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Abstract: This study demonstrates how playing a well-designed multitasking motion video game
in a virtual reality (VR) environment can positively impact the cognitive and physical health of
older players. We developed a video game that combines cognitive and physical training in a VR
environment. The impact of playing the game was measured through a four-week longitudinal
experiment. Twenty healthy older adults were randomly assigned to either an intervention group
(i.e., game training) or a control group (i.e., no contact). Participants played three 45-min sessions per
week completing cognitive tests for attention, working memory, reasoning and a test for physical
balance before and after the intervention. Results showed that compared to the control group,
the game group showed significant improvements in working memory and a potential for enhancing
reasoning and balance ability. Furthermore, while the older adults enjoyed playing the video game,
ability enhancements were associated with their intrinsic motivation to play. Overall, cognitive training
with multitasking VR motion video games has positive impacts on the cognitive and physical health
of older adults.

Keywords: cognitive enhancement; motion video game; multitasking; older adults; physical activity;
sustainable VR; working memory; attention; reasoning; physical balance

1. Introduction

Gameplay is known to reduce cognitive decline [1]. A growing body of evidence shows that
video games improve cognitive abilities in older adults [2,3]. The “Brain Age” game was shown to be
capable of improving executive functions and processing speeds in older adults after just four weeks
of play [3]. Tailoring video games to specific cognitive deficits can be beneficial. “NeuroRacer” [4],
a racing game that leverages multitasking training in gameplay, significantly enhances cognition after
four weeks of training. Multitasking is the ability to accomplish multiple tasks by frequently switching
between tasks [5]. Multitasking is also associated with vulnerable cognitive functions like attention,
working memory, and reasoning [6,7].

Most existing studies require older adults to sit while playing but this encourages a sedentary
lifestyle which can be detrimental to their general well-being. Conversely, physical activity can
positively influence cognitive abilities [8–10]. Rather than considering physical and cognitive training
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separately, the combination of the two may lead to a greater impact on cognitive functions [11–14].
Recent studies [15,16] show that motion video games can produce greater effects on older people in
terms of cognitive functions. Such video games can also improve older people’s physical abilities like
balance [17]. Benefits such as increased confidence, awareness and better balance can increase the
life expectancy of older people who are susceptible to falls which often have serious consequences.
However, most previous studies used off-the-shelf sports games [18,19] or dancing games [20] and
they did not include specific cognitive training or multitasking.

The majority of earlier motion video game studies used Microsoft Kinect© which has already
left the market. Virtual Reality (VR) headsets now dominate motion gameplay because they enable
players to better engage with VR environments [21,22] which create better experiences, more positive
emotions [23] and a stronger sense of presence [24]. VR gaming experience might also enhance the
cognitive efficacy of gameplay [25,26].

To sum up, our literature review showed that most motion video game studies used off-the-shelf
video games that do not include cognitive training. Additionally, the existing tailored video games
do not include physical training. Therefore, we examine the impact of motion video games tailored
for older adults. We are particularly interested in evaluating the efficacy of multitasking motion
video games with regard to the cognitive and physical abilities of older adults. We also explore the
application of VR technology in terms of playability, usability and as a novel platform for playing
motion video games. Thus, we designed a VR motion video game, which aims to enhance various
cognitive and physical abilities in older adults and conducted a longitudinal study to investigate its
impact on cognitive function and body balance simultaneously.

2. Materials and Methods

In this section, we explain our video game design and describe the longitudinal experiment which
evaluates its effectiveness.

2.1. Motion Video Game

2.1.1. Gameplay

We aim at the cognitive enhancement of older adults while increasing their physical activeness in
terms of limb movements and walking. We developed simple, enjoyable, stimulus–response gameplay.
We chose a farm theme that features an island surrounded by the surging sea, wooden houses and
plants. Happy background music enhances the experience. Figure 1a shows the interface. The player
views the 3D environment through a Head-Mounted Display (HMD) while holding two controllers
that detect hand movements and while wearing two controllers that track ankle movement (Figure 1b).

