[image: image1]Evaluating cognitive performance using virtual reality gamified exercises

		BRIEF RESEARCH REPORT
published: 07 November 2023
doi: 10.3389/frvir.2023.1153145


[image: image2]
Evaluating cognitive performance using virtual reality gamified exercises
Davide Borghetti1*, Carlotta Zanobini1, Ilenia Natola1, Saverio Ottino1, Angela Parenti2, Victòria Brugada-Ramentol3, Hossein Jalali3 and Amir Bozorgzadeh3
1Centro Dia.Ri., Motor and Cognitive Rehabilitation, Terricciola, Pisa, Italy
2Dipartimento di Economia e Management, University of Pisa, Pisa, Tuscany, Italy
3Virtuleap, Lisbon, Portugal
Edited by:
Flavio Bertini, University of Parma, Italy
Reviewed by:
Tomasz Kupka, Polish Dental Association, Poland
Fabrizio Stasolla, Giustino Fortunato University, Italy
Sara Giovagnoli, University of Bologna, Italy
* Correspondence: Davide Borghetti, info@davideborghetti.it
Received: 28 January 2023
Accepted: 23 October 2023
Published: 07 November 2023
Citation: Borghetti D, Zanobini C, Natola I, Ottino S, Parenti A, Brugada-Ramentol V, Jalali H and Bozorgzadeh A (2023) Evaluating cognitive performance using virtual reality gamified exercises. Front. Virtual Real. 4:1153145. doi: 10.3389/frvir.2023.1153145

Virtual Reality (VR) environments have been proven useful in memory assessment and have shown to be more sensitive than pen-and-paper in prospective memory assessment. Moreover, these techniques provide the advantage of offering neuropsychological evaluations in a controlled, ecologically valid, and safe manner. In the present study, we used Enhance VR, a cognitive training and assessment tool in virtual reality. User performance was evaluated by means of the in-game scoring system. The primary goal of this study was to compare Enhance VR in-game scoring to already existing validated cognitive assessment tests. As a secondary goal, we tested the tolerance and usability of the system. 41 older adults took part in the study (mean age = 62.8 years). Each participant was evaluated with a predefined set of traditional pen-and-paper cognitive assessment tools and played four VR games. We failed to find a significant positive impact in explaining the variability of the Enhance VR game scores by the traditional pen-and-paper methodologies that addressed the same cognitive ability. This lack of effect may be related to the gamified environment of Enhance VR, where the players are awarded or subtracted points depending on their game performance, thus deviating from the scoring system used in traditional methodologies. Moreover, while the games were inspired by traditional assessment methodologies, presenting them in a VR environment might modify the processing of the information provided to the participant. The hardware and Enhance VR games were extremely well tolerated, intuitive, and within the reach of even those with no experience.
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INTRODUCTION
Neuropsychological evaluations allow clinicians and researchers to measure specific cognitive abilities, global cognitive functioning, and anatomic integrity of the brain areas. Neuropsychological tasks can be used as a diagnostic or staging tool, but also as a way to monitor changes in cognitive performance during and after a pharmacological intervention or rehabilitation. Traditional pen-and-paper or screen-based neuropsychological tests have been shown to provide reliable evaluations of cognitive function. A caveat of these screen and paper-based tools is that they lack verisimilitude (Spooner and Pachana, 2006) and fail to incorporate motor-related information.
The use of virtual reality (VR) environments, on the other hand, allows for a strong sensory immersion and a sense of presence, given the simulatenous integrations of the motor, visual, and proprioceptive systems (Sanchez-Vives et al., 2010). Thus, virtual environments allow for a naturalistic interaction with the environment and provide an ecologically valid scenario. VR environments have become interesting tools in neuroscience and neuropsychology, as they allow for precise control over each experimental variable (Bohil et al., 2011). Thus, VR environments provide the advantage of offering neuropsychological evaluations in a controlled, ecologically valid (Kourtesis et al., 2012), and safe manner (Rizzo et al., 2004). VR training systems have shown promising results in people with dementia (PoW) (Díaz-Pérez and Flórez-Lozano, 2018) allowing adaptive activities in a highly engaging environment (Mrakic-Sposta et al., 2018). Thus, VR has a strong potential to evaluate cognitive performance in PoW and prodromal states, and virtual environments have been shown to be more sensitive than pen-and-paper in prospective memory assessment (Nolin et al., 2013). Few studies assess the effectiveness of VR scenarios in cognitive ability assessment. For instance, the VR-EAL system has shown positive experiences and enhanced ecological validity when compared to pen-and-paper tests (Kourtesis et al., 2012). Moreover, these tests have shown positive correlations with pen-and-paper tasks. The virtual shop was shown to be correlated to traditional memory tasks (Ouellet et al., 2018). A virtual version of the Trail Making Test has shown feasibility and validity when converted into a virtual environment, preserving the task features.
