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ABSTRACT Increasing age and various pathological factors lead to cognitive function decline among
the elderly. The most serious cognitive dysfunctions among the elderly include mild cognitive impairment
(MCI), Alzheimer’s disease (AD), and vascular dementia (VAD). Cognitive training is an effective approach
to mitigate the decline in cognitive function. Recent studies have confirmed that emerging training methods
using new technologies, such as virtual reality (VR) and mobile phones, can be used effectively for cognitive
training. This study used functional near-infrared spectroscopy (fNIRS) to compare the brain activation
of young and elderly people during VR and mobile phone training when performing a cognitive training
game. fNIRS has been shown to be an effective tool for monitoring cognitive decline. In the current study,
theMMSE scale was used tomeasure cognitive performance and fNIRSwas used to measure brain activation
among 20 youth (mean age 25.33±1.59 years) and 17 elderly people (mean age 63±4.35 years). The results
showed that the mobile phone game produced significant activation of the prefrontal lobe (PFC) and the
VR game produced significant activation of the parietal lobe (MC). The average MMSE scale score of the
elderly group was lower than that of the young group and was strongly correlated with PFC activation. This
study confirms that elderly people have reduced cognitive function compared to young people. The results
indicate that mobile phone games have a positive training effect on reducing cognitive decline, and that VR is
a suitable means for cognitive function training among the elderly.

INDEX TERMS Virtual reality, functional near-infrared spectroscopy, cortical activation, game experience,
cognitive decline.

I. INTRODUCTION
With the rapid increase in the global aging population,
the number of people over the age of 60 is predicted to
double in 2050 from 900 million in 2015, and the global
percentage of people aged over 60 is predicted to increase
from 12% to 22% [1]. The decline in cognitive ability that
sets in with aging is a major challenge faced by the elderly.
Based on the degree of cognitive decline, many elderly
people will end up suffering from mild cognitive impair-
ment (MCI), Alzheimer’s disease (AD), vascular dementia
(VAD), or other cognitive impairment symptoms. Cognitive
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ability is a generalization of multiple cognitive fields and
their interactions [2]. Moreover, cognitive decline may be
the result of damage to multiple fields or to a specific
field. The extent of damage is different, and the decline in
cognitive ability changes accordingly. Existing experimen-
tal studies have examined age-related decline in multiple
cognitive domains, including attention, memory, response,
and learning [3]–[5]. With the aging population, the scale of
cognitive decline among the elderly is predicted to increase.
To date, an effective system or model for cognitive training
has not been developed, with the current approaches relying
on repetitive traditional training methods that focus on mem-
ory and attention. With emerging technologies such as virtual
reality (VR) and smartphones, there exists a potential for
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cognitive training models to break from tradition and harness
new development opportunities.

VR technology is a computer simulation technology that
enables people to enter and experience complete immer-
sion in artificially-created virtual worlds. In recent years,
VR has developed rapidly, with the emergence of 5G high-
speed transmission, the Internet of Things, artificial intel-
ligence, mobile high-performance graphics computing, and
other technologies [6], [7]. At the same time, the application
of VR in the field of brain function training has attracted
increasing attention [8]. Compared with traditional rehabili-
tation, VR is a multisensory, pleasant, and targeted training
method. A recent study demonstrated that an intervention
using VR technology was beneficial for the rehabilitation
of patients with cognitive dysfunction and movement disor-
ders [9]. Moreover, in an experimental study [10], a wireless
functional near-infrared spectroscopy (fNIRS) instrument
was used to evaluate a VR neurorehabilitation system. This
study found that the VR neural network neurorehabilitation
system could activate the action observation system. In clin-
ical treatment, many doctors have also begun to use sensory
stimulation in VR as a tool to perform targeted brain train-
ing [11]. Together, these studies highlight the potential of
VR technology and the unlimited possibilities for cognitive
function training.

With the popularization of the Internet, people’s depen-
dence on smartphones has surpassed that on traditional PCs.
Mobile phones are no longer just used for communication and
entertainment [12]. Although research on the use of mobile
games for cognitive function training was slow to take off,
over the past few years, a large number of mobile games have
been developed to assist with cognitive function training.
For example, one experimental study reported that the com-
bination of cognitive and sports rehabilitation training was
more effective than either alone [13]. Further, mobile phone
games have been reported to significantly alleviate cognitive
decline [14]. Although several existing studies demonstrate
the utility of mobile games as a means of cognitive function
training, it is still necessary to investigate their rationality
and influence of mobile phone games. While many studies
have shown a positive impact of VR and mobile games
on cognitive training, the existing research lacks objectiv-
ity, physiological evaluation of the brain, and evaluation of
cognitive training in young and elderly people. An objective
data collection and evaluation system will provide empirical
support for the development and design of cognitive games.

