Immersive virtual reality to assess and promote upper limb activity in older adults with and without major neurocognitive disorder – A qualitative study.
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Abstract
Background: This study explores how older adults with and without major neurocognitive disorder experienced the use of immersive VR applications aiming to promote and assess upper limb activity. 
Methods: A qualitative design within an interpretivist paradigm was employed. Thirty participants over 60 years were recruited from the Canadian population. After an upper limb immersive VR session, semi-structured interviews were conducted to gather insights from the participants. Thematic analysis using a six-phase framework was performed to identify and analyze key themes in the interview data. 
Results: Five main themes emerged from the analysis: Prior experience and apprehensions towards immersive VR, comfort and usability of the device, design of the virtual background, interaction in immersive VR, and clinical applicability of immersive VR. Overall, older adults seemed motivated by the playful, challenging and entertaining interactions offered by immersive VR. 
Conclusion: Immersive VR was described as beneficial for motricity and cognition. Participants found it to be an interesting tool for performing exercises and assessing performance more autonomously.
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INTRODUCTION
As the global population continues to age, ensuring the well-being and quality of life of older adults is becoming an increasingly important societal concern. Maintaining physical activity levels remains crucial for the physical, cognitive, and emotional well-being of older individuals, and for halting motor and functional decline (1, 2). However, aging often brings about physical limitations and reduced mobility, making it challenging for older adults to engage in regular exercise and other activities that promote health and independence (3). More importantly, the prevalence of major neurocognitive disorders, exacerbates these challenges by impairing cognitive functions and complicating daily activities, further impeding the ability to maintain an active and fulfilling lifestyle (4).
In recent years, immersive virtual reality (VR) has emerged as a promising technology with the potential to enhance activity promotion and cognition among older adults (5, 6). Through the use of specialized hardware, such as head-mounted displays and motion-tracking devices, immersive VR provides a unique opportunity to simulate real-world activities and engage individuals in virtual environments that facilitate physical movement and interaction (7). 
Furthermore, immersive VR has the potential to democratize the assessment of motor and cognitive functions, as well as kinematics, among older adults (8-11). Traditional assessments of these functions often require expensive equipment, specialized facilities, and trained personnel, making them inaccessible to many individuals due to financial constraints or limited access to healthcare resources. Immersive VR offers a cost-effective alternative that can be easily implemented in various settings, including community centers, rehabilitation facilities, and even at home (12). By leveraging affordable consumer-grade VR devices and software applications, older adults can undergo comprehensive assessments of their motor skills, cognitive abilities, and kinematics in a more accessible and convenient manner (8, 13). This democratization of assessment tools not only promotes inclusivity but also facilitates early detection of functional decline and enables timely interventions to maintain or improve overall motor and cognitive functions in older adults.
Although upper limb motor impairments are prevalent among older adults (14), they often receive less attention than lower limbs issues in both evaluation and rehabilitation. Given the critical role of upper limb function in performing daily activities and maintaining independence, this oversight is concerning. Immersive VR offers a valuable solution by using controllers and motion-tracking devices to enhance the assessment and promotion of upper limb activity. By providing precise tracking of hand and arm movements and facilitating engaging therapeutic exercises, VR may significantly contribute to improving motor skills and functional abilities in the upper extremities. 
Similarly, major neurocognitive disorders can significantly impact daily living activities, further complicating the challenge of maintaining physical activity and well-being. Literature indicates that individuals with major neurocognitive disorders can benefit from VR interventions, which have been shown to improve cognitive functioning and functional independency (15, 16). Studies have demonstrated the potential of VR to enhance memory, and attention in individuals with major neurocognitive disorders, offering a promising avenue for cognitive rehabilitation (15). In addition, VR can provide safe and controlled environments aiming at enhancing functional dependency, which is crucial for this population given their increased risk of falls and mobility issues (16).
Despite the growing evidence and to ensure the successful implementation and adoption of immersive VR for activity assessment and promotion in older adults, it remains important to understand their perception and views regarding this technology. Considering the diverse needs and preferences of older adults when designing VR interventions and assessments, it appears essential to maximize their effectiveness and promote long-term adherence. Moreover, addressing potential concerns will help to ensure a positive experience and encourage older adults to improve their activity levels.
While several studies have provided positive results regarding attitudes, acceptance and usability of immersive VR among older adults (17-19), most studies have focused on healthy older adults or older adults diagnosed with a specific pathology, which is not fully representative of the geriatric population given the increased number of older adults diagnosed with a neurocognitive disorder. Moreover, some used a quantitative design or did not specifically focus on participants’ views regarding the use of immersive VR to improve assessments and rehabilitation of upper limb activity and cognition. Hence, the subjective experiences, beliefs of older adults towards immersive VR cannot be adequately captured through quantitative measures alone. To this end, we used qualitative research design involving the following research questions:
