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Abstract

Background: Exergamesareincreasingly used in rehabilitation to simultaneously target physical and cognitive functions. Game
scores are commonly used as indicators of performance, yet it remains unclear to what extent they reflect underlying movement
and cognitive-control demands. Understanding this relationship is essential for interpreting what exergame performance scores
reflect during gameplay.

Objective: We aimed to investigate how movements and frontal theta activity, used as a proxy for cognitive-control demands,
relate to game performance across game levels and age groups in a step-based exergame.

Methods: This cross-sectional |aboratory study included 32 participants (16 older adults: mean age 76.5, SD 4.5, range 71-86
years; 16 younger adults: mean age 25, SD 2.1, range 22-28 years) recruited using convenience sampling from a university and
recreational exercise groups in Trondheim, Norway. Participants completed a step-based exergame (“The Mole”) at 3 difficulty
levels (easy, medium, and hard). M ovements were measured using accel erometers (vector magnitude and step count), and frontal
theta activity was derived from mobile EEG (electroencephalogram) as mean power spectral density in the 4-7 Hz range as a
proxy for cognitive-control demands. Game scores were recorded as performance indicators. Repeated-measures general linear
models were used to test effects of difficulty and age group, and Pearson correlation analyses examined associations between
variables.

Results: Younger adults achieved higher game scores than older adults across al difficulty levels, and performance declined
at higher task difficulty (all P<.001). The amount of movement (vector magnitude) showed strong and generally consistent positive
correlations with game score across all levels and both age groups (r=0.67-0.80). All correlations except the hard level in older
adults were statistically significant after correction for multiple comparisons. Step count showed weaker and less consistent
associations across groups. No statistically significant differencesin frontal theta activity were observed between age groups or
acrosstask difficulty levels (all P>.15). Associations between frontal thetaand game score were near 0 in younger adults (r=—0.096
to 0.001), whereas ol der adults showed small-to-moderate correlations at easy and medium difficulty levels (r=0.345-0.416) and
astronger correlation at the greatest difficulty level (r=0.76). However, none of the correlations between frontal theta and game
score were statistically significant after correction for multiple comparisons (all P>.003).

https:/formative.,jmir.org/2026/1/€100270 JMIR Form Res 2026 | vol. 10 | €100270 | p. 1
(page number not for citation purposes)


mailto:nina.skjaret.maroni@ntnu.no
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR FORMATIVE RESEARCH Skjagret-Maroni et &
Conclusions: In this controlled exergaming setting, game performance was strongly associated with the amount of movement
performed, whereas associations with frontal theta activity, used as a proxy for cognitive-control demands, were limited and
context-dependent. These findings suggest that game scores primarily reflect movement output rather than cognitive-control
processes under the present game conditions. The resultsindicate that game scores alone may provide an incomplete representation
of engagement and highlight the importance of considering both physical and cognitive aspects when designing and evaluating

exergames.

(JMIR Form Res 2026;10:€100270) doi: 10.2196/100270
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Introduction

At present, an estimated 2.4 hillion people are living with
various health conditions that may benefit from rehabilitation
[1]. Rehabilitation of such health conditions is a key element
for achieving the World Health Organization’sthird sustainable
development goal: “Ensure healthy livesand promote well-being
for al at all ages” However, the increasing life expectancy in
combination with a shortage of qualified health care workers
in the years to come poses significant challenges to achieving
thisgoal. According to the current National Health and Hospital
plan for Norway, digitalization, coupled with technological and
organizational innovations, are proposed solutionsto bridgethe
gap between theincreasing health care demands and the shortage
of health care staff [2]. Digitalization in health care hasincreased
and reshaped health care services in recent decades [3], as it
can improve access and reduce barriersto treatment [4]. Digital
practicein rehabilitation is becoming more viable and has been
widely implemented, especially after the COVID-19 pandemic
[5-8]. Digital practice in rehabilitation enables interaction
between rehabilitees and health care personnel residing at
different geographical locations, connecting through digital
technologieseither in real time or asynchronously, and can also
offer feedback and support to the rehabilitees during the
rehabilitation process [9].

Exergames, or exercise-based video games, are an example of
adigital tool that isincreasingly explored and used in treatment
and rehabilitation in children [10], and younger [11] and older
adults[12,13] with avariety of physical disabilities. Exergames
require movement from the player in an interactive and
cognitively demanding digital, augmented, or virtual game-like
environment [14]. These games typically require players to
perform movements such as stepping, jumping, or reaching
[14-16], often in response to visual or auditory cues [17,18].
By combining movementswith game-like challenges, exergames
offer an engaging alternative to traditional therapy, enhancing
motivation and adherence [19] while supporting higher
movement dosage [20-22]. Additional benefitsinclude reduced
boredom [23], opportunities for dual-task training [24], and
improvementsin cognitive function, particularly in older adults
[25]. In rehabilitation, the overarching goal is to restore lost
functions, activities, and roles by promoting functional capacity
and participation. Exergame-based interventions can be designed
to target core rehabilitation objectives such as weight transfer,
balance control, joint loading, and muscular coordination
[26-28]. However, the value of exergames extends beyond their
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physical demands. Many incorporate cognitive elements such
as decision-making, information processing, and rapid responses,
thereby simultaneously training motor and cognitive functions
[14,29,30]. This integrated physical-cognitive approach is
especialy relevant for older adults, who may benefit from
combined training strategies to maintain or improve functional
independence. Consequently, exergame-based training holds
substantial potential not only as a rehabilitation tool across a
range of pathologies, but also for health promotion and disease
prevention across different populations and age groups[24,31].

