets in post-stroke rehabilitation interventions (Hijikata et al., 2020).
3.2.3 Subjective evaluation using a custom questionnaire
Following the intervention, participants completed a custom five-item questionnaire assessing usability, comfort, sense of immersion, and motivation, using a five-point Likert scale. The small sample size reflects the exploratory nature of this study and is consistent with the scope of pilot research in MR-based rehabilitation (Leon et al., 2011).
4 STUDY PROTOCOL
The nature of the study was explained to the subjects and their consent was obtained. After this, patient data were obtained before the subjects were fitted with the MR system and asked to clench their fists 10 times. Finally, the questionnaire was administered.
5 STATISTICAL ANALYSIS
The distances traveled by each fingertip during the first and tenth fist-clenching movements while the patient was fitted with the MR system were compared using a t-test, with p < 0.05 regarded as statistically significant. Statistical analyses were performed using a paired t-test to compare the fingertip travel distances between the first and tenth fist-clenching movements. The test statistic (t-value) and p-value were calculated to assess the significance of the observed changes. A p-value of less than 0.05 was considered statistically significant. All analyses were conducted using software IBM SPSS Statistics Ver16.
6 RESULTS
6.1 Subject profiles
The subject profiles are shown in Table 1. Subjects A, B, C, and E were paralyzed on the left, and subject D on the right.
TABLE 1 | Subject’s profile.
[image: Table 1]6.2 Fingertip movement distances
Statistical analysis was performed using paired t-tests to compare finger-tip travel distances between the first and tenth fist-clenching repetitions (Table 2). A significance level of p < 0.05 was applied, consistent with thresholds used in clinical exploratory studies (Leon et al., 2011). Among all fingers, only the index finger showed statistically significant improvement (mean increase: 1.75 cm, p = 0.03). The remaining fingers demonstrated non-significant trends toward improvement.
TABLE 2 | Comparison of the distance traveled by each finger tip.
[image: Table 2]6.3 Subjective evaluation using a custom questionnaire
Questionnaire results indicated that most participants rated the MR experience as realistic and motivating, although two reported minor discomfort with the head-mounted display. A summary of the questionnaire responses is provided in Table 3.
TABLE 3 | Content and results of Questionnaire.
[image: Table 3]7 DISCUSSION
The findings of this preliminary study suggest that MR-based therapy using a HoloLens and Leap Motion system may enhance fine motor control in hemiplegic stroke patientsWe found that MR therapy significantly increased the distance traveled by the tip of the index finger between the first and tenth fist-clenching movements. In a previous study, movement image training using a mirror box was shown to increase wrist extension and joint range of motion in forearm pronation and supination (Stevens and Stoykov, 2003). Visual stimulation by means of MR therapy may make movement imaging easier, activating the cerebral motor cortex. MR therapy may thus have the potential to improve the finger movements of hemiplegic stroke patients.
7.1 Visual stimulation and sensorimotor integration
MR therapy promotes sensorimotor integration through visual stimulation. Garry et al. (2005) reported that mirror therapy enhances the excitability of the primary motor cortex (M1) via visual feedback (Garry et al., 2005; Stevens and Stoykov, 2003). Compared with VR, MR technology provides a more natural and realistic visual experience, which may facilitate motor imagery. This could explain why MR therapy was especially effective for the index finger, which has a large sensory cortical representation.
In this study, the only significant improvement was in the distance traveled by the tip of the index finger. In addition to the primary motor cortex, activation of the primary sensory cortex is also believed to contribute to fist-clenching movements (Tsuda and Oku, 2005), suggesting that there is a complex interaction between the motor and sensory cortexes during movement. Role of Sensory Cortical Representation.
The significant improvement observed in the index finger movement could be attributed to its larger sensory cortical representation, as previously illustrated in Penfield’s sensory homunculus (Schott, 1993; Penfield and Bolrey, 1937). This may contribute to the observed improvement, as MR therapy likely stimulates both motor and sensory cortices, facilitating better motor performance of the index finger.
7.2 Comparison with previous VR studies
MR offers advantages over VR by providing realistic, embodied feedback that integrates the user’s own body image, potentially reducing the dissonance observed in VR environments (Aoyama and Kaneko, 2011). Additionally, Garry et al. (2005) showed that mirror therapy enhances M1 excitability through visual stimulation, a mechanism likely engaged in MR as well (Garry et al., 2005). Our results align with recent studies showing that MR can promote neural plasticity and motor recovery by offering more ecologically valid and interactive environments (Huang Y and Lee, 2022). The questionnaire results showed that reactions to MR therapy were mainly positive. However, the accuracy of finger-bending, the difficulty of seeing the simulated arm, and making the HMD less tight around the head were brought up as points for improvement. In this study, we used the first-generation HoloLens, but the use of the HoloLens2, which offers improved operability, wearability, and viewing angles compared with the first-generation HoloLens, may improve its effectiveness.
7.3 Limitations
This study has several limitations. First, the sample size was limited to five participants, as the inclusion criteria required individuals with specific clinical conditions (e.g., hemiplegic patients with Brunnström Stage V or below), and the experimental environment imposed logistical constraints. While this small sample was considered appropriate for an initial proof-of-concept exploratory trial, it limits the statistical power and generalizability of the findings. Second, the absence of a control group precluded direct comparison between MR therapy and standard rehabilitation or other interventions such as mirror therapy. Third, the study utilized a first-generation MR device (HoloLens®), which had limitations in field of view, operability, and comfort.
In contrast to the extensive research on mirror therapy and VR, studies on MR-based interventions remain scarce. However, this study contributes to the emerging body of evidence suggesting that MR therapy may be effective in enhancing motor function, particularly fine motor control. For example, prior work by Stevens and Stoykov (2003) demonstrated that motor imagery training improves motor function, and our findings suggest that MR may amplify these effects through immersive and congruent visual feedback (Stevens and Stoykov, 2003).
To strengthen the evidence base and further elucidate the therapeutic mechanisms of MR therapy, future studies should include randomized controlled trials with larger sample sizes and employ advanced MR hardware such as HoloLens 2, which offers improved wearability, visual clarity, and user experience.
8 CONCLUSION
The findings of this preliminary study suggest that MR-based therapy using a HoloLens and Leap Motion system may enhance fine motor control in hemiplegic stroke patients. The significant improvement observed in the index finger movement could be attributed to its larger sensory cortical representation, as previously illustrated in Penfield’s sensory homunculus (Penfield and Boldrey, 1937). MR offers advantages over VR by providing realistic, embodied feedback that integrates the user’s own body image, potentially reducing the dissonance observed in VR environments (Aoyama and Kaneko, 2011). Additionally, Garry et al. (2005) showed that mirror therapy enhances M1 excitability through visual stimulation, a mechanism likely engaged in MR as well (Garry et al., 2005). Our results align with recent studies showing that MR can promote neural plasticity and motor recovery by offering more ecologically valid and interactive environments (Huang Y and Lee, 2022). Despite promising results, this study has limitations, including a small sample size, lack of a control group, and use of first-generation MR devices with limited field of view. Future studies should involve randomized controlled trials with larger samples and utilize advanced MR hardware such as HoloLens 2.
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