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Introduction

Mild neurocognitive impairment (MNI) refers to a transitory stage between normal
cognitive decline due to progressive aging and an early stage of dementia. It usually includes
both subjective troubles and objective diseases higher than those commonly observed in
normal aging or for the individual’s education level [American Psychiatric Association
(APA), 2013]. However, MNI does not negatively interfere with daily activities (Alfano
et al., 2022; Ferrer-Cairols et al., 2023). Subjective cognitive decline (SCD) is defined as a
personal health and clinical condition in which an individual’s self-perception is affected
by worsening cognitive abilities and functioning compared to their previous levels of
performance (Boccardi et al., 2022; Creavin et al., 2022). The literature available emphasizes
that people with SCD have a higher risk for suffering dementia than young and older adults
without SCD because their subjective cognitive decline partially reflects a fine disease that
does not yet meet the MNI criteria or diagnosis (Bellomo et al., 2022; Weinstein et al., 2022;
Bradfield, 2023). In addition to the pharmacological approach, cognitive rehabilitation has
been increasingly adopted (Chen et al., 2021; Chae and Lee, 2023; Gómez-Soria et al., 2023;
Perra et al., 2023).

Cognitive rehabilitationmay be delivered either through traditional strategies (i.e., paper
and pencil approach) or via computerized options through the development of Information
and Communication Technologies (Brandt et al., 2022). Beside assistive technology, which
is useful to build a bridge between the individual’s functioning and the requirements of
their daily environment, new technologies rely on the use of wearable technologies, mobile
technologies, serious games, and telerehabilitation (Di Lorito et al., 2021; Bacanoiu and
Danoiu, 2022; Robinson and Moghaddam, 2022). Furthermore, virtual reality (VR) setups
may be used (Moon and Han, 2022; Zuschnegg et al., 2022; Jang et al., 2023). Computer-
mediated interventions canmake up for some of the disadvantages of traditional approaches.
For example, cost, time, and human resources may be easily managed through computerized
systems. Highly motivating instructions may be delivered, and contextual feedback may be
provided. Task difficulty, response time, and stimuli delivery may vary frequently and can
be customized based on the participant’s features and performance (Lasaponara et al., 2021;
Lissek and Suchan, 2021; Gambella et al., 2022). Further development of computer-based
strategies is represented by artificial intelligence (AI) systems. Among AI, reinforcement
learning (RL) is defined as an AI expert system devoted to systematically adapting task
complexity by learning and adjusting it on the basis of the participant’s performance
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(Andriella et al., 2020; Hashmi and Barukab, 2023). Thus, an
artificial expert agent will continuously calibrate the exercise
complexity and difficulty based on the participants’ responses
(Yamaguchi et al., 2010). Specifically, the agent is reinforced by
the participant’s performance and learns through it. Accordingly,
the agent will adapt to the task complexity. Furthermore, it is a
customized and individualized technological solution, capable of
constantly adapting to the task difficulty based on the participant’s
performance (Kubis et al., 2021).

Despite interesting, encouraging, and promising perspectives,
existing literature on both topics remains sparse. A search in the
Scopus database reveals that only 15 records were available by
merging MNI and VR as keywords. By merging MNI and RL, 36
records were found. Nevertheless, only one record was detected
if “caregivers” was added as a keyword, and no records were
found if “quality of life” was included as an additional keyword.
Conversely, once caregivers and quality of life were included in
NCI and VR, 14 and 10 records were found, respectively. On
the contrary, by considering mild cognitive impairments (MCIs)
and VR, a larger literature was found (Moreno et al., 2019;
Chen et al., 2021; Colombini et al., 2021; Jonson et al., 2021;
Bacanoiu and Danoiu, 2022; Kim et al., 2022; Li et al., 2022).
Specifically, Bacanoiu and Danoiu (2022) carefully assessed the
suitable intervention patterns, surveys delivered through variable
online platforms, and tools to observe the stagnation of early aging
and patients with dementia. The importance of telerehabilitation
and scheduled physical exercises quantified by specific indicators
was recommended. Chen et al. (2021) explored the use of VR on
different categories of patients through a meta-analysis. Thirty-
five randomized controlled trials of VR-based interventions were
compared to conventional training. The experimental groups
performed better than the control groups in daily participation in
all categories of patients. Because of the controversy created by
publication bias, the cautious interpretation of the findings was
necessary. Colombini et al. (2021) carried out a systematic mini-
review on hand movement sensing for neurocognitive disorders.
The results showed that the use of VR in dementia seemed to be
effective in the assessment and screening of functional abilities in
cognitive impairment. However, empirical evidence was considered
to still be limited, and deeper investigations were required. Jonson
et al. (2021) reviewed the evidence surrounding the use of VR
in the screening and diagnosis of spatial memory impairment
and analyzed the potential limitations and compared them with
standard neuropsychological tests. The authors critically discussed
the evidence regarding the potential use of VR in rehabilitation,
which is still uninvestigated. Kim et al. (2022) quantified the
effect of VR as a therapeutic intervention for cognitive functions
in individuals with MCI. Six studies involving 279 participants
were examined. A significant improvement in cognitive function
was recorded. Nevertheless, no improvement in the subcategories
such as global cognition, working memory, executive functions,
and attention was observed. Feedback stimulation through the
use of VR was considered promising in the improvement of
cognitive functioning in persons with MCI. A personalized VR
program was viewed as useful for the enhancement of cognitive
function. Li et al. (2022) conducted a systematic review of
computerized cognitive training (CCT) in individuals with MCI.
Overall, 18 studies with 1,059 participants were reviewed. A

significant but small improvement in global cognitive behavior
was recorded. The small sample and the short treatment duration
were considered limitations of the studies. More comprehensive
trials were warranted. The results of the detailed reviews were
mixed. The remaining challenges include but are not limited to
suitability in daily settings, sustainability, and affordability for
families, professionals, and caregivers.