Despite their increasing use, there is limited understanding of
how exergamesinfluence physical and cognitive activity across
different age groups. Previous research has primarily focused
on energy expenditure and general activity levels[32-35], while
only a limited number of studies have examined movement
characteristics during gameplay in parale  with
neurophysiological indicators such as brain activity. A small
but growing body of work has begun to addressthisrelationship,
demonstrating that exergame characteristics can influence both
physical behavior and cortical activity during gameplay [35,36].
However, a recent systematic review indicates that studies
combining objective movement measures and EEG
(electroencephal ogram) during exergaming remain limited [37].
This gap is particularly evident in relation to specific game
design features, such as difficulty level and feedback
mechanisms, which are central to how exergames are used
therapeutically. In both clinical practice and research, game
scores are commonly used as outcome-based indicators of
performance and as feedback to the player and are often assumed
to reflect both physical and cognitive activity [35,38].
Importantly, game scores should be distinguished from game
difficulty level, which represents a design feature of the task
that is manipulated to alter physical and cognitive demands.
While difficulty level defines the constraints under which the
task is performed, the score reflects how well the player
performs within those constraints. However, this assumption
has not been tested against objective physiological measures.
Exergames are often described as combining physical and
cognitive demands; however, the extent to which cognitive
engagement isinvolved varies considerably depending on game
design features such astask complexity, stimulus characteristics,
and interaction requirements. Recent conceptual frameworks
emphasize that exergames are heterogeneous interventions that
can range from predominantly motor-focused to moreintegrated
motor-cognitive tasks [39,40]. Studies further show that
cognitive and physical outcomes may vary depending on specific
game design features and training approaches [37,41].
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Accordingly, cognitive demands should not be assumed but
rather empirically examined in relation to specific game
characteristics and performance measures [42]. Motivation
during gameplay is often driven by tracking progress and
receiving rewardsfor performance, which reinforces engagement
and supportsskill development [43]. Accordingly, gamedesign
features that provide clear and meaningful feedback on
progression and effort are thought to strengthen the sense of
mastery and enhance engagement [36,44]. If feedback
mechanisms, such as game scores, fail to accurately reflect
player effort or task complexity, engagement may decline
rapidly [35,45]. From a rehabilitation perspective, this
underscorestheimportance of understanding what game scores
capture in terms of underlying physical and cognitive activity.
To achieve specific rehabilitation goals, knowledge about how
the game dynamics support moment-to-moment engagement
of the player with the game is critical [44]. Previous research
has shown that game characteristics and game settings, such as
the different difficulty levels or game speed [36,46] and
additional cognitive elements in the game [45], influence how
people move when playing games. However, much lessisknown
about how these design features modul ate cognitive engagement
during exergaming, or how cognitive demands interact with
movement execution.

To addressthis gap, objective markers of cognitive engagement
are needed. In this study, we therefore use frontal theta EEG
activity asaphysiological proxy for cognitive-control demands.
Frontal midline theta oscillations (4-7 Hz) are strongly
associated with attentional control, working memory demands,
conflict monitoring, and other core executive processes [47].
Importantly, increases in frontal theta have also been observed
during cognitively demanding motor tasks and exergaming,
suggesting that it is associated with the integration of cognitive
control and movement execution [35,48]. Assuch, frontal theta
provides a complementary, objective index of the cognitive
demands imposed by specific game design features (eg, speed,
distractors, or inhibitory elements), beyond what can beinferred
from performance alone. The next essential step istherefore to
clarify the relationship between game performance and the
underlying physical and cognitive activity elicited during
exergaming. If game scores are to be used as indicators of
performance in clinical and research settings, it isimportant to
clarify which underlying dimensionsthey reflect. Inthe context
of exergaming, player performance and engagement may relate
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to multiple aspects, including the amount of movement
performed, qualitative aspects of movement (eg, coordination
or balance), and cognitive engagement. I n the present study, we
specifically focus on the amount of movement, assessed using
accelerometry (vector magnitude [VM] and step count), and
cognitive-control demands, indexed by frontal theta EEG
activity. Movement quality was not assessed and is therefore
beyond the scope of this study. Therefore, the aim of this
laboratory-based experimental study isto investigate how game
scoresrelate to the amount of movement performed and frontal
theta activity across difficulty levels and age groups. This
knowledge is crucia for informing the design and clinical
application of exergames in rehabilitation settings, ensuring
that they support meaningful and measurable improvementsin
health outcomes.

Methods

Study Design

This study used an experimental cross-sectional design to
investigate frontal brain activity and physical activity during
exergaming in younger and older adults. Data were collected
at the NeXt Move Core Facility at the NTNU (Norwegian
University of Science and Technology), Trondheim, Norway.

Participants

Inclusion and Exclusion Criteria

Participants were eligible if they were either between 20 and
30 years of age or above 70 years of age and
community-dwelling. Participants were excluded if they had a
history of neurodegenerative and/or neurologic diseases, acute
physical or mental problems that prevented them from playing
an exergame safely, or surgery or injury to the back or lower
extremitiesthat affected their ability to move without awalking
ad.

Participant Characteristics

Thirty-two participantswereincluded in this study, comprising
16 younger adults and 16 older adults. The younger adults had
amean age of 25.0 (SD 2.1, range 22-28) years, while the ol der
adults had amean age of 76.5 (SD 4.5, range 71-86) years. Both
groups consisted of 8 women and 8 men. Participant
characteristics are presented in Table 1.
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Table 1. Participant characteristics for younger and older adults. Group differences were assessed using Mann-Whitney U tests, with effect sizes

reported as Cohen d.

