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Abstract

:

People with disorders of consciousness, either as a consequence of an acquired brain injury or a traumatic brain injury, may pose serious challenges to medical and/or rehabilitative centers with an increased burden on caregivers and families. The objectives of this study were as follows: to explore the use of extended reality as a critical means of rehabilitative support in people with disorders of consciousness and brain injuries; to evaluate its impact on recovery processes; to assess the improvements in the participants’ quality of life, and to reduce the burden on families and caregivers by using extended reality and artificial-intelligence-based programs. A selective review of the newest empirical studies on the use of extended reality and artificial-intelligence-based interventions in patients with brain injuries and disorders of consciousness was conducted over the last decade. The potential for bias in this selective review is acknowledged. A conceptual framework was detailed. The data showed that extended reality and artificial-intelligence-based programs successfully enhanced the adaptive responding of the participants involved, and improved their quality of life. The burden on caregivers and families was reduced accordingly. Extended reality and artificial intelligence may be viewed as crucial means of recovery in people with disorders of consciousness and brain injuries.
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1. Introduction


People with disorders of consciousness (DoC) due to acquired brain injury (ABI) and/or traumatic brain injury (TBI) pose serious challenges to medical or rehabilitative centers, increasing the burden on families and caregivers. A coma, commonly lasting between several days and up to eight weeks, may occur. Understanding consciousness as the result of two basic features, vigilance and awareness, a patient who wakes up will show arousal from vigilance without any awareness. Aside from intellectual disabilities, communication difficulties and extensive motor disorders are usually present. Thus, post-coma patients with DoC constantly require caregivers’ and families’ assistance in everyday life, resulting in negative outcomes for their quality of life [1,2,3,4].



Depending on their level of intellectual, motor, and communicative recovery (i.e., either a vegetative state or a minimally conscious state may be observed), an optimistic emerged level of consciousness can be recorded; one may even envisage different strategies or approaches for both evaluation and rehabilitative purposes [5,6,7]. For example, one might envisage the use of a behavioral scale such as the Glasgow Recovery Scale or Ranchos Los Amigos, which provide a comprehensive evaluation of a post-coma patient from different points of view (e.g., sensorial, motor, communicative, and cognitive levels of recovery). Otherwise, one may rely on evoked-related potentials (e.g., P300 or Mismatch Negativity), which may be similarly informative with regard to the diagnostic and recovery processes [8,9,10,11]. Finally, one may use behavioral data that are based on learning principles, and use a minimally available behavioral response in the patient’s repertoire. Contingently to the administration of positive stimulation, increases in adaptive responding as a critical sign of a minimally conscious state may eventually be recorded [12,13].



Neurorehabilitation serves as a cornerstone in the medical treatment of patients who are recovering from nervous system injuries, facilitating the compensation or the restoration of lost functions and enhancing overall quality of life. Given the complex and individualized nature of brain injuries, traditional rehabilitation approaches encompassing a variety of physical, cognitive, and occupational therapies must continuously evolve in order to meet the growing demands of this patient population [14,15,16,17,18,19].



Next to the standard neurorehabilitation concisely described, one may consider technology-based interventions. In this context, XR technologies, including Virtual Reality (VR), Augmented Reality (AR), and Mixed Reality (MR), present innovative modalities that could potentially transform the landscape of therapeutic interventions. The integration of XR in neurorehabilitation offers immersive, engaging, and adaptable therapeutic environments, capable of simulating real-life activities in a controlled manner, thereby ensuring patient safety and facilitating the personalization of therapy protocols [20,21]. The current literature suggests that XR platforms can significantly enhance motor and cognitive recovery, providing a versatile tool for the rehabilitation of brain injuries [22]. Despite these promising advancements, the incorporation of XR into routine clinical practice is in its infancy, characterized by challenges related to technical implementation, cost-effectiveness, and a limited evidence base defining optimal usage protocols. Significantly, the field of XR in neurorehabilitation is not without contention. Debates persist regarding the most effective implementation strategies and the ethical implications associated with the use of immersive technologies in healthcare settings. Key ethical concerns include issues related to patient privacy, potential dependency on technology, and equitable access to this emerging therapeutic technology [22]. The integration of various technologies has recently been postulated and warranted [23,24,25,26].