Enhance VR app (Virtuleap, Portugal, www.virtuleap.com) is a VR-based cognitive training and assessment system. Enhance VR consists of a library of cognitive exercises (hereafter, games) categorized into seven cognitive domains: memory, attention, problem-solving, spatial orientation, cognitive flexibility, information processing, and motor control. Each game session is designed to be a gamified experience of already existing validated neuropsychological principles (Brugada-Ramentol et al., 2022). Every game starts with a benchmark session that aims to find the baseline performance of the participant. From there on, every session starts at the level where the user left off. The difficulty of the Enhance VR games increases when the performance of the individual improves. The details of adjustment of the difficulty of the games are proprietary information. Some parameters are inferrable, such as increasing the length of the pattern to be memorized in Memory Wall, or the complexity of the recipes in Pizza Builder, which attempt to mimic the parameters that increase difficulty in the neuropsychological tests that inspired the games.
The main goal of this study was to evaluate the baseline performance of the Enhance VR scores in the benchmark session of 4 Enhance VR games and compare them to the scores obtained in already existing validated cognitive assessment tests. A secondary aim of this study is to evaluate the user experience of the Enhance VR app for its use as a cognitive training and assessment solution.
METHODS
Participants
The present study wanted to avoid the well-known ceiling effects of current cognitive screening tools for healthy young adults. Therefore, we collected the data from older adults: this would allow us also to assess their tolerance and acceptability to a novel and highly technological tool. Moreover, this specific population will benefit from early detection of cognitive decline. Volunteers were recruited via social media announcements.
A total of 41 volunteer participants took part in the study (mean age = 62.8 years, range = 55–82 years; male:female = 20:21, Supplementary Table S1). Each participant was evaluated by a physician (DB) to assess the existence of any exclusion criteria. The inclusion criteria for the present study were: 1) male or female subjects aged between 50 and 85 years, 2) ability to give informed consent and 3) ability to speak, read and write Italian language. The exclusion criteria were: 1) history of neurodegenerative or psychiatric disorders, or 2) the presence of any issues that may interfere with the trial or pose a risk for the participant while undergoing the VR experience, such as muscular, articular, balance, or cardiovascular issues. None of the participants had previous experience with VR.
Experimental design
Each participant underwent two testing sessions, which occurred on two different days. In one session the participants would undergo cognitive testing using validated neuropsychological tests (see Neuropsychological evaluations). In the other session, they would engage with 4 Enhance VR games (see VR Hardware and Enhance VR Games). The order was randomized among the participants: once the schedule of sessions was established based on the availability of the operators, participants were assigned to a specific slot in a random manner (by drawing). Any session could be interrupted on request or if we detected signs of discomfort, disorientation, or intolerance.
Neuropsychological evaluation
Neuropsychological evaluation was performed by three neuropsychologists (CZ, IN, SO). The battery of tests included:
• The Italian version of the Montreal Cognitive Assessment (MoCA; Nasreddine et al., 2005; Pirani et al., 2006; Santangelo et al., 2015; Conti et al., 2015) to detect cognitive impairment. The MoCA test includes twelve subtests (attention, executive functions, memory, language, abstraction, and orientation).
• The Stroop task (Stroop, 1935) to evaluate response inhibition. The participants need to report the color of the ink in which the name of a color is written.
• The Wisconsin Card Sorting Test (WSCT; Grant and Berg, 1948) to assess task-switching abilities. The participants need to classify cards according to one of three changing rules.