Older adults (n=16) Younger adults (n=16) Group differences

Mean (SD) Range Mean (SD) Range P value Cohend
Age (years) 76.5 (4.5) 71-86 25(2.1) 22-28 <0012 _b
Height (cm) 171.9(9.3) 159-194  175.9(9.7) 158-191 22 0.42
Weight (kg) 75.8 (15.6) 60.8-128  71.1(12.2) 47.4-90 .69 0.34
BMI (kg/m?) 25.5 (2.9) 227-34  229(2.9) 18.5-27 02 0.91
Self-reported physical ac-  99.4 (12.1) 75-105 99.4 (12.1) 75-105 >.99 0.00

tivity (min/wk)

85ignificant group differences.
BNot applicable.

Sampling Procedures

A convenience sampling approach was used. Younger adults
were recruited from the university community, and older adults
from recreational exercise groups in the municipality of
Trondheim, Norway. I nterested individual s received information
about this study and were screened against the eligibility criteria
before participation.

Sample Size, Power, and Precision

As this study was designed as an exploratory laboratory
investigation, a formal a priori power anaysis was not
conducted. The intended sample size (16 younger and 16 older
adults) was determined pragmatically based on feasibility
considerations and consistency with previous mobile EEG
studies using similar exergaming paradigms. Consequently, this
study was not designed to provide definitive evidence regarding
the absence of group differences and should be viewed as
hypothesis-generating.

Ethical Considerations

This study was approved by the Regiona Ethical Committee
for Medical and Health Research Ethics in Norway (2018/45)
and was conducted in accordance with the Declaration of
Helsinki. All participants provided informed, written consent
before entering this study. Participant data were deidentified
before analysis to ensure confidentiality and privacy.
Participants did not receive financial compensation for

https://formative.jmir.org/2026/1/€100270

participation. No images in this paper contain identifiable
individuals.

M easures and Covariates

The primary outcome measures were game performance score,
movement characteristics, and frontal theta activity. Age group
was included as a between-participant factor in the analysis.

Exergame

A step-based exergame, The Mole, which is recommended for
balance training in physical rehabilitation of older adults, was
chosen for this study. The gameis played on atelevision-based
exergame system (SilverFit BV 3D, Netherlands). The system
uses atime-of-flight camerato control the game, which records
the body movements of the player in 3 dimensions within a5
x 5 meter game area [49]. The game was played at 3 levels of
difficulty: easy, medium, and hard. These difficulty levels
represent predefined task constraints designed to systematically
manipulate the physical and cognitive demands of the game,
independent of the performance score. At the easy level, the
goal isto step on stationary moles asthey appear on the screen.
At the medium level, players should step on both stationary
moles and moving mice, while at the hard level, players also
need to avoid stepping on additional stationary ladybugs (Figure
1). All creatures appear randomly on the screen, prompting the
player to movein all directions. The game scoreisbased on the
number of animals hit and/or avoided. The molesand miceyield
1 point each, while hitting aladybug costs 2 points.
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Figure 1. Screenshot of The Mole game with explanation of what the players see on the screen and game scores.

Current score.

Remaining time.

Patient’s feet.

Different moles appear on the screen, which the patient has to touch
with his/her feet. This can be done by walking to it or by making one
step in the right direction. You score 1 point per mole.

Ladybugs should be
avoided. Hitting them
costs 2 points.

Performance Score

Game performance was assessed using the total game score
recorded at the end of each trial. Total game score wasregistered
after each trial and consisted of the number of moles hit (for all
3 difficulty levels), the number of mice hit (medium and hard
levels), minus the number of ladybugs hit (hard level). Total
game score was used as the primary performance outcome
measure across all difficulty levels.

M ovement

Movement was assessed using a triaxial accelerometer (AX3,
Axivity, United Kingdom) positioned on the lower back (L 3).
VM (vector magnitude), representing the overall amount of
movement performed during gameplay, and number of steps,
representing stepping activity during gameplay, were derived
from the accelerometer recordings.

Frontal Theta Activity

Frontal theta activity was assessed using a mobile 64-channel
EEG system (MOVE and actiCHamp & actiCAR, Brain
Products, Germany). Frontal thetaactivity (4-7 Hz) was selected
a priori as a neurophysiological proxy for cognitive-control
demands during gameplay. Theta power was derived from a
frontal independent-component cluster and expressed as mean
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The mouse moves and
should be caught before
it disappears.

spectral power density (uV2/Hz). A total of 21 participants
contributed to the final frontal cluster (11 older adults and 10
younger adults).

Data Collection Procedures

All participants were invited to an information session in the
laboratory to familiarize themselves with the equipment and
laboratory environment before data collection took place. Before
testing, participants were asked to fill out a background
guestionnaire covering age, previous gaming experience, and
self-reported physical activity based on items from the
Helseundersgkel sen i Trandel ag questionnaire, which combines
information regarding exercise frequency, intensity, and duration
to estimate weekly physica activity. Additionally, weight and
height were measured. Subsequently, participants were fitted
with the active 64-channel EEG system (MOVE, actiCHamp
& actiCAP) to record brain activity, and atriaxial accelerometer
(AX3) was placed on the lower back (L3) to measure
movements during the gameplay.

All participants completed 2 gameplay trials at all 3 difficulty
levels. Each trial lasted 5 minutes, giving atotal of 30 minutes
of gameplay for each participant. The game was demonstrated
and explained to the participants before the trials. There was a
1-minute break between each trial and a 2-minute break between
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thelevels. Thefirst trial a each difficulty level was considered
atest trial for all participantsto familiarize themselves with the
game and was excluded from further analysis. The order of the
3levelswas counterbalanced acrossall participants and sessions.