Various neuroimaging technologies are available for
detecting physiological changes in the brain, including
magnetic resonance imaging (MRI), electroencephalography
(EEG), positron emission tomography (PET), and single
photon emission tomography (SPECT). In order to detect the
effect of VR games and mobile phone games on brain acti-
vation, the current study used fNIRS. Compared with other
existing brain imaging technologies, fNIRS is not sensitive to
fake and inferior motion trajectories, can be used on various
people in various situations, and is conveniently mobile [15].

It is a new type of brain imaging technology based on the
neurovascular couplingmechanism; it detects the relationship
between themetabolic activity of neurons and the oxygenated
hemoglobin content in blood vessels. It employs the infor-
mation obtained on the changes in oxygenated proteins and
deoxygenated hemoglobin in the cerebral cortex to describe
brain activity [16]. Furthermore, fNIRS has been shown to be
one of the safest and most reliable tools for brain function
neuroimaging and has been widely applied in the field of
human brain function research [17].

Although relevant studies have confirmed that emerging
training methods such as VR and mobile phones have a
relatively perceptible effect on the recovery of cognitive func-
tions, many challenges still persist. First, games for cognitive
training are still in their infancy and there is no standard
training process. Second, the current evaluation of the effects
of these training methods is not accurate enough to form a
corresponding evaluation system. Third, the existing training
methods do not distinguish between the cognitive training
needs of people of different ages and cannot be used to
conduct targeted training.

To address these gaps, the current study used fNIRS tech-
nology to examine the effects of VR games and mobile
games on young and old people, focusing on the cognitive
(prefrontal cortex; PFC) and motor (motor cortex; MC) areas
of the brain. Cognitive function and differences activated in
the brain regions during the performance of the two games
were compared between the two groups of subjects. Wemade
the following predictions.

(1) Mobile phone games may produce a stronger activation
of the cognitive area (PFC) than VR games, and the func-
tional connection strength of each brain area may be stronger
when playing mobile games than when playing VR games.
VR games may produce stronger activation of the MC than
mobile phone games.

(2) The training effect of mobile phone games may be
greater in youth and VR may be more effective for cognitive
training of the elderly.

(3) There may be differences in the activity of the cerebral
cortex with age, as reflected in the cognitive decline among
the elderly.

Cognitive decline among the elderly is an early symptom of
AD; hence, early intervention training is particularly impor-
tant. The aim of this studywas to determine the gamemethods
that are most useful for the elderly, so that targeted training of
cognitive function can be conducted to improve the cognitive
status of the elderly.

II. MATERIALS AND METHODS
A. SUBJECTS
20 healthy young people and 17 healthy elderly people were
recruited for this experiment. None of the subjects suffered
from any cardiovascular or cerebrovascular diseases, neuro-
logical diseases, mental diseases, or other motor dysfunc-
tions. The subjects displayed no symptoms of 3D vertigo.
Information on the sample is provided in Table 1. Before the
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TABLE 1. Summary of sample information.

formal experiment, the participants were familiarized with
the experimental content and process. Due to head move-
ment or noise from thick hair affecting the signal light of
the probe, data from 4 young and 2 elderly subjects were
abnormal and were, therefore, excluded from the study. The
data from the remaining 31 subjects were analyzed. The
research was conducted in the Design Research Labora-
tory of the School of Mechanical Engineering, Shandong
University. All subjects agreed to participate and signed
an informed consent form. The research was approved by
the Academic Ethics Committee of Shandong University
and the study was conducted in accordance with the ethi-
cal standards stipulated in the 1975 Declaration of Helsinki
(revised in 2000) [18].

B. EXPERIMENT GAME AND VR EQUIPMENT
It is now known, from studies, that game players are better
than non-game players in cognitive abilities [19], includ-
ing attention, memory, and calculation abilities [20], [21].
Although action video games can improve cognitive function
more overall, different types of games correspond to training
specific areas of cognitive function. The game type designed
in this paper is based on the perspective of the first person
to carry out the role-playing game of moving and avoiding
obstacles. The running speed is accelerated with the pas-
sage of playing time, and the number of obstacles increases.
Through visual stimulation, the player’s attention, judgment,
and analytical ability are obviously trained.

We designed the Avoid falling game (Afg) to be compatible
with two interactive technologies—mobile phones and VR.
The main task in the game is to control the blocks to main-
tain normal progress, avoid missing the ground, and prevent
falling. The specific operation steps of the VR version of the
Afg and the ordinary mobile version are discussed next. The
VR version of the game is played by inserting the correspond-
ing VR glasses into the mobile phone. The participant shakes
their head to the left or right tomove the game character left or
right, respectively. For the mobile phone version, both hands
are used to control the phone with gravity sensing to play the
game; the character is moved left or right by tilting the mobile
phone left and right with both hands.