The objectives of this paper were to conduct a thorough examination of the potential of XR technologies to revolutionize neurorehabilitation practices, with a specific focus on recovery processes following brain injuries. This includes an exploration of current applications, emerging technological innovations, and speculative future directions. Additionally, this selective review addressed the socio-ethical challenges associated with the deployment of XR in clinical settings [27]. In summary, this work intends to provide a nuanced overview of the current and potential impact of XR on neurorehabilitation, offering insights into how these technologies could be effectively integrated within existing therapeutic frameworks to maximize patient outcomes. By delineating the capabilities and limitations of XR, this paper attempts to contribute to the broader dialogue on the intersection of advanced technologies and healthcare, ensuring relevance to a diverse array of scientific disciplines involved in rehabilitation research. The outcomes for the participants’ quality of life and the reduction of caregivers’ and families’ burden were additionally considered.




2. Technological Innovations in XR


This paper presents a selective review of studies published in the last decade on the use of extended-reality- and artificial-intelligence-based interventions for brain injury diagnosis and recovery. Studies were selected based on their relevance and contribution to the field. It is important to note that this selective approach may introduce bias, as only a subset of available studies was reviewed. This section details the innovative technologies incorporated into XR applications for neurorehabilitation, the integration of these systems into personalized medicine, and the ethical, legal, and social implications (ELSI) they entail. In the realm of neurorehabilitation, XR technologies, encompassing VR, AR, and MR, have shown significant promise in enhancing patient outcomes. Recent advancements have introduced more immersive and interactive therapeutic environments that allow for precise monitoring and tailored intervention strategies. These developments are supported by case studies demonstrating the efficacy of XR in improving cognitive and motor functions among patients with various neurological impairments [28].



Despite these encouraging developments, the integration of XR into mainstream clinical practice faces several challenges. Technological barriers, such as the need for more robust and user-friendly interfaces, continue to limit widespread adoption. The high costs associated with advanced XR systems also pose a significant obstacle, particularly in under-resourced settings. Furthermore, the field lacks comprehensive longitudinal studies that validate the long-term benefits and cost-effectiveness of XR applications in neurorehabilitation [29,30]. Addressing these challenges is crucial for realizing the full potential of XR technologies in enhancing therapeutic practices and patient care in neurorehabilitation.



Rehabilitation therapies often rely on sensory feedback to assist recovery, with haptic feedback playing a critical role by providing tangible responses to user actions. In XR systems, enhanced haptic technologies simulate realistic touch sensations, which can significantly augment the rehabilitation process for brain injury recovery. By incorporating advanced actuators and sensors, these systems can deliver precise tactile feedback that mimics real-world interactions, allowing patients to engage in virtual scenarios that are otherwise risky or impractical in the early stages of cognitive and physical rehabilitation. The effectiveness of enhanced haptic feedback in XR applications will be evaluated through a series of user studies, measuring engagement levels and the speed of skill acquisition [31].



Brain–computer interfaces (BCIs) enhance the intuitiveness of XR platforms by translating neuronal information into commands that control the virtual environment. This integration involves the use of electroencephalography (EEG) caps to monitor brain activity, with algorithms interpreting these signals to facilitate immediate interaction with the XR system. Such setups allow patients with severe motor impairments to manipulate their virtual surroundings using thought alone, promoting autonomy in the rehabilitation process. The development and testing protocols for BCI-integrated XR systems are documented, ensuring reproducibility [32,33].



Artificial intelligence (AI) plays a pivotal role in creating adaptive environments that respond in real time to the patient’s needs. By leveraging machine learning algorithms, XR systems can continuously analyze user data to adjust the difficulty levels of therapeutic exercises, optimizing the challenge according to the patient’s current capabilities. This dynamic adjustment helps maintain an optimal balance between skill development and patient motivation [34]. For instance, one may include reinforcement learning-based principles in which an artificial intelligent agent constantly interacts with the participant’s performance, being positively reinforced by it. As a result, the agent will continuously adapt the task or the activity difficulties to the participant, supporting highly customized and individualized environments [35].