Figure 2. Experimental setup showing the gameplay setup.

S

Data Processing

Movement

Acceleration was sampled at 100 Hz (range £8 g). Mean VM
of the lower back acceleration and number of steps were
calculated as measures of the amount of movement participants
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One researcher always stood near the participants to ensure
safety while playing the exergame (see Figure 2 for gameplay
setup).

performed during the games. VM was calculated using the
Euclidean norm of the high-pass filtered (fourth-order
Butterworth 0.2 Hz high-passfilter) triaxial acceleration signal
method [50]. Data were averaged over consecutive
nonoverlapping 10-second time windows. Stepswereidentified
by detecting local minima in the vertical acceleration signal.
Data were filtered using a fourth-order Butterworth band-pass
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filter with a passband of 0.2-15 Hz. One young participant was
excluded from all accelerometry analysis due to technical
problems during data collection and insufficient signal-to-noise
ratio. In addition, total step count could not be calculated for 2
participants because data from 1 foot-mounted accelerometer
were unavailable. Consequently, VM analyses were based on
31 participants, whereas step-count analyses were based on 29
participants.

Frontal Theta Activity

Frontal theta activity was recorded using 64 active EEG
electrodes placed in atight-fitting cap (actiCAP) connected to
transmitters stored in a small backpack that sent the signals
wirelessly to an amplifier (MOVE and actiCHamp). The
sampling rate was set to 1000 Hz. Using the 10-10 extension
of theinternational 10-20 system [51], the EEG €electrodeswere
placed with the ground electrode on the midforehead at the
anterior frontal midline electrode [52] and referenced onlineto
frontocentral midline electrode position. The impedance was
kept below 5 kQ to ensure sufficient signal-to-noise ratio.
Triggers were set manually when starting and stopping each
condition.

EEG datawere processed using the EEGL AB toolbox v2020 0
[53] for MATLAB (version R2019b, Mathworks Inc). An EEG
processing pipeline was used following previous studies
[35,48,54]. Sinusoidal noise was removed using the CleanLine
plug-in [55], before finite impul se response filtering the data at
3 and 30 Hz. Finaly, the data were rereferenced to a common
average and downsampled to 256 Hz. By applying the eBridge
plug-in [56], channels that were linked via electrical bridges
were detected and removed. Remaining noisy channels were
deleted using the EEGLAB pop rejchan function with a
threshold of 5 SD. On average, 49.3 (SD 2.67) of 64 channels
were kept per participant. Further cleaning of artifactswasdone
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by using the clean _rawdata EEGLAB plug-in [57]. Data with
nonstereotypical artifacts or significant noise were removed,
and large-amplitude artifacts were interpol ated using automated
subspace reconstruction (ASR) with SD set to 7 as the cutoff
value, as used in previous studies [58,59].

The cleaned data were separated into independent components
(ICs) using the AMICA (Adaptive Mixture Independent
Component Analysis) algorithm (runamical5) implementedin
EEGLAB [60]. AMICA was run with a single mixture model
(num_models=1). No user-defined modifications of the default
AMICA parameters were applied. Subsequently, the dipoles
for each | C were calculated using the DIPFIT toolbox [61]. The
IClabel plug-in [62] assigned each IC to brain signals or
nonbrain signals (muscle activity, eye activity, EKG
[electrocardiogram], line noise, and channel noise). All ICsthat
were classified as brain-related with a probability greater than
90% and with dipoles located within the head model and a
residual variance below 15% were retained for further analysis.
The decomposition of the remaining channels resulted, on
average, in 18.92 (SD 3.66) functional brain components per
participant, 2.63 (SD 2.51) labeled as muscle activity, 2.7 (SD
1.5) as eye movements, 0.83 (SD 1.09) as EKG, none as line
noise, 2.97 (SD 2.24) as channel noise and 21.23 (SD 4.08) as
others. For the source-based approach, the brain ICs were
clustered according to their dipole location and orientation,
power spectra, and scalp maps into 5 clusters (1 frontal, 2
central, and 2 parietal clusters). Outlierswere defined asdipoles
with an SD greater than 3 from the mean dipole of the fina
cluster. Given the a priori hypothesis regarding frontal theta
activity as an index of cognitive engagement, only the frontal
cluster was included in subsequent analyses. If participants
contributed more than one | C to the frontal cluster, the IC with
themost frontal dipole location was used for further processing.
The frontal cluster is presented in Figure 3.
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Figure 3. Dipolesfrom coronal, sagittal, and top views and the scalp map of the frontal cluster. A total of 21 participants (11 older and 10 younger
adults) were included in the cluster, and the mean residual variance (RV) was 7.27%.

Frontal theta activity was derived from the frontal 1C cluster,
including 21 participants (n=11 older adults and n=10 younger
adults). All subsequent EEG analyses were based on this subset.
Spectral  power data (specdata) were exported at the
single-frequency-bin level for each IC and condition. Theta
power was defined as the mean spectral power across the 4-7
Hz frequency range. For each participant and condition (easy,
medium, or hard), spectral power values within this frequency
range were averaged to obtain asingle frontal thetameasure for
subsequent statistical analyses.

Statistical Analysis

Visual inspection of histograms and Q-Q plots, along with the
Shapiro-Wilk test, indicated that all variables (game scores,
step counts, movement, and EEG measures) were within a
normal distribution, supporting the use of parametric analyses.