The VR equipment used in this study was the VRG
brand (Haofengyuan Technology Co., Ltd.), which supports

FIGURE 1. Flow chart of the experimental set-up.

5.7-inch smartphones and myopic users below 800◦. The
equipment dimensions are 190 mm × 100 mm × 110 mm.
The product functions with both glasses and normal vision.
The dual adjustment system interactively adopts remote con-
trol through a combination of hand and head control. The
mobile device used was a Huawei brand Meta8 model, with
a 6-inch FHD screen, an Android operating system equipped
with a Kirin 950 processor, and a 4000 mAh super-capacity
battery to maintain long-term battery life. The experimental
setup is shown in Figure 1.

C. EXPERIMENTAL PROCEDURE
The fatigue in the taskmay have a certain impact on the exper-
imental results. Moreover, according to related research [22],
the stability of data can only be ensured when the static state
exceeds 5 minutes. In order to better avoid fatigue among the
participants due to the long task duration, this experiment
set the total task duration of each stage to 7 minutes and
20 seconds and provided the subjects with sufficient rest
during the interval between the two tasks to help them recover
their mental and physical calm.

This experiment was divided into two phases. Each phase
involved a 440 s paradigm experiment. In both phases,
the subjects were required to wear earphones (Apple Airpods
pro), with the earphones on noise reduction mode throughout
the experiment. It was also necessary to maintain a quiet
environment and ask the subjects to reduce the frequency
and amplitude of physical movements in order to reduce
noise in the fNIRS signal. Before the experiment, the sub-
jects were trained to use the equipment proficiently and the
researchers ensured that they understood the experimental
process. All subjects were required to sit in a relaxed position
to calm their mood and complete the MMSE scale. Then,
the mobile game experiment phase was carried out. For this
phase, the subjects wore the fNIRS equipment and earphones
and then performed the experimental paradigm (rest 20 s,
play 40 s, rest 20 s) seven times. After resting for 10 min-
utes, they performed the VR game experiment wearing the
VR equipment, fNIRS equipment, and the in-ear headsets
(Apple Airpods pro); the VR paradigm was the same as the
mobile phone paradigm (rest 20 s, play 40 s, rest 20 s) andwas
repeated seven times. The experimental paradigm is depicted
in Figure 2.

VOLUME 9, 2021 11407



R. Ge et al.: Effects of Two Game Interaction Modes on Cortical Activation in Subjects of Different Ages

FIGURE 2. Schematic diagram of the paradigm experimental process.

FIGURE 3. Arrangement of source optodes (Gray dots), detector optodes
(Green dots), and measurement channels (Orange rectangle) over the
prefrontal cortex and motor cortex based on the international
10/10 system. The four cerebral cortical areas are separated by the blue
frames: LPFC,RPFC, LMC, and RMC.

D. fNIRS CONFIGURATION
We used a multi-channel near-infrared system (Nirsmart,
Danyang Huichuang Medical Equipment Co., Ltd., China)
in this experiment [23]. The sampling frequency was set to
10 Hz. Two kinds of near-infrared light of different wave-
lengths (760 nm and 850 nm) were used to detect oxygen and
hemoglobin (HBO2) concentration changes. According to the
requirements of the internationally-accepted 10/20 electrode
distribution system, the device’s 16 signal emission sources
and 12 detectors were divided into 32 channels, which were
arranged over the right prefrontal cortex (RPFC), left pre-
frontal cortex (LPFC), right motor cortex (RMC), and left
motor cortex (LMC). A flexible headgear holder was used
to fix the distance between the emitter and scalp, control
the environment light during the experiment, and reduce
the impact of excessive light on the experimental data. A brain
location map is shown in Figure 3.

E. ANALYSIS OF fNIRS DATA
NIR sparkwas used to analyze the experimental data obtained
from the near-infrared brain function imager. The data were
preprocessed in six steps. 1) The required experimental time
segment is selected, the redundant time period is removed,
and stitching processing is performed. 2) The algorithm
recognizes the artifacts based on the input parameters and
automatically retrieves the interval of possible artifacts in the

data. A 0.5 s sliding time window is used to check all time
intervals for the detected artifacts and the data is corrected by
spline interpolation. 3) Strong conversion into optical density
is ensured. 4) A Butterworth filter is used for band-pass
filtering. 5) The initial time of the hemodynamic response
function (HRF) is set to -2 s and the end time to 40 s (retaining
the baseline state as ‘‘-2–0 s’’, the time of single block mode
as ‘‘0–40 s’’); 6) the modified Beer-Lambert law is used for
calculations; the formula is as follows:

ODλi = In
IOi
Ii
=

(
ε
λi
HBOCHBO + ε

λi
HBRCHBR

)
Lλi

i = 1, 2, 3 (1)

Lλi = r × DPFλi i = 1, 2, 3 (2)