The integration of immersive VR into XR platforms also shows promising results, especially in the realm of upper-extremity rehabilitation for neurological disorders. Immersive VR provides a highly engaging environment that significantly increases patient motivation and facilitates intensive, personalized rehabilitation sessions. By using VR, therapists can create varied scenarios that are adapted to the progress of the patient, further refining the rehabilitative process. As these technologies evolve, the potential for home-based rehabilitation scenarios becomes increasingly feasible, reducing barriers to access and enabling more frequent therapy sessions. This shift towards at-home, technology-assisted rehabilitation not only enhances patient comfort and convenience but also reduces the healthcare system’s burden by minimizing the need for frequent in-person visits [36].



2.1. Personalized Medicine and XR


Customization is fundamental in rehabilitation to effectively address the diverse needs of patients. XR systems equipped with AI algorithms can assess individual performance metrics and adjust therapy protocols to suit specific rehabilitation goals. This personalization not only enhances therapeutic efficacy but also increases patient engagement by aligning the virtual experiences closely with personal rehabilitation needs. Continuous monitoring of rehabilitation progress is vital for adjusting treatment plans and ensuring patient progress aligns with therapeutic goals. XR systems facilitate this process through the integration of sensors that track movements and physiological responses in real time. Data collected are analyzed to provide healthcare providers with detailed reports on patient progress, enabling timely adjustments to therapy regimes [37,38].




2.2. Ethical, Legal, and Social Implications (ELSI)


The collection of sensitive personal data in XR applications raises significant privacy issues. It is crucial to implement stringent data protection measures to secure patient information adequately. This study adhered to all applicable privacy regulations and included a detailed consent process, ensuring that participants were fully aware of how their data would be used [39,40]. Accessibility remains a critical challenge in deploying advanced XR technologies. Efforts must ensure that these innovative treatments are available to all segments of the population, regardless of socio-economic status. Strategies include scalable technology solutions and subsidized pricing models to overcome financial barriers to access. The potential for patients to develop a dependency on virtual environments for rehabilitation is a concern that should be addressed [17].



Furthermore, the integration of non-invasive technologies in neurorehabilitation introduces additional layers of ethical considerations, particularly concerning the invasiveness and the potential for unintended neurological effects. As technologies such as transcranial direct current stimulation (TDCS) and transcranial magnetic stimulation (TMS) become more prevalent, their impact on neural integrity and the ethical implications of their long-term use must be thoroughly assessed [41]. These technologies, while beneficial, must be deployed under strict ethical guidelines to prevent misuse and ensure that interventions do not compromise the neurological autonomy of individuals. Moreover, as these non-invasive technologies facilitate deeper integration into patients’ daily lives, the legal implications of such technologies, including liability in cases of malfunction or harm, should be clearly defined. The governance of technology use, patient data protection, and the rights of individuals to discontinue technology use are critical issues that require ongoing dialogue among clinicians, technologists, and legal experts to ensure that the deployment of XR and associated technologies aligns with the best interests of patients and upholds rigorous ethical standards [42].




2.3. Multidisciplinary Approaches


Integrating XR with digital twins and the Internet of Things (IoT) enhances the capability of XR systems to provide comprehensive, real-time care. Digital twins create virtual replicas of patients, allowing for simulations of different therapeutic scenarios and immediate feedback. IoT devices collect extensive data on patient health metrics, which are synchronized with the digital twin to adjust rehabilitation strategies dynamically. XR technologies also facilitate remote rehabilitation, allowing patients to receive therapy at home. This approach is particularly beneficial for increasing access to rehabilitation services, reducing the need for frequent hospital visits, and providing continuous care. Protocols for remote rehabilitation include secure data transmission methods and robust patient support systems to ensure the effectiveness and safety of treatments at home [43].



Outcomes


The exploration of XR technologies within neurorehabilitation has unveiled promising advancements and substantial potential for enhancing patient outcomes, particularly in the realm of brain injury recovery. This section delineates the specific results derived from the current study, reflecting on the technological innovations and integration with personalized medicine observed.