• The Trail Making Test (Reitan, 1958) assesses information processing and visual search abilities. The TMT consists of two parts: Part A (TMT-A) assesses information processing by requiring the participant to order numbers in ascending order, while Part B (TMT-B) also assesses task switching by alternating between numbers and letters.
• The Rey–Osterrieth complex figure (Osterrieth, 1944) evaluates memory and visuospatial abilities. The test requires the participant to copy a figure, which will later have to be redrawn by memory.
• The Italian standardization of the Word Pair Test (Novelli et al., 1986) evaluates anterograde memory. The examiner reads ten pairs of words for the subject to memorize.
• The Clock Drawing Test (CDT; Goodglass and Kaplan, 1983) evaluates verbal understanding, spatial knowledge, and visual memory, where the subject is asked to draw a clock indicating “10 minutes past 11 o’clock.”
• The Corsi Block-Tapping test (CBT; Corsi, 1972) evaluates short-term memory. In this test, the experimenter taps a sequence of blocks, and the subject needs to tap, in the same order, the blocks that the experimenter showed.
• The Visual Search Test (Matrix test; Spinnler and Tognoni, 1987) is a test where the subject is asked to search for target stimuli (usually numbers) in a set of three matrices.
VR hardware and Enhance VR games
The present study used 4 of the Enhance VR games (Supplementary Figure S1, see https://youtu.be/aSfKK6TC38I?t=286 for visuals on the games):
• Magic Deck (memory) is inspired by the Paired Associates Learning (PAL) test (Sahakian et al., 1988). The subject has to memorize the location of a set of cards displaying colorful abstract patterns in different locations.
• Memory Wall (memory) is motivated by the Visual Pattern Test (Della Sala et al., 1997), which is related to short-term memory. The subject is shown a grid of cubes (with variable size) with a predetermined number of cubes lit up creating a pattern that the user has to memorize and recreate.
• Pizza Builder (attention) is inspired by divided attention assessments. The subject has to simultaneously take incoming orders and assemble and cook different pizzas accordingly.
• React (cognitive flexibility) is inspired by the Wisconsin Card Sorting Task (Grant and Berg, 1948) and the Stroop test (Stroop, 1935). A stream of incoming stimuli into two categories, represented as portals. The position of the portals, which accept stimuli of specific shape and color, changes unannounced. The users have to adapt to the change of paradigm.
The participants underwent the experience using the Meta Quest (Oculus VR, California), a commercially available and widespread standalone headset. The subject interacts with the virtual environment using two controllers. The tests were taken by a physician (DB) inside a large laboratory room: two games were played standing (React and Pizza Builder), while the other two were played sitting down. This study uses the first session of each of the games (hereafter, benchmark session), which is designed to find the peak performance of each participant and provides a score from 0 to 100. This allows us to compare the results to the neuropsychological evaluations. The benchmark durations vary depending on the game, 9 min for Magic Deck and Pizza Builder and 6 for Memory Wall and React.
Immersion and presence
To assess the tolerance to the headset and the perception of immersion in the virtual environment, at the end of their session each subject reported their feedback by means of a 9-item questionnaire (Slater-Usoh-Steed questionnaire, based on data from Usoh et al., 2000, Supplementary Table S2) in a 7-point Likert scale ranging from 1 (I completely disagree) to 7 (I completely agree).
Data handling
All the results (neuropsychological tests, Enhance VR scores for each game, and post-session questionnaires) were pseudo-anonymised following GDPR guidelines and recommendations. We removed all personally identifiable information from the database, including those irrelevant to analysis, like name and date of birth, and replaced them with a pseudonym (an arbitrary numeric sequence). Information for de-anonymization was kept secured and physically separated from the rest of the data during analysis; we avoided the use of any cloud-based system to store information to guarantee the patient’s privacy and data confidentiality.
We performed an intra-individual comparison of the results from the Enhance VR scores and the neuropsychological evaluations for each participant. We also calculated the Pearson correlation matrix with the relative statistical significance (Supplementary Table S8). The software used was R version 4.2.3 (R Core Team, 2021). We referred to each Enhance VR game score obtained as the Virtual Reality index (VRi). For each of VRi obtained, we estimated a linear regression model where the VRi is regressed on some individual’s characteristics (i.e., age, gender, education) and the score obtained on traditional neuropsychological evaluation (hereafter referred to as Real Life index, RLi).