1.	How older adults (with and without major neurocognitive disorder) experience the use of immersive VR-based assessments and games targeting upper limb activity and motor function?
2.	What benefits do older adults perceive from using immersive VR?
3.	What potential barriers exist for the use of immersive VR?
METHODS
Study design
This qualitative study was realized in accordance with the Declaration of Helsinki and approved by the Recherche Sectorielle en Réadaptation et Intégration Sociale Ethics Committee (#2020-1909). The consolidated criteria for reporting qualitative research (COREQ) were followed (see Supplementary Digital Content 1). All participants were informed about the research team’s objectives, reasons and interests, and gave their written consent prior to the beginning of the trial. For participants with major neurocognitive disorder, the nursing home always conducted a cognitive pre-screening to ensure they could participate, understand simple instructions, and provide informed consent. In case of doubt, we sought permission from a relative of the participant.
A qualitative design was chosen to better understand how older adults perceived and experienced the use of immersive VR to promote and assess upper limb activity. Owing to the little existing literature on the topic, we privileged an inductive approach within an interpretivist model. Semi-structured interviews were undertaken between February and April 2023. These were conducted until participants could provide no more relevant information (data saturation).
The background and experience of the lead qualitative researcher (GE) are described here to offer readers the opportunity to assess the potential influence of these factors on the data collection process: GE is a postdoctoral researcher with a background in physiotherapy. He has research experience in the use of immersive VR among older adults with and without neurological impairments.
Participants
Participants were recruited through convenience sampling among the Canadian population and among the following seniors’ residences: Institut universitaire en Santé Mental de Québec and the Centre d’hébergement de soins de longue durée Coté Jardins (Québec, Canada). They were contacted by email, telephone, or face-to-face to participate in the study.
The study included older individuals with and without major neurocognitive disorder. 
To be eligible, healthy participants had to be over 60 years old, be able to understand simple instructions and have a normal or corrected vision. Exclusion criteria comprised the presence of orthopaedical, or neurological disorders affecting the ability to hold a controller and wear a head-mounted display. 
To be included, participants with major neurocognitive disorder had to be over 60 years old, have corrected-to-normal vision and be diagnosed with a significant impairment in one or more cognitive domains that affected their independence in daily activities (according to DSM-5 criteria) (20). The exclusion criteria were identical to those used for the control participants.
Context
To evaluate their perception and experience of immersive VR, participants were required to take part in an upper limb immersive VR session involving the use of one virtual self-adaptive serious games (REAsmash-iVR) (21)) and two virtual functional assessments (the BBT-VR (8, 22) and the Kinematics-VR (23)). These sessions lasted, on average, fifteen minutes and were conducted in either the laboratory or the participant’s room, depending on their preference. A member of the research team was always present with the participant during the session. Participants had the choice to participate in the session alone or in group (with other participants) to help create a comfortable environment for them.
The VR applications are all presented in Figure 1 and are especially designed for clinical and research purpose. Their development was made in C# language with Unity 2020.3.3 using the Meta Quest 2 device (Facebook®), which comprises a head-mounted display and two controllers. Prior to the start of the session, a researcher of the team always performed an initial assessment to check for study eligibility, and safety with VR use.
The REAsmash-iVR is a self-adaptive serious game, in which users are required to hit a target mole wearing a red miner’s helmet presented among a range of other mole distractors (wearing helmet of different colours and shapes). This game, which is based on Triesman paradigm, aims to improve and assess spatial and distractor inhibition attention, and upper limb motor function. A primary version of this game has been presented here (21). In the current game design, the number and type of distractors, the location of the moles and the time allotted to hit the target are automatically adapted according to the user motor (kinematics, range of motion) and cognitive performance (response time relative to the number and type of distractors). 
The BBT-VR is an immersive VR version of the Box and Block Test, aiming to assess gross manual dexterity and upper limb kinematics thanks to the use of controllers. In this test, participants must displace as many virtual blocks as possible from one side of a box to another in 60 seconds. This test has shown good validity and excellent reliability and usability when used among healthy adults and individuals with stroke (8).
The Kinematics-VR is an immersive VR functional assessment of head and upper limb movement quality. In this test, participants are asked to draw three-dimensional straight lines, circles and squares as fast and as accurately as possible. This test has shown excellent reliability and content validity to evaluate upper limb reaching kinematics in older adults (23).
Data collection