1ODλi =
(
ε
λi
HBO1CHBO + ε

λi
HBR1CHBR

)
× r × DPFλi

i = 1, 2, 3 (3)

OD is the optical density, IOi is the intensity of incident
light with a wavelength of λi, Ii is the corresponding scat-
tered light intensity, ελiHBO is the light absorption coefficient
of HBO (oxygenated hemoglobin) with a wavelength of λi,
Lλi is the optical path, r is the distance between the light
source and the detector, DPF is the optical path difference
factor and is wavelength dependent, and 1CHBO · 1CHBR
represent the concentration changes of oxyhemoglobin and
deoxyhemoglobin, respectively. From (1) and (2), equation
(3) can be obtained and the equation of 3 wavelengths can
be obtained from this; then, the equation can be solved for
1CHBO ·1CHBR.

After preprocessing the original experimental data, a gen-
eralized linear model (GLM) was used to analyze the HBO
time series data using the following formula:

Y = Xβ + ε (4)

where ε is a random error term and is generally assumed to
be a normal random variable with zero mean and variance of
σ 2 and independent of each other.
u is the mean value of the dependent variable and is gen-

erally interpreted as the form of the sum of the response
variables:

u = Xβ (5)

β is the linear combination parameter to be estimated.
Objective function: the objective of estimating the param-

eters, or the minimum deviation, or the unbiased minimum
variance, etc. Again, the least squares and maximum likeli-
hood are generally used.

GLM establishes the ideal HRF for each experimental
paradigm and then calculates the degree of match between the
experimental HRF value and the ideal HRF value, denoted
by β. The estimated value of the HRF of the HBO signal
is often reported as a β value representing the peak of the
HRF function as a reflection of the channel cortical activation
level [24].

Through Pearson correlation analysis, the functional con-
nection strength between each channel was studied. Pearson’s
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correlation coefficients range from (−1,+1).WhenRa,b > 0,
it means that the two variables are positively correlated; when
Ra,b < 0, the two variables are negatively correlated; the
closer Ra,b is to 0, the weaker the linear relationship between
the two variables. The formula is as follows:

Ra,b =
cov(A,B)
SaSb

=
E(AB)− E(A)E(B)√

E(A2)− E2(A)
√
E(B2)− E2(B)

(6)

Cov(A,B) represents the covariance of A and B; E(A) and
E(B) represent the mean values of A and B, respectively; Sa
and Sb represent the variance of A and B, respectively. A cor-
relation coefficient Ra,b of 0.8-1.0 indicates a very strong
correlation, 0.6-0.8 a strong correlation, 0.4-0.6 a moderate
correlation, 0.2-0.4 a weak correlation, and 0.0-0.2 a very
weak correlation or no correlation.

F. STATISTICAL ANALYSIS
IBM SPSS was used (v.23.0) for statistical analysis, data
mining, and predictive analysis. First, the Shapiro–Wilk test
was used to examine whether the experimental data were
normally distributed. If the data obeyed the requirements of
the normal distribution, the paired samples t-test was used to
comparewhether the difference between themobile game and
VR game experiment data was statistically significant (P <
0.05) was taken to indicate that a difference was statistically
significant.

III. RESULTS
A. ANALYSIS OF INTRA-PHASE ENCEPHALIC
REGION ACTIVATION
The β values of the 32 channels were analyzed. When young
people used the VR game, the highest value was 1.8432 in the
LMC and the lowest value was−3.2593 in the RMC. During
the mobile game, the highest value was 3.2687 in the RMC
and the lowest value was −1.4572 in the RMC. For elderly
people, during the VR game, the highest value was 3.9416 in
the LPFC and the lowest value was -3.0742 in the RMC;
during the mobile game, the highest value was 1.8619 in the
RMC and the lowest value was −1.6139 in the RMC. The
numerical analysis of the β values of each brain area is shown
in Figure 4.

Figure 5 presents the cortical maps corresponding to the
two games. The higher the β value of the channel, the redder
the channel; the lower the β value, the bluer the channel.

B. ANALYSIS OF BETWEEN-PHASE BRAIN REGION
ACTIVATION
The Shapiro-Wilk test revealed that the data were normally
distributed. Thus, paired-samples t-tests were performed. The
results revealed that, for the young age group, channel 4
(t = 2.152, p = 0.048), channel 5 (t = −2.436, p = 0.028),
channel 6 (t = −3.151, p = 0.007), channel 13 (t = −3791,
p = 0.002), channel 14 (t = −3.208, p = 0.006), channel
19 (t = −3.301, p = 0.005), channel 20 (t = −2.858,
p = 0.012), channel 25 (t = 2.493, p = 0.025), channel

FIGURE 4. Comparison of the median and standard deviation of β values
in each brain area between the two groups.