The model can be defined as:
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where
[image: image] is alternatively the score obtained in React (React [image: image]), Magic Deck (Magic Deck [image: image]), Memory Wall (Memory Wall [image: image]), and Pizza Builder (Pizza Builder [image: image]) games, RLi is the Real Life index, i.e., Stroop Time (raw), WCST Global (raw), WCST Fails (raw), TMT-A (raw), TMT-B (raw), Rey Figure (raw), ReyImm (raw), CubeSpan (raw), Word Couples (raw), Matrix (raw), Clock Drawing Test (raw), [image: image] are the controls, i.e., Age (years), Gender (Female), Schooling (years), first. VR, [image: image], [image: image] are the unknown parameters to be estimated and [image: image] is the stochastic error component specific to each individual.
The models are estimated by OLS (Ordinary Least Squares) estimation with robust standard errors that allow for the presence of heteroskedasticity.
RESULTS
React
38 out of 41 patients completed the React session. Three participants failed to complete the session: one had a pre-existent shoulder issue and two complained about confusion, caused by the continuous spawning of new targets. The mean score of React was 24.48 (std = 14.19). Statistical analysis shows a strong and significant (p < 0.05) effect of gender on the React index, with females obtaining lower scores (estimated coefficient −18.069; Pearson’s r = −0.42; male mean = 30.65; female mean = 18.93). All the other scores remained insignificant (Supplementary Table S4) and the model only explains about 5.3% of the variability of React in the sample as measured by the Adjusted R2.
Magic Deck
All 41 participants completed the Magic Deck session. Overall, the mean score of Magic Deck was 45.26 (std = 13.61). We found a negative and statistically significant impact on Magic Deck (−7.761, p < 0.05) of the female gender (male = 47.57, female = 43.06), TMT-B (0.103, p < 0.05), WCST Global score (−0.115, p < 0.01) and TMT-A (−1.056, p < 0.01), while a significant positive impact of Ray–Osterrieth Figure score (2.602, p < 0.01) (Supplementary Table S5). Although we only have 41 observations, the model explains about 52% of the variability of the Magic Deck score.
Memory Wall
39 out of the 41 participants completed the Memory Wall session. The mean score of Memory Wall was 45.46 (std = 10.10). Statistical analysis shows a strong and significant negative impact (−8.670, p < 0.01) of the female gender on the game score (male = 51.52; female = 43.73), as well as a less pronounced but still statistically significant impact of raw Stroop time (−0.511, p < 0.05) and TMT-A (−0.509, p < 0.01) (Supplementary Table S6). The model describes a high portion of the variability of Memory Wall in the sample (near 64%).
Pizza Builder
In Pizza Builder, 1 out of the 41 participants dropped out of the session. The mean score for Pizza Builder was 17.22 (std = 13.76). We found a statistically negative impact of the Pizza Builder scores, age (−0.939, p < 0.01, Pearson’s r = −0.34, p < 0.01), and CDT (−4.072, p < 0.05) on Pizza Builder (Supplementary Table S7). In this model, about 23% of the variability of Pizza Builder is explained by the regressors.
Questionnaires
The nine items included in the questionnaire, along with a brief explanation, are listed in Supplementary Table S2.
The highest scoring items were notHindrance, easyLearning, willingtoRepeat, and VRasDiagnostic. Overall, this suggests high acceptance and engagement and that most people would like VR cognitive exercises to become part of a normal diagnostic or therapeutic routine. Our results did, however, show slightly lower scores for the realMoment and realExperience items. These results suggest that, while enjoyable, the experience was not compared to a real experience (Figure 1).
[image: Figure 1]FIGURE 1 | Responses to the immersion and presence questionnaires. At the end of the experience, the participants rated in a 7-point Likert scale 9 items on usability and acceptance of the VR experience. The questions are described on Table 7. The red line represents the median value of the responses, while the box represents the interquartile range. The whiskers represent the most extreme values that are not considered outliers.