Semi-structured interviews were performed directly after the immersive VR session experience (the same day) and were undertaken in participants’ home or room (for residences) or in the laboratory of the Centre interdisciplinaire de recherche en readaptation et integration sociale. 
Interviews followed a guide developed according to the literature and made in collaboration with an expert multidisciplinary team. This guide comprised questions about participants’ experience of the immersive session and their perceptions regarding immersive VR’s clinical applicability. A copy of the interview guide is presented in Supplementary Digital Content 2. Depending on the participants, these interviews lasted between 8 and 20 minutes, were audio-recorded and transcribed verbatim. Fields notes were also made during the interview.
Data analysis
All interview transcripts were anonymized, checked for integrity by GE and imported into QDA Miner mixed methods and qualitative data analysis software (Provalis Research®). An inductive and iterative approach was then used to perform a thematic analysis of the data following Braun and Clarke’s six phase framework (24). The first step consisted of reading and re-reading the transcripts to become more and more familiar with the data. We then generated open preliminary codes to outline the different concepts that were raised by the data. This stage also served to identify the various themes addressed. Codes or concepts covering the same topic were then collated into common initial themes. Afterwards, these initial themes were reviewed, modified, or even removed to ensure that they were supported by the data and were sufficiently relevant, and that they did not overlap with each other. Lastly, the themes were defined and wrote-up. Codes and themes were discussed with CSB to reach consensus, and to improve trustworthiness of data analysis.
RESULTS
A sample of thirty participants agreed to take part in this study. None of them dropped-out. Their age ranged from 60 to 88 years old with a median of 64 [62 – 71.5]. Most participants were female (n = 20) and right-handed (n = 25). At the moment of data collection, ten older adults lived in a senior living facility and nine were diagnosed with major neurocognitive disorder. Two participants were diagnosed with Parkinson’s disease, one with Alzheimer’s disease, one with vascular dementia, one with Alzheimer’s disease and vascular dementia, and four with dementia (according to the old diagnosis of the DSM-IV). Some participants had psychiatric comorbidities such as anxiety and depression (n = 3), psychotic and thought disorder (n =3).  Their diagnoses and comorbidities are presented in Supplementary Digital Content 3.
Transcripts of semi-structured interviews revealed five different themes related to how older adults perceived the use of immersive VR applications to assess and promote upper limb activity (see Figure 2): 1) Prior experience and apprehensions towards immersive VR, 2) Comfort and usability of the device, 3) Design of the virtual background, 4) Interaction in immersive VR, 5) Clinical applicability of immersive VR.
Table 1 presents the codes used, along with the pre-themes, sub-themes, and overarching themes.
Prior experience and apprehensions towards immersive VR
This theme encompasses the apprehensions participants had towards immersive VR before taking part to the experimental protocol and how the experimentation affected these apprehensions. Overall, a large majority of older adults disclosed not having any concerns before starting the protocol. Among these, a few older adults had already tried immersive VR before this study, but in a more passive and less serious context:
Yes [answering to the question: “Have you tried immersive VR before?”] …visiting cities, climbing Everest, flying over a volcano, uh meditative environments, running, uh getting run over by a lion, crossing bridges… (Participant 13, 67 y, male).
For a few participants, a feeling of stress was reported. This could mostly be explained by the fact that they were afraid of “not being capable” or “doing something wrong”. These feelings seemed to be more apparent among older adults diagnosed with major neurocognitive disorder. One participant also recognized being afraid of seeing virtual “beasties”:
I was afraid there would be beasties… Afraid of having eyesight problems... (Participant 23, female, 69 y, diagnosed with major neurocognitive disorder).
However, participants with apprehensions were positively surprised and the use of immersive VR appeared easier than expected:
I was not expecting that. I thought it would be smaller [virtual environment], hard to read. I was afraid of not doing it like everyone else, but it was very easy. (Participant 25, female, 88 y, diagnosed with major neurocognitive disorder).
Comfort and usability of the device
This theme underlines the views of older adults regarding the comfort of the headset, and the usability of the device and applications that were used during the experiment. The headset appeared to be comfortable and not particularly heavy. Interestingly, cybersickness was not reported by any of the participants. Nonetheless, some reported being challenged in adjusting and correctly placing the head-mounted display on their head. The use of Velcro was not always easy:
For me, everything was perfect. It wasn't too heavy at all. We had trouble adjusting it at first, but then it was fine. I think it was too high, but then when we repositioned the Velcro and it was like lower and it stayed in place, otherwise it was like on top of my head and it felt like it was going to lift, but then when we put it back on the second time… it fit perfectly. (Participant 8, female, 61 y).
The comfort also seemed to be affected by the use of glasses for some older adults:
Well, it's true that when you've got glasses there's a bit of an adjustment, but it still gets over it. Sometimes it fogs up a bit, especially when you're doing exercises with... possibly because you're breathing. (Participant 3, female, 64 y).
Overall, participants found the different immersive VR applications easy to use but underlined the importance of delivering clear instructions beforehand to facilitate the understanding of the device:
Well, I found it easy, I found it interesting, it was easy to distinguish the different stages [applications], but it did require some explanation beforehand. (Participant 12, female, 64 y).
Besides instructions, some older adults also highlighted the need for a period of practice and adjustment prior to the trial:
Well yes, I liked it. There's still a period of adjustment to go through… It's true that it may have been harder to set up, but at the same time, you have to take the time to position the game properly... The little moles [XXX], that's the most fun, but it was easier to understand, it was written to go down and all that. It was simpler. But I like that. (Participant 3, female, 64 y).
Design of the virtual background
This theme encompasses the views and impressions of participants with regards to the design of the virtual background used for the experiment. The virtual background was described as … quite realist… (Participant 5, male, 62 y) and seemed to be well appreciated by participants. One older adult reported being fully immersed and feeling a sensation of presence in the VR environment:
You really feel like you're in it and it's real… Like the immersive aspect of being uh included. Being there, being present. It felt like reality. [I felt] transported into that environment. (Participant 7, female, 60 y).
Design of both games and assessment applications were described as …beautiful… and …not childish, especially in an older adult’s context … (Participant 8, female, 61 y). However, not everyone was impressed by the background. One older adult underlined the importance of using a basic scenery to limit distractions:
…It could be a spectacular environment. Here we're into something basic, but to do an exercise, there's no point in putting too many distractions around it. I mean, you just stick to what you have to do. (Participant 3, female, 64 y).
It was not only the design of the applications that stood out. Several participants also reported enjoying the scenery of the Meta Quest menu:
I liked the northern lights, the cabin, the fact that you could see through the cabin, the clouds and the interface. I really liked the decor. (Participant 21, male, 61 y, diagnosed with major neurocognitive disorder).
Interaction in immersive VR
This theme expresses the experiences of participants’ when interacting with the assessment and serious games applications provided in immersive VR. Older adults particularly appreciated the playfulness and fun of these VR interventions, even for assessment applications, especially when using the BBT-VR:
I thought the test with the cubes [BBT-VR] was great fun. (Participant 23, female, 69 y, diagnosed with major neurocognitive disorder).
Ahh! That went well, yes yes it was fun, it was interesting. Yes, the little moles [REAsmash-iVR], I could become addicted to that. (Participant 14, female, 67 y).
…I preferred the mole game [REAsmash-iVR], I found it easier. I liked the others.  I liked it but I don't know why... (Participant 25, female, 88y, diagnosed with major neurocognitive disorder).
Some participants attributed this positive experience to the dynamism of the intervention: 
I liked it because it's really dynamic, the one about the little moles [REAsmash-iVR], it's super dynamic. It also leads you to... how would I put it... to discover our speed... the speed with which we can react. (Participant 1, male, 63 y).
This ‘dynamic’ asset of the REAsmash-iVR also allowed some participants to let-off steam:
Yes, the movement. You can let off steam. It's unwinding. It's fun…Yes, and there's speed too. You have to go faster because it [the game] goes faster. They [the moles] go out more often. But it's fun, we like it. (Participant 4, female, 75 y).
Others revealed being attracted by the challenging aspect of the applications as the difficulty increases with time (as in the REAsmash-iVR and the Kinematics-VR) and because …you create challenges for yourself… and try to improve your performance… (Participant 7, female, 60 y). The fact that most participants tried immersive VR for the first time might also have enhanced their positive experience:
I thought it was great fun. I think I'm going to buy one. I really liked it. I found it really exciting. It's something new for me. It was fun, it was amusing. I'd like to try lots of them (Participant 7, female, 60 y).
One participant revealed being… relaxed… (Participant 21, male, 61 y, diagnosed with cognitive impairments) by the intervention. Other features such as… the use of controllers and the… sounds… (Participant 30, male, 87 y, diagnosed with major neurocognitive disorder) of the applications seemed to be appreciated by some participants.
Although a great majority of older adults who tried immersive VR during this experiment reported having a positive experience, some expressed mixed feelings. One participant revealed experiencing stress when failing to manipulate the cubes of the BBT-VR or to hit all the moles in the REAsmash-iVR. He also reported difficulties to correctly see the blocks of the BBT-VR:
I was struggling with the small cubes [in the BBT-VR]. Don't worry, it was still OK but I had a bit of stress with the cubes… I would have liked to have achieved everything. I couldn't see the squares [cubes of the BBT-VR] very well… I would have liked to have all the little moles [in REAsmash-iVR]. (Participant 24, male, 63 y, diagnosed with major neurocognitive disorder).
Similarly, issues were raised regarding the precision of visual and haptic feedbacks in immersive VR:
…You know, if it had been my real hand, I would have felt my fingers. And not knowing that my fingers were closed. You know, at one point, that's what happened, but I didn't know it because I couldn't feel it. If it had been my real hand, I would have felt that my fingers were closed, the little blocks [of the BBT-VR] would have hit the top of my closed fingers. It's boring not to feel it physically… Yes, but a vibration is not a normal sensation. (Participant 11, female, 61 y).
Well, that's annoying to say. Maybe it's more the moles I have to squash... It's because at one point I don't know... I don't know how I'd put it, it's that I... sometimes I thought I'd crushed them, but there was the sound effect, you know when you crush there'd be a song and then a song I'd crush and it wouldn't make a song so I wasn't sure if I'd done it right... Until I was told I wasn't going far enough. It's a disadvantage like that... On the whole it was fun to do it, but that's it. (Participant 18, female, 64 y).