FIGURE 5. A) The brain activation state of the youth group in VR games;
B) The brain activation state of the youth group in mobile games; C) The
brain activation state of the elderly group in mobile games; D) The brain
activation state of the elderly group in VR games. 1)The changes of β

value in the motor area; 2) The changes of β value in the cognitive area;
3)The changes of β value in baseline activation.

26 (t = 2.457, p = 0.027), channel 27 (t = −3.673,
p = 0.002) (p < 0.05) exhibited significant differences
between the game types. During the VR game, channels 4,
25, and 26 exhibited enhanced activation compared to during
the mobile game, while channels 5, 6, 13, 14, 19, 20, and
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TABLE 2. Two sets of significant channel paired sample tests.

27 exhibited enhanced activation during the mobile game
compared to the VR game. For the elderly subjects, channel
5 (t = −2.928, p = 0.011), channel 7 (t = −2.329,
p = 0.035), channel 15 (t = −2.751, p = 0.016), channel
19 (t = −2.636, p = 0.02), and channel 27 (t = −2.524,
p = 0.024) (p < 0.05) exhibited statistically significant
differences. Channels 5, 7, 15, 19, and 27 were enhanced
during the mobile game compared to the VR game. These
results are shown in Table 2.

It can be seen, combining the comparison of the significant
channel paired sample test results with the median of the
corresponding channels, that the median values of channels
5, 6, 13, 14, 19, 20, and 27 in the youth group were sig-
nificantly greater during the mobile game than during the
VR game, while for channels 4, 25, and 26, the median values
during the VR game were significantly larger than those
during the mobile game. In the elderly group, the median
values of channels 5, 7, 15, 19, and 27 were significantly
greater during the mobile phone game compared to the
VR game, while the median values of channels 4, 25, and
26 were significantly greater during the VR game com-
pared to the mobile game. Figure 6 shows the median β
values of each significant channel when the youth group
and the elderly group used the mobile game and VR game,
respectively.

FIGURE 6. Comparison of the median of significantly activated channels
between the youth group and the elderly group.

TABLE 3. Summary of Pearson correlation analysis between MC and PFC
channels during the two games in the young and elderly groups.

C. ACTIVATION CORRELATION ANALYSIS BETWEEN
THE MC AND PFC
Pearson correlation analysis between the MC and PFC chan-
nels during the performance of the two games was conducted.
The results revealed that the number of medium-degree posi-
tive correlations, strong positive correlations, medium-degree
negative correlations, and strong negative correlations in each
channel during the mobile game in the youth group was
greater than the number of significant positive correlations
during the VR game. As shown in Table 3, in the elderly
group, the number of moderate negative correlations and
strong negative correlations during the VR game was sig-
nificantly higher than that during the mobile game, and the
number of moderate positive correlations and strong positive
correlations during the mobile game was higher than that
during the VR game.

D. ACTIVATION CORRELATION ANALYSIS MC
Pearson correlation analysis was carried out between the
channels of the LMC and RMC during the two games. The
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TABLE 4. Summary of Pearson correlation analysis between LMC and
RMC channels during the two games in the young and elderly groups.

results revealed that the number of medium-degree positive
and strong positive correlations in each channel during the
mobile game in the youth group was significantly greater
than during the VR game, and the number of medium-degree
negative and strong negative correlations in each channel
during the VR game was significantly greater than during the
mobile game. The number of medium positive correlations,
strong positive correlations, and medium negative correla-
tions in each channel during the VR game in the elderly group
was significantly greater than during the mobile game. These
results are shown in Table 4.

E. ACTIVATION CORRELATION ANALYSIS PFC
Pearson correlation analysis was performed between the
channels of the LPFC and RPFC during the two games. The
results revealed that the number of medium-degree positive
correlations and strong positive correlations in each channel
during the mobile game in the youth group was significantly
greater than during the VR game. The number of strong
positive correlations in each channel during the VR game in
the elderly group was significantly greater than during the
mobile game, and more moderately correlated channels were
observed during the mobile game. These results are shown
in Table 5.

F. ANALYSIS OF MMSE SCORES AND CORRELATION
ANALYSIS BETWEEN MMSE SCORES AND THE PFC
The MMSE scale is the most widely used cognitive func-
tion test scale; it screens the subject’s orientation, memory,
comprehension, application, language reading, and writing
abilities [25]. Before the experiment, the MMSE scale was
administered to the two groups to judge the cognitive status
of each subject. MMSE scale scores from 27-30 indicate
normal cognition, scores from 21-27 indicate mild cognitive
impairment, scores from 10-21 indicate moderate cognitive

TABLE 5. Summary of correlation analysis between LPFC and RPFC
channels during the two games in the elderly group and the youth group.

impairment, and scores from 0-10 indicate severe cognitive
impairment. The results showed that the average score of the
elderly group was lower than that of the young, indicating
that the elderly group had poorer cognitive function than the
young group.