Means and SDs within each group were computed for
demographic and physical activity variables. Group differences
were examined using the Mann-Whitney U test. To examine

https://formative.jmir.org/2026/1/€100270
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the effects of difficulty level and age group on movement
measures and frontal theta activity, repeated measures general
linear models were used with difficulty level as a
within-participant factor and age group as a between-participant
factor. Thisapproach accountsfor within-partici pant dependency
in repeated measurements in a balanced design. Sphericity
assumptionswere checked, and Greenhouse-Geisser corrections
were applied where necessary. The significance level was set
at P<.05.

Pearson correlation analyseswere performed to explore
associations between movement, step count, frontal theta EEG
activity, and game performance scores. Correlations were
computed for younger and older adults separately. To control
for multiple comparisons, aBonferroni correction was applied.
In the present analysis, 18 correlations were performed, giving
a corrected significance level of P>.003. Only correlations
exceeding this corrected threshold were considered statistically
significant. All statistical analyses were performed with IBM
SPSS Statistics (version 30).
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Results

Participants

A total of 32 participants (16 younger and 16 older adults)
completed this study. Descriptive statistics for participant
characteristics are presented in Table 1. Both groups had equal
sex distribution (8 women/8 men). Seven of the older adults
had some previous experience with exergaming consoles, while
all the younger adults had tried exergames before, mainly Wii
Sports and EyeToy. None of the participants used exergames
on a regular basis. Both the younger and the older adults
reported similar levels of physical activity, being physically
active 4-5 times per week for approximately 90 minutes per
week with medium to high intensity.

Skjearet-Maroni et al

Per for mance Scores

The performance scores showed that younger adults significantly
outperformed the older adults at all levels (Figure 4A). At the
easy level, younger adults had a mean score of 175 (SD 19.7,
range 134-201) points, while older adults had a mean score of
142 (SD 13.6, range 112-164; P<.001). Similar results were
observed at the medium (175, SD 20.5, range 146-209, vs 138,
SD 14.1, range 115-166, respectively) and hard (158, SD 20.7,
range 119-190, vs 108, SD 18.7, range 62-134, respectively)
levels (al P values <.001). There were significant effects of
age group (F; 3p=46.57, P<.001, np?=0.61) and difficulty level
(F260=82.97, P<.001, np?=0.73), as well as a significant
interaction between them (F, 60=7.89, P<.001, np>=0.21).

Figure4. Mean game score (+SE) (A), mean amount of movement estimated as vector magnitude (VM; +SE, g) (B), mean number of steps (+SE) (C),
and mean frontal thetaactivity (+SE, pV2/Hz) (D) for older and younger adults at easy, medium, and hard gamelevel. Panel (A) isbased on 32 participants.
Panel (B; VM) isbased on 31 participants (1 excluded due to missing accel erometry data). Panel (C; step count) isbased on 29 participants (2 additionally
excluded owing to missing data from 1 foot-mounted accelerometer). Panel (D) is based on 21 participants (11 older and 10 younger adults contributing

to the frontal EEG [electroencephalogram] cluster).
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Movement and Steps

Difficulty level affected the amount of movement (measured
by VM) during gameplay for both younger and older adults
(Figure 4B). There was a significant main effect of difficulty
level on the amount of movement (F,53=6.690, P=.002,
N2=0.187), indicating that movement amount decreased as game
difficulty increased. In general, younger adults displayed more
total body movement than older adults (F; o=7.931, P=.009,
n2=0.215), particularly at the hard level. However, there was
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no significant interaction between difficulty level and age group
(F256=1.326, P=.274, n2=0.044).

For thetotal number of steps made during agaming trial (n=29),
there was no statistically significant main effect of game level
on step count (F, 5,=2.655, P=.079, n2=0.090), although atrend
toward fewer steps at higher difficulty levels was observed.
There was also no significant main effect of age group
(F127=0.015, P=.902, n?=0.001), indicating similar overall step
counts between younger and older adults. Furthermore, there
was no significant interaction between age group and difficulty
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level (F,5,=2.471, P=.094, n?=0.084), indicating that both
younger and older adults showed similar patterns of step count
across levels (Figure 4C).

Frontal Theta

Mean frontal thetavalues (n=21) were similar between younger
adults (easy: 32.35, medium: 32.29, and hard: 33.15) and older
adults (easy: 32.72, medium: 32.98, and hard: 32.99; Figure
4D). There was neither a significant main effect of game level
on frontal theta activity across easy, medium, and hard
conditions (F; 33=1.96, P=.155, n2=0.094), nor amain effect of
age group (Fy,19=0.04, P=.844, n?=0.002). Likewise, there was
no interaction between difficulty level and age group
(F2,38:1'111 P=.340, n2=0055)

Correlation Analyses

The amount of movement (VM) during the game shows strong,
positive correlations with game scores for both age groups and

Skjeaet-Maroni et a

across al difficulty levels (range 0.67-0.80; Figure 5). Five of
the 6 VM correlations remained statistically significant
following Bonferroni correction (all P<.003), whereas the
correlation at the hard level for older adults (r=0.67; P=.04) did
not. For younger adults, the number of steps taken during the
game shows moderate, positive correlations with game score
across game levels (from easy to hard, r=0.59 to r=0.40;
P=.03-.20). For older adults, number of steps shows moderate
correlationswith game scorefor the easy level (r=0.52; P=.04),
with weaker correlations observed at the medium (r=0.35;
P=.18) and hard (r=-0.13; P=.18) levels. None of the
correlations between step count and game score remained
statistically significant following Bonferroni correction (all
P>.003). Frontal theta EEG showed near-O associations in
younger adults across all levels (from easy to hard, range 0.001
to —0.096; P=.86-.99). In older adults, correlationsranged from
0.35 to 0.76 (P=.02-.24). However, none of the correlations
between game score and frontal theta activity remained
significant following Bonferroni correction (all P>.003).