A couple of older adults were also unsettled by the lack of objectives or meaning among the different immersive VR applications: 
…the mechanical tests there [the Kinematics-VR]... well… there was no real goal, it was just a matter of carrying out a simple mechanical task. (Participant 16, female, 62 y).
I didn't quite understand the system. That's what annoys me. So I need to understand…I understood the game but I didn't understand the meaning. I don't know why. (Participant 28, female, 85 y, diagnosed with major neurocognitive disorder).
Clinical applicability of immersive VR
This theme highlights the perceptions of older adults towards the use of immersive VR to assess and promote motor and cognitive activity. Three sub-themes were identified: benefits, harms and barriers.
Benefits
According to numerous participants, immersive VR would be beneficial to improve older adults’ motor and cognitive functions such as manual dexterity and motricity (Participant 6, male, 72 y), coordination (Participant 19, male, 62 y), perception and reaction time (Participant 12, female, 64 y), attention (Participant 27, female, 81 y, diagnosed with major neurocognitive disorder), concentration (Participant 25, female, 88 y, diagnosed with major neurocognitive disorder), and proprioception (Participant 13, male, 67 y):
Yes, for dexterity... I don't know how to put it... To concentrate, to understand better. For patience too, for my hands, for my everyday activities… (Participant 23, female, 69 y, diagnosed with major neurocognitive disorder).
One older adult revealed that the applications could be used to improve his well-being:
Yes, very much so, because it brings a lot to my mind, it's like music. It can help me feel better. (Participant 21, male, 61 y, diagnosed with major neurocognitive disorder).
Older adults also underlined all the potential of immersive VR as a novel, motivating and playful intervention to realize exercises… in addition to conventional therapy or at home:
Yes, for the fun aspect and the impression... the different way of doing exercises. It could certainly be combined with a more conventional approach. If you see someone on a regular basis for several weeks at a time, it could be a way of alternating and maintaining interest all the time. Of course, if you need to do exercises for a month, you might not need to go that route… There's no need to go outside. You come into our environment. (Participant 3, female, 64 y).
Opportunities to use immersive VR to realize autonomous evaluations was established and valuated by some participants:
 I think that even for people who are on their own, it's perhaps a good use of their time to evaluate themselves, to self-assess and perhaps even to try to improve afterwards, because it gives them a baseline. So yes, even I'd do it again in X amount of time, not in the same year, but to compare afterwards. No, I think it's all very relevant. Of course, you have to be open to the concept. (Participant 8, female, 61 y). 
Harms
Overall, no adverse events related to the use of immersive VR were reported. Nevertheless, issues were raised by one participant regarding the fact that immersive VR could induce strenuous movements potentially leading to muscular injuries:
…On the other hand, it's very demanding with hammers [in the REAsmash-iVR], those with muscular fragility, you put too much on it could probably uh displace or…in terms of movement, how could I say… it could create false movements in wanting to hit something uh because it was still quite far away, quite big. So I was moving from right to left, I wasn’t necessarily using the arm that was most accessible to the target. (Participant 12, female, 64 y).
Other potential harms reported were fatigue (Participant 30, male, 87 y, diagnosed with major neurocognitive disorder), and gaming addiction:
Uh I’d do it for me. But I shouldn’t get into it too quickly, I should take the opportunity to go outside a lot while I’m able. I’d have to be careful not to get hooked. I know that I’ve played video games... I try to be in real life... (Participant 14, female, 67 y).
Barriers
A lack of affinity for technology and comprehensions issues were identified as potential barriers to the use of immersive VR although some participants hypothesized that, with the time, people would be more and more familiar with these tools:
You thought I understood instructions quickly, but can that be a handicap in some cases for some people? Younger people may understand more quickly... ah note that over the years I think that today’s older people may not have had much contact with computers and virtual reality, but the next generation of older people will be much more used to it and I think it will be easier. They’ll already be familiar with computers and virtual reality, so even when they’re older, it’ll already be part of their world. (Participant 3, female, 64 y).
According to another participant, the weight of the head-mounted display could be a barrier to the use of immersive VR as he could not support it for a long time:
It's too heavy. That's it, it's a bit heavy… I wouldn't spend an hour with it on my head. Not even half an hour. (Participant 11, female, 62 y).
DISCUSSION
This study aimed to understand the views of older adults regarding the use of immersive VR to assess and promote activity. Overall, older adults were enthusiastic and seemed motivated by the playful, challenging and entertaining interactions offered by immersive VR. They also enjoyed the virtual background of the menu and applications. Immersive VR was described as beneficial for motricity and cognition and was thought to be an interesting tool to realize exercises and assess performance more autonomously. In contrast, some participants also recognized being disturbed by the lack of precision and realism of some visual and haptic feedback provided by VR applications. Although no adverse events were reported, fatigue, game addiction and muscular injuries (caused by strenuous movements) were identified as potential harms of immersive VR.
