npj | digital medicine

Article

Published in partnership with Seoul National University Bundang Hospital

https://doi.org/10.1038/s41746-025-01843-4

The overlooked role of exergames in
cognitive-motor neurorehabilitation: a

systematic review

M| Check for updates

Maria Grazia Maggio', Francesca Baglio? Raffaela Maione'

, Rosalia Calapai', Fulvia Di lulio®,

Paulo Cezar Rocha dos Santos*, Marcos Maldonado-Diaz’, Giulia Pistorino®, Antonio Cerasa’,

Angelo Quartarone' & Rocco Salvatore Calabro’

Exergames are emerging tools for cognitive-motor neurorehabilitation, but their effects in adults with
neurological conditions remain insufficiently explored. This systematic review examined studies from
PubMed, Scopus, Embase, and Web of Science, assessing the impact of exergames on motor and
cognitive outcomes. Eligible studies included randomized controlled trials (RCTs), non-RCTs, and
experimental designs. The protocol was registered on PROSPERO (CRD420250655053) and followed
PRISMA and Cochrane guidelines. Eleven studies (8 RCTs, 2 feasibility studies, 1 secondary analysis)
reported improvements in balance, gait, executive function, and memory, with high adherence
(85-100%) and minimal adverse effects. While the overall risk of bias was low, heterogeneity in
interventions, populations, and outcome measures limited comparability and generalizability.
Additionally, the absence of long-term follow-up hindered conclusions on sustained benefits.
Exergames appear promising for cognitive-motor rehabilitation in neurological conditions. Future
studies should adopt standardized protocols, include long-term follow-up, and explore
neurophysiological mechanisms to support clinical implementation.

Optimizing interventions that target rehabilitation for neurological
diseases is of utmost importance'. Among the interventions, exergames
have gained increasing prominence in neurorehabilitation over the past
year™’. Exergames, a fusion of “exercise” and “games,” are interactive
video games that combine physical activity with digital engagement
using motion-sensing technologies to track and respond to players’
movements in real time"’. Exergames are often classified under the
broader category of serious games, which refers to digital games
designed primarily for purposes beyond entertainment, such as educa-
tion, training, and health intervention®®. While both exergames and
serious games incorporate interactive elements, they differ in their pri-
mary mode of engagement. Serious games often focus on cognitive
training through gamified neuropsychological tasks and do not neces-
sarily require significant physical movement’. In contrast, exergames
explicitly integrate physical movement as a core component of game-
play, requiring players to engage in motor activities to interact with the
virtual environment™”.

Exergames may incorporate exercise in virtual reality (VR) settings
ranging from non-immersive (standard screens with motion sensors) to
semi-immersive (projection-based systems) and fully immersive (head-
mounted displays with body tracking)'’. By simulating real-world scenarios
in controlled, gamified settings, exergames enable targeted cognitive-motor
training. Despite these similarities, exergames and VR-based rehabilitation
differ significantly in their approach to movement execution, user agency,
and task adaptability. VR rehabilitation encompasses a broad spectrum of
applications, ranging from passive observational training to active
movement-based interventions that leverage real-time motion tracking. In
contrast, exergames specifically prioritize interactive movement as the pri-
mary mode of engagement. This distinction is fundamental, as exergames
focus on implicit learning, where users enhance their motor control and
cognitive flexibility through engaging gameplay mechanics rather than rigid
exercise routines'" . Through real-time cognitive engagement, exergames
encourage decision-making, problem-solving, and motor adaptation in

ecologically valid settings®'*. Exergames emphasize an intrinsically
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Fig. 1 | PRISMA 2020 flow diagram of evaluated
studies.
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motivating experience that encourages long-term adherence and partici- Results
pation. This characteristic makes exergames particularly valuable for indi- ~Study selection

viduals with neurological conditions, where conventional rehabilitation
methods may struggle to maintain patient adherence and motivation. Given
their adaptability, they offer a personalized rehabilitation approach, where
clinicians can tailor interventions based on real-time patient feedback and
progress monitoring’. Several studies suggest that exergames outperform
conventional rehabilitation in terms of engagement and long-term adher-
ence, making them a promising tool for neurorehabilitation' "%, This aspect
is particularly relevant for neurodegenerative and acquired brain disorders,
where motor and cognitive impairments frequently coexist. Research has
shown that high-intensity coordination training through exergames can
lead to functional recovery comparable to regaining years of lost ability, as
demonstrated in patients with cerebellar ataxia'. Furthermore, exergames
have proven to enhance balance and postural stability in Parkinson’s disease
and reduce chronic pain and depression in individuals with long-term
disabilities™****". However, existing studies often lack standardized out-
come measures, making it difficult to establish clear guidelines for clinical
implementation. Therefore, systematically reviewing the literature is timely
to understand the current state-of-the-art regarding exergame interference
with cognitive-motor outcomes and support optimizing exergame proto-
cols targeting neurorehabilitation.

This review sought to bridge this gap by systematically assessing the
impact of exergames on cognitive and motor outcomes. It specifically
focuses on individuals with neurological and neurodegenerative disorders,
evaluating the effects of exergame-based interventions (compared to con-
ventional rehabilitation or no intervention) on both motor and cognitive
functions within a neurorehabilitation context. Thus, it aims to provide
critical insights into the potential of exergames as a structured and adaptable
rehabilitation approach, with the goal of identifying condition-specific
protocols and future directions for optimizing their clinical implementation.

Initially, 1027 articles were identified through database searches (PubMed,
Scopus, Embase and Web of Science). After applying the eligibility criteria,
which included language restrictions (English), and intervention type
(exergame), a total of 563 were deemed relevant for further screening. Using
Rayyan, references were managed, screened, and deduplicated. The inter-
rater agreement for study selection was 79%, as estimated by Rayyan. Three
hundred and nineteen duplicates out of 563 imported for screening were
identified and removed. Following the title and abstract screening,
244 studies were selected for full-text analysis. However, 146 articles were
excluded due to language (not in English), full text not available despite
repeated attempts to retrieve it, irrelevant research focus (analyzing only
motor or only cognitive outcomes), inappropriate population (e.g., children
or healthy adults), or unsuitable study design (e.g., systematic reviews or
meta-analyses). This systematic review ultimately included 11 studies,
consisting of 8 randomized controlled trials (RCTs), 2 feasibility and
usability studies, and 1 secondary analysis (Table 1). Study selection fol-
lowed PRISMA item 17 recommendations and is illustrated in the flow
diagram (Fig. 1 and Supplementary Table 3). The outcome measures and
efficacy results of the included studies are summarized in Table 2.

Quality of the included studies —risk of bias

Risk of bias was evaluated using the Cochrane RoB 2 tool for RCTs (Fig. 2)
and the risk of bias in non-randomized studies of interventions (ROBINS-I)
tool for non-randomized studies (Fig. 3). Among the eight RCTs, five were
rated as low risk of bias across all domains, indicating high methodological
quality’”*. However, two studies™** were judged as having “some con-
cerns,” primarily due to insufficient information regarding deviations from
intended interventions (domain 2), and in the case of Kannan et al.”/, also
due to missing outcome data (D3).
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Regarding non-randomized studies, three out of four”~' were rated as

low risk. In contrast, the study by Yun et al.”” was classified as having
moderate risk due to potential bias in outcome measurement and absence of
blinding procedures. Full assessments are visually summarized in
Figs. 2 and 3.

These findings suggest that the overall risk of bias across the studies
included was acceptable, with a predominance of low-risk ratings. None-
theless, the presence of reporting gaps and methodological limitations in a
subset of studies was considered during the GRADE evaluation and con-
tributed to downgrading the certainty of evidence for some outcome
domains, particularly those related to feasibility and long-term effectiveness.

Certainty of evidence

The certainty of evidence was evaluated using the GRADE approach and is
summarized in Supplementary Table 2. For cognitive outcomes, the overall
certainty was rated as moderate, based on a generally low risk of bias and
minor inconsistency, although some studies presented imprecision due to
small sample sizes and wide confidence intervals. For motor outcomes, the
certainty was also rated as moderate, with no serious concerns regarding risk
of bias or indirectness, but some inconsistency in the motor assessments
used and variability in sample characteristics. Regarding feasibility and
usability, the overall certainty was judged as low, primarily due to the
qualitative nature of the data, smaller sample sizes, and variability in
reporting across studies. Publication bias was considered unlikely in all
domains.

No adverse events reported. Minimal dropout (3/
38), high adherence. One participant did

fewer tasks
the following day). No missing sessions reported

Adverse events and missing schedule
One adverse event: mild blurred vision (resolved

therapy

0.047); participants

0.00), and general cognitive

Data synthesis

As per PRISMA item 20 and SWiM reporting guidelines, data were syn-
thesized narratively given the heterogeneity of interventions, populations,
and outcomes. Across the included studies, substantial heterogeneity
emerged in intervention parameters (e.g., session frequency, intensity, and
duration), participant characteristics (e.g., diagnosis, age, baseline cognitive
status), and outcome measures. Cognitive assessments ranged from global
cognition tools (Montreal Cognitive Assessment (MoCA), Mini-Mental
State Examination (MMSE) and Cognitive Abilities Screening Instrument
(CASI) to domain-specific tasks (e.g., Stroop, Trail Making Test (TMT),
Digit Span), while motor outcomes varied from functional mobility tests
(e.g., Timed-Up-and-Go (TUG), BBS) to coordination and aerobic mea-
sures. This diversity, while reflecting the ecological applicability of exer-
games, limits direct comparisons and emphasize (refer to Supplementary
Table 4).

0.00)
VR exergames led to improvement in executive function (Stroop

0.003) and balance (BBS; p
demonstrated high satisfaction (6.0 on a 7-point Likert-type scale)

0.01), spatial awareness (p

group. For the control group, no significant change over time was

found. Depression scores also improved in the experimental group

only. Statistically significative p value has been registered only in
and a low rate of adverse events (only mild blurred vision reported)

the experimental group comparing value from TO to T2 in attention

o

Significant improvements in attention (o < 0.01), spatial awareness
(p <0.01), and general cognition (p < 0.001) in the experimental

Main findings
functions (o

test; p

0.047,

Mild cognitive impairment (MCI), mild neurocognitive disorder
(mNCD), and mild-to-moderate dementia

Seven studies investigated the effects of exergame-based interventions in
populations with MCI, mNCD, or mild-to-moderate dementia. Of these,
five were RCTs™ %, one was a feasibility study™, and one was a secondary
analysis”'. The duration of the intervention ranged from 8 to 12 weeks, with
session frequencies ranging from 2 to 5 times per week. Most interventions
used commercial or custom-developed platforms (e.g., Nintendo Switch,
Dividat Senso, BrainFitRx), often targeting motor and cognitive compo-
nents through dual-task paradigms. Settings included long-term care
facilities™”, rehabilitation centers™"', and remotely supervised home-based
programs”*”. Sample sizes ranged from 18 to 232%.

Based on cognitive outcomes, most studies reported positive effects of
exergames on global cognition and executive functions. Saeed et al.”’
observed significant improvements in several domains (MoCA, Stroop,
TMT, Digit Span), with higher difficulty levels leading to greater cognitive
gains. Li et al.”” found improvements in general cognitive performance as
measured by CASI, MMSE, and MoCA. Manser and De Bruin™ reported
large effect sizes in global cognition and verbal recall (WMS-IV-LM), with
55% of participants showing clinically significant changes. Swinnen et al.”*
demonstrated improvements in MoCA scores in dementia patients. Werner
etal.” found that task performance and TMT scores improved significantly
within three weeks, especially in individuals with underlying attention

0.003); no significant change in TUG, dual-task performance,

function, spatial awareness); HAM-D; MoCA; MMSE; Barthel Index
or UPDRS

Neuropsychological test battery (attention, memory, executive

Improvement in BBS and Stroop color-word test (o

Outcome measures and efficacy

p:

Author
information
Maier et al.*®
Yun et al.*?

Type of
disease
PD

Table 2 (continued) | Outcome measures and efficacy of included studies
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Fig. 2 | Cochrane risk of bias 2 (RoB 2). RoB 2 was
used to evaluate bias across five domains: (1) bias

Risk of bias domains
D3 | b4 | D5

l Overall |

arising from the randomization process, (2) devia-
tions from intended interventions, (3) missing out-

Saeed et al., 2024

come data, (4) measurement of outcomes, and (5)

Manser & de Bruin, 2024

selection of reported results. Each study will be
classified as having low risk, some concerns, or high
risk of bias.

Swinnen et al., 2021

Study

Salisbury et al., 2024

Lietal., 2025

Kannan et al., 2019

®
®
®
®
2

Maier et al., 2020
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2
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0000066
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Domains:

D1: Bias arising from the randomization process.

D2: Bias due to deviations from intended intervention.
D3: Bias due to missing outcome data.

D4: Bias in measurement of the outcome.

D5: Bias in selection of the reported result.

Judgement

- Some concerns

. Low

@ No information

Fig. 3 | Risk of Bias in Non-randomized Studies of
Interventions (ROBINS-I). ROBINS-I was applied

Risk of bias domains
DI | p2 | b3 | b4 | D5 | D6 | D7 |overall

to assess confounding, selection bias, classification
of interventions, deviations from intended inter-

Huber et al., 2021

ventions, missing data, measurement of outcomes,
and selective reporting. Studies will be rated as low,

Manser et al., 2023

moderate, serious, or critical risk of bias.

Study

Yun et al., 2023

Werner et al., 2018

Domains:

D1: Bias due to confounding.

D2: Bias due to selection of participants.

Da3: Bias in classification of interventions.

D4: Bias due to deviations from intended interventions.
D5: Bias due to missing data.

D6: Bias in measurement of outcomes.

D7: Bias in selection of the reported result.

Judgement

- Moderate

. Low

deficits. In contrast, Salisbury et al.** reported within-group improvements
in fluid cognition, but no significant differences from control. Overall, the
results suggest that exergaming may improve multiple cognitive domains in
older adults with MCI or dementia, although effect sizes and domains
targeted varied across studies.

Regarding motor outcomes, motor improvements were con-
sistently reported across studies. Li et al.”” showed increases in flexibility,
coordination, and manual dexterity. Swinnen et al.”* observed
improvements in gait speed and step reaction time, and Werner et al.”
showed improved balance and performance in two tasks (pulling and
walking with counting). Although less detailed, Saeed et al.”* and Manser
and De Bruin™ also included gait or balance parameters. Salisbury
etal.”’, using the 6-minute walking test and shuttle walking test, found no
significant changes in aerobic fitness, likely due to ceiling effects in
community-dwelling older adults. Despite methodological variability,
these studies support the motor efficacy of exergames in cognitively
vulnerable older populations.

In terms of feasibility and usability, all included studies reported high
adherence, ranging from 82.9% to 100%. No serious adverse events were
reported, except for mild dizziness” and some non-injurious falls”.
Usability scores were high (SUS > 70 in Manser et al.”°), and participants
frequently reported enjoyment and satisfaction. Remote supervision was
successfully implemented in Manser et al.”’ and Salisbury et al.**, supporting
the feasibility of home-based telerehabilitation programs. Some dis-
continuation was observed in Swinnen et al.”* and Salisbury et al.”* due to

COVID-related issues, but no dropouts were attributed to the difficulty or
usability of the intervention.

Stroke

Three studies have explored the impact of exergame-based interventions in
individuals with chronic stroke’*”””. Two were RCTs**” and one was a
feasibility study”. Interventions ranged in duration from 6 to 8 weeks, with
training frequencies from 2 to 5 sessions per week. Devices used included
commercial systems such as Nintendo Wii Fit”/, pressure-sensitive plat-
forms with personalized progression’’, and VR rehabilitation systems with
adaptive algorithms™. Settings ranged from rehabilitation facilities and
hospitals to senior centers, with sessions typically supervised or semi-
supervised.

Cognitive outcomes were assessed in all three studies, although using
heterogeneous measures. Maier et al.” reported significant improvements in
attention, spatial awareness, and general cognitive ability (MoCA and
MMSE) in the experimental group, but no significant changes in executive
function. Kannan et al.”” found improved cognitive performance in dual-
task conditions, assessed by the Letter-Number Sequencing Test. Huber
et al.”’ reported medium effect sizes for cognitive gains in attention and
processing speed, assessed by the TMT, the Mental Rotation Task, and the
Test of Attentional Performance. Overall, these findings support the
potential of exergames to improve attention and cognitive flexibility in
patients with chronic stroke, although evidence on executive function
remains mixed.
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Classification of Digital
Interventions in
Neurorehabilitation

VR-Based
Rehabilitation

Serious Games

Exergames

Designed for
cognitive or

Digital games that
require physical
activity and
monitor

Motor recovery,
cognitive rehab,
psychological
therapy

rehabilitative
purposes

movements in real
Often computer-

time Uses immersive
based or <
touchscreen wtual
Example: environments
Microsoft Kinect

Example:

Cognitive training Example:
software CAREN

Fig. 4 | Typology of digital tools for neurorehabilitation: a visual framework.

Motor outcomes were consistently positive. Kannan et al.”* demon-
strated significant improvements in volitional and reactive balance in sta-
bility and glide-perturbation tests, favoring exergame training over
conventional rehabilitation. Huber et al.”’ observed significant improve-
ment in the TUG test (p=0.05, r=0.46) and favorable changes in gait
analysis. Maier et al.”* reported improvements in general mobility (Barthel
index) with cognitive changes. These findings suggest that exergames,
particularly those with a motor-cognitive component, may significantly
contribute to balance, mobility, and functional independence in stroke
rehabilitation.

Feasibility and usability were also encouraging. Adherence rates were
high across all studies (95% in Huber et al.’; minimal dropout in Maier
et al”®), and participants reported high motivation and satisfaction. No
serious adverse events were recorded. Mild issues included technical
difficulties” and an increase in intervention-related cranial tremor”.
Opverall, the interventions were well tolerated and adaptable to different
rehabilitation settings.

Parkinson’s disease

One study investigated the effects of exergaming in individuals with Par-
kinson’s disease. Yun et al.”* conducted a single-arm feasibility study
involving 12 participants who engaged in a VR-based exergaming program
using the HTC Vive Pro. The intervention consisted of 10 sessions, delivered
2-3 times per week, each lasting 30 min, and included go/no-go punching
and stepping games as well as number-based motor-cognitive tasks. All
sessions were supervised by an occupational therapist at a hospital-based
setting.

Regarding cognitive outcomes, participants showed significant
improvement in executive function as assessed by the Stroop color-word
test (p = 0.003). In terms of motor outcomes, significant improvements were
observed in balance, measured by the Berg Balance Scale (p=0.047),
whereas no significant changes were found in TUG performance, dual-task
outcomes, or UPDRS scores. The intervention was well tolerated, with high
participant satisfaction and no serious adverse events reported. Only one
case of mild blurred vision was recorded, which resolved spontaneously the
next day, and no missed sessions were reported.

Discussion

As far as we know, this is the first review deeply investigating the potential
role of exergaming in improving motor-cognitive functions in neurological
patients. This systematic review included 11 studies: 8 RCTs, 2 feasibility
and usability studies, and 1 secondary analysis, investigating the effects of
exergame-based interventions on combined cognitive and motor outcomes
in neurological populations. Despite the heterogeneity of populations and
protocols, most studies reported improvements in executive function, global
cognition, attention, and memory, along with motor improvements in
balance, gait, and functional mobility. These improvements were generally
accompanied by high adherence and positive usability ratings, suggesting
that exergames are effective and well tolerated. Then, evidence suggests their
promise as a structured, engaging, and scalable neurorehabilitation tool.

Across all studies reviewed, exergames demonstrated consistent posi-
tive effects on cognitive domains, particularly executive function, global
cognition, and memory, as per the standardized tool used, such as MoCA,
CAS]I, Stroop, and TMT*****. These results are consistent with previous
evidence highlighting the neuroplastic potential of dual-task paradigms,
which stimulate the prefrontal cortex and other integrative neural circuits
involved in cognition. However, the extent of improvement varied
depending on participant characteristics, intervention intensity, and base-
line cognitive status. For example, Salisbury et al.”* observed within-group
improvements with no significant effects compared to the control group,
highlighting the possible moderating role of initial cognitive reserve.
Moreover, Maier et al.”® found improvements in attention and spatial
awareness, but not in executive functions, highlighting the importance of
task-specific design for the results. These findings further support the
importance of tailoring interventions to cognitive profiles while under-
scoring the need for standardized cognitive outcome sets across studies.

Concerning motor function, most studies reported improvements in
balance, mobility, flexibility, and motor coordination. Interventions tar-
geting dual-task performance™”” were particularly effective in improving
gait and postural control. In fact, neurological patients, especially those
affected by stroke and MCI, presented significative improvements in Timed
Up and Go (TUG), Figure 8, and Step Reaction Time*"'. On the other hand,
Salisbury et al.** did not find significant changes in aerobic capacity, likely
due to ceiling effects in physically active older adults. These results suggest
that motor outcomes are influenced by both intervention parameters and
individual physical status, underscoring the need to adapt train intensity and
task progression.

Exergames showed high levels of adherence, with completion rates
ranging from 82.9% to 100%. No serious adverse events were reported, with
only isolated cases of dizziness or mild discomfort™. Usability was generally
rated positively (e.g., SUS > 70), and qualitative reports often emphasized
user enjoyment and satisfaction. Importantly, remote supervision’> was
found feasible and well accepted, supporting the integration of tele-
rehabilitation models. However, some studies lacked systematic feasibility
metrics, and adherence definitions varied. Our GRADE assessment,
informed by RoB 2 and ROBINS-I evaluations, confirmed an overall low to
moderate risk of bias across the included studies. While the majority of
randomized and non-randomized trials showed low risk in key domains,
some studies presented limitations related to adherence tracking, incom-
plete outcome data, and lack of protocol registration. These factors, com-
bined with moderate heterogeneity in intervention design, outcome
measures, and sample sizes, contributed to a downgrading of the certainty of
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evidence, particularly for feasibility and usability outcomes. Despite the
generally high adherence and positive usability reported, the certainty of
evidence for these domains was rated as low, largely due to the absence of
standardized reporting practices and the reliance on small samples or
qualitative evaluations. Importantly, the observed heterogeneity reflects the
early stage of implementation of exergaming in clinical practice, and it
underlines the need for harmonized study protocols tailored to specific
neurological profiles. To enhance the robustness and comparability of
future findings, upcoming trials should adopt rigorous designs, larger
samples, and validated tools for assessing feasibility, usability, and safety.
Pre-registration and transparent reporting will also be essential to reduce the
risk of publication and reporting biases.

Overall, the current evidence suggests that exergames represent a
promising, engaging, and adaptable tool for cognitive-motor neuroreh-
abilitation in diverse neurological populations. While improvements in
executive function, attention, balance, and gait were consistently reported,
the variability in effect sizes highlights the importance of intervention
customization and the need for further confirmatory trials with high
methodological rigor.

A major issue in exergaming research is the inconsistent classification
of digital interventions. The frequent mislabelling of exergames, serious
games, and VR-based rehabilitation tools has introduced confusion in
systematic reviews and meta-analyses, ultimately compromising the accu-
racy of efficacy estimates. This ambiguity also impacts the development of
regulatory frameworks and hinders the clinical adoption of these
technologies.

To provide a clearer understanding of the distinctions between these
digital interventions, Fig. 4 and Table 3 summarize their key characteristics,
therapeutic applications, and primary targets. This classification helps dif-
ferentiate exergames from serious games and VR-based rehabilitation,
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mirror therapy
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challenges such as memory, problem-solving, or exposure therapy™. A
critical issue is that many meta-analyses have grouped exergames with
serious games or VR-based interventions, potentially inflating or under-
estimating therapeutic effects™”. This raises concerns about the validity of
previous systematic reviews and meta-analyses, as they may have drawn
conclusions based on heterogeneous intervention types. Moving forward,
clear taxonomies should be established to ensure interventions are correctly
classified and compared. Furthermore, this conceptual inconsistency has
implications for funding policies, insurance reimbursement, and clinical
guideline development. If regulatory agencies fail to differentiate active
motor-based interventions from passive cognitive ones, reimbursement
pathways may unintentionally exclude effective exergaming therapies.
Policymakers and research funding bodies should develop intervention-
specific guidelines to standardize classification and ensure accurate
reporting in clinical trials. Only through intervention-specific guidelines
and rigorous classification can future trials ensure accurate reporting, valid
comparisons, and optimized implementation.

Despite compelling evidence supporting their efficacy, exergames
remain underutilized in clinical rehabilitation due to multiple barriers. A
primary limitation is the absence of standardized dosing guidelines for
different neurological conditions, particularly regarding session frequency,
intensity, and duration. While some studies report that 4-5 sessions per
week enhance cognitive-motor outcomes, others suggest that excessive
training loads may decrease adherence®. This inconsistency complicates
clinical decision-making and hinders widespread adoption.

Another key issue is the lack of harmonized outcome measures.
Although tools like MoCA and TMT were frequently used to assess cog-
nition, as well as TUG and BBS for motor function, considerable variability
remains. While tailoring assessments to patient populations is crucial (e.g.,
QMCI for MCI), such variability reduces comparability across studies.
Future research should define core outcome sets validated per condition,
enabling both patient-centered assessments and cross-study comparisons.
This balance between flexibility and standardization is essential. Imple-
mentation challenges also include software variability, tracking accuracy,
and clinician expertise, which affect adherence and intervention fidelity,
particularly in individuals with visuospatial or cognitive deficits™.

Beyond outcome measures, inconsistencies in treatment frequency,
duration, intensity and supervision further hinder the development of
standardized guidelines. The reviewed studies implemented intervention
periods ranging from two to twelve weeks, with some adopting high-
frequency regimens (5x/week) and others opting for lower frequencies
(2-3x/week). Manser et al.”’ and Sturnieks et al.*' suggest that structured,
high-frequency protocols with adaptive feedback yield better outcomes.
However, intensity was often not reported or standardized, limiting
replicability. Huber et al.** highlighted the value of real-time personalization
based on cognitive-motor profiles, reinforcing the need for individualized
but structured approaches.

Intensity, a critical variable to maximize exercise effectiveness in cog-
nitive, motor, and neuroplasticity outcomes, was not standardized and/or
described between the included studies®. This limits the ability to replicate
findings and to define optimal intervention thresholds. Huber et al.”’, for
instance, proposed a personalized model for stroke patients, adjusting dif-
ficulty and feedback in real time based on cognitive-motor profiles. These
findings reinforce that individualized, high-frequency protocols are more
likely to produce meaningful improvements.

Furthermore, exergames are rarely integrated into multimodal reha-
bilitation models, despite evidence suggesting that combining them with
conventional physiotherapy or cognitive therapy enhances therapeutic
outcomes”. Future studies should explore hybrid rehabilitation models,
evaluating whether exergames are most effective as first-line therapy,
adjunct therapy, or post-discharge maintenance therapy.

Patient variability also influences efficacy. Neurodegenerative patients
may benefit from simplified interfaces, while stroke survivors may need
targeted motor relearning tasks. Previous physical activity, visuospatial
deficits, or cognitive rigidity can affect engagement, necessitating adaptive

design. Studies support the importance of usability, intuitive interfaces, and
personalized feedback in enhancing motivation and usability”***. User
experience is also crucial. Factors like ease of use, cognitive load, and
interface complexity impact engagement, especially in older adults. Issues
such as motion sickness or avatar confusion can reduce adherence® ™.
Future studies should assess usability systematically, beyond adherence
alone™™.

Finally, tele-exergaming offers scalability, particularly for patients with
limited access. However, barriers such as technology access, internet sta-
bility, and safety monitoring remain. Broader adoption will require digital
health policies addressing training, reimbursement, and integration into
care frameworks™.

In summary, current evidence supports the use of exergames as a
complementary neurorehabilitation strategy, optimally delivered 2-3 times
per week over 6-8 weeks, especially when applied in a structured,
population-specific manner**". Future trials should compare exergames
with conventional therapies, include long-term follow-up, and integrate
neurophysiological markers to inform policy and clinical practice. Future
RCTs should directly compare exergames with conventional and digital
therapies, including long-term follow-up and neurophysiological markers,
to inform implementation and policy guidelines.

To establish exergames as a gold-standard rehabilitation tool, several
critical advancements are required. Health policies should increasingly
support the integration of exergames as distinct, reimbursable interventions,
especially when tailored to specific neurological conditions.

Another major research priority is the development of neurophysio-
logically validated protocols. While current evidence suggests that exer-
games improve cognitive and motor functions, a critical gap in the literature
is the lack of direct head-to-head comparisons between exergames, serious
games, and traditional cognitive or motor training tasks. Without RCT's
directly comparing these approaches, it remains unclear whether exergames
provide superior benefits over conventional training methods or whether
their advantages stem primarily from increased engagement and
motivation™*'. Future studies should aim to isolate these factors by
designing protocols that systematically compare exergame-based inter-
ventions with both conventional therapies and other digital approaches.
Such trials would clarify the mechanisms driving observed benefits and
inform clinical decision-making™.

Future implementation of exergames should focus on their integration
within multimodal rehabilitation frameworks, emphasizing adaptable,
patient-centered protocols tailored to cognitive and physical abilities to
maximize therapeutic outcomes. Furthermore, widespread adoption will
require investment in clinician training, ensuring that healthcare profes-
sionals possess the necessary expertise to implement exergame-based
interventions effectively.

Interdisciplinary collaboration will be essential to refine intervention
design, validate neurophysiological mechanisms, and support regulatory
recognition. O’Neil et al.* and Perez-Narcos et al.”’ emphasize that the
successful adoption of VR and exergames in neurorehabilitation requires
alignment between technological innovation and clinical applicability.
Furthermore, insights from clinical implementation studies highlight the
necessity of standardized protocols by neurological profile, usability
assessments, and the development of reimbursement policies that support
exergame-based rehabilitation™.

With continued research, policy support, and structured clinical fra-
meworks, exergames could evolve into a standard, scalable, and neuro-
physiologically grounded solution for cognitive-motor rehabilitation.

This systematic review provides a comprehensive synthesis of the
existing literature on exergames as a cognitive-motor rehabilitation tool,
highlighting their potential to improve executive function, working mem-
ory, balance, gait, and mobility across neurological and aging populations.
By integrating findings from multiple RCTs, feasibility, quasi-experimental,
and secondary-analyses studies, this review reinforces the growing scientific
and clinical interest in exergames and their role in neuroplasticity-driven
recovery. The inclusion of studies across multiple neurological conditions
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(MCI, dementia, stroke, multiple sclerosis, frailty, and balance impairments)
strengthens the generalizability of the findings, emphasizing exergames’
versatility as an intervention across diverse patient populations. Further-
more, this review goes beyond summarizing findings, critically engaging
with conceptual inconsistencies in the field by clearly differentiating exer-
games from serious games and VR-based rehabilitation, addressing a major
gap in prior research syntheses.

Despite its strengths, this review has several limitations that should be
acknowledged. First, heterogeneity in study design, intervention protocols,
and outcome measures limits direct comparability between studies, making
it difficult to establish a consensus on optimal intervention parameters (e.g.,
frequency, intensity, session duration) and limiting the possibility of con-
ducting a meta-analysis. This variability also complicates the synthesis of
effect sizes, particularly due to study heterogeneity. It undermines the sta-
tistical power of evidence comparison, reinforcing the importance of
developing standardized outcome measures and harmonized intervention
protocols for future research. Moreover, the variability in cognitive and
motor assessments, including the use of different cognitive screening tools
(MoCA, TMT, Stroop Test, ADAS), presents an additional challenge for
cross-study comparisons. Another limitation is the lack of long-term follow-
up data in many included studies, restricting conclusions about the sus-
tained benefits of exergames beyond the immediate intervention period.
The potential for publication bias also exists, as studies reporting positive
results are more likely to be published, leading to possible overestimation of
exergames’ effectiveness. Additionally, limited neurophysiological valida-
tion (e.g, functional magnetic resonance imaging (fMR)I, electro-
encephalogram (EEG)) in the reviewed studies hinders a deeper
understanding of the underlying neural mechanisms driving cognitive-
motor improvements.

Moreover, it is important to acknowledge that the majority of studies
included in this review did not directly assess neurophysiological
mechanisms through EEG, fMRI, or biomarker analyses. Therefore, the
proposed mechanistic interpretations, such as brain-derived neurotrophic
factor activation and cognitive-motor network coupling, remain theoretical
and are based on evidence from adjacent research fields. Existing models
suggest that exergaming may support neuroplasticity by enhancing brain
connectivity and promoting synaptic growth, particularly in motor and
executive function networks””*'~**. Nonetheless, these hypotheses require
empirical validation through future studies that integrate objective neuro-
physiological assessments into trial design.

While randomized trials remain the gold standard for evaluating
efficacy, incorporating findings from descriptive research can help address
feasibility concerns and optimize implementation strategies. These studies
provide valuable insights into real-world challenges such as patient adher-
ence, software variability, and clinical integration, which are not always
captured in controlled trials. Future research should aim to bridge the gap
between efficacy-focused trials and feasibility studies to ensure that
exergame-based interventions are adaptable to diverse clinical settings and
patient needs.

Another limitation is the potential presence of publication bias.
Although not formally assessed with statistical tools such as funnel plots, a
qualitative examination suggested an overrepresentation of studies report-
ing positive findings and a lack of pre-registered protocols. This bias may
have led to an overestimation of the efficacy of exergame interventions and
was considered in the overall GRADE evaluation.

Finally, this review primarily focused on quantitative outcome mea-
sures, with fewer studies addressing patient-reported experiences, barriers to
adoption, and qualitative insights into adherence and engagement. Future
systematic reviews should consider including mixed methods analyses to
better understand the psychological, behavioral, and motivational factors
influencing exergame efficacy. Despite these limitations, this review pro-
vides a solid foundation for advancing research and clinical implementation
in this rapidly evolving field.

This review shows the potential of exergames as a cognitive-motor
rehabilitation tool, thanks to the enhanced engagement, superior adherence,

and dual-task benefits over conventional therapies. By leveraging neuro-
plasticity through cognitive-motor coupling, task adaptability, and gamifi-
cation, exergames provide a scalable and accessible intervention for
neurological and aging populations. Nevertheless, for exergames to evolve
into a standardized clinical tool, several critical steps are necessary, including
the development of harmonized training protocols, long-term RCTs, and
neurophysiological validation to consolidate their therapeutic value. A clear
conceptual differentiation between exergames, serious games, and VR-
based therapies is also essential to prevent misclassification in clinical
guidelines and research synthesis. Notably, tele-exergaming should be fur-
ther explored and integrated into digital healthcare frameworks, as it offers
promising solutions for extending rehabilitation access to patients in remote
or underserved areas. This requires addressing key issues such as techno-
logical infrastructure, clinician training, remote monitoring, and reimbur-
sement models. If these implementation challenges are met, exergames,
including their remote applications, can move beyond the experimental
stage to become a standardized, evidence-based tool for enhancing func-
tional recovery in neurological rehabilitation.

Methods

This systematic review investigated the efficacy of exergame interventions in
neurological and neurodegenerative populations. The review protocol was
registered on PROSPERO (Registration ID: CRD420250655053), and it
followed the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines™ and the Cochrane Handbook for Sys-
tematic Reviews of Interventions™, and the Synthesis Without Meta-
analysis (SWiM)** reporting framework for narrative syntheses.

Eligibility criteria and PICOS framework
This systematic review followed the PICOS framework to define eligibility.

Studies were included if they met the following criteria:

Population (P): Adults (aged 218 years) diagnosed with neurological or
neurodegenerative conditions (e.g., stroke, Parkinson’s disease, MCI,
dementia, multiple sclerosis).

Intervention (I): Exergame-based interventions, defined as digital
applications combining physical exercise with gamified tasks. Any exergame
platform  was accepted, provided the intervention targeted
rehabilitation goals.

Comparator (C): Valid comparators included standard physiotherapy,
cognitive training, passive VR, other digital therapies, or no intervention.
Studies using a pre-post design without an explicit comparator were also
eligible.

Outcomes (O): To be included, studies had to report both cognitive and
motor outcomes, even if the intervention was not explicitly dual-task or
integrated. Cognitive outcomes included executive functions, global cog-
nition, attention, or memory. Motor outcomes included balance, gait,
mobility, or motor coordination. Secondary outcomes included functional,
emotional, and adherence-related factors, such as quality of life, motivation,
social engagement, and adherence rates (e.g., session completion or
dropout).

Study design (S): Eligible designs included RCTs, non-RCTs, quasi-
experimental designs, and feasibility or pilot studies. Descriptive cohort or
cross-sectional studies without an intervention were excluded.

Studies focusing on pediatric populations, animal models, case reports,
reviews, conference abstracts, protocols, or proof-of-concept pilots were
excluded. Only full-text articles in English were considered.

Search strategy

A comprehensive literature search was conducted in PubMed, Scopus,
Embase, and Web of Science, including all studies published before April
2025. No trial registers were consulted, as only completed interventional
studies were eligible for inclusion. To ensure a systematic and reproducible
approach, a combination of Medical Subject Headings (MeSH) terms and
free-text keywords was used. The following key MeSH terms and keywords
were used:
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1. (“motor function” OR “motor learning” OR “motor rehabilitation”)
AND (“cognitive function” OR “executive function” OR “cognition”
OR “dual task”) AND (“exergame”);

2. (“exergamers”[All Fields] OR “exergaming”[MeSH Terms] OR
“exergaming”[All Fields] OR “exergame”[All Fields] OR “exergames”
[All Fields]) AND ((“motor”’[All Fields] OR “motor s”[All Fields])
AND (“functional”[All Fields] OR “functioning’[All Fields] OR
“functions”[All Fields])) AND (“cognition”[MeSH Terms] OR “cog-
nition”[All Fields] OR (“cognitive”[All Fields] AND “function”[All
Fields]) OR “cognitive function”[All Fields]).

3. “Dual”’[All Fields] AND “Task”[All Fields] AND (“exergamers”[All
Fields] OR “exergaming”[MeSH Terms] OR “exergaming”[All Fields]
OR “exergame”[All Fields] OR “exergames”[All Fields]);

4. (“motor function” OR “motor control” OR “motor learning” OR
“motor rehabilitation”) AND (“cognitive function” OR “cognition”
OR “dual task”) AND (“exergame”) AND (“neuroplasticity” OR “brain
connectivity”);

5. (“Virtual Reality”[MeSH Terms] OR “Virtual Reality”[ Title/ Abstract])
AND (“Video Games”[MeSH Terms] OR “Serious Games”[MeSH
Terms] OR “Games”[Title/Abstract]) AND (“Rehabilitation”[MeSH
Terms] OR “Cognitive Therapy”’[MeSH Terms] OR “Physical Ther-
apy Modalities”[MeSH Terms] OR rehabilitation[Title/Abstract])
AND (“Motor Skills”[MeSH Terms] OR “Cognition”[MeSH Terms]
OR “Dual Task”[Title/Abstract])

6. (“Telerehabilitation’ [MeSH  Terms] OR  “Remote  Con-
sultation”[MeSH Terms] OR telerehabilitation[Title/ Abstract]) AND
(“Virtual Reality”[MeSH Terms] OR “Virtual Reality Exposure
Therapy”’[MeSH Terms] OR “Virtual Reality”[Title/Abstract]) AND
(“Video Games”[MeSH Terms] OR “Exergames’[MeSH Terms] OR
“Computer Simulation”’[MeSH Terms] OR games|[Title/Abstract])
AND (“Motor Activity”’[MeSH Terms] OR “Motor Skills”[MeSH
Terms] OR “Movement”[MeSH Terms] OR “motor function”[Title/
Abstract]) AND (“Cognition”[MeSH Terms] OR “Cognitive Dys-
function”[MeSH Terms] OR “Cognition Disorders”[MeSH Terms]
OR  “cognitive function”[Title/Abstract]) AND (“Rehabilita-
tion”[MeSH Terms] OR rehabilitation[ Title/ Abstract])

The complete and full search strings for each database are reported in
Supplementary Table 1, in accordance with PRISMA guidelines (Item 8), to
ensure transparency and reproducibility.

Study selection and data extraction

The study selection process adhered to the PRISMA 2020 guidelines and
was conducted using a blinded approach via Rayyan, a web-based tool for
systematic reviews. Before importing references into Rayyan, a preliminary
screening was performed to exclude studies that clearly did not meet the
basic eligibility criteria based on the PICOS framework (e.g., non-English
language, animal studies, and non-interventional publication types such as
reviews, protocols, and conference abstracts). In Rayyan, two independent
reviewers (R.M., G.P.) screened titles and abstracts in a blinded manner. In
the second phase, full-text articles were assessed using the same eligibility
criteria to determine final inclusion. During the full-text screening phase, all
efforts were made to retrieve unavailable articles, including searching
institutional databases and contacting corresponding authors when neces-
sary. Articles for which the full text could not be retrieved despite these
attempts were excluded from the final analysis. After unblinding, any dis-
agreements were resolved through discussion. When consensus could not
be reached, a third reviewer (M.G.M.) was involved to adjudicate and
finalize inclusion decisions. The full study selection process is illustrated in
Fig. 1 (PRISMA 2020 flow diagram). Following study selection, data
extraction was independently performed by RM. and G.P. using a struc-
tured Microsoft Excel form. Extracted data included study characteristics
(authors, year, country, design), participant demographics (sample size,
mean age, sex distribution, cognitive status), intervention details, and out-
come measures. For each cognitive and motor outcome, we collected the

type of data reported (e.g., statistical significance, direction of effect, per-
centage improvement, or mean differences), as stated in the original articles.

Risk of bias assessment

To ensure methodological rigor, risk of bias was assessed using the Cochrane
Risk of Bias 2 (RoB 2)” tool for RCTs and the ROBINS-I tool for non-
randomized studies’®. RoB 2 evaluates five domains: randomization,
deviations from intended interventions, missing data, outcome measure-
ment, and selection of reported results. ROBINS-I assesses confounding,
participant selection, classification of interventions, deviations, missing
data, outcome measurement, and reporting. The risk of bias for each
included study was independently assessed by two reviewers (R M. and
G.P.), with disagreements resolved through discussion and, if needed,
adjudicated by a third reviewer (M.G.M.).

Data synthesis

Given the substantial heterogeneity in study designs, interventions, and
outcome measures, a meta-analysis was not feasible. Consequently, a
structured narrative synthesis was conducted in accordance with the SWiM
guidelines to ensure transparency and consistency. Studies were grouped by
neurological condition to facilitate clinically meaningful comparisons of
exergaming effects. Outcomes were categorized into three domains: cog-
nitive, motor, and adherence. Priority was given to RCTs when formulating
conclusions, while quasi-experimental and feasibility studies were included
to contextualize and enrich the interpretation of findings. Summary mea-
sures extracted from the included studies encompassed statistical sig-
nificance (p values), direction of effect, and percentage improvement, where
available. The synthesis was presented through descriptive summaries,
comparative tables, and graphical visualizations, structured according to
outcome domains. Heterogeneity was explored qualitatively, taking into
account differences in interventions, settings, and outcome measures across
studies.

The overall certainty of evidence for each outcome domain
(cognitive, motor, and adherence) was assessed using the GRADE
approach, which considers risk of bias, inconsistency, indirectness,
imprecision, and publication bias. Although no formal statistical
methods (e.g., funnel plots) were applied, potential publication bias
was qualitatively evaluated based on the predominance of studies
reporting positive results and the lack of pre-registered protocols or
unpublished data. The strength of the body of evidence was rated as
high, moderate, low, or very low. This evaluation was conducted
independently by two reviewers (R.M. and G.P.), with discrepancies
resolved by a third reviewer (M.G.M.).

Data availability

All data supporting the findings of this study are available within the
manuscript. In addition, the underlying datasets can be accessed in the
Supplementary Data 1, 2, Supplementary Table 2, Supplementary File S5, as
well as in Figs. 1-3.
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