Mild cognitive impairment evidence was 6.7% in people aged
between 60 and 64 years, 8.4% in the age group 65–69 years, 10.1%
in the age group between 70 and 74 years, 14.8% in those aged
75–79 years, and 25.2% in the 80–84 years old group. Cumulative
dementia incidence was 14.9% in individuals with MCI older than
65 years of age followed by 2 years. No high-quality evidence exists
to support pharmacological treatment for MCI. In patients with
MCI, exercise training (6 months) is likely to improve cognitive
measures and cognitive training may improve cognitive measures
(Petersen et al., 2018).

In light of the above, in the current opinion study, we postulate
on the combination of RL and VR as a crucial means for assessment
and recovery functions in MNI at an early stage of dementia.
Specifically, we argue on the opportunity to combine both strategies
and differentiate between normal aging–cognitive decline andMNI
to prevent dementia stages or diseases. Moreover, we critically
discuss the possibility of cognitive rehabilitation through both
strategies combined in a unique approach, and we emphasize
the effects of a combined intervention on the patients’ quality
of life and caregivers’ burden reduction (a novelty feature of the
opinion study). In the following sections, we concisely present
both strategies separately, and propose the combination and/or
the integration of both as a unique rehabilitative approach that
could help in pursuing objectives related to both assessment and
recovery. Finally, we argue the implications for both research and
practice, and present some insights for future perspectives in this
specific framework.

Virtual reality

Virtual reality creates a computerized-based immersive
environment that allows real-time interaction with users and
provides a high degree of ecological validity. VR applications can
be customized to meet specific clinical conditions and/or research
needs. VR setups can be used to pursue dual crucial goals, namely
(a) the assessment and (b) the recovery of cognitive functions. Once
combined with serious games, VR has the basic merit of collecting
real-time data from immersive users while those individuals can
simultaneously be assessed with neuroimaging techniques such as
functional magnetic resonance, positron emission tomography,
and/or electroencephalography (Cabinio et al., 2020; Iliadou et al.,
2021; Isernia et al., 2021).

VR represents an emerging technology-mediated intervention
that digitally provides a three-dimensional artificial environment,
enabling individuals to profitably interact ensuring the participants
with sensorial inputs and/or track modifications. There are two
main categories of VR, including fully immersive (i.e., involving a
high level of immersion) and non-immersive environments (i.e.,
low levels of user immersion). The immersion provides the user
with a sense of presence in the virtual world with an immersive
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device (e.g., head-mounted display) and an interactive tool or
equipment (e.g., a joystick or a glove). VR has been adopted in
healthcare and education for both assessment and rehabilitative
goals. It represents an innovative approach to minimizing the
negative impact of MNI on patients, families, professionals, and
caregivers (Moreno et al., 2019; Gates et al., 2020).

VR has successfully been implemented and used in older
adult populations. The enhancement of daily activities has
been empirically observed in persons at high risk of cognitive
impairment or decline. In addition, it has been positively used
to reduce anxiety in older adults and NCI. The diagnosis of
cognitive decline, caregiver education for major NCI, and executive
functions in patients with stroke or acquired brain injuries have
been profitably evaluated. However, empirical evidence is still
sparse (Moreno et al., 2019; Jin et al., 2020).

Reinforcement learning as part of
machine learning

Several cognitive training tools have been developed for
rehabilitative purposes to date. Such tools can be effective in
older adult populations. Typically, a cognitive training program
is constituted by sessions and is conducted by a multidisciplinary
team (i.e., psychologist, occupational therapist, speech/language
therapist, and neurologist). Practical exercises in different cognitive
domains (e.g., attention, memory, and language) are usually
carried out. Next to rehabilitative objectives, cognitive training
can be adopted to improve mental performance in healthy people.
Otherwise, it can be used to enhance academic performance in
students or cognitive reserve in older adult populations (Cespón
et al., 2015; Rai et al., 2021; Woolford et al., 2021).

Progressively and/or continuously adapting to the difficulty
of the exercises and tasks based on individuals’ capacities and
competencies may be viewed as critical for the success of a
rehabilitative program. Accordingly, current computerized systems
commonly include specific mechanisms with graded difficulties
along with sessions, exercises, and tasks. Usually, such difficulties
increase gradually according to predefined rules assessed by a
neuropsychologist who evaluates the achieved tasks. For instance,
such computerized systems commonly adjust and increase the
difficulty whenever a determined threshold is reached. However,
the order in which the parameters characterizing the task are
varied is fixed. Therefore, the relevance for the single trainee is still
ignored. Thus, the specificities of the trainees are neglected (Zini
et al., 2022).

An artificial intelligence-based adaptive mechanism may be
considered reinforcement learning (RL) as part of machine learning
(Cutler et al., 2021; Lee et al., 2021; Su et al., 2022). Broadly
speaking, the general idea is that in computerized systems, an RL
agent is associated with a single trainee for each exercise or task
to be performed, that is, the agent interacts with the trainee while
the exercise or task is executed and, based on RL peculiarities
and algorithms, the agent is capable of learning from that specific
experience that customized computerized cognitive systems. A
tailored policy for each trainee will be pursued according to their
ongoing performance. Specifically, the individual’s performance
while completing the task is used as a highly motivated reward to

gradually solicit and stimulate a policy that it is useful to vary. Over
time, the values of the parameters define the difficulty so that the
trainee’s performance is optimized in the long term. Consequently,
the task can be processed individually and the policy adopted to
modify its parameters to optimize the cognitive training can be
learned autonomously for each trainee (Zini et al., 2022).

Combined RL and VR

In light of the abovementioned ideas, one may consider the
combined integration between RL and VR. It may be viewed as
advantageous because the AI agent may calibrate and customize
the difficulty of the exercises and/or tasks on the user, while
the VR setup may provide an immersive environment similar
to real life. The integration of different technologies has been
recently postulated and suggested by Stasolla et al. (2022, 2023).
In addition to the beneficial impact for the user, families and
caregivers may additionally experience positive outcomes (Varey
et al., 2021; Chou et al., 2022). The novelty feature is represented by
the combined integration of both technologies whose application
and implementation may be adopted for both assessment and
rehabilitative purposes in the early cognitive decline among healthy
populations on the one side and may be helpful in the early stage of
the MNI as predictive of future dementia (Diaz-Orueta et al., 2020;
Fields et al., 2021; Lisko et al., 2021; Otake-Matsuura et al., 2022).