Figure 5. Heatmap of correlations between game score, movement measures, and frontal theta activity during gameplay at different game levels for
older and younger participants. Significant correlationsfollowing Bonferroni correction (P>.003) are marked with an asterisk. EEG: electroencephal ogram;

VM: vector magnitude.
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This laboratory-based experimental study set out to examine
how game scores relate to the amount of movement performed
and frontal theta activity during exergaming across different
difficulty levels and age groups. The findings showed that the
overall amount of movement was strongly and consistently
associated with game scores across difficulty levels and age
groups, whereas step count demonstrated weaker and less
consistent relationships. In contrast, frontal theta activity showed
neither statistically significant effects of difficulty level or age
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group nor a significant interaction between these factors, and
exhibited only weak associations with game scores. Taken
together, these results suggest that, in this exergame, game
performance appears to primarily reflect the amount of
movement performed in this specific task rather than
cognitive-control demands as indexed by frontal theta activity.
Consequently, game scores alone appear to have limited
sengitivity to cognitive-control demands in the present exergame
and under the specific task conditions investigated, especially
if cognitive demands are not strongly or systematically
manipul ated.
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Game Scores as Proxies for Movement and
Cognitive-Control Demands

Game scores are widely used as indicators of performance in
exergaming and often function as the primary feedback
mechanism for players and clinicians alike. Importantly, game
scores reflect how well a player performs within a given set of
task constraints, whereas game difficulty level represents a
mani pulation of those constraintsintended to alter physical and
cognitive demands [44]. Yet, their usefulness as proxies for
physical activity and cognitive-control demands remains
underexplored. In our study, game scores were strongly and
consistently associated with the overall amount of movement
across difficulty levels and age groups, whereas associations
with step count were weaker and less consistent. In contrast,
frontal theta activity showed no main effects of difficulty level
or age group and exhibited only weak associations with game
scores, particularly in younger adults. Collectively, these results
indicate that, in this exergame, game scores primarily reflect
guantitative aspects of movement (ie, how much participants
move) rather than cognitive control—related neural engagement.
This aigns with previous research showing that different
exergame designs and training protocols can lead to distinct
physical and cognitive outcomes [41].

Thisfinding should beinterpreted in light of previously reported
participant experiences. Prior studies have shown that
exergaming is perceived as both physically and cognitively
demanding, requiring sustained attention and cognitive effort
[39,40]. Motivation during gameplay is often driven by tracking
progress and receiving rewards for performance, which
reinforces engagement and supports skill development [43].
Game design that provides clear and meaningful feedback on
progression and effort has been shown to strengthen the sense
of mastery and enhance engagement [36,44]. However, the
present results suggest a potential mismatch between subjective
experiences of cognitive effort and what is actually captured by
the scoring system. In the present exergame, game scores were
more strongly associated with movement measures than with
frontal theta activity, suggesting that they may not fully reflect
all task demands experienced by players under the conditions
investigated in this study.

The age-related differences observed in the correl ation patterns
further emphasize this concern. While frontal theta activity
showed near-0 associ ations with game score in younger adults,
older adults demonstrated small-to-moderate positive
associations across difficulty levels. One possibleinterpretation
isthat older adults may rely more on cognitive-control processes
to achieve higher scores, potentially asacompensatory strategy
for age-related changes in physical or sensorimotor capacity.
However, this interpretation should be treated with caution, as
the present results do not provide direct support for this
mechanism. In particular, the absence of clear differences in
frontal theta activity across difficulty levels suggests that
increased cognitive-control engagement in older adults was not
consistently reflected in the EEG measure. An aternative
explanation is that the observed associations may reflect
differences in task strategy or efficiency rather than increased
cognitive load per se. While previous literature suggests that
older adults may show increased cognitive involvement during
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motor tasks[39], the current findings do not allow usto confirm
such compensatory mechanisms within this specific exergame
context.

From a rehabilitation and game design perspective, these
findings underscore the need for caution when interpreting game
scores as indicators of player performance and engagement. If
feedback mechanisms such as scores do not scal e with cognitive
demand or task complexity, they may inadvertently favor
low-effort strategies or obscure meaningful gains in cognitive
engagement [35,45]. Conseguently, reliance on game scores
alone may limit the ability to tailor interventions effectively,
particularly when cognitive training is an explicit therapeutic
goal.

Rather than abandoning scoring systems altogether, the present
findings point toward the potential value of integrating game
scores into a broader, multidimensional feedback framework.
Combining performance scores with objective measures of
movement and cognitive activity could provide a more
comprehensive representation of player engagement and support
moreindividualized adjustment of difficulty and feedback [46].
Such an approach may help ensure that game scores reflect
meaningful progress in both physical and cognitive domains,
rather than superficial performance alone, thereby better
supporting rehabilitation outcomes and sustained engagement.

Physical Activity and Game Performance

The results of this study indicate a consistent association
between the overall amount of movement (VM) and game score
across difficulty levels, alongside a reduction in movement as
game difficulty increased. This pattern suggests that, in this
exergame, higher scores were largely achieved through greater
movement output, reinforcing the notion that game performance
isstrongly driven by the amount of movement performed rather
than cognitive demands. The observed decrease in movement
at higher difficulty levels indicates that increasing task
complexity, through obstacles or added game constraints, did
not elicit agreater amount of movement but instead led to more
restricted movement behavior. This finding is consistent with
previous work showing that exergame design features, such as
increased game speed or the addition of cognitively demanding
elements, can alter movement strategies and, in some cases,
reduce overall movement output [35,40].