DISCUSSION
The current study aims to evaluate the relationship of 4 Enhance VR game scores (VRi) to validated methodologies that target the same cognitive abilities (e.g., memory, attention, executive functioning). Overall, we failed to find a significant positive impact on the game scores of the traditional pen-and-paper methodologies that addressed the same cognitive ability. In the following section, we discuss each game individually.
Neuropsychological evaluation and Enhance VR scores
React is motivated by the mechanics of the Stroop test (it requires the participants to make quick decisions to the game objects according to their features) and WCST (the participants need to quickly adapt to changes in the classification paradigm). Therefore, we sought to investigate whether the task scores have an impact on React VRi, which was not the case in the present study. The estimated coefficients of other variables are weak and not statistically significant, with the exception of the negative impact of the female gender. Qualitative feedback identified that the user’s main concern was the inability to throw the object in the right direction, either because they missed it or launched it in the wrong direction. Ultimately, this feedback suggests that the physical intensity resulting from the added motor component could be affecting the impact of the validated tests. Future studies with React should include the evaluation against motor speed and accuracy tests.
Magic Deck is inspired by an episodic memory test, as it requires the participants to memorize the position of a set of abstract patterns shown in cards. We found a positive impact of the Ray–Osterrieth Figure on Magic Deck VRi which evaluates delayed recall. The Magic Deck VRi is also positively impacted by the WCST, and negatively by the female gender, TMT parts A and B, and WSCT_Fails. Magic Deck is one of the most relaxed games in the library and lacks intense physical interaction, as the user has to select a card with the raycaster pointer.
Memory Wall is a slow-paced game that engages short-term memory, by requiring the participants to memorize and subsequently reproduce a pattern of cubes on a grid using a raycaster pointer. Unexpectedly, the Matrix test negatively impacted the Memory Wall scores. However, this phenomenon cannot be explained by the currently available data. Furthermore, TMT-A and TMT-B have a positive effect on the Memory Wall VRi, while gender has a negative effect: on average, female participants performed worse at Memory Wall. Similar to Magic Deck, Memory Wall has a very small motor component.
Pizza Builder is considered a divided attention and planning game, where the participants have to attend to incoming orders and prepare and cook multiple pizzas simultaneously. We found a significant negative impact on the Pizza Builder VR scores of the CBT scores and also of age: younger participants performed better at Pizza Builder than older participants. The significance of the negative impact of the short-term memory test remains unclear and requires further investigation. The negative effect of age could, in part, be explained by an age-related decline in divided attention abilities (Fraser and Bherer, 2013). Pizza Builder is a dynamic and motor-demanding game in a similar fashion to React.
Overall, we failed to find a significant positive impact on the game scores (VRi) of the traditional pen-and-paper methodologies that addressed the same cognitive ability, with the exception of Magic Deck and a delayed recall measurement. It is worth noting that all, but one, VRi are lower in female participants. Further efforts to understand this relationship are necessary to eliminate confounding effects. For instance, VR systems have been shown to have a gender-dependent effect regarding cybersickness (Stanney et al., 2020).
We can provide several hypotheses that could explain the lack of the effect of traditional methodologies. First of all, the added motor component could be impairing the equivalence with paper-based methodologies. The results presented here find an impact on Magic Deck scores, which presents a low motor component, and memory tests. This is not the case with the motor-intensive games, Pizza Builder and React. Thus, suggesting that the added motor component of the naturalistic interaction presented in VR could be influencing the measurement of the assessed cognitive abilities. This would be the case, for example, in React, where the representation of the stimuli as constantly appearing shapes that the user needs to throw into portals, adds a strong motor component to a task considered for cognitive flexibility and response inhibition. While the mechanics that inspired the games are taken from traditional assessment methodologies, presenting them in an environment that provides a naturalistic interaction might modify the processing of the information provided to the participant, resulting in different scores.
Another explanation could result from the adaptive nature of the Enhance VR level progression, meaning that the participants progress through the levels depending on their performance, increasing or decreasing difficulty accordingly. The difficulty of each test is parametrized according to the corresponding cognitive ability while maintaining parameters irrelevant to the cognitive ability constant. Thus, the scores might not fully correspond to the scoring system used in traditional methodologies.