Specifically, an ideal starting point for an artificial agent
working according to RL principles as detailed above usually
begins from a fully randomized policy criterion. Thus, an initial
identical probability is assigned to all considered actions that
the agent can carry out. That is, all the similar probabilities
executed are preliminarily recognized in all the exercises/tasks. Two
different outcomes are acknowledged: (a) a successful consequence
is empirically observed because an optimal policy has been planned
with a long interaction between the user and the system, or (b)
a failure is recorded because an initial poor effect of the learning
process was programmed, and frustration or demotivation by the
user is recorded (Zini et al., 2022). To overcome this issue, one may
envisage an association between category policies and exercises or
tasks. The category policy should include a probability of actions
that is not the ideal one but very close to it if compared to
the fully randomized policy. Beginning from the task category
policy, a tailored user-agent interaction would be developed, and
the fineness of the ideal individual-customized policies can be
programmed (Nowakowski et al., 2021).

VR environments can provide great value to immersive
situations similar to those of real life. Older adults involved in
VR setups may be exposed to experimental conditions with a
high ecological validity with a dual objective: (a) assessment and
(b) recovery of cognitive functioning. Both healthy individuals
and persons with MNI may be evaluated and diagnosed with
a prognostic goal. A customized rehabilitative intervention to
prevent the negative consequences of cognitive decline may be
designed (Tuena et al., 2021, 2022; Bacanoiu and Danoiu, 2022).
Combined with an AI RL agent, VRmay be constantly adapted and
adjusted to the user, even during a working session, with positive
outcomes for users, families, and caregivers (Jiang et al., 2021). To
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the best of our knowledge, such integration is still uninvestigated
although warranted.

Similar to computerized-based programs, a combined setup
including VR and RL may provide MNI participants with daily
preferred activities or items in which the participant would ask
for a desired or needed activity or option through the mediation
of a caregiver. The AI agent will respond to the participant’s
performance and adjust the task difficulty accordingly. The
caregiver may be involved in assessing the hierarchical system
(i.e., multiple options proposed to be selected with a unique
behavioral response produced by the participant), and the difficulty
may be adjusted continuously through the AI and RL-based
system. In addition, one may envisage remote supervision such as
telerehabilitation (Bernini et al., 2021; Nebot et al., 2022).

Discussion

Mild neurocognitive impairment may be considered a first
sign of cognitive decline. An early evaluation may be viewed as
crucial for any assessment or recovery of cognitive functioning.
Furthermore, a healthy population may benefit greatly from early
and comprehensive healthcare. Recently, new technologies have
increasingly been developed. Next to VR, AI has successfully been
implemented to improve the quality of life of young and older
healthy adults. Commonly, one technology-based strategy has been
adopted (Jin et al., 2020; Rocha et al., 2022).

Individuals with MNI may be involved in immersive virtual
conditions similar to real life. For instance, Liu et al. (2023)
divided 30 participants with mild post-stroke cognitive impairment
into two groups, a group that used immersive VR-based puzzle
game therapy and a control group exposed to traditional
cognitive training. Montreal Cognitive Assessment (MoCA) was
administrated before and after the treatment. Funny and serious
games, including life skills, were implemented. Mondellini et al.
(2022) exposed 15 older adults diagnosed with MCI to a virtual
supermarket. The participants were requested to do the shopping,
picking the item presented in a list and putting them in a cart.
Appel et al. (2020) enrolled 66 participants with different cognitive
functioning in an immersive VR setup that included 3–20min
of 360◦-video footage of a nature scene displayed on a Gear
VR HMD. Participants tried the VR setup at the medical center
with their caregivers. Liao et al. (2019) recruited 34 community-
dwelling older adults with MCI to undertake randomized VR-
based physical and cognitive training or combined traditional
physical and cognitive training. Thirty-six sessions were collected
over 12 weeks. Outcome measures included executive functions,
trail-making tests, gait performance, and dual-task costs. The
results demonstrated an improvement in executive functions and
single-task in both groups. However, the VR condition showed
improvements in the dual-task condition and gait performance. In
addition to aging–cognitive decline association (Deary et al., 2009),
aging and the concomitant development of non-neuro-cognitive
disorders due to lifestyles lead to cognitive decline (Zarnani et al.,
2019; Xu et al., 2023).

Here, we examined the use of an RL AI agent combined with
VR. We have argued and detailed a hypothesis that could be used
as a successful strategy for assessment and rehabilitative objectives.

Both healthy individuals and people with MNI may be targeted.
One may emphasize the combined integration of both technologies
as a relevant diagnostic tool (Isernia et al., 2021). Otherwise,
a rehabilitative technology-based program may be implemented
(Lancioni et al., 2020). One may additionally argue that the
participant is constructively engaged and positively occupied.
Accordingly, isolation, passivity, behaviors that are challenging
(e.g., wandering), and/or withdrawal could be profitably prevented
(Lancioni et al., 2009, 2011). However, the user’s satisfaction and
experience should be carefully assessed (Bernini et al., 2023).

RL combined with VR can provide a continuous, highly
customer-tailored adaptation to each user. Their combined
integration may be viewed as a further powerful support for
cognitive reserve in both healthy and MNI individuals (Caffò
et al., 2016). Nevertheless, its sustainability should be rigorously
evaluated. Thus, financial and human resources should be
adequately supported. The user’s capacity to be involved in the
proposed technology-based combination should be constantly
monitored. The suitability in daily contexts and/or environments
should be considered. The outcomes on the participant’s quality
of life and both caregivers’ and families’ burdens should be daily
addressed (Gates et al., 2020). The endorsement of professionals
(i.e., clinicians and researchers) should be recorded through social
validation procedures (Stasolla et al., 2019, 2021). The proposed
assessment tool might be used in neuro-developmental disorders as
well as in neurocognitive decline and among healthy individuals as
a preventive evaluation (Banerjee and Chan, 2008; Bowman et al.,
2019).