From arehabilitation perspective, this reduction in movement
at higher difficulty levels warrants particular attention. One of
the core advantages of exergamesliesin their ability to promote
high movement dosage through repeated, task-oriented practice,
which is essential for addressing musculoskel etal impairments
and supporting functional recovery [20,21]. While increasing
difficulty is often intended to enhance challenge and
engagement, the present findings suggest that, if not carefully
designed, higher difficulty levels may inadvertently constrain
movement and undermine this key therapeutic benefit.
Moreover, athough game scores closely tracked movement
guantity, especially in younger adults, step count alone showed
weaker associationswith performance. Thishighlightsthat step
count may not adequately capture the complexity and quality
of movement in exergames, which frequently involve
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multidirectional, reactive, and whole-body actions rather than
simple repetitive stepping.

A previous study demonstrated that tailoring game speed to
individual player ability can enhance both physical activity and
perceived exertion during exergaming [46]. This suggests that
the movement patterns observed in this study may have been
influenced by fixed difficulty levels that did not account for
age-related differencesin physical capacity. In the present data,
older adults showed more steps at the medium level but fewer
steps at the hard level compared with younger adults, despite
similar reductions in movement magnitude across difficulty
levels. Rather than reflecting differences in step length, this
pattern likely indicates a shift toward more cautious or
conservative movement strategies when task complexity
increases. Thisis consistent with earlier findings showing that
older adults adapt stepping behavior and reduce movement
amplitude when exergame demands become more challenging
[36,45]. Moreover, the overall decrease in movement at higher
difficulty levels suggests that the added obstacles constrained
rather than increased physica engagement, and that these
elements may not provide the intended cognitive challenge, as
frontal theta did not increase with difficulty. Together, these
findings highlight the potential value of age-adaptive and
ability-adaptive game design, which could better balance
challenge and movement demands across user groups. Such an
approach aligns with motor learning principles emphasizing
task-specific, variable, and sufficiently intense practice to
support effective rehabilitation [63]. Hence, by adapting game
parametersto individual capabilities, particularly in older adults,
exergames may better support physical activity as well as
therapeutic outcomes over time.

Cognitive Activity and Age-Related Differences
Beyond physical engagement, exergames are increasingly
recognized for their cognitive benefits, particularly through
dual-task elementsthat require attention, decision-making, and
inhibition [14]. In our study, no dtatistically significant
differencesin mean frontal thetaactivity were detected between
age groups or across difficulty levels, and associations with
performance were generally weak or inconsistent. While older
adults exhibited small-to-moderate correl ations between frontal
theta and game score at lower difficulty levels, a stronger
association was observed at the greatest difficulty level. In
younger adults, performance appeared to be largely independent
of detectable changesin frontal theta.

Previous work has shown that frontal theta can increase during
exergaming compared with performing similar movements
without cognitive stimuli, and that such engagement can be
sustained over time [64]. However, in this study, frontal theta
did not vary with difficulty level, suggesting that the
cognitive-control demands imposed by the task may not have
been sufficiently differentiated acrosslevels. Thisinterpretation
is supported by recent reviews indicating that neural responses
to exergaming, including frontal thetaactivity, vary considerably
depending on task design and measurement approaches, and
that evidence linking cognitive demand to neurophysiological
measures remains limited and heterogeneous [37]. From this
perspective, theweak associations observed between game score
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and frontal thetamay reflect characteristics of the specific game
design, limited differentiation of cognitive-control demands
acrossdifficulty levels, limitations of the measurement approach,
or acombination of these factors.

The absence of frontal theta modulation across difficulty levels
may also be understood in relation to our previous work using
similar exergaming paradigms [35,48]. In those studies, task
difficulty was primarily manipulated through changesin game
speed, introducing continuous temporal pressure that likely
increased sustained attention and cognitive-control demands.
In contrast, the current study manipulated difficulty by adding
task elements such as multiple targets and inhibitory
components, while maintaining asimilar overall task structure.
Thistype of manipulation may increase task complexity without
substantially altering the level of cognitive-control demand
required during gameplay. Consequently, differences in how
difficulty isoperationalized, such astemporal pressure vs added
task elements, may influence whether frontal theta activity is
modulated.

Our findings suggest differences in exergame performance
between the younger adults and therel atively active older adults
included in this study. In particul ar, younger adults consistently
outperformed older adults across all difficulty levels. This may
reflect age-related differences in executive functions such as
planning and inhibitory control, capacities known to decline
with age dueto structural and functional brain changes[65,66].
However, interpretations related to specific executive functions
such as planning and inhibitory control should be treated with
caution, as the present findings do not provide direct evidence
that these processes were differentially engaged across task
conditions. At the same time, the present findings should be
interpreted as reflecting a comparison between younger adults
and a relatively active, high-functioning group of
community-dwelling older adults, rather than the broader older
adult population. Both younger and older participants reported
similar levels of weekly physical activity, which may partly
reflect differences in how physical activity is perceived and
reported across age groups, aswell astheinclusion of abroader
range of everyday activities among older adults. In addition,
the older participants were recruited from recreational exercise
groups, likely resulting in a sample with higher-than-average
physical activity levels. Assuch, the present findings should be
interpreted in the context of arelatively fit older population.