The findings of this study align with prior research which also demonstrated positive experiences and improved outcomes associated with immersive VR among older adults (25, 26). Huygelier et al. (17) explored the acceptance of immersive head-mounted virtual reality among older adults and found that participants generally expressed positive attitudes towards its use after exposure. Similarly, our study reveals a sense of enjoyment and positive perceptions among participants when using immersive VR applications. Arlati et al. (18) investigated the acceptance and usability of immersive VR in older adults with cognitive decline and found that participants perceived it as a useful tool for cognitive training. Our study, focusing on upper limb activity and evaluation, adds to this by highlighting the perceived benefits of immersive VR as a self-rehabilitation tool.
Our study found no reported adverse events related to the use of immersive VR among older adults. Interestingly, the infrequency of cybersickness reported by participants in our study is consistent with recent findings that suggest cybersickness is not as prevalent as commonly believed, especially when using immersive VR applications with a more "serious" or therapeutic focus (27). Studies found that cybersickness was more commonly experienced in games that emphasized fast-paced background (28) or unrealistic environments (29), rather than in immersive VR interventions designed for therapeutic purposes. Yet, cybersickness can affect enjoyment, potentially limiting immersive VR’s benefits (30). These findings highlight the importance of designing immersive VR experiences that prioritize user comfort and avoid potential triggers of cybersickness, thus promoting a safe and enjoyable experience for older adults.
Some participants in our study expressed apprehensions regarding the use of VR devices. These barriers may stem from factors such as technological unfamiliarity, concerns about complexity, and difficulties in adjusting to the head-mounted display (31, 32). Additionally, some participants raised concerns about the weight of the head-mounted display, highlighting the significance of ensuring physical comfort and ergonomic design. Addressing these barriers is crucial to facilitate the successful adoption and implementation of immersive VR interventions among older adults. By addressing concerns related to technology affinity, providing clear and concise instructions, and prioritizing comfortable device design, healthcare providers and developers can effectively mitigate negative perceptions and enhance the acceptance and usability of immersive VR technologies for older adults.
Our study also reveals that while some older adults experience positive outcomes and benefits from using immersive VR, others may exhibit a more neutral or even negative response. The existence of these responders and non-responders raises important questions about the underlying factors influencing their VR experience. One plausible explanation could be individual differences in cognitive and sensory processing, which may influence the level of immersion achieved and, subsequently, the perceived benefits of VR interventions (33). There is evidence that individuals with varying cognitive abilities respond differently to virtual reality-based motor or cognitive training (34). Additionally, factors such as psychiatric comorbidities, medication use, and educational level might significantly affect responses to VR experiences. For instance, psychiatric comorbidities and neurocognitive impairments could alter sensory processing or attention, affecting the perceived effectiveness of VR interventions (35). Medication could also influence cognitive function and mood, potentially impacting engagement and satisfaction (36, 37). Educational background level may also play a role in how effectively individuals interact with and benefit from VR technology (38). Moreover, personal preferences, prior experiences with technology, and attitudinal factors could contribute to the divergent responses observed (39, 40). As VR technology continues to be integrated into therapeutic applications and interventions for older adults, identifying the characteristics that distinguish responders from non-responders becomes crucial for optimizing treatment outcomes (41). Future studies could employ neuroimaging techniques or psychophysiological assessments to explore the neural mechanisms underlying individual responses to VR, shedding light on the potential neurological markers of successful VR engagement. Moreover, tailoring VR experiences to cater to individual preferences and needs could enhance the overall acceptability and efficacy of immersive VR interventions, ultimately fostering widespread adoption and improving the quality of life for older adults.
Implications 
The findings of our study have several implications for research, practice, and development in the field of immersive VR interventions for older adults. Firstly, the positive attitudes and perceived benefits reported by participants underscore the importance of further research to explore the specific mechanisms underlying the therapeutic effects of immersive VR on motor and cognitive functions in this population. Future studies can delve into the long-term effects, optimal dosage, and potential synergies with traditional therapy approaches. Secondly, the identified barriers and negative perceptions call for the development of user-friendly and ergonomic immersive VR devices and applications. Providing clear instructions, addressing concerns related to technology affinity, and prioritizing physical comfort are essential for successfully implementing immersive VR in practice. Moreover, immersive VR has the potential to empower older adults for self-assessment and self-rehabilitation by offering opportunities for autonomous evaluations and exercises within the comfort of their own homes. Lastly, the individual variability in response to immersive VR interventions suggests the need for personalized approaches. Research should aim to identify factors contributing to the responder and non-responder profiles and develop tailored interventions to optimize outcomes for older adults.