Limitations and future research
perspectives

Despite encouraging and promising perspectives, caution is
mandatory, and the different limitations of this approach should
be acknowledged. First, the proposed combined integration of RL
and VR lacks empirical data. Systematic studies on both targeted
populations (i.e., aged healthy individuals and MNI people) should
be conducted. Group comparisons and longitudinal single-subject-
based studies should be carried out. Second, both assessment and
recovery purposes of cognitive functioning should be carefully
addressed. Third, the ability and knowledge base of older adults,
who may not necessarily be familiar with the technology should be
addressed. Fourth, the suitability of VR being integrated into daily
contexts (i.e., home, work, and/or medical/rehabilitative centers)
should be a research priority. Fifth, affordability in daily contexts
and settings should be carefully assessed. Sixth, the proposed tool
should be carefully assessed through a large sample of participants,
including healthy individuals and persons with cognitive decline
for differentiating both targets.

In light of the above, future research perspectives should deal
with the following topics: (a) they should carry out systematic
empirical studies using combined RL and VR in both healthy and
MNI populations, (b) studies should evaluate the suitability and
sustainability of human, environmental, and financial resources, (c)
research needs to evaluate the affordability of implementing these
technologies through social validation procedures that involve
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psychologists, neurologists, clinicians, researchers, and caregivers
as external and expert raters (Stasolla et al., 2014, 2018), and
(d) progressive systematic reviews and meta-analysis should be
conducted within this specific framework.

Conclusion

This study has proposed the prospective combination of RL
and VR in pursuing the dual goals of assessment and recovery
in healthy and MNI individuals. The targeting of cognitive
functioning is potentially interesting and highly relevant for either
aging populations or MNI. Early assessment of patients using
the combined technology could be crucial in preventing future
dementia outcomes. Otherwise, the integrated technology can be
used as a useful rehabilitative strategy, providing a continuous and
rigorous customized adaptation of the task or activity difficulty. A
systematic matching between different technologies (e.g., assistive
technology, telerehabilitation, and VR) has also been recently
recommended by Stasolla et al. (2023).

A careful assessment of the customized and tailored solution
for each use is warranted. Remote supervised control might be
used in applying these technologies. Specific adaptations, suitability
evaluations, and satisfying experience and usability should be
systematically addressed (Bernini et al., 2023). Future research
and practice should progressively include combined and integrated

technologies to evaluate and recover cognitive functioning in older
populations and more generally, in neurological populations.

Author contributions

FS conceived and drafted the paper. MDG edited and critically
revised it. FS and MDG made an intellectual contribution to the
manuscript and approved the final submitted version of the article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Alfano, V., Federico, G., Mele, G., Garramone, F., Esposito, M., Aiello, M.,
et al. (2022). Brain networks involved in depression in patients with frontotemporal
dementia and Parkinson’s disease: an exploratory resting-state functional connectivity
MRI study. Diagnostics 12:959. doi: 10.3390/diagnostics12040959

American Psychiatric Association (APA) (2013). Diagnostic and Statistical Manual
of Mental Disorders, 5th Edn. Washington, DC: American Psychiatric Association.
doi: 10.1176/appi.books.9780890425596

Andriella, A., Torras, C., and Alenyà, G. (2020). Cognitive system framework
for brain-training exercise based on human-robot interaction. Cogn. Computat. 12,
793–810. doi: 10.1007/s12559-019-09696-2

Appel, L., Appel, E., Bogler, O., Wiseman, M., Cohen, L., Ein, N., et al. (2020). Older
adults with cognitive and/or physical impairments can benefit from immersive virtual
reality experiences: a feasibility study. Front. Med. 6:329. doi: 10.3389/fmed.2019.
00329

Bacanoiu, M. V., and Danoiu, M. (2022). New strategies to improve the
quality of life for normal aging versus pathological aging. J. Clin. Med. 11:4207
doi: 10.3390/jcm11144207

Banerjee, S., and Chan, J. (2008). Organization of old age psychiatric services.
Psychiatry 7, 49–54. doi: 10.1016/j.mppsy.2007.12.002

Bellomo, G., Piscopo, P., Corbo, M., Pupillo, E., Stipa, G., Beghi, E., et al.
(2022). A systematic review on the risk of neurodegenerative diseases and
neurocognitive disorders in professional and varsity athletes. Neurol. Sci. 43,
6667–6691. doi: 10.1007/s10072-022-06319-x

Bernini, S., Panzarasa, S., Quaglini, S., Costa, A., Picascia, M., Cappa, S.
F., et al. (2023). HomeCoRe system for telerehabilitation in individuals at risk
of dementia: a usability and user experience study. Front. Med. 10:1129914.
doi: 10.3389/fmed.2023.1129914

Bernini, S., Stasolla, F., Panzarasa, S., Quaglini, S., Sinforiani, E., Sandrini, G.,
et al. (2021). Cognitive telerehabilitation for older adults with neurodegenerative
diseases in the COVID-19 era: a perspective study. Front. Neurol. 11:623933.
doi: 10.3389/fneur.2020.623933

Boccardi, M., Handels, R., Gold, M., Grazia, A., Lutz, M. W., Martin, M., et al.
(2022). Clinical research in dementia: a perspective on implementing innovation.
Alzheimer’s Dement. 18, 2352–2367. doi: 10.1002/alz.12622

Bowman, G. L., Dodge, H. H., Guyonnet, S., Zhou, N., Donohue, J., Bichsel, A.,
et al. (2019). A blood-based nutritional risk index explains cognitive enhancement and
decline in themultidomain alzheimer prevention trial.Alzheimer’s Dement. 5, 953–963.
doi: 10.1016/j.trci.2019.11.004

Bradfield, N. I. (2023). Mild cognitive impairment: diagnosis and subtypes. Clin.
EEG Neurosci. 54, 4–11. doi: 10.1177/15500594211042708

Brandt, K., Quimby, M., Wong, B., Quintiliani, L. M., Marchesano, A., Howe, I.,
et al. (2022). Courage in care planning: advance care planning readiness in the context
of COVID19 for caregivers of individuals living with dementia. Alzheimer’s Dement.
18, 1868–1879. doi: 10.1002/alz.067200