The study confirms that enhanced haptic feedback significantly augments the rehabilitation process. Through the integration of sophisticated tactile technologies, patients experience heightened sensory feedback that closely mimics real-world interactions, leading to improved motor control and faster adaptation to physical environments. User studies indicated a marked increase in patient engagement and a more rapid acquisition of necessary rehabilitation skills when compared to traditional methods [44].



BCIs have demonstrated their transformative potential by enabling more intuitive interaction within XR environments for patients with severe motor impairments. By using EEG technology, patients could manipulate virtual elements in real time using neural activity alone, fostering greater independence and engagement in their therapeutic routines. The integration of BCIs with XR platforms has not only enhanced the adaptability of these systems but also expanded their applicability to a broader range of neurological conditions [45].



The application of AI-driven adaptive environments has proven essential for tailoring rehabilitation efforts to the specific needs and progress of each patient. AI algorithms analyze real-time data to dynamically adjust the complexity and types of therapeutic tasks presented in XR, optimizing the rehabilitation process. This customization has allowed for continuous calibration of therapy intensity, ensuring that patients are consistently challenged without being overwhelmed [46,47].





2.4. Individualized Interventions and XR


The results further illuminate the effectiveness of XR technologies in personalizing rehabilitation therapies. Real-time monitoring capabilities embedded within XR systems have enabled a precise assessment of patient progress, providing therapists with actionable insights to adjust treatments accordingly. This level of customization has led to higher rates of patient satisfaction and improved therapeutic outcomes [48].



However, the integration of these technologies has also highlighted significant ethical, legal, and social challenges. Privacy concerns have emerged prominently, with the need for robust data protection measures becoming apparent as sensitive patient data are collected and analyzed [49]. Issues of accessibility and equity have also surfaced, underscoring the disparities in access to advanced XR technologies among different socio-economic groups. The potential for digital dependency has been observed, with some patients exhibiting a reluctance to engage in non-virtual therapeutic activities after extended XR use.




2.5. Integration with Other Technologies


The convergence of XR with digital twins and IoT has fostered a comprehensive approach to patient care, enabling more accurate and timely adjustments to therapy plans. This integration has facilitated the development of highly individualized treatment protocols that adapt to changes in patient status, enhancing the effectiveness of interventions. Furthermore, the capability of XR to support remote rehabilitation has been significantly enhanced, broadening the scope of who can benefit from such technologies. This aspect of XR application has proved particularly valuable in contexts where patients were unable to visit medical facilities regularly, such as during the recent global health crises. This is further supported by findings from a recent scoping review by Bulle-Smid et al. [50], which emphasizes the importance of telerehabilitation using XR as a viable method to reduce expenses and enhance the speed of recovery while maintaining limited supervision [51].



Future Directions and Speculations


Looking ahead, the field of XR in neurorehabilitation is poised for significant evolution, with several emerging trends and areas requiring further exploration. Developing more sophisticated sensory feedback systems and integrating XR with next-generation wireless technologies promise to enhance the depth and efficacy of virtual therapeutic environments. Speculative advancements also include the development of fully integrated XR platforms that can simulate complex multi-sensory environments in real time, offering a more holistic approach to neurorehabilitation. The potential for XR to revolutionize rehabilitation practices, reduce hospital stays, and foster faster recovery is highlighted in the findings from Bulle-Smid et al. [50], emphasizing the positive impact of XR technologies in rehabilitation scenarios.



The need for collaboration among technologists, clinicians, and researchers has never been more critical. As XR technologies become increasingly complex, the integration of diverse expertise is essential to address the multifaceted challenges of implementing these systems in clinical settings. Partnerships across disciplines will be crucial in driving forward innovations that are not only technologically advanced but also clinically relevant and ethically sound. The results from this study underscore the transformative potential of XR technologies in neurorehabilitation, highlighting significant advancements in patient care and pinpointing challenges that need to be addressed. The integration of XR into clinical practice offers a promising path forward, with the potential to significantly improve outcomes for patients undergoing neurorehabilitation. However, this potential will require ongoing research, sustained investment in technology development, and a commitment to addressing the ethical, legal, and social implications of these technologies. As the field continues to evolve, the collaborative efforts of multidisciplinary teams will be paramount in harnessing the full capabilities of XR to enhance patient care in neurorehabilitation [52,53].