The game is based on “Whac-A-Mole” gameplay which requires the players to move all limbs to
feed animals as they emerge from their holes. In order to help participants learn how to move their
bodies, we mapped their body parts to the position of the corresponding holes, e.g., the top-left and
the bottom-right holes are mapped to the left arm and the right leg, respectively.
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Figure 1. (a) The interface of our motion video game in the virtual reality (VR) environment. (b) An 
older player wears sensors while playing our game. Body parts are mapped to the position of the 
corresponding “Whac-A-Mole” hole. 

2.1.2. Multitasking 

We used the multitasking paradigm [5] as an element for cognitive training. To integrate 
multitasking into Whac-A-Mole gameplay we used a billboard that tells the players which rule to 
follow. The players switch their attention between the billboard and the emerging animals. Gameplay 
includes two tasks: (i) Shape task: the billboard randomly shows different shapes (e.g., square, 
triangle, rectangle) in different colors (e.g., blue, green, yellow). If the shape is a green triangle, the 
player has to step forward to the right (Figure 2a). Otherwise, the player should step forward to the 
left (Figure 2b). The player views the virtual environment from his/her body’s perspective and 
controls his/her movement using virtual limbs. (ii) Animal task: after stepping to the right or left, the 
player needs to raise his/her hands and/or feet to feed the animals. For visual feedback, the game 

Figure 1. (a) The interface of our motion video game in the virtual reality (VR) environment. (b) An
older player wears sensors while playing our game. Body parts are mapped to the position of the
corresponding “Whac-A-Mole” hole.

2.1.2. Multitasking

We used the multitasking paradigm [5] as an element for cognitive training. To integrate multitasking
into Whac-A-Mole gameplay we used a billboard that tells the players which rule to follow. The players
switch their attention between the billboard and the emerging animals. Gameplay includes two tasks:
(i) Shape task: the billboard randomly shows different shapes (e.g., square, triangle, rectangle) in
different colors (e.g., blue, green, yellow). If the shape is a green triangle, the player has to step forward
to the right (Figure 2a). Otherwise, the player should step forward to the left (Figure 2b). The player
views the virtual environment from his/her body’s perspective and controls his/her movement using
virtual limbs. (ii) Animal task: after stepping to the right or left, the player needs to raise his/her hands
and/or feet to feed the animals. For visual feedback, the game provides colored hints about optional
forward step locations (in purple color). If the movement is correct, the color turns to green.
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according to the game’s difficulty level (e.g., 2 s for level 1, 1.7 s for level 2, etc.). To promote a sense 
of competence, appropriate visual and auditory feedback is presented; consecutive successful actions 
are reported to the players (e.g., “Five Combos!”) in real-time. For successive actions such as 5 or 15 
consecutive actions, motivational messages such as “good” and “cool” were shown. We followed our 
earlier work [27] to define the difficulty levels. 

2.2. Experimental Design 

Our mixed design experiment studied the effect of intervention (between-subjects) and time 
(within-subjects). We compared the game group with the (no contact) control group. Participants in 
the game group received the VR motion video game as intervention while participants in the control 
group did not receive any intervention. We compared the results before and after the intervention 
which lasted four weeks. 
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Figure 2. Integrating multitasking and motion. (a) When a green triangle appears, the player has to
step forward to the right. (b) When it is not green, the player should step forward to the left.

2.1.3. Playing procedure

When the player selects the button on the controller and clicks “Go!”, a game difficulty selection
interface appears. After choosing the game difficulty, the game interface (a shape task and an animal
task) appears. The player can pause the game at any time if discomfort is felt. The game interface
includes a time bar (15 min for each level) and it depicts the score that the participant has obtained
(the rate of true trials to all trials). It also includes a time progress bar for each game trial which varies
according to the game’s difficulty level (e.g., 2 s for level 1, 1.7 s for level 2, etc.). To promote a sense of
competence, appropriate visual and auditory feedback is presented; consecutive successful actions
are reported to the players (e.g., “Five Combos!”) in real-time. For successive actions such as 5 or
15 consecutive actions, motivational messages such as “good” and “cool” were shown. We followed
our earlier work [27] to define the difficulty levels.