Cabinio, M., Rossetto, F., Isernia, S., Saibene, F. L., Di Cesare, M., Borgnis,
F., et al. (2020). The use of a virtual reality platform for the assessment of the
memory decline and the hippocampal neural injury in subjects with mild cognitive
impairment: the validity of smart aging serious game (SASG). J. Clin. Med. 9:1355.
doi: 10.3390/jcm9051355

Caffò, A. O., Lopez, A., Spano, G., Saracino, G., Stasolla, F., Ciriello, G., et al.
(2016). The role of pre-morbid intelligence and cognitive reserve in predicting
cognitive efficiency in a sample of Italian elderly. Aging Clin. Exp. Res. 28, 1203–1210.
doi: 10.1007/s40520-016-0580-z

Cespón, J., Galdo-Álvarez, S., and Díaz, F. (2015). Inhibition deficit in the spatial
tendency of the response in multiple-domain amnestic mild cognitive impairment. an
event related potential study. Front. Aging Neurosci. 7:68. doi: 10.3389/fnagi.2015.00068

Chae, H. J., and Lee, S. H. (2023). Effectiveness of online-based cognitive
intervention in community-dwelling older adults with cognitive dysfunction:
a systematic review and meta-analysis. Int. J. Geriatr. Psychiatry 38:e5853.
doi: 10.1002/gps.5853

Chen, B., Liang, R., Chen, R., and Xu, F. (2021). The effect of virtual reality
training on the daily participation of patients: a meta-analysis.Complement. Ther. Med.
58:102676. doi: 10.1016/j.ctim.2021.102676

Chou, H., Pi, S., and Cho, T. (2022). An intelligent healthcare system
for residential aged care during the COVID-19 pandemic. Appl. Sci. 12:11847.
doi: 10.3390/app122211847

Colombini, G., Duradoni, M., Carpi, F., Vagnoli, L., and Guazzini, A. (2021). LEAP
motion technology and psychology: a mini-review on hand movements sensing for

Frontiers in AgingNeuroscience 05 frontiersin.org

https://doi.org/10.3389/fnagi.2023.1189498
https://doi.org/10.3390/diagnostics12040959
https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1007/s12559-019-09696-2
https://doi.org/10.3389/fmed.2019.00329
https://doi.org/10.3390/jcm11144207
https://doi.org/10.1016/j.mppsy.2007.12.002
https://doi.org/10.1007/s10072-022-06319-x
https://doi.org/10.3389/fmed.2023.1129914
https://doi.org/10.3389/fneur.2020.623933
https://doi.org/10.1002/alz.12622
https://doi.org/10.1016/j.trci.2019.11.004
https://doi.org/10.1177/15500594211042708
https://doi.org/10.1002/alz.067200
https://doi.org/10.3390/jcm9051355
https://doi.org/10.1007/s40520-016-0580-z
https://doi.org/10.3389/fnagi.2015.00068
https://doi.org/10.1002/gps.5853
https://doi.org/10.1016/j.ctim.2021.102676
https://doi.org/10.3390/app122211847
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Stasolla and Di Gioia 10.3389/fnagi.2023.1189498

neurodevelopmental and neurocognitive disorders. Int. J. Environ. Res. Publ. Health
18:4006. doi: 10.3390/ijerph18084006

Creavin, S. T., Noel-Storr, A. H., Langdon, R. J., Richard, E., Creavin, A. L., Cullum,
S., et al. (2022). Clinical judgement by primary care physicians for the diagnosis of all-
cause dementia or cognitive impairment in symptomatic people. Cochrane Database
Syst. Rev. 6, CD012558. doi: 10.1002/14651858.CD012558.pub2

Cutler, J., Wittmann, M. K., Abdurahman, A., Hargitai, L. D., Drew, D., Husain, M.,
et al. (2021). Ageing is associated with disrupted reinforcement learning whilst learning
to help others is preserved. Nat. Commun. 12:4440. doi: 10.1038/s41467-021-24576-w

Deary, I. J., Corley, J., Gow, A. J., Harris, S. E., Houlihan, L. M., Marioni,
R. E., et al. (2009). Age-associated cognitive decline. Br. Med. Bull. 92, 135–152.
doi: 10.1093/bmb/ldp033

Di Lorito, C., Duff, C., Rogers, C., Tuxworth, J., Bell, J., Fothergill, R.,
et al. (2021). Tele-rehabilitation for people with dementia during the COVID-19
pandemic: a case-study from England. Int. J. Environ. Res. Public Health 18, 1–19.
doi: 10.3390/ijerph18041717

Diaz-Orueta, U., Hopper, L., andKonstantinidis, E. (2020). Shaping technologies for
older adults with and without dementia: reflections on ethics and preferences. Health
Inform. J. 26, 3215–3230. doi: 10.1177/1460458219899590

Ferrer-Cairols, I., Ferré-González, L., García-Lluch, G., Peña-Bautista, C., Álvarez-
Sánchez, L., Baquero, M., et al. (2023). Emotion recognition and baseline
cortisol levels relationship in early Alzheimer disease. Biol. Psychol. 177:108511.
doi: 10.1016/j.biopsycho.2023.108511

Fields, J. A., Forsberg, L. K., Knutson, M., Seifert, S. J., Farah-Milller, E. A., Melius,
J. L., et al. (2021). Assessing the needs of Black/African American dementia caregivers
seeking emotional support. Alzheimer’s Dement. 17:e056579. doi: 10.1002/alz.056579

Gambella, E., Margaritini, A., Benadduci, M., Rossi, L., D’Ascoli, P., Riccardi, G.
R., et al. (2022). An integrated intervention of computerized cognitive training and
physical exercise in virtual reality for people with Alzheimer’s disease: the jDome study
protocol. Front. Neurol. 13:964454. doi: 10.3389/fneur.2022.964454

Gates, N. J., Rutjes, A. W. S., Di Nisio, M., Karim, S., Chong, L., March, E.,
et al. (2020). Computerized cognitive training for 12 or more weeks for maintaining
cognitive function in cognitively healthy people in late life. Cochrane Database Syst.
Rev. 27:CD012277. doi: 10.1002/14651858.CD012277.pub3