Limits
This study has a few potential limitations to consider. First, the interpretivist paradigm may have introduced researcher subjectivity and potential bias in the interpretation of the data. However, we believe that these approaches allowed to provide in-depth understanding of the participants' experiences. Second, the study's duration was relatively short, consisting of interviews conducted immediately after the immersive VR session, which may have limited the capture of long-term experiences or changes in perceptions over time. Third, the group setting may have influenced participants’ performance and perceptions of VR. Although only a few participants chose this option, and interviews were conducted individually to mitigate this effect, the presence of other participants during the VR sessions could still be a factor affecting outcomes. Fourth, since we aimed to have a representative sample of the geriatric population, both healthy older participants and those with major neurocognitive disorders were included. This may have influenced our results, as participants with more important cognitive disorders might have a more unfavorable view of the headset. Future studies should consider stratifying participants based on cognitive status to better understand these potential differences. Moreover, although the diagnosis and psychiatric comorbidities of participants with major neurocognitive disorder were collected, it could have been interesting to collect detailed information regarding participants' education level, medication use, and quantitative assessments of cognitive function, which could have provided valuable insights into how these factors might influence their perceptions and responses to immersive VR experiences. Lastly, while efforts were made to ensure the trustworthiness of the data analysis, the potential influence of the lead qualitative researcher's background and experience in physiotherapy may have minor impacts on the interpretation of the data (potentially introducing bias in the analysis and interpretation of themes) and on the consistency of the coding. However, to mitigate these potential impacts, we employed multiple strategies including peer debriefing and maintaining a reflexive journal.
In conclusion, our study provides valuable insights into the perceptions and experiences of older adults using immersive VR applications to assess and promote upper limb activity. The findings indicate positive attitudes towards immersive VR, with participants reporting enjoyment, engagement, and perceived benefits in terms of motor and cognitive functions. The identified themes, including prior experience and apprehensions, comfort and usability of the device, design of the virtual background, interaction in immersive VR, and the perceived clinical applicability of immersive VR, contribute to our understanding of the factors influencing the acceptance and usability of immersive VR among older adults, and provide important considerations for future research, development, and clinical practice.
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TABLE
Table 1. Coding procedure
	Themes
	Sub-themes
	Pre-themes
	Initial codes