Pearson correlation analysis between the MMSE scale
scores and the average cognitive area (PFC) β of the
youth group and the elderly group revealed a significant
positive correlation in the youth group (R = 0.624,
Sig.2-tailed=0.01) and the elderly group (R = 0.771, Sig.2-
tailed=0.001). Both correlations were strong.

IV. DISCUSSION
In this study, fNIRS equipment was used to monitor the
activation of brain regions and the strength of functional
connections between channels in a sample of young people
and elderly people when engaged in a VR game and a mobile
game. The positive effects of these games on the training of
the PFC and MC were estimated in this study. The results
revealed that the elderly group had a lowerMMSE scale score
than the young and both groups exhibited a strong positive
correlation between MMSE scores and PFC activation. Fur-
ther, the mobile game activated the cognitive areas of the
brain in both groups more perceptibly, while the VR game
activated the elderlymore significantly than themobile phone
game. The strength of the functional connection between
each brain area was higher during the mobile game rela-
tive to the VR game, while the brain signals and the func-
tional connection strength of each brain area were generally
lower among the elderly compared to those of the young
group.

fNIRS is one of the most reliable brain function imaging
techniques [26], [27], with its stable signal and convenient
set up for experimental monitoring [15]. The HBO signal
is the parameter used to explore brain nerve changes dur-
ing fNIRS [28], [29]. It was observed that fNIRS indirectly
records changes in brain nerve activity by detecting changes
in brain HBO signals and then calculating changes in cerebral
cortex hemodynamics [30]. The analysis of the experimental
data in this paper is based on the analysis and processing
of the β value [24]. The β value can reflect changes in the
cerebral cortex nerve activity on the side of measurement and
is suitable for analysis and discussion.
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The LPFC and RPFC brain areas of the young group
were significantly activated during the mobile game while
the LPFC, RPFC, LMC, and RMC brain areas of the elderly
group were significantly activated. Comparison of the groups
for the mobile phone game indicated that the young group
and the old group exhibited activation in the same brain areas
in the PFC. The observed activation is consistent with the
findings of a previous experimental study that used nuclear
magnetic resonance (MRI) to monitor the effects of mobile
games on brain cognitive function training. This prior study
found that the game training mode was more conducive to
brain cognitive training [31]. Here, we found that mobile
games in the elderly group also produced significant activa-
tion of the MC. This may be because fine hand movement
functions (such as pinching and pressing) and gross hand
movement functions (holding, gripping) decline with age
()()[32]; thus, when the elderly used the mobile phone, their
MC was activated due to the extra effort required to move
their hands. Since mobile phones are convenient and time-
sensitive and are a permanent fixture in modern life, they
should be further explored as tools for cognitive and motor
function training [33], [34].

The RMC of the young and elderly groups was obviously
activated during the VR game. At the same time, the PFC
was also significantly activated in the elderly group. This
may be because elderly people have never been exposed to
VR-related training before [9]. In the comparison of activa-
tion between the groups, the VR game produced significantly
more activation of the MC. This is consistent with results
when using MRI and EEG equipment to monitor the effect of
VR on nervous system training in previous studies [35], [36].
Thus, it appears that VR is more effective for training brain
motor functions and has potential for use in brain cognitive
function training [37].

The difference between the two-game operation modes
was a fundamental factor for the differences in the exper-
imental data. The mobile game is mainly based on hand
movements, whereas the VR game is based primarily on torso
movements. fNIRSmonitors the influence of different actions
on brain activation. Hand movements can fully mobilize the
mutual cooperation of various brain areas [38]. Improvements
to hand coordination in training can effectively improve cog-
nitive training.

This study found that activation of the PFC andMC regions
in the elderly group was lower than that observed in the
youth group. This result may be related to the corresponding
changes in cerebral blood vessels with age. Several stud-
ies have used various diagnostic tools to study the brains
of the elderly, including single photon emission tomog-
raphy (SPECT), transcranial Doppler ultrasound (TCD),
nuclear magnetic resonance (MRI), and fNIRS, and have
found that regional cerebral blood flow (CBF), brain tissue
oxygenation, brain autoregulation, and the cerebrovascular
carbon dioxide response (CC2R) change with age [39]–[41].
Further, compared with younger subjects, elderly sub-
jects have lower baroreceptor sensitivity and lower average

cerebral blood flow velocity (bfv) [42], [43], which may also
be a factor in the observed differences between the groups
here.

The human brain is composed of multiple brain regions
with different functions. These brain regions share informa-
tion with each other to mediate and coordinate performance
of a task. Pearson correlation analysis was performed to
examine changes in the activation of various brain regions
and the relationship between MMSE scale scores and PFC
brain area signals during the mobile game and VR game,
in each group. According to the basic principles of brain reha-
bilitation [44], the vascular coupling and system adjustment
mechanisms determine the strength of the functional connec-
tion between brain areas, that is, the cooperative ability of the
brain areas.