Gómez-Soria, I., Iguacel, I., Aguilar-Latorre, A., Peralta-Marrupe, P., Latorre, E.,
Zaldívar, J. N. C., et al. (2023). Cognitive stimulation and cognitive results in older
adults: a systematic review and meta-analysis. Arch. Gerontol. Geriatr. 104:104807.
doi: 10.1016/j.archger.2022.104807

Hashmi, A., and Barukab, O. (2023). Dementia classification using
deep reinforcement learning for early diagnosis. Appl. Sci. 13:1464.
doi: 10.3390/app13031464

Iliadou, P., Paliokas, I., Zygouris, S., Lazarou, E., Votis, K., Tzovaras, D., et al. (2021).
A comparison of traditional and serious game-based digital markers of cognition in
older adults with mild cognitive impairment and healthy controls. J. Alzheimer’s Dis.
79, 1747–1759. doi: 10.3233/JAD-201300

Isernia, S., Cabinio, M., D. I., Tella, S., Pazzi, S., Vannetti, F., et al. (2021).
Diagnostic validity of the smart aging serious game: an innovative tool for digital
phenotyping of mild neurocognitive disorder. J. Alzheimer’s Dis. 83, 1789–1801.
doi: 10.3233/JAD-210347

Jang, S., Choi, S., Son, S. J., Oh, J., Ha, J., Kim, W. J., et al. (2023). Virtual
reality-based monitoring test for MCI: a multicenter feasibility study. Front. Psychiatry
13:1057513. doi: 10.3389/fpsyt.2022.1057513

Jiang, J., Han, Y., and Jessen, F. (2021). Editorial: exploring reliable markers and
prediction indexes for the progression from subjective cognitive decline to cognitive
impairment. Front. Aging Neurosci. 13:760920. doi: 10.3389/fnagi.2021.760920

Jin, R., Pilozzi, A., and Huang, X. (2020). Current cognition tests, potential
virtual reality applications, and serious games in cognitive assessment and non-
pharmacological therapy for neurocognitive disorders. J. Clin. Med. 9, 1–19.
doi: 10.3390/jcm9103287

Jonson, M., Avramescu, S., Chen, D., and Alam, F. (2021). The role of virtual
reality in screening, diagnosing, and rehabilitating spatial memory deficits. Front. Hum.
Neurosci. 15:628818. doi: 10.3389/fnhum.2021.628818

Kim, H., Jung, J., and Lee, S. (2022). Therapeutic application of virtual reality in the
rehabilitation of mild cognitive impairment: a systematic review and meta-analysis.
Vision 6:68. doi: 10.3390/vision6040068

Kubis, H., Albelwi, T. A., and Rogers, R. D. (2021). Carrots for the donkey:
influence of evaluative conditioning and training on self-paced exercise intensity
and delay discounting of exercise in healthy adults. PLoS ONE 16:e0257953.
doi: 10.1371/journal.pone.0257953

Lancioni, G. E., Perilli, V., Singh, N. N., O’Reilly, M. F., and Cassano, G. (2011).
A man with severe Alzheimer’s disease stops wandering during a picture colouring
activity. Dev. Neurorehabil. 14, 242–246. doi: 10.3109/17518423.2011.575439

Lancioni, G. E., Singh, N. N., O’Reilly, M. F., Sigafoos, J., D’Amico, F., De Vanna,
F., et al. (2020). Smartphone technology for fostering goal-directed ambulation and

object use in people with moderate Alzheimer’s disease. Disabil. Rehabil. 15, 754–761.
doi: 10.1080/17483107.2019.1686075

Lancioni, G. E., Singh, N. N., O’Reilly, M. F., Sigafoos, J., Green, V., Chiapparino,
C., et al. (2009). A voice-detecting sensor and a scanning keyboard emulator to support
word writing by two boys with extensive motor disabilities. Res. Dev. Disabil. 30,
203–209. doi: 10.1016/j.ridd.2008.03.001

Lasaponara, S., Marson, F., Doricchi, F., and Cavallo, M. (2021). A scoping review
of cognitive training in neurodegenerative diseases via computerized and virtual reality
tools: what we know so far. Brain Sci. 11:528. doi: 10.3390/brainsci11050528

Lee, J., Ko, W., Kang, E., Suk, H. and the Alzheimer’s Disease Neuroimaging
Initiative (2021). A unified framework for personalized regions selection and
functional relation modeling for early MCI identification. NeuroImage 236:118048.
doi: 10.1016/j.neuroimage.2021.118048

Li, R., Geng, J., Yang, R., Ge, Y., and Hesketh, T. (2022). Effectiveness of
computerized cognitive training in delaying cognitive function decline in people with
mild cognitive impairment: systematic review and meta-analysis. J. Med. Intern. Res.
24:e38624. doi: 10.2196/38624

Liao, Y., Hsuan Chen, I., Lin, Y., Chen, Y., and Hsu, W. (2019). Effects of virtual
reality-based physical and cognitive training on executive function and dual-task gait
performance in older adults with mild cognitive impairment: a randomized control
trial. Front. Aging Neurosci. 10:162. doi: 10.3389/fnagi.2019.00162

Lisko, I., Kulmala, J., Annetorp, M., Ngandu, T., Mangialasche, F., and Kivipelto,
M. (2021). How can dementia and disability be prevented in older adults: where are we
today and where are we going? J. Intern. Med. 289, 807–830. doi: 10.1111/joim.13227

Lissek, V., and Suchan, B. (2021). Preventing dementia? Interventional
approaches in mild cognitive impairment. Neurosci. Biobehav. Rev. 122, 143–164.
doi: 10.1016/j.neubiorev.2020.12.022

Liu, Z., He, Z., Yuan, J., Lin, H., Fu, C., Zhang, Y., et al. (2023). Application
of immersive virtual-reality-based puzzle games in elderly patients with post-stroke
cognitive impairment: a pilot study. Brain Sci. 13:79 doi: 10.3390/brainsci13010079

Mondellini, M., Arlati, S., Gapeyeva, H., Lees, K., Märitz, I., Pizzagalli, S. L., et al.
(2022). User experience during an immersive virtual reality-based cognitive task: a
comparison between estonian and italian older adults with MCI. Sensors 22:8249.
doi: 10.3390/s22218249