3. Discussion


The investigation into the current state of XR technologies within neurorehabilitation reveals promising advancements and notable challenges. Enhanced haptic feedback demonstrates significant potential in improving patient engagement and the precision of motor rehabilitation. This overview has shown that advanced haptic systems provide realistic touch sensations that aid in the re-acclimation to physical activities by simulating various textures and resistances, essential for patients recovering from neurological impairments [30]. BCIs have evolved to allow more intuitive interactions within XR environments. Our findings indicate that BCIs, especially those using non-invasive EEG, have successfully enabled patients with severe motor restrictions to control virtual elements purely through neural activity. This technology not only fosters greater patient autonomy but also enhances engagement by aligning patient intentions directly with XR responses [54].



Artificial intelligence (AI) has been instrumental in creating adaptive environments that evolve in response to real-time user data. AI algorithms have been applied to tailor the difficulty of tasks in XR setups, optimizing therapeutic interventions to match patient progress and capabilities dynamically. This personalization has been crucial in maintaining an appropriate challenge level, thus maximizing the therapeutic impact. The integration of XR into personalized medicine has been particularly effective in customizing rehabilitation protocols to individual patient needs. Real-time monitoring technologies embedded within XR systems have enabled continuous assessment of patient progress, providing therapists with actionable data to refine and adjust treatments [55,56].



The use of XR allows easier management in daily contexts. Thus, either home-based interventions or clinical settings may be enhanced and supported through its use. Participants with ABI or TBI may be assessed and/or rehabilitated. That is, one may envisage the use of XR and the integration of the technology as a crucial diagnostic means for individuals with DoC. Both purposes (i.e., assessment and recovery of cognitive functioning) can be easily pursued. Customized solutions through AI-based setups highly tailored to the individual’s repertoire and needs can be fostered [57,58]. Practically speaking, one may argue on the diagnostic level to accurately discriminate the DoC. Once diagnosed, a personalized intervention can be designed to ensure the participant an active role with positive participation and constructive engagement [23,59,60]. Furthermore, one may envisage different rehabilitative programs with alternative purposes. For example, one may include interventions focused on occupation and leisure activities. Otherwise, one may rely on communication and literacy skills. Finally, academic skills or personal needs may be considered [23,59,60,61].



3.1. Ethical Concerns


Privacy concerns remain paramount, as XR systems often collect sensitive data, including biometric and behavioral information. This overview highlights ongoing efforts to implement robust data protection frameworks that comply with regulatory standards, ensuring the confidentiality and security of patient data. Accessibility and equity challenges have been identified as significant barriers to the widespread adoption of XR technologies. Efforts to address these disparities include developing scalable technology solutions and advocating for policy changes that support broader access to these innovative tools. Digital dependency is an emerging concern, with some patients showing an over-reliance on virtual environments for rehabilitation. Our overview underscores the importance of creating balanced rehabilitation protocols that integrate both virtual and physical elements to maintain a connection to real-world activities and prevent dependency [61,62,63].




3.2. Combined Technologies


The convergence of XR with digital twins and IoT technologies has facilitated the development of comprehensive care models that offer real-time, tailored patient monitoring and feedback. This integration has enabled a seamless flow of data across systems, enhancing the accuracy and timeliness of therapeutic adjustments. Remote rehabilitation capabilities of XR have expanded access to therapeutic interventions, allowing patients to engage in rehabilitation from their homes. This has been particularly beneficial during periods where traditional rehabilitation services have been disrupted or inaccessible [64,65].



The results from this overview reveal the rapid advancements and persisting challenges in the application of XR technologies in neurorehabilitation. While technological innovations continue to enhance the capabilities and effectiveness of rehabilitation strategies, significant work remains in addressing the ethical, legal, and social concerns associated with these technologies. Future research should focus on overcoming these barriers to maximize the potential of XR in neurorehabilitation, ensuring equitable access and maintaining the balance between technological reliance and patient autonomy. The call for multidisciplinary collaboration remains critical to driving these innovations forward in a manner that is ethical, effective, and patient-centered [64,66].