The strength of the functional connection between each
brain area was significantly greater during the mobile game
than during the VR game. The postures of the subjects were
different during the two games due to the different interaction
modes of the two games. According to an EEG study, dif-
ferent actions lead to different effects on the cerebral vascu-
lar system, with differing hemodynamic responses mediated
by the sympathetic, parasympathetic, and somatosensory
nerves [45]. The directional coupling strength between the
LPFC and RPFC in the elderly group was significantly
enhanced compared with the youth group. The PFC plays
a key role in complex cognitive behavior [46]. Thus, this
result suggests that cognitive function damage causes the
PFC brain area to work harder to complete cognitive tasks,
increasing the strength of the neural coupling between the
LPFC and RPFC [47]. These results also further illustrate
that frontal lobe function is related to normal aging and
degenerative changes. In the comparison of the LMC and
RMC functional connection strength, there was no significant
difference between the two groups. In the comparison of the
MC and PFC, the number of negative correlation channels
in the elderly was increased significantly and the number of
positive correlation channels was much lower than that in the
youth group. This may be due to the increase in blood vessel
stiffness with age and the deterioration of myogenic regula-
tion in the elderly group. The ability to regulate exercise also
decreases with age, which affects elderly people’s ability to
cooperate with cognitive functions [48].

Analysis of the MMSE scale scores indicated that the
average score of the elderly group was lower than that of
the youth group. This indicates that the elderly group had
reduced cognitive function compared with the youth people.
Analysis of the correlation between MMSE scale scores and
the PFC revealed that MMSE scores were significantly posi-
tively correlated with PFC activation, which demonstrates the
relationship between the PFC and cognitive function [49].
Moreover, the lower β value in the PFC also confirms the
reduced cognitive ability of the elderly group. These find-
ings are consistent with those of a prior study that used
fNIRS in the CT treatment of female patients with cognitive
impairment [50].
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V. LIMITATIONS
There were several limitations related to sample themes and
game types in the experiments, caused by the covid-19 epi-
demic. In the future, we propose to recruit the same number of
young and old people and also maintain the same ratio of men
to women and the same level of education for both young and
old. Similarly, in the game design, we will take into account
the habits of different age groups to increase the content of
the scene, improve the game mechanism, and help the partic-
ipants get a better sense of immersion to enhance the train-
ing effect. We will minimize the limitations of subsequent
experiments through strict screening of subjects, controlling
the experimental environment, and iterating the game.

VI. CONCLUSION
In this study, fNIRS was used to monitor brain signals during
mobile and VR game tasks among elderly and young people.
The average MMSE score of the elderly group was lower
than that of the young group. The cognitive function of the
elderly group was lower than that of the young group. Studies
suggest that cognitive training using such games can slow
down cognitive decline. Here, the positive training effect of
the mobile phone game produced obvious activation in the
PFC of the two groups, and the cognitive training effect was
more significant, stimulating the strength of the functional
connections between different brain regions. The VR game
improved brain activation in various regions in the elderly
group, and this may be helpful for the prevention of neu-
rological disorders in the elderly and in their rehabilitation.
The training effect was stronger among the elderly than in
young people. These research results verify the presence of
cognitive decline among the elderly. The results suggest that
different cognitive training results are achieved with differ-
ing cognitive training games and among people of different
ages. These results can be used to inform different cognitive
training-related products for people of different ages.

REFERENCES
[1] WHO | 10 Facts on Ageing and the Life Course, World Health Org.,

Geneva, Switzerland, 2013.
[2] E. Kravitz, J. Schmeidler, and M. Schnaider Beeri, ‘‘Cognitive decline and

dementia in the oldest-old,’’ Rambam Maimonides Med. J., vol. 3, no. 4,
p. e0026, Oct. 2012.

[3] J. M. McDowd and F. I. M. Craik, ‘‘Effects of aging and task difficulty
on divided attention performance,’’ J. Experim. Psychol. Hum. Perception
Perform., vol. 14, no. 2, pp. 267–280, May 1988.

[4] R. G. Morris, F. I. M. Craik, and M. L. Gick, ‘‘Age differences in working
memory tasks: The role of secondary memory and the central executive
system,’’ Quart. J. Exp. Psychol., vol. 42, no. 1, pp. 67–86, Feb. 1990.

[5] R. C. Petersen, G. Smith, E. Kokmen, R. J. Ivnik, and E. G. Tangalos,
‘‘Memory function in normal aging,’’ Neurology, vol. 42, no. 2,
pp. 396–401, Feb. 1992.

[6] N. E. Seymour, A. G. Gallagher, S. A. Roman, M. K. O’Brien, and
V. K. Bansal, ‘‘Virtual reality training improves operating room perfor-
mance: Results of a randomized, double-blinded study,’’ Ann. Surgery,
vol. 236, no. 4, pp. 458–464, 2002.

[7] I. P. Tussyadiah, D. Wang, T. H. Jung, and M. C. Tom Dieck, ‘‘Virtual
reality, presence, and attitude change: Empirical evidence from tourism,’’
Tourism Manage., vol. 66, pp. 140–154, Jun. 2018.

[8] M. J. Tarr and W. H. Warren, ‘‘Virtual reality in behavioral neuroscience
and beyond,’’Nature Neurosci., vol. 5, no. S11, pp. 1089–1092, Nov. 2002.

[9] M. K. Holden, T. A. Dyar, L. Schwamm, and E. Bizzi, ‘‘Virtual-
environment-based telerehabilitation in patients with stroke,’’ Presence,
Teleoperators Virtual Environ., vol. 14, no. 2, pp. 214–233, Apr. 2005.

[10] L. Holper, T.Muehlemann, F. Scholkmann, K. Eng, D. Kiper, andM. Wolf,
‘‘Testing the potential of a virtual reality neurorehabilitation system dur-
ing performance of observation, imagery and imitation of motor actions
recorded by wireless functional near-infrared spectroscopy (fNIRS),’’
J. NeuroEng. Rehabil., vol. 7, no. 1, p. 57, Dec. 2010.

[11] A. J. Butler and S. J. Page, ‘‘Mental practice with motor imagery: Evidence
for motor recovery and cortical reorganization after stroke,’’ Arch. Phys.
Med. Rehabil., vol. 87, no. 12, pp. 2–11, Dec. 2006.

[12] P.-S. Wei and H.-P. Lu, ‘‘Why do people play mobile social games?
An examination of network externalities and of uses and gratifications,’’
Internet Res., vol. 24, no. 3, pp. 313–331, May 2014.

[13] X. Zhu, S. Yin, M. Lang, R. He, and J. Li, ‘‘The more the better? A meta-
analysis on effects of combined cognitive and physical intervention on
cognition in healthy older adults,’’ Ageing Res. Rev., vol. 31, pp. 67–79,
Nov. 2016.

[14] R. H. Knols, J. Swanenburg, D. De Bon, F. Gennaro, M. Wolf, B. Krüger,
D. Bettex, and E. D. de Bruin, ‘‘Investigating the usability and acute
effects of a bedside video console to prefrontal cortical activity alterations:
A preclinical study in healthy elderly,’’ Frontiers Syst. Neurosci., vol. 11,
Nov. 2017.

[15] M. Ferrari and V. Quaresima, ‘‘A brief review on the history of human
functional near-infrared spectroscopy (fNIRS) development and fields of
application,’’ NeuroImage, vol. 63, no. 2, pp. 921–935, Nov. 2012.

[16] K. Isobe, T. Kusaka, K. Nagano, K. Okubo, S. Yasuda, M. Kondo, S. Itoh,
and S. Onishi, ‘‘Functional imaging of the brain in sedated newborn infants
using near infrared topography during passive knee movement,’’ Neurosci.
Lett., vol. 299, no. 3, pp. 221–224, Feb. 2001.

[17] M. A. Yaqub, S.-W. Woo, and K.-S. Hong, ‘‘Effects of HD-tDCS on
resting-state functional connectivity in the prefrontal cortex: An fNIRS
study,’’ Complexity, vol. 2018, Nov. 2018, Art. no. 1613402.

[18] World Medical Association, ‘‘World medical association declaration of
Helsinki: Ethical principles for medical research involving human sub-
jects,’’ JAMA, vol. 284, no. 23, pp. 3043–3045, 2000.

[19] P. J. Durlach, J. P. Kring, and L. D. Bowens, ‘‘Effects of action video game
experience on change detection,’’ Mil. Psychol., vol. 21, no. 1, pp. 24–39,
Jan. 2009.

[20] K. J. Blacker and K. M. Curby, ‘‘Enhanced visual short-term memory in
action video game players,’’ Attention, Perception, Psychophysics, vol. 75,
no. 6, pp. 1128–1136, Aug. 2013.

[21] L. S. Colzato, P. J. A. van Leeuwen, W. P. M. van den Wildenberg, and
B. Hommel, ‘‘DOOM’d to switch: Superior cognitive flexibility in players
of first person shooter games,’’ Frontiers Psychol., vol. 1, p. 5, Apr. 2010.

[22] S. Geng, X. Liu, B. B. Biswal, and H. Niu, ‘‘Effect of resting-state
fNIRS scanning duration on functional brain connectivity and graph
theory metrics of brain network,’’ Frontiers Neurosci., vol. 11, p. 12,
Jul. 2017.

[23] L. Bu, C. Huo, Y. Qin, G. Xu, Y. Wang, and Z