Physical activity has been shown to mitigate age-rel ated declines
in executive function [67,68], and exergaming may offer an
added advantage by combining motor and cognitive stimulation
in dynamic, unpredictable environments that require rea-time
decision-making and flexibility [30,69]. While younger adults
may not show substantial cognitive benefits due to higher
baseline abilities[70], older adults may benefit more from this
combined approach. However, in the present study, increasing
task difficulty was not associated with statistically significant
increases in frontal theta activity. Thisisin line with previous
findings suggesting that older adults do not necessarily exhibit
increased frontal theta with added task difficulty [71]. Asthe
different game levels were designed to vary cognitive-control
demands through the addition of moving targets and inhibitory
elements, the absence of frontal theta differences suggests either
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that these manipulations did not produce sufficiently
differentiated levels of cognitive-control engagement or that
frontal thetawas not sensitive enough to detect such differences
under the present conditions. The absence of clear frontal theta
differences is therefore likely explained by a combination of
factors. First, the cognitive demands of the exergame may not
have been sufficiently distinct across difficulty levels, despite
theinclusion of additional elements such as moving targetsand
inhibitory components. Second, frontal theta was analyzed as
an average across entire gameplay trials. Cognitive demands
during exergaming are likely intermittent, occurring during brief
decision-making events and interspersed with periods dominated
by motor execution, and averaging across the full task may
therefore reduce sensitivity to transient increases in cognitive
engagement. Together, these findings suggest that the observed
pattern may reflect characteristics of the task design, the
measurement approach, the limited sample size, and the
relatively high functional level of the sample, rather than atrue
absence of cognitive involvement during gameplay.

Limitations and Future Directions

This is one of very few studies to simultaneously assess
movementsand frontal theta EEG during exergaming in younger
and older adults. However, this study has several limitations
that should be acknowledged. First, the sample size was
relatively small, which may limit the generalizability of the
findings and the statistical power to detect small-to-moderate
effects. Thisisparticularly relevant for the EEG analyses, which
were based on the subset of participants contributing to the
frontal 1 C cluster. Consequently, nonsignificant findings should
not beinterpreted as evidence for the absence of age-related or
task-related effects, but rather as findings that require
confirmation inlarger, adequately powered samples. In addition,
aconvenience sampling approach was used, and the ol der adults
represented an active and high-functioning group. Future studies
should therefore include larger and more diverse samples.
Second, only a single exergame was examined, and different
game designs may elicit different patterns of movements and
frontal theta EEG. Future research should explore a broader
range of game types and consider longitudinal designs to
evaluate changes over time. Third, athough extensive
preprocessing procedures were applied to reduce
movement-related contamination, EEG acquisition during
dynamic exergaming remains methodologically challenging.
Residual movement-related influences cannot be fully excluded
and should be considered when interpreting neural measures
obtained during whole-body movement tasks. Fourth, frontal
theta was used as a proxy for cognitive-control demands.
However, cognition comprises multiple processes that may not
be fully captured by this measure alone. Although simplified
EEG setups focused on frontal regions may increase feasibility
in applied contexts, the present findings suggest that such
approaches may require tasks with clearly differentiated
cognitive-control demandsto elicit meaningful variation. Fifth,
frontal theta activity was analyzed as an average across entire
gameplay trials. As cognitive demands during exergaming are
likely intermittent and embedded within motor activity, this
approach may reduce sensitivity to detect transient changesin
cognitive engagement. Future studies may benefit from more
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temporally resolved analyses, including event-related approaches
or theinvestigation of transient theta bursts, which may be better
suited to detecting brief episodes of cognitive-control
engagement during gameplay. Sixth, movement quality, such
as coordination, accuracy, or balance control, was not assessed.
Therefore, the extent to which game scores reflect qualitative
aspects of movement remains unclear and should be addressed
in future work. Finally, although repeated measures general
linear models were appropriate for the balanced design used in
this study, linear mixed-effects models provide a more flexible
framework for modeling individual variability and repeated
observations. Future studies with larger samples may benefit
from applying such approaches. Overall, the interpretation of
correlation strength should be approached with caution, as no
universal standards exist, and the observed associations varied
across measures and conditions [72].

Conclusions

This study provides novel insightsinto how game performance
relates to movement and frontal theta EEG during step-based
exergaming across different age groups and difficulty levels.
The amount of movement performed was strongly and
consistently associated with game scores across difficulty levels
and age groups, indicating that performance in this exergame
primarily reflects the amount of movement performed in this
task, while showing limited association with frontal thetaactivity
under the present game conditions. In contrast, no statistically
significant effects of difficulty level or age group were detected
for frontal theta EEG, and associations with performance were
generally weak or context-dependent. Together, these findings
suggest that game scoresin thistask have limited sensitivity to
cognitive-control processes under the present game conditions.

These results highlight the importance of carefully interpreting
game performance as an indicator of engagement in exergaming.
Reliance on game scores alone may provide an incomplete
picture, particularly when cognitive training is an explicit goal.
Instead, the findings support the use of multidimensional
assessment approaches that integrate movement-based metrics
with complementary indicators of cognitive involvement. By
combining accelerometry and mobile EEG during whole-body
exergaming, this study contributesto agrowing but still limited
body of research examining the interaction between movement
and neurophysiological activity in dynamic, ecologicaly
relevant tasks. Importantly, the results underscore that cognitive
engagement should not be assumed based on task complexity
alone but depends on how cognitive demandsare operationalized
within game design.

From a practical perspective, these findings suggest that
exergame design should incorporate clearly differentiated and
sufficiently challenging cognitive elements if the goa is to
engage cognitive-control processes in addition to physical
activity. Future research should extend these findings using
larger and more diverse samples, as well as task designs that
more effectively manipulate cognitive demand. Overall, this
study provides a foundation for better understanding what
exergame performancereflectsand highlightsthe need for more
nuanced approaches to measuring and designing engagement
in digital rehabilitation.
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