2.2. Experimental Design

Our mixed design experiment studied the effect of intervention (between-subjects) and time
(within-subjects). We compared the game group with the (no contact) control group. Participants in
the game group received the VR motion video game as intervention while participants in the control
group did not receive any intervention. We compared the results before and after the intervention
which lasted four weeks.

2.2.1. Participants

We performed a statistical power analysis for mixed-design ANOVA with two groups and α = 0.05.
The analysis indicated that a sample size with twenty participants has 80% power to detect a small
effect (Cohen’s d = 0.1). Thus, twenty participants (7 males, 13 females, average age: 73.1 years,
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ranging from 65 to 87 years of age, SD = 7.38, average years of education: 11.5, SD = 1.7) were recruited.
Participants were randomly assigned, 10 to the game group and 10 to the control group. The game
group included three males and seven females (average age: 73.8 years, SD = 7.35, average education:
11.8 years, SD = 1.93) while the control group consisted of four males and six females (average age:
72.4 years, SD = 7.75, average education: 11.1 years, SD = 1.45). All participants were healthy having
no physical or mental impairments. All participants were able to move freely without any physical
burden. None had previous gaming experience. Each was paid $10 per hour.

2.2.2. Procedure

Participant screening criteria included Mini-Mental State Examination (MMSE) and Geriatric
Depression Scale-Short Version-Japanese (GDS-S-J). We excluded participants with MMSE scores of
less than 24 and GDS-S-J scores above six. We also excluded participants who had fallen in the last
6 months or who could not walk without assistance. We collected the video game experiences, and we
did not recruit anyone with motion video game experience for either the intervention group or for the
control group. For practical reasons, we used pseudo-randomization to assign the participants to either
the intervention group or the control group. Randomization was based on the order of recruitment.
The first five participants were assigned to the intervention group and the second five participants
were assigned to the control group. We used the same procedure for groups three and four of the
participants. All participants signed letters of consent and were informed about the study’s goals.
Demographic, health and gaming expertise information were gathered. Game group participants
experienced 4-weeks of game training. All participants were told, “Long-term training with video games
can improve your cognitive capabilities”. They then played the game in practice mode for five minutes.
After this, they started the formal experiment. Participants in the game group played three times
per week for 45 min of gameplay each time: three rounds of 15 min with 5 min rest between the
rounds. Players had a 5 × 5 m2 area to move in. Participants selected the level of difficulty manually
as in our previous work [27] which showed that older adults prefer to choose the level of difficulty
so they feel they have more control. Before starting each week of trials, participants were free to
change the difficulty level, most increasing by one level each week. Participants in the control group
attended the assessments before and after the four-week period but they did not play the video game
(i.e., no contact).

2.2.3. Metrics

Our main tools were cognitive assessment tools that evaluate working memory, attention and
reasoning. We also assessed one-leg balance ability. We used several Player Experience (PX)
questionnaires to evaluate game experiences. All participants attended cognitive and physical
assessments before and after the four weeks of training. Questionnaires regarding PX were
administrated in the 1st week and the 4th week after finishing the game.

Adaptive n-Back Task (n-back). The performance of complex tasks in everyday life requires functional
working memory, an area of vulnerability in older adults [28–30]. The Adaptive n-Back task is a
behavioral measure of working memory within the larger domain of executive function [31]. In this
test, a sequential stream of visual stimuli (letters) was presented at the rate of one at every trial.
Each stimulus is typically presented briefly (0.5 s) with a substantial delay of 2 s between each to
ensure that working memory is sufficiently taxed. The whole task tool around 20 min and included
20 blocks, where each block contained 20 sequentially presented stimuli trials. Participants were asked
to identify whether a current stimulus (e.g., the letter B) was the same as one that appeared in previous
n trials. In the adaptive test, n had a variable value that changed at times, and the task complexity
(i.e., n-back level) was adjusted according to each participant’s performance. The larger n becomes,
the more demand is placed on working memory (i.e., it adds greater cognitive load). The “total number
of trials” for each n was used as the primary measure of working memory. It is worth mentioning that
the total number of 1-back and 2-back trials was fixed so that if one became larger, the other became
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smaller. Therefore, accomplishing more 2-back trials in a cognitive test lead to having less 1-back trials
in the same test indicating a higher capacity of working memory, vice versa. “Response time” and
“accuracy” were also computed.

Raven’s Standard Progressive Matrices (SPM). Reasoning ability, an important aspect of advanced
human cognitive functioning, tends to decline with age. We used Raven’s Standard Progressive
Matrices (SPM) [32] which is widely used to evaluate the reasoning ability of older adults [33,34].
SPM is comprised of five sets (A to E) of 12 items each (e.g., A1 through A12), items within a set
becoming increasingly difficult, requiring an ever-greater cognitive capacity to encode and analyze
information. In each test item, the participant is asked to identify the missing element that completes a
pattern. Performance is assessed via “accuracy”.

Attention Network Task (ANT). Attention, which declines with aging, nevertheless plays a pivotal
role in information processing [35]. We applied the Attention Network Test (ANT), a tool that is widely
used in neuropsychological studies to assess the efficiency of attention [36–38]. In each trial, a spatial
cue was presented followed by an array of five arrows presented at either the top or the bottom of the
screen. ANT requires participants to determine whether a central arrow points left or right. “Response
time” was used as the primary measure of attention. “Accuracy” was also computed.

One-leg Standing Balance Test (OLSBT). One-Leg Balance ability, an important predictor of falls in
older adults [39], correlates with age [40]. OLSBT, a widely used evaluation tool [41,42] includes two
conditions: eyes-open and eyes-closed, all balancing activities being timed with a digital stopwatch.
Participants stood on one leg (whichever felt more comfortable), flexed the other knee so the foot
cleared the floor, and balanced on one leg for as long as possible, arms by their sides. Timing began
when the foot was raised. Balance “time” was used as the primary metric.

Positive Affect Negative Affect Schedule (PANAS). To measure player experience, including the
positive and negative affects during the game, we used PANAS [43]. Participants were asked to agree
to 20 emotional adjectives, ranging from 1 (very slight or not at all) to 5 (extreme) on a Likert-scale.
Half of the adjectives were positive (e.g., “active”) and half were negative (e.g., “guilty”). Ratings were
merged to create a composite score for negative affect and one for positive affect.

Intrinsic Motivation Inventory (IMI). Intrinsic Motivation was assessed using the 18-item IMI [44],
which is widely used to evaluate experiences with video games [45]. Nineteen items were rated on a
7-point Likert-scale, ranging from 1 (not at all true) to 7 (very true), e.g., “I thought this game was quite
enjoyable” and “This game was fun to do”.

Player Experience of Needs Satisfaction (PENS). PENS evaluates needs satisfaction in the game
experience from the perspective of Self-Determination Theory [46]. It consists of five dimensions:
competence, autonomy, relatedness, presence, and intuitive controls, e.g., “I feel very capable and effective
when playing”, “I feel competent at the game” [45]. A 7-point Likert scale was applied.

Observation. We observed the participants’ gameplay by asking them questions at the end of
the experiment: (i) What do you think about the game style, background music and other game
elements? (ii) How do you feel about playing this game? (iii) Did you feel dizzy while playing, or tired?
(iv) Would you recommend this game to your friends?

3. Results

Statistical analyses were performed using SPSS ver. 25 (SPSS, Chicago, IL, USA). Statistical power
analysis was performed using G*Power statistical tool [47]. Data were analyzed using 2 × 2 mixed
ANOVA comparing time (within-subjects: pre vs. post) and intervention (between-subjects: game vs.
no-contact). The relationship between game experience with intervention effect was evaluated using
Pearson Correlation. The IMI and PENS data between the 1st and 4th weeks were analyzed using a
paired t-test. The significance level was set at α = 0.05.
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3.1. Cognitive Assessment

3.1.1. Working Memory (n-back)

Figure 3 shows the number of n-back trials. For the number of 2-back trials, we found a significant
main effect for time (F(1, 17) = 25.66, p < 0.001, ηp2 = 0.588), and a significant interaction effect between
time and intervention (F(1, 18) = 6.898, p < 0.05, ηp2 = 0.277). There was no main effect for intervention.
The results show that video game training increased the number of 2-back trials significantly (p < 0.001)
from 143.54 in pre-test (SD = 92.43) to 194.46 in post-test (SD = 96.47), while there was no significant
difference between pre-test and post-test in the control group.
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Figure 3. The number of (a) 1-back and (b) 2-back trials. The error bars indicate ±SE. The asterisks (*)
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For the number of 1-back trials, we found a significant main effect for intervention (F(1, 17) = 5.45,
p < 0.05, ηp2 = 0.243), a significant main effect for time (F(1, 17) = 50.15, p < 0.001, ηp2 = 0.747), and a
significant interaction effect between time and intervention (F(1, 17) = 17.774, p < 0.001, ηp2 = 0.511).
The results show that video game training decreased the number of 1-back trials significantly (p < 0.001)
from 269.50 in pre-test (SD = 87.57) to 200.70 in post-test (SD = 103.95), while there was no significant
difference between pre-test and post-test in the control group.

3.1.2. Reasoning (SPM)

Figure 4 shows the accuracy of SPM tests. For the accuracy of SPM tests, we found a main effect for
time (F(1, 18) = 8.56, p < 0.01, ηp2 = 0.322). However, there was no effect on intervention or interaction
effect between time and intervention. The results show that video game training improved accuracy
in the SPM test significantly (p < 0.05) from 74.67% in pre-test (SD = 18.42) to 82.10% in post-test
(SD = 13.27), while we did not find a significant difference for the control group (pre-test = 72.50%,
post-test = 76.80%, p = 0.189).
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Figure 4. Accuracy for Standard Progressive Matrices (SPM) test in percentage (%). The error bars
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3.1.3. Attention (ANT)

For the response time for ANT test, our analysis revealed a significant main effect for time
(F(1, 18) = 40.74, p < 0.001, ηp2 = 0.694). However, there was no main effect for intervention or
interaction effect between time and intervention. The ANT test results show that video game training
decreased the response time significantly (p < 0.001) from 904.00 in pre-test (SD = 129.46) to 825.91 in
post-test (SD = 136.32). However, the response time also significantly decreased in the control group.
To sum, the results for response time are inconclusive. We did not find any significant improvement
in accuracy.

3.2. Physical Assessment

Balance (OLSBT)

Figure 5 shows the one-leg balance time (OLSBT) results. In the open-eyes conditions, we found
a significant main effect for time (F(1, 18) = 4.816, p < 0.05, ηp2 = 0.211). There was no effect for
intervention or interaction effect between time and intervention. The results show that video game
training significantly increased one-leg balance time for the open-eyes condition (p < 0.05) from
58,026 milliseconds in the pre-test (SD = 23,641) to 72,402 milliseconds in post-test (SD = 27,120),
while there was no significant difference in the control group.
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3.3. Player Experience (PX)

3.3.1. IMI and PENS

The total score for IMI and PENS did not reveal any significant difference between the 1st and
4th weeks of gameplay. The results show that during the 4 weeks of video game training, our game
provided a good game experience and there had been no change in intrinsic motivation and needs
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satisfaction. This finding suggests that our motion video game can be used for the long-term training
of older adults.

3.3.2. IMI and Cognitive Enhancement

We found that there is a negative correlation (r = −0.566, p < 0.05) between the average IMI and
improvement in response time for ANT. The results show that the higher the IMI score, the more
improvement there was in ANT response time. We also found that there is a positive correlation
(r = 0.585, p < 0.05) between the average IMI and improvement in accuracy for SPM. These results
indicate that elderly players who were motivated by the gameplay received greater mental benefits.

3.3.3. PANAS and Physical Enhancement

We found a positive correlation (r = 0.716, p < 0.05) between the post score positive affect in
PANAS and improvement in one-leg balance time in the open-eyes condition. The results show that
the higher the positive affect, the longer the balance time becomes. This finding suggests that elderly
players enjoyed the gameplay and improved physical balance.

3.3.4. Participant Feedback

Most participants reported they were satisfied with the gameplay. Participants reported:
“by playing this game, I feel my body has become better than before. My blood pressure usually rises
at this time every year, but it has dropped this year. It is probably due to playing this game.” [P1];
“the game combines the body and brain and it is a good stimulus” [P2]; “I like VR motion games
because the body moves and feels better after playing the game” [P3]; “If I play games that move the
body, I will play longer” [P6]. Two participants reported inconvenience carrying the VR head-mounted
display: “the helmet is a bit heavy. It is easy to make mistakes due to incorrectly wearing the VR device
during training, but I feel very happy” [P7].

Almost all of the participants in the intervention group (over 8/10) liked our farm-themed game
style; they thought it was cute and entertaining. We also observed that when some participants first
entered the VR game environment they were very surprised, happy, and they found it very interesting.

4. Discussion

Our study integrated cognitive and physical training in the form of a multitasking-based VR
motion video game. A longitudinal experiment revealed that training with our motion video game
is a promising and effective approach to increasing the cognitive and physical wellbeing of older
adults. Our findings show that the motion video game improves the working memory of healthy older
adults. We did not find a positive impact on attention. The motion video game also showed a potential
for enhancing reasoning ability and balance. We found that older adults soon developed favorable
attitudes to VR technology.

Working memory temporarily stores and processes information, and its agility leads to better video
game performance. The video game not only requires players to remember instructions (e.g., the shape
and the locations of animals), it also requires to remember actions that correspond to the game
instructions (e.g., moving right or left). Our findings suggest that four weeks of motion video game
training increased the number of 2-back trials and decreased the number of 1-back trials. This indicates
that the participants in the intervention group did more 2-back and fewer 1-back trials after the
intervention, but the participants in the control group did not experience this phenomenon. Thus,
given that the 2-back trials are more demanding on memory than the 1-back trials, our video game
training helped improve the participants’ working memory. Among the cognitive skills, working
memory made the most significant gains from motion video game training, where we found small
to moderate effect sizes for working memory (2-back: Cohen’s d = 0.27; 1-back: Cohen’s d = 0.51),
but we could not find a significant interaction effect for reasoning or attention. This is congruent with
existing studies showing that motion video games can facilitate executive functions. For example,
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a study by Eggenberger et al. [20] found that a VR dancing game can improve the working memory,
while walking on the treadmill has no such effect.

Reasoning is a higher-order executive function. It includes the ability to figure out the abstract
relations underlying analogies. During gameplay, players need to better cope with larger multitasking
requirements compared to individual tasks; they need to integrate multiple tasks that contain different
types of stimuli, all being necessary to the successful execution of the task. We found a significant
main effect for time with reasoning. This may relate to the improvement in working memory.
Without working memory, reasoning ability would not be possible, and it is essential to our ability
to understand the connections between seemingly unrelated things and to separate elements from a
whole [48]. This finding shows that the intervention has promising effects on reasoning as measured
by SPM. However, given the lack of a significant interaction effect, a larger study is required to
fully test this hypothesis. The implications and impacts of motion game training on higher-order
executive functions deserve more attention; future studies should conduct more extensive assessments
by investigating their effects on advanced cognitive functions such as problem-solving and planning.

Attention refers to the ability to concentrate on specific stimuli. If players have more attention
resources, they will be inclined to (re)focus their attention on the current task. During the multitasking
process, players have to assign their attention to different tasks, feedback and reactions, they are also
required to switch their attention and allocate cognitive resources between different cognitive tasks
and different motor reactions. Unexpectedly, we did not find significant effects for attention; this is not
consistent with some previous studies [20,49]. For example, in the study of Eggenberger et al. [20],
simultaneous cognitive–physical training caused significant improvement in attention. However,
other studies revealed no significant results for attention [50,51]. For instance, in a study by Van het Reve
and de Bruin [51], which included three months of cognitive and physical attention, training did not
lead to any significant improvement in attention. One could speculate that a training period of four
weeks might not have been enough to induce distinct changes in attention. The latest review article [13]
showed that training times for exergames ranged from 6–12 weeks, with an average of 11 weeks.

The results of physical balance show that motion game players outperform the participants in
the control group. This shows the potential for motion video games to improve physical balance.
Our result is consistent with the study of motor-cognitive dual-task training as a method of improving
physical balance [52]. Dual-tasking ability refers to the performance of the simultaneous motor and
cognitive tasks (e.g., walking and talking simultaneously). Our game also includes continuous motor
and cognitive tasks, where players are required to continuously perform not only multiple cognitive
game tasks but also corresponding physical tasks. However, given the lack of a significant interaction
effect, these results could be considered with caution. As a future direction, we are interested to see
how long-term play of the motion video game could decrease the tendency to fall for older adults.

At present, studies on combined approaches to VR can be classified into two categories. The first
category is the separation of cognitive and physical activities, such as counting while riding a
bicycle. The second category is the combination of motion games and cognitive stimulation in VR.
Our game belongs to the latter category. In our game, bodily movement needs to adapt to changes in
simultaneous cognitive tasks; this obviously requires more cognitive resources and control processes.
Our study shows that the players can adapt well to our game; it provides empirical evidence that
combined cognitive and physical training can be incorporated into VR games for healthy older adults.
Regarding the overall game experience, players enjoyed our game, including game dynamics, theme,
music, etc. Participants in particular liked the physical movement as they felt the exercise to be more
beneficial to their health. This finding showed that bodily movement is an engaging factor for older
adults that can motivate them to prolong training. We also found that improvements in cognitive
abilities are related to the participants’ intrinsic motivation for gameplay. This is consistent with
the studies [53,54] that confirm that motivation for training yields cognitive benefits. This may be
due to the fact that the immersion and presence evoked by VR environments increases motivation,
leads to positive reactions, and produces more behavioral effort. According to a previous study [26],
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player motivation may be triggered by the game itself or by the immersive feeling inspired by VR
technology. During the four weeks of game training, intrinsic motivation remained almost constant.
This could indicate that VR is a promising technology to improve cognition in the long-term since
it inspires a sustainable commitment to long-term participation. Future research should investigate
how player motivation is related to cognitive enhancement and how it can be manifested in a specific
cognitive domain.

Our study is subject to several limitations: (1) The sample size limits the ability to generalize our
results. While our power analysis indicated 80% power to detect a small effect, to reach higher power
we require more participants (e.g., 32 participants for 95% power). (2) For practical reasons, we used
the pseudo-randomization procedure for grouping. Although our participants were well-balanced
into two groups based on their age, gender, and level of education, we admit that such randomization
methods may cause potential bias in the results. (3) We compared the game group to the control
group which did not receive any intervention. Thus, in the current experimental design, it is not
possible to determine which factors in the game are responsible for respective improvements (e.g., VR,
multitasking, physical activity). Further research is required to systematically analyze these effects
(e.g., comparing VR versus non-VR groups, motion versus sedentary groups, and multitasking versus
single-tasking groups). (4) Following our previous findings [27], we allowed the participants to select
the game difficulty manually instead of the automatic approach. Some participants might choose levels
that were beneath their abilities and they could experience less intense and challenging gameplay;
this is likely to result in less benefit from the training. Since this could have an impact on the cognitive
benefit of training, future research should study how the challenge level in the game should be adapted
to each participant’s ability without diminishing their sense of autonomy.

In summary, this paper describes a longitudinal study aimed at exploring the health effects on
older adults of long-term participation in tailored motion video games. Our results suggest that
multitasking-based VR motion video games offer a promising approach to enhancing the cognitive and
physical health of the aging population. Our work also illustrates the feasibility of using motion video
games to train the cognitive and physical abilities of older adults in VR environments. This work can
provide a reference for the development of novel digital health interventions suitable for long-term
training. We believe our study is an important contribution to the development of VR motion video
games for the wellbeing of the elderly and it can contribute to healthy aging and the sustainable
development of societies. We expect this work will inspire further significant inquiries and results.
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