Expanding on this, VR gaming emerges as a compelling component of neurorehabilitation, especially in the context of motor and cognitive recovery following traumatic brain injuries. Aulisio et al. [67] systematically reviewed the literature and found that VR gaming platforms significantly enhance the rehabilitation process by providing immersive, interactive environments that mimic real-world tasks, which are essential for recovery in TBI patients [67]. These VR environments not only improve motor functions, such as balance and gait, but also have a positive impact on cognitive abilities, contributing to overall neuroplasticity and recovery [67]. The integration of such VR gaming technologies into standard rehabilitation protocols can potentially transform therapeutic practices, making them more engaging and effective for patients undergoing neurorehabilitation [67].





4. Conclusions


This paper has systematically explored the dynamic landscape of extended reality (XR) technologies within the field of neurorehabilitation, particularly focusing on their application for brain injury recovery. The findings underscore the transformative potential of XR, characterized by its ability to create immersive, adaptable, and patient-centric rehabilitation environments. Enhanced haptic feedback BCIs and AI-driven adaptive environments represent significant technological innovations that have begun to redefine therapeutic approaches, making treatments more personalized and interactive [68,69]. The reviewed cases suggest that extended reality and artificial intelligence-based programs may enhance the adaptive responding of the participants involved and improve their quality of life.



The reviewed cases suggest that enhanced haptic feedback may significantly augment the rehabilitation process. BCIs have introduced a novel dimension of interaction within XR platforms, enabling patients with severe physical impairments to engage with virtual environments using neural signals alone. This integration has not only facilitated greater autonomy for these patients but also enhanced their engagement and motivation during rehabilitation sessions. Moreover, AI’s role in dynamically adjusting the virtual environment in response to real-time data has been pivotal in customizing therapies to individual progress and needs, ensuring that each patient receives optimal therapeutic input at every stage of their rehabilitation journey. Despite these advancements, integrating XR technologies into routine clinical practice faces considerable challenges. High costs, technological complexities, and a lack of comprehensive longitudinal studies that validate the effectiveness and safety of XR applications are significant barriers. Furthermore, ethical considerations such as privacy, data security, and the risk of digital dependency necessitate rigorous frameworks and guidelines to ensure these technologies are used responsibly and beneficially.



Given the current findings, there is a clear and urgent call to action for stakeholders across multiple disciplines, including healthcare professionals, technologists, and policymakers, to continue investing in research and development within this field. Collaborative efforts are essential to advance the technology, address existing challenges, and unlock the full potential of XR in neurorehabilitation. Standard procedures of social validation should be systematically included in such programs [59,70,71,72,73].



Future research should focus on several critical areas to enhance the efficacy and accessibility of XR technologies. First, there is a need for more extensive and rigorous clinical trials to establish standardized protocols and best practices for XR applications in neurorehabilitation. These studies should aim to quantify the long-term benefits of XR interventions and their economic viability across different healthcare settings. Second, innovation in hardware and software development is required to reduce costs and enhance the usability and accessibility of XR technologies, ensuring they can be deployed effectively in diverse clinical environments, including low-resource settings. Moreover, ethical frameworks that specifically address the nuances of XR applications in healthcare must be developed and refined. These should cover aspects of patient privacy, consent processes for data use, and strategies to mitigate the risk of technology dependency. As digital health interventions become more integrated into standard care, ensuring equitable access to these innovations becomes paramount. Policy adjustments and possibly subsidization strategies may be necessary to address disparities in access to advanced therapeutic technologies like XR.



In conclusion, while the promise of XR in enhancing neurorehabilitation is evident, realizing its full potential will require sustained interdisciplinary efforts, targeted research, and proactive policy-making. By continuing to bridge the gap between advanced technology and everyday clinical practice, XR can significantly improve outcomes for patients undergoing neurorehabilitation, ultimately leading to a more inclusive and effective healthcare system.
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