Moon, H., and Han, S. (2022). Perspective: present and future of virtual reality for
neurological disorders. Brain Sci. 12:1692. doi: 10.3390/brainsci12121692

Moreno, A., Wall, K. J., Thangavelu, K., Craven, L., Ward, E., and Dissanayaka,
N. N. (2019). A systematic review of the use of virtual reality and its effects
on cognition in individuals with neurocognitive disorders. Alzheimer’s Dement. 5,
834–850. doi: 10.1016/j.trci.2019.09.016

Nebot, À., Domènech, S., Albino-Pires, N., Mugica, F., Benali, A., Porta, X.,
et al. (2022). LONG-REMI: an AI-based technological application to promote healthy
mental longevity grounded in reminiscence therapy. Int. J. Environ. Res. Public Health
19:5997. doi: 10.3390/ijerph19105997

Nowakowski, K., Carvalho, P., Six, J., Maillet, Y., Nguyen, A. T., Seghiri,
I., et al. (2021). Human locomotion with reinforcement learning using
bioinspired reward reshaping strategies. Med. Biol. Eng. Comput. 59, 243–256.
doi: 10.1007/s11517-020-02309-3

Otake-Matsuura, M., Abe, M. S., Sekiguchi, T., Tokunaga, S., Sugimoto, H.,
Rutkowski, T. M., et al. (2022). Cognitive behavioral assistive technology (CBAT) as
AI for super aged society. Gerontechnology 21 doi: 10.4017/gt.2022.21.s.713.opp3

Perra, A., Riccardo, C. L., De Lorenzo, V., DeMarco, E., Di Natale, L., Kurotschka, P.
K., et al. (2023). Fully immersive virtual reality-based cognitive remediation for adults
with psychosocial disabilities: a systematic scoping review of methods intervention
gaps and meta-analysis of published effectiveness studies. Int. J. Environ. Res. Public
Health 20:1527. doi: 10.3390/ijerph20021527

Petersen, R. C., Lopez, O., Armstrong, M. J., Getchius, T. S. D., Ganguli, M.,
Gloss, D., et al. (2018). Practice guideline update summary: mild cognitive impairment
report of theguideline development, dissemination, and implementation.Neurology 90,
126–135. doi: 10.1212/WNL.0000000000004826

Rai, S., Misra, D., Misra, A., Jain, A., and Bisla, S. (2021). Impact of oral health
factors on quality of life of geriatric population - a systematic review. J. Indian Acad.
Oral Med. Radiol. 33, 453–465. doi: 10.4103/jiaomr.jiaomr_98_20

Robinson, A., and Moghaddam, N. (2022). Psychological treatments and therapy
adaptations for psychological distress in dementia and mild cognitive impairment:
a systematic review and meta-analysis. Mental Health Rev. J. 27, 295–318.
doi: 10.1108/MHRJ-05-2021-0043

Rocha, P., Dagnino, P. C., O’sullivan, R., Soria-Frisch, A., and Paúl, C.
(2022). BRAINCODE for cognitive impairment diagnosis in older adults:
designing a Case–Control pilot study. Int. J. Environ. Res. Public Health 19:5768.
doi: 10.3390/ijerph19095768

Stasolla, F., Caffò, A. O., Ciarmoli, D., and Albano, V. (2021). Promoting object
manipulation and reducing tongue protrusion in seven children with angelman
syndrome and developmental disabilities through microswitch-cluster technology: a
research extension. J. Dev. Phys. Disabil. 33, 799–817. doi: 10.1007/s10882-020-09774-6

Frontiers in AgingNeuroscience 06 frontiersin.org

https://doi.org/10.3389/fnagi.2023.1189498
https://doi.org/10.3390/ijerph18084006
https://doi.org/10.1002/14651858.CD012558.pub2
https://doi.org/10.1038/s41467-021-24576-w
https://doi.org/10.1093/bmb/ldp033
https://doi.org/10.3390/ijerph18041717
https://doi.org/10.1177/1460458219899590
https://doi.org/10.1016/j.biopsycho.2023.108511
https://doi.org/10.1002/alz.056579
https://doi.org/10.3389/fneur.2022.964454
https://doi.org/10.1002/14651858.CD012277.pub3
https://doi.org/10.1016/j.archger.2022.104807
https://doi.org/10.3390/app13031464
https://doi.org/10.3233/JAD-201300
https://doi.org/10.3233/JAD-210347
https://doi.org/10.3389/fpsyt.2022.1057513
https://doi.org/10.3389/fnagi.2021.760920
https://doi.org/10.3390/jcm9103287
https://doi.org/10.3389/fnhum.2021.628818
https://doi.org/10.3390/vision6040068
https://doi.org/10.1371/journal.pone.0257953
https://doi.org/10.3109/17518423.2011.575439
https://doi.org/10.1080/17483107.2019.1686075
https://doi.org/10.1016/j.ridd.2008.03.001
https://doi.org/10.3390/brainsci11050528
https://doi.org/10.1016/j.neuroimage.2021.118048
https://doi.org/10.2196/38624
https://doi.org/10.3389/fnagi.2019.00162
https://doi.org/10.1111/joim.13227
https://doi.org/10.1016/j.neubiorev.2020.12.022
https://doi.org/10.3390/brainsci13010079
https://doi.org/10.3390/s22218249
https://doi.org/10.3390/brainsci12121692
https://doi.org/10.1016/j.trci.2019.09.016
https://doi.org/10.3390/ijerph19105997
https://doi.org/10.1007/s11517-020-02309-3
https://doi.org/10.4017/gt.2022.21.s.713.opp3
https://doi.org/10.3390/ijerph20021527
https://doi.org/10.1212/WNL.0000000000004826
https://doi.org/10.4103/jiaomr.jiaomr_98_20
https://doi.org/10.1108/MHRJ-05-2021-0043
https://doi.org/10.3390/ijerph19095768
https://doi.org/10.1007/s10882-020-09774-6
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Stasolla and Di Gioia 10.3389/fnagi.2023.1189498

Stasolla, F., Caffò, A. O., Perilli, V., and Albano, V. (2019). Experimental
examination and social validation of a microswitch intervention to improve choice-
making and activity engagement for six girls with Rett syndrome. Dev. Neurorehabil.
22, 527–541. doi: 10.1080/17518423.2019.1624655

Stasolla, F., Caffò, A. O., Perilli, V., Boccasini, A., Damiani, R., and D’Amico, F.
(2018). Fostering locomotion fluency of five adolescents with rett syndrome through a
microswitch-based program: Contingency awareness and social rating. J. Develop. Phys.
Disabil. 30, 239–258. doi: 10.1007/s10882-017-9582-9

Stasolla, F., Lopez, A., Akbar, K., Vinci, L. A., and Cusano, M. (2023). Matching
assistive technology, telerehabilitation, and virtual reality to promote cognitive
rehabilitation and communication skills in neurological populations: a perspective
proposal. Technologies 11 :43. doi: 10.3390/technologies11020043

Stasolla, F., Perilli, V., and Damiani, R. (2014). Self-monitoring to promote on-task
behavior by two high functioning boys with autism spectrum disorders and symptoms
of ADHD. Res. Autism Spect. Disord. 8, 472–479. doi: 10.1016/j.rasd.2014.01.007

Stasolla, F., Vinci, L. A., and Cusano, M. (2022). The integration of assistive
technology and virtual reality for assessment and recovery of post-coma patients
with disorders of consciousness: a new hypothesis. Front. Psychol. 13:905811.
doi: 10.3389/fpsyg.2022.905811

Su, Z., Sheng, W., Yang, G., Bishop, A., and Carlson, B. (2022). Adaptation of a
robotic dialog system for medication reminder in elderly care. Smart Health 26:100346.
doi: 10.1016/j.smhl.2022.100346

Tuena, C., Serino, S., Pedroli, E., Cipresso, P., Stramba-Badiale, M., Riva, G., et al.
(2022). ANTaging: a research protocol for active navigation training with virtual reality
in mild cognitive impairment. Annu. Rev. CyberTher. Telemed. 20, 115–119.

Tuena, C., Serino, S., Pedroli, E., Stramba-Badiale, M., Riva, G., and Repetto,
C. (2021). Building embodied spaces for spatial memory neurorehabilitation
with virtual reality in normal and pathological aging. Brain Sci. 11:1067.
doi: 10.3390/brainsci11081067

Varey, S., Dixon, M., Hernández, A., Mateus, C., Palmer, T. M., and Milligan, C.
(2021). The role of combinatorial health technologies in supporting older people with
long-term conditions: responsibilisation or co-management of healthcare? Soc. Sci.
Med. 269:113545. doi: 10.1016/j.socscimed.2020.113545

Weinstein, A. M., Gujral, S., Butters, M. A., Bowie, C. R., Fischer, C. E.,
Flint, A. J., et al. (2022). Diagnostic precision in the detection of mild cognitive
impairment: a comparison of two approaches. Am. J. Geriatr. Psychiatry 30, 54–64.
doi: 10.1016/j.jagp.2021.04.004

Woolford, M. H., Stacpoole, S. J., and Clinnick, L. (2021). Resident-to-resident elder
mistreatment in residential aged care services: a systematic review of event frequency,
type, resident characteristics, and history. J. Am. Med. Direct. Assoc. 22, 1678–1691.e6.
doi: 10.1016/j.jamda.2021.02.009

Xu, T., Ye, X., Lu, X., Lan, G., Xie, M., Huang, Z., et al. (2023). Association between
solid cooking fuel and cognitive decline: three nationwide cohort studies in middle-
aged and older population. Environ. Int. 173:107803. doi: 10.1016/j.envint.2023.107803

Yamaguchi, A., Hyon, S. -H., andOgasawara, T. (2010). “Reinforcement learning for
balancer embedded humanoid locomotion,” in Paper presented at the 2010 10th IEEE-
RAS International Conference on Humanoid Robots (Nashville, TN: IEEE), 308–313.
doi: 10.1109/ICHR.2010.5686296

Zarnani, K., Nichols, T. E., Alfaro-Almagro, F., Fagerlund, B., Lauritzen, M.,
Rostrup, E., et al. (2019). Discovering markers of healthy aging: a prospective study
in a Danish male birth cohort. Aging 11, 5943–5974. doi: 10.18632/aging.102151

Zini, F., Le Piane, F., and Gaspari, M. (2022). Adaptive cognitive training
with reinforcement learning. ACM Trans. Interact. Intell. Syst. 12, 1–29.
doi: 10.1145/3476777

Zuschnegg, J., Schoberer, D., Häussl, A., Russegger, S., Ploder, K., Fellner, M.,
et al. (2022). Computerized cognitive interventions for preventing dementia in people
with mild cognitive impairment: a systematic review with meta-analyses. Alzheimer’s
Dement. 18:e062179. doi: 10.1002/alz.062090

Frontiers in AgingNeuroscience 07 frontiersin.org

https://doi.org/10.3389/fnagi.2023.1189498
https://doi.org/10.1080/17518423.2019.1624655
https://doi.org/10.1007/s10882-017-9582-9
https://doi.org/10.3390/technologies11020043
https://doi.org/10.1016/j.rasd.2014.01.007
https://doi.org/10.3389/fpsyg.2022.905811
https://doi.org/10.1016/j.smhl.2022.100346
https://doi.org/10.3390/brainsci11081067
https://doi.org/10.1016/j.socscimed.2020.113545
https://doi.org/10.1016/j.jagp.2021.04.004
https://doi.org/10.1016/j.jamda.2021.02.009
https://doi.org/10.1016/j.envint.2023.107803
https://doi.org/10.1109/ICHR.2010.5686296
https://doi.org/10.18632/aging.102151
https://doi.org/10.1145/3476777
https://doi.org/10.1002/alz.062090
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

	Combining reinforcement learning and virtual reality in mild neurocognitive impairment: a new usability assessment on patients and caregivers
	Introduction
	Virtual reality
	Reinforcement learning as part of machine learning
	Combined RL and VR
	Discussion
	Limitations and future research perspectives
	Conclusion
	Author contributions
	Conflict of interest
	Publisher's note
	References