	Prior experience and apprehensions towards immersive VR
	/
	History
	No prior experience, experience

	
	
	Apprehensions
	No apprehension, fear of not being capable, fear of the virtual environment, fear of the unknown

	Comfort and usability of the device
	/
	Usability
	Easy to use, adaptation, precision, difficulty, lack of feedback

	
	
	Comfort
	Comfortable, adjustment, not heavy, heavy, dry eyes, glasses issues, not adapted, sharpness, fatigue, pain



	Design and realism of the environment
	/
	Environment - Scenary
	Realism, design, distraction

	
	
	Environment – Game preferences
	[XXX], [XXX], [XXX], no preferences

	Interaction in immersive VR
	/
	
	

	
	
	Environment - Interaction
	Like, dislike, no negative impression, dynamism, fun, unwinding, challenging, audio feedback, relaxing, use of controller, stress, failure, lack of objectives, lack of control

	Clinical applicability of immersive VR
	Benefits
	Perceived benefits
	Reflex, manual dexterity, balance, entertainment, difficult to know, older adults, to complement conventional therapy, home, social activity, distraction, coordination, cognition, evaluation, novelty, transfer to activity, perception, exercise and movements, rehabilitation, proprioception, well-being, relaxation, patience, raise awareness, learn something

	
	Harms
	Perceived harms
	Muscular problem, addiction, no harms

	
	Barriers
	Perceived barriers
	Comprehension, affinity for technology, bugs, weight, population


VR = virtual reality.





CAPTIONS
Figure 1. Immersive VR applications provided during the experiment.
Upper panel: The REAsmash-iVR.
The left picture represents the environments provided by the headset. The right picture represents someone performing the REAsmash-iVR with his left hand.
Middle panel: The BBT-VR. 
The left picture represents the environment provided by the headset. The right picture represents someone performing the BBT-VR with his left hand.
Lower panel: The Kinematics-VR.
The three pictures represent the different tasks displayed in the participant’s headset. From left to right, the pictures represent the tasks involving the virtual drawing of three-dimensional straight lines, circles and squares.









Figure 2. Main themes raised by older adults.



















SUPPLEMENTARY MATERIALS
Supplementary Digital Content 1. Consolidated criteria for reporting qualitative research guidelines
Supplementary Digital Content 2. Interview guide.
Supplement Digital Content 3. Diagnoses and psychiatric comorbidities of participants with major neurocognitive disorder.