VR experience
The participants reported that the games and the VR system were enjoyable and that could be part of the therapeutic or diagnostic methodology. Overall, the results obtained from the questionnaire indicate that the hardware and tests were extremely well tolerated, even by patients with lower MoCA scores, without any reported disorientation or sense of confusion. The participants reported a very positive experience when using the Enhance VR app: they enjoyed the experience and were willing to repeat it. Furthermore, there seems to be a generalized opinion that VR experiences designed to assess and train cognitive performance, such as the one provided by Enhance VR, should be part of diagnostic or therapeutic solutions.
Although the Meta Quest provides an immersive experience of the environment, the graphic design of the games may prevent the situation from being perceived as real, as they take place in a futuristic scenario with a robot companion. Even though the realism is reduced, this is the preferred approach for VR scenarios for cognitive performance evaluation. First, an abstract distraction-free scenario can improve reliability, making the tests more specific and sensitive and limiting the influence of confounding factors. Moreover, overly realistic scenarios could confuse the participants with initial cognitive impairment, doubling their effort while entering and then leaving the virtual environment.
The use of Enhance VR as a reliable cognitive screening device would offer many advantages compared to traditional testing. First, being self-administered, the user might be more involved and less nervous (the so-called white-coat effect), given also the ecological setup (such as assembling a pizza or hitting targets with a paddle). Secondly, as Enhance VR is a gamified scenario, it can be considered entertaining by the participants—a thing that can’t be said of many widely used cognitive tests. Both of these features have proven crucial to keep the user engaged in neurorehabilitation programs (Slater et al., 2010).
LIMITATIONS AND FUTURE PERSPECTIVES
The Enhance VR system, however, is not without limitations. The presence of a timer discouraged slower participants or those with greater motor impairment, and in the most exciting phases of the game, some lost the thread and did not understand what they should do. Other participants struggled to adapt to continuously changing requests and were challenged to divide their attention between different elements. Despite this, the participants never felt frustrated and always lived the experience in a positive and fun way. Future versions of the software should address these concerns and make sure that older populations are provided with enough feedback to counteract these negative, although rare, effects.
The present study uses the Enhance VR games scores as a way to evaluate the cognitive performance of the users. We failed to find a correlation between the Enhance VR scores and validated neuropsychological tests that address the same cognitive category. However, the Enhance VR app leverages another advantage that VR systems offer, which is extensive and sensitive behavioral data collection, which allows for a sensitive reconstruction of all game-related events. Further work will be necessary to investigate the potential predictive value of traditional methodologies scores and to be able to correct for the added motor information. Moreover, there will possibly be a need to establish novel VR paradigms to estimate the global cognitive status of the subject - and these paradigms will be far from what we currently know from pen and pencil testing.
Finally, each user has been compared to itself to avoid ethical issues (misdiagnosed patients), the need for population stratification, and other common biases. Future studies require the collection of a large dataset to establish normative data for the target age group for the Enhance VR scores.
CONCLUSION
The advent of more affordable VR devices, like the Meta standalone headsets, has paved the way for the widespread use of immersive virtual scenarios for diagnostic and cognitive training purposes. VR applications have the advantage of providing an ecological environment with a naturalistic interaction, especially if compared with traditional pen-and-paper setups. The complete control of all the stimuli and environmental variables allows for maximum flexibility, thus promoting motivation, adherence, and compliance with the tasks.
The positive attitude towards VR systems as a diagnostic tool reported by our sample of older adults suggests that VR cognitive assessment systems, such as Enhance VR, have the potential to be seamlessly integrated within the healthcare setting and the current diagnostic routine. The Enhance VR app provides a system for the early detection of potential cognitive impairment, even when the patients do not suspect or have any subjective sensation of a disorder. Therefore, saving time and effort for healthcare providers.
With the increase in life expectancy and the continued growth of the senior population, the prevalence of dementia is expected to double by 2030 (World Health Organization Regional Office for Europe, 2023). Dementia and dementia-related disorders are widely considered one of the leading causes of dependency and disability in older adults. The detection of the earliest manifestations of cognitive decline becomes crucial for early intervention and mitigating the effects on the individual’s autonomy.
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