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Abstract

Background: Exergamesareinteractive solutionsthat require physical activity and are commonly used in learning or rehabilitation
settings. For cognitive rehabilitation with exergames, the assessment of the intervention progress can be conducted by verifying
the changes in brain activity. Electroencephalography (EEG) is a well-known method for this evaluation. However, motion
artifacts due to large body movements can impede signal quality. No comprehensive guide on the artifact removal methods in
the context of exergaming has been found.

Objective: This paper aimed to identify studies that have assessed EEG signals while a user interacts with an exergame and the
applied methods for data handling and analysis with afocus on dealing with movement artifacts.

Methods: This review included studies on human participants while engaging in exergames, where the primary outcome was
brain activity measured by EEG. A total of 5 databases were searched at 3 time points: March 2021, October 2022, and February
2024. The Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies assessed methodol ogical quality, rating
studies as “good,” “fair,” or “poor.” Data were synthesized quantitatively to identify characteristics across studies, including
sample demographics and intervention details, and basic statistics (mean [SD]) were calcul ated.

Results: A total of 494 paperswere screened, resulting in 17 studies having been included. All studies carried out EEG recordings
during exergame interactions, primarily assessing attention and concentration, with the alphawave being the most analyzed EEG
band. Common motion artifact removal methods included visual inspection and independent component analysis. The review
identified significant risks of bias, with 2 studiesrated as“good,” 7 as“fair,” and 8 as “poor.” Due to the small number of studies
and their heterogeneity, a meta-analysis was not feasible.

Conclusions: The study successfully identifiesthe feasibility of recording el ectrophysiological brain activity during exergaming
and providesinsightsinto EEG devices, analysis methods, and exergaming systems used in previous studies. However, limitations,
such asthelack of sufficient detail on motion artifact removal and afocus on short-term effects, underscore the need for improved
methodol ogies and reporting standards, with recommendations for enhancing reliability in cognitive rehabilitation with exergames.

(JMIR Serious Games 2025;13:€50992) doi: 10.2196/50992
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Introduction

Rationale

Over the last 15 years, research around the concept of
exergaming has expanded in the scientific community as well
as in the commercial industry, such as the development of
motion controllersfor gaming consolesand virtual reality (VR)
headsets [1-4]. The closest to a formal definition is found in
[5], where the term exergame refers to “digital games that
require bodily movementsto play, stimulating an active gaming
experience to function as a form of physical activity.” Based
on this, the scope of exergames can also extend to include VR,
augmented redlity, and similar technologies that provide
immersive gaming experiences. Dueto their nature, exergames
are used across interdisciplinary fields, including application
areas such as psychology, sports science, neuroscience, and
computer science. |ndeed, the largest application areaisin public
health and rehabilitation [6-8].

The main populations targeted for the use of exergames are
children and adolescents due to their interest in video games
and their potential benefits[9]. Some advantages of exergames
are their ability to increase motivation and engagement in
physical activity [5,10,11]. They aso present features such as
individualization, adaptivity (by providing feedback for
adjustments), and  specificity  (task-centered  and
outcome-specific training) [12]. Consequently, exergaming can
have apositiveimpact on physical, cognitive, and psychosocial
variablesin users[13].

Giventheir potential toimprove health, exergames have evolved
and have been evaluated in several scenarios as promising
rehabilitation tools [14-16], especidly for cognitive
rehabilitation [17,18]. The constant training generated through
the interaction with exergames may result in the acquisition or
improvement of cognitive abilities such as executive functions
(eg, attention and memory) [19]. These cognitive skills are
necessary for effective performance of everyday tasks, especialy
inthe case of older adults, aswell asfor school performancein
children [20,21].

One specific exergame, HapHop-Physio, was designed and
developed by our research group as part of an ongoing research
project. This exergame targets children and adolescents with
specific learning disorders, aiming to improve their memory
and attention through physical activity. Initial findings are
promising in supporting children’s cognitive development and
thus, improving their daily routines [22]. In previous studies,
electrodermal activity has been recorded during interactions
with HapHop-Physio, providing valuable insights into the
cognitive processes influenced by exergaming [23].

However, to fully assess cognitive-specific outcomes, exergames
like HapHop-Physio require the additional measurement of
neurophysiological changes related to brain activity. Our
research focuses on evaluating HapHop-Physio’s effectiveness
through el ectroencephal ography (EEG) [22]. EEG isone of the
most commonly used methods for inspecting electrical activity
in the brain by recording brain signals with electrodes placed
on the scalp [24,25]. EEG is increasingly used in studies on
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infant development [23]. EEG captures voltage fluctuations
resulting from ionic currents within neurons, which produces
signalsthat represent various brain waves. EEG analysisallows
an assessment of the underlying processes of cognitive functions
[26]. However, EEG signals are highly sensitive to external
noise and interference, such as muscle movement, eye blinks,
or electrical noise, which introduces artifactsin the EEG signal
(ie, unwanted additional componentsthat distort the raw signal)
[27]. These artifacts pose a challenge to the measurement of
brain activity during the interaction with an exergame, since
movements cannot be avoided during exergaming. The
movement artifacts complicate or impede the accurate
interpretation of the EEG signals. Thus, removing or minimizing
artifactsis crucial in ensuring valid EEG readings [28].

Consequently, some researchers have addressed thisissue from
different approaches. Artifact removal methods vary from
manual visual inspection or the application of band filters to
complex procedures such as independent component analysis
(ICA) or regression-based techniques. ICA aids in detecting
facial muscle movements, eye blinks, or other movements.
Regression-based techniques predict and subtract the
contribution of artifacts to the signal (particularly from eye
movements) using mathematical models [29-31]. The specific
choiceof artifact removal method depends on the specific study
design, thetypesof artifacts present, and the trade-offs between
preserving brain signals and removing noise [32].

Nevertheless, the body movements generated by the interaction
with an exergame are a piece of motion artifact that are just
beginning to be explored. Accurately quantifying dataloss due
to artifactsisimportant because large portions of EEG datamay
be discarded, |eading to reduced sample sizes or biased results.
When reporting datal oss, the research community benefitsfrom
better interpretation and an effective comparison across studies.
Evaluating signal quality becomes essential to determine
whether the brain activity signalsremain useful for interpretation
after cleaning [33]. Similarly, the associations between any
specific cognitive domain induced by the interaction with the
exergame and its content are not yet generalizable and depend
onthetype of exergame aswell asthetype and strength of body
movements.

Objectives

The primary objective of this systematic review wasto identify
studies that have measured EEG signals during exergame
interaction with a focus on examining the methods used for
artifact detection and removal addressing the“large” movement
artifact generated. Thus, this review aimed to answer the
following questions:

1. Mainreview questions: (1) Can electrophysiological brain
activity be recorded during exergaming? (2) Which EEG
devices, methods for data analysiswith afocus on methods
for artifact detection and removal, and exergaming systems
have been used in previous studies?

2. Further review questions. (1) Which population groups
have been studied so far (eg, with respect to health status,
age, gender, ethnicity, and education)? (2) Are there
differences in brain activity during exergaming across the
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lifespan (eg, between children, adolescents, younger adults,
and older adults)?

Methods

Eligibility Criteria

The PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) statement [34] was followed to

Textbox 1. Details on €ligibility criteria.
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report the process and results obtained in the revision
(Multimedia Appendix 1). In this systematic review, we
established explicit inclusion and exclusion criteriato determine
theeligibility of studies. Detailed specifications of these criteria
are provided in Textbox 1.

Inclusion criteria
«  Human participants, all age groups.

« All types of exergames and cognitive-motor games.

o Original studies, longitudinal or experimental studies, (controlled) cross-sectiona studies, or case-control studies.

. Electrophysiological activity (viaelectroencephalography [EEG]), participants’ characteristics (eg, age, gender, and health status), characteristics

of the game and the EEG device, and the preprocessing pipeline.

«  Brain activity measured by EEG during the exergame activity.

Exclusion criteria

« Anima studies.

«  Single cognitive or motor tasks (eg, classical video games).
«  Brain-computer interface games.

«  Literaturereviews, case reports, and qualitative studies.

«  Other neuroscientific methods (eg, functional near-infrared spectroscopy, magnetoencephal ography, and functional magnetic resonanceimaging).

I nformation Sources

We used 5 bibliographic databases to identify peer-reviewed
studies for their inclusion in this systematic review: PubMed,
IEEE Xplore, ACM Digital Library, Scopus, and Web of
Science. Also, we searched the reference list from retrieved
full-text articles for additional studies. To keep the results up
to date, we conducted searches based on 2 search strings at 3
Separatetimes. Thefirst search date was March 2021, the second
search date was October 2022; and finally, the third search was
performed in February 2024.

Search Strategy

For the search strategy, we considered 2 main concepts to
retrieve the studies: “exergaming” and
“electroencephalography.” We adjusted these concepts

according to the respective databases Thesaurus and MeSH
(Medical Subject Headings) terms. Also, asecond search string
was built to replace the concept of exergaming with commercial
devices that meet the concept. Thus, for the first string, we
searched 10 synonyms within the exergaming concept and 36
synonyms within the EEG concept covering the obtained
measures when recording brain activity through EEG,; as for
the second string, we searched for eleven devices (mostly VR
headsets) along with the electroencephalography concept.
Multimedia Appendix 2 describesthe strings, filters, and limits
used in each information source. A further source of information
was the references to the papers that supplied the following
selection process.

https://games.jmir.org/2025/1/€50992

Selection Process

After retrieving the studies from the information sources, we
uploaded the files to the Rayyan platform [35] to remove the
duplicates and start the screening and selection process. We
established a 3-stage approach. First, 2 authors (CRO and LB)
independently screened al the titles and abstracts to identify
articles that potentially met the inclusion criteria. Second, the
introduction and conclusions of the remaining articles were
screened to further refine the selection. Finally, full texts of the
articles were independently assessed for eligibility and data
extraction. Any disagreements between the 2 raters were solved
through discussion with a third author (DML). The Rayyan
platform enabled blinded screening and selection of papers.

Data Collection Process

We extracted data from the selected papers generating a
standardized prepiloted spreadsheet. Asin the selection process,
2 authors (CRO and LB) collected the dataindependently. The
spreadsheet comprised study identification, methodological
design, sample characteristics, details of the exergame and the
EEG device, analysis methods, outcomes, study limitations,
and some additional information.

Dataltems

The most relevant conditions for the papersto be selected were
(1) that there was an exergame, that is, a game that stimulates
the participants both physically and cognitively (or generates
entertainment); (2) that authors recorded brain (EEG) activity
during the game, that is, while the participants were stimul ated
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and were moving; (3) that authors provided a detailed
description of the EEG analysis methods.

Other variables considered included whether the application
wasfor clinical patients, the data collection setting (laboratory,
clinic, or at home), characteristics of the intervention, results
in terms of cognition and brain activity, and study limitations,
and covariates.

Study Risk of Bias Assessment

The 2 authors (CRO and LB) independently evaluated the
methodological quality of the selected studies. The Quality
Assessment Tool for Observational Cohort and Cross-Sectional
Studies[36] from the National Heart, Lung, and Blood I nstitute
(NHLBI) [37] contains fourteen questions designed to assess
the internal validity of a study. Any disagreement in the
evaluation was solved by the third author (DML).

The evaluation process consisted of 2 steps. First, we assigned
importance levels to the 14 yes or no questions based on the
elements queried by each question, such as research question,
sample size justification, etc. Four questions were classified as
very important, 1 as important, and 9 as less important. The
importance level determined the weight of each question in the
assessment process.

Subsequently, we evaluated each study based on its responses
to theyes or no questions. A “good” rating was assigned when
none or just 1 answer was “NO,” indicating minimal risk of
bias. A “fair” rating was given when 2 or 3 answerswere“NO,”
suggesting some potential for bias. Conversely, a“poor” rating
was assigned when there was a“NO” answer in 1 of the most
important questions, or at least 4 “NO” answers in the less
important questions, indicating a significant risk of bias. The
final rating for each study was determined by tallying the
number of “NO” answers across all questions.

Synthesis M ethods

From the data collected and recorded in the matrix, we
synthesized evidence quantitatively to determine the sets of
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characteristics that could be associated with each study, such
as the population sample, the countries that conducted the
research, or the gender distribution of the sample. In the same
way, we caculated basic dtatistics (mean [SD]) for
characteristics such as the ages reported in the studies and the
intervention performed with the exergame and measured with
the EEG device. A meta-analysis should be considered
depending upon the availability of appropriate data (ie, sufficient
number and homogeneity of studies).

The protocol for this systematic review was prospectively
registered in the PROSPERO (International prospective register
of systematic reviews) database (registration no
CRD42020208131). No deviationsfrom the registered protocol
occurred during the review process.

Results

Study Selection

After removing the duplicates, we first screened 494 papers by
title and abstract. Second, we screened 77 papers by introduction
and conclusions. Third, we reviewed the full text of 46
documents, excluding 35 studies from this set, either because
they did not refer to an exergame (n=22), or did not record EEG
activity during gameplay (n=13; Figure 1). Finaly, only 11
paperswereincluded in the review. Additional papersfulfilling
theinclusion criteriawere found in other searches, such as the
study’s references (n=2) and the search for commercia
exergames platforms (Nintendo Wii and Kinect) that were not
included in the searches results since they were referenced by
their commercial name and not as exergames (n=4).

A considerable number of papers containing the keywordswere
excluded because they were within the brain-computer interface
(BCI) paradigm. This paradigm uses EEG as an input device
to control the game from the brain activity detected in the player.
Although papers reported EEG recordings, there was no
relationship reported between the physical activity generated
by the game (not classified as exergame) and the brain signals.
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Figure 1. Flowchart of the results from the review process.

Rico-Olarte et d

‘o
Identification of studies via databases and registers Identification of studies via other methods
=
=
;
o Records identified from Records remove before screening:
% PubMed (n=281 ) After applying filters Records identified from:
s '@ (= (n=307) Citation searching (n = 2)
o WoS (n=101) ) N
= IEEE Xplore (n = 75) Duplicate records Databases in the search for
= ACM DL (n = 110) (n=386) commercial exergame
Scopus (n = §22) Rcmrd.\_ remove by . platforms (n = 98)
automation tools (n=2)
_
= l I
Records screened by title and Records excluded by title and Records screened by title and Records excluded by title and
abstract (n = 494) abstract (n=417) abstract (n = 100) abstract (n = 94)
Eﬁ Records screened by introduction Records excluded by introduction Records screened by introd Records excluded by sp h
'g and conclusions (n = 77) and conclusions (n = 31) and conclusions (n = 6) content (n = 2)
: i |
gl Records excluded:
Records assessed for eligibility Not an exergame (n = 22) Records assessed for eligibility
(n=46) EEG not recorded during (n=4)
gameplay (n= 13)
S ‘
)
.8 Records included:
= Studies included in the review By databasc scarch (n=11)
] =17 By searching commercial
.E exergame platforms (n = 4)
By references (n=2)
—_J

Study Char acteristics

The 17 included studies were conducted in diverse continent
settings including Europe (5 studies: Norway, Germany [n=3]
Austrig, and Italy); Asia (5 studies: Korea, China[n=2], Turkey,
and Iran); North America (3 studies: the United States and
Canada[n=2]), Central America (1 study from Mexico), South
America (2 studies from Brazil) and 1 in Oceania (New
Zeadland). Sample sizes across these studies were generally
small, with 6 studiesincluding between 10 and 19 participants,
and 4 studies reporting more than 30 participants. Authors of
11 of theidentified studies|abelled the design as* experimental ”
The remaining studies were reported to be pilot studies (n=2),
a feasibility study (n=1), a preliminary study (n=1), a
comparative study (n=1), and a case study (n=1).

Intermsof population characteristics, 13 studiesreported gender
distribution. The female participation rate was 42% against a
male participation rate with 58% (mean values from studies).
In total, 16 studies reported the age of the participants. The
mean age of the study’s participants within the young adult
category (n=12) was 25.4 years. The population in 14 of the
studies was nonclinical; 2 studies reported data from aclinical
population (upper limb injuries and stroke). The children’s
popul ation was mixed between clinical (diagnosed with Autism)
and anonclinical sample.

Multimedia Appendix 3 [38-54] shows the characteristics of
the included studies. All 17 studies used strategies to induce
physical activity: 7 of them classified their games as exergames,
3 studies used the Kinect device, amotion-sensing input device
developed by Microsoft for the Xbox gaming console that
detects physical movements and trandates them into game
controls, to detect movement, 3 studies used the Nintendo Wii
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device, a gaming console with motion-sensing controllers that
track physical movements to control game actions, to induce
movement, 2 studies use a VR-based approach (MetaQuest2
and HTC Vive), 1 study used the SilverFit system, a
rehabilitation device designed for motor and cognitive therapy
that combines interactive gaming with physical exercises, and
the remaining study used a static bike to induce the physical
activity while playing the video games.

Multimedia Appendix 4 [38-60] detailstheinformation of EEG
recordingsin the studies. A total of 12 studies reported methods
for the detection and removal of motion artifacts in the EEG
signal. There were 2 studies for which the process is not
transparent sinceit is madeinternally by the devices. The EEG
activity was measured by its band waves (alpha, beta, theta,
gamma, and delta) in 14 studies, 2 studies reported the brain
activity in terms of the signal components (such as the N1
component of the Event-Related Potential) and finally, 1 study
reported the processed signa from the device's software. A
narrative description of the results of individual studies is
reported in Multimedia Appendix 5.

Synthesis of Results

According to the results obtained and from the data extracted
from the reviewed papers, the following aspects can be
synthesized.

Exergame Characteristics

Regarding the exergames used in the studies, 11 out of 17
exergames are commercially available; only 6 exergames were
developed to assess the research objectives outlined in each
paper. The additional toolsthat authors used to induce physical
activity within the exergame correspond first to platforms for
users to stand with different modalities (to apply pressure, to

JMIR Serious Games 2025 | vol. 13 | €50992 | p. 5
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR SERIOUS GAMES

control balance, or to practice specific ski movements), followed
by, the motion detection of body gestures and positionsthrough
the Kinect and Wii, and finally, VR headset devices.

Cognitive Domains and EEG Analysis

The cognitive domains stimulated by the exergames and
identified through the analysis of the EEG recordings include
attention and concentration (n=4), followed by engagement
(n=2), cognitive workload (n=2), stress (n=2), motor learning
(n=2), working memory (n=1), and awareness (n=1). Only 1
study evaluated processing speed and language. Two studies
did not report the cognitive domains.

In the studies using the analysis of the EEG recordings through
band waves, the a phawave wasthe most often analyzed (n=10),
followed by the beta and theta waves (n=7). The least used
waves were gamma and delta. Authors used various methods
to measure their results according to the EEG band waves.
Among them, the absolute power and the relative power were
obtained, in addition to the asymmetrical comparisons between
channels (in dB), changesin the bands (in terms of percentages),
and applying equationsfor different indexes based on the values
of the bands.

The most common electrode placement positions for EEG
recording were the frontal and parietal lobes (n=6), followed
by the prefrontal lobe (n=5), then, the central and precentral
lobes (n=3). The least used positions were located occipitally
(n=2) and temporally (n=1).

Motion Artifact Handling

Finaly, in line with the aim of this systematic review, the
methods for detecting and removing motion artifacts were
summarized. The most frequently reported methods were
filtering the signal (n=6), using the ICA method (n=4), visua
and manual inspection (n=2), and applying the automated
subspace reconstruction method (n=2). Other methods used by
the authors were based on previous contributions such as
plug-ins, pipelines, and metrics, including the use of several
types of band-passfilters. Some authors used recording devices
that automatically filtered motion artifacts by deleting them
before delivering the data to the user.

Risk of Bias Assessment in Studies

The risk of bias was evaluated across 2 dimensions: internal
validity (risk of bias within individua studies) and external
validity (reporting biases affecting the overall synthesis).

The methodol ogical quality of the studiesincluded was assessed
based on essential factors like study population, exposure
measures, and statistical analysis. Among the studies, only 2
[40,50] were rated as “good,” indicating the least risk of bias
and validating their results. Seven studies[38,39,45,47,49,51,53]
wererated as“fair,” suggesting some potential for bias, though
not enough to invaidate their findings. However, 8 studies
[41-44,46,48,52,54] received a rating of “poor,” indicating a
significant risk of bias. These studies were included in the
review due to the limited availability of alternative evidence.
Full details of the risk of bias assessment are provided in
Multimedia Appendix 6.
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In the assessment of reporting biases, 2 papersreceived a“ good”
rating, indicating a minima risk of bias. These papers
demonstrated clear objectives, transparent recruitment process,
and consistent exposure and outcome measure implementations.
Seven papers were rated as “fair” suggesting a moderate risk
of bias, due to shortcomings such as insufficient sample size
justification or limited exposure assessment at only 1 time point.
In contrast, the remaining 8 papers were rated as “poor”
indicating a high risk of bias. These papers lacked clear
definition of the study population, exhibited inconsistent
implementation of outcome measures, and had an unclear
recruitment process. In addition, none of the papers reported
blinding of assessors to participant exposure status, and none
accounted for confounding variables. Furthermore, some papers
included unnecessary information in their reporting.

Certainty of Evidence

Unfortunately, the number of papers that met the inclusion
criteria to fulfill the aim of this systematic review was low
(n=17). This low number of studies did not alow for a
meta-analysis of theinformation extracted from each paper due
to the heterogeneity of the studies. Likewise, it is not possible
to generalize the results, since the risk-of-bias assessment
resulted in inferior quality in 47% of the papers analyzed.

Two papers[40], [50] mentioned the need to detect and remove
movement artifacts from the EEG signal recorded during the
participants’ interaction with the exergame. Oneimportant piece
of information from [40] was the decision to remove around
50% of the signal. In contrast, for the EEG signal epochs in
[50], only between 5% and 7% were removed. In the remaining
papers, athough noise detection and removal methods were
applied, no specific reference was made to the motion artifacts
generated by physical activity during playing the exergame or
the amount of signal that was removed for further analysis.

Discussion

Principal Findings

Our review revealed severa key findingsregarding therecording
of electrophysiological brain activity during exergaming. First,
we demonstrated the feasibility of this approach, highlighting
the potential for capturing neural signals during interactive
physical activity. In addition, we identified a variety of EEG
devices, analysis methods, and exergaming systems used in
previous studies, providing valuable insights into the
technological landscape of the field. The analysis also covered
significant challenges, including issues related to data loss and
motion artifact removal, which impact statistical power and
introduces bias in estimation of EEG outcomes. We observed
alack of reporting of detailed information on motion artifact
identification, particularly in relation to the motion artifacts
generated by large, whole-body movements inherent to
exergame interaction, removal methodsin theincluded studies,
traditional techniques were primarily developed to address
smaller localized artifacts and may not effectively account for
the more “substantial” artifacts generated by whole-body
movements. This lack of detail highlights the need for greater
methodological transparency in future research, especially in
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how larger motion artifacts are managed to ensure valid EEG
findings.

Our review highlighted a notable gap in literature, with few
studies conducting long-term measurements of the cognitive
and physical effects of exergaming through EEG recordings.
There is a predominant focus on young adult populations in
existing research, with limited exploration of differencesacross
age groupsand ethnicities. Thesefindings collectively contribute
to a deeper understanding of the challenges and opportunities
in thefield of electrophysiological research in exergaming.

The main review questions (Can electrophysiological brain
activity be recorded during exergaming? Which EEG devices,
methods for data analysis, and exergaming systems have been
used in previous studies?) were answered: at least 1 of the
included studies carried out afeasibility study determining that,
although approximately 50% of the EEG signal datawere lost,
it was possible to record and subsequently analyze the
information from the signalsthat were obtained whilethe players
interacted with the exergame. Thisfinding, along with the much
lower amount reported in [50], is contradictory and highlights
theimportance of defining comparable quality metricsfor future
studies. However, data loss negatively impacts the results in
several ways. Firgt, it reducesthe statistical power of the study.
Second, data loss can introduce bias in the estimation of
parameters in classification or prediction models, leading to
inaccurate results. Finally, it may diminish the representativeness
of the sample, which may limit the generalization of thefindings
[61].

Comparison to Previous Work

In addition, information on EEG devices, analysis methods, and
exergaming systems was obtained and reported in this review.
Of the 16 included studies, although all recorded EEG signals,
the aims were different in terms of determining the feasibility
or quality of the signal in the presence of movements (physical
activity) made by the participants. Of these studies, 12 papers
attempted to detail the process of identifying and removing
motion artifacts from the signal. However, the information
provided is not sufficient for replicating the procedures.

Regarding the devices found in the included studies, we
classified them according to the type of recording hardware.
Four of the EEG devices can be classified as compl ete systems;
that is, they have asignal amplifier and acap that facilitatesthe
easy placement of EEG €electrodes on the participant’s head.
Three of the studies smply used a signal amplifier, without
mentioning the type of electrodes used for signal capturing or
using generic EEG electrodes. Ten studies used headset-type
devices. These devices are wireless and store the signal in their
memory, which is then downloaded to a software for reading
and analyzing. These devices are wearables [62], so their use
ismuch easier for nonexperts in the placement of conventional
electrodes according to the 10-20 reference system [63]. In
terms of usability in environments other than clinical, wearable
devices are convenient to validate hypotheses before conducting
more formal studies[64].

Another aspect that was evaluated within this review was the
analysis method for processing the EEG data. Of the studies
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included, 14 used analysis methods in the frequency domain,
obtaining the absol ute power of the band waves [65]; thisisthe
most commonly used approach in the literature. Only 1 study
included time-frequency maps showing increasing and
decreasing power events (event-related desynchronization/
event-related synchronization). Two studies analyzed the signal
in the time domain, examining the N1 component and using its
amplitude metrics. Defining the analysis methodsis animportant
task to determine the effects of movement on the EEG signa
and, at the same time, obtain information on the changes or
cognitive processesthat are activated during theinteraction with
an exergame [66].

Exergames are till being tested to corroborate the benefits
attributed to them, such as the increase in motivation and
enjoyment, the reach of populations, and their capacity for
individualization, adaptivity, specificity, and scalability [5].
Even though 9 of the studies included used game systems that
were not categorized as exergames by the study’s authors (using
a Kinect, a Nintendo Wii, stationary bicycle, a balance board,
and a VR headset), the authors attributed improvement of
cognitive processes to the physical activity during the games
[67,68].

In addition to our systematic review, a recent literature review
on motion artifact reduction in BCI systems[69], highlightsthe
challenges associated with EEG data collection during physical
activities, which closely mirrors our findings in exergaming
studies. Both reviews highlight the limitations of widely used
artifact removal techniques, such as|1CA and regression-based
methods, which are often insufficient when addressing the larger
artifacts caused by whole-body movementsin exergaming. This
aligns with our observation that many exergaming studies lack
sufficient detail for replicating effective motion artifact removal
techniques.

Furthermore, the studies reviewed in [69] revealed a tendency
to focus on introducing new methods for artifact reduction,
rather than improving or thoroughly comparing established
ones. Both our review and the BCI literature emphasize the
difficulty of generalizing findings due to small sample sizes
and the variationsin experimental paradigms, hardware setups,
and preprocessing steps. Furthermore, the “ground truth”
problem (distinguishing between true brain signals and noise)
identified in [69] is especially relevant in exergaming contexts,
where participant movement is integral to the activity. By
framing our findingswithin this broader context, we emphasize
the need for future research to improve artifact removal methods,
enhance study transparency, and adopt advanced technologies
to refine EEG signal quality in exergaming.

Limitations

The greatest limitation found in the included studiesisthe lack
of detail in the processes of identification and removal of motion
artifacts in the EEG signal. This limitation hinders a
comprehensive understanding of data quality and may impact
the accuracy of findings. Another limitation isthe formality of
the studies conducted, as their objectives only go as far as
measuring the immediate effect of 1 game session on cognitive
processes. While other studies have dataon long-term outcomes,
they did not measure EEG during gameplay [70-73]. To date,
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no study includes|ong-term measurement of the cognitive effect
or the effect on the person’s physical state by the periodic use
of an exergame with EEG recordings. This narrow scope limits
the depth of insight into the sustained benefits or potential
drawbacks of exergaming interventions.

Several limitations were identified in our systematic review.
Many of the included studies were formative in nature and had
small sample sizes, which restrict the generalization of the
findings. However, we opted for a systematic review to evaluate
thefeasibility of recording EEG during exergaming and to assess
methods for managing motion artifacts. Despite the
heterogeneity across, including the variation in EEG devices,
dataanalysismethods, and exergames used, we aimed to provide
structured insight into the field.

Third, the absence of information on differencesin brain activity
across age groups and ethnicities restricts the generalizability
of our findings. Without this crucial demographic context, the
applicability of our results to diverse populations is
compromised, highlighting the need for moreinclusive research
approaches in future investigations. While we used a
comprehensive search strategy and followed the PRISMA
guidelines, some studies may have been missed, particularly
unpublished or grey literature.

Heterogeneity across studies, the small sample sizes, and the
formative nature of many studies made synthesis challenging,
both qualitatively and quantitatively. It aso limited our ability
to draw firm conclusions or identify trends across the studies
included.

Future Directions

Theresults of this systematic review provide answersto further
review questions (Which population groups have been studied
so far, eg, with respect to health status, age, gender, ethnicity,
education? Are there differences in brain activity during
exergaming across the lifespan, eg, between children,
adol escents, younger adults, and older adults?). Asstated inthe
results section, most of the included studies targeted young
adults and no differences were examined between age groups
even when some exergames were intended for children but
evaluated in young adults. Unfortunately, none of the studies
specified information about differencesin brain activity during
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exergaming acrossthe lifespan or the ethnicity of the population.
This lack of detail represents a limitation when applying the
results of published investigations to other contexts, such as
comparing age groups [74,75] or targeting multiethnic
populations [76].

Future research should focus on more standardized methods,
larger and more diverse sample sizes, and long-term evaluations
of cognitive and physical outcomes through EEG recordings
during exergaming interventions.

Conclusions

The review demonstrates the feasibility of recording
electrophysiological brain activity during exergaming and offers
valuable insights into the EEG devices, analysis methods, and
exergaming systems used in previous research. Our findings
indicate that EEG signals can be successfully measured in the
midst of physical activity induced by player interaction with
exergames, which may be associated with cognitive domains
and processes. However, the presence of motion artifacts may
lead to the loss of up to 50% of the EEG signal, posing
challenges for data analysis and interpretation. Despite these
limitations, our study underscores the potential for conducting
meaningful analyses with the available data. Moving forward,
research should address these limitations by enhancing reporting
standards and methodol ogical practices. Specifically, researchers
should provide arationale for EEG device selection, determine
the type and intensity of movements during recording, assess
appropriate motion artifact detection and removal methods,
report details of dataloss dueto artifacts, evaluate signal quality
post artifact removal, and conduct more formal longitudinal
experiments to explore the medium and long-term effects of
exergaming on cognitive processes and physical well-being.

Furthermore, our review has practica implications for the
development of therapeutic interventions, as exemplified by
our design of the HapHop-Physio exergame targeting children
with specific learning disorders [77]. This exergame has the
potential to assist in cognitive rehabilitation for this population
[17]. By incorporating EEG signal recording during gameplay,
our ongoing study aims to characterize eectrical signals
corresponding to typica player movements [78]. More
information on the protocol for the study can be found in the
Open Science Framework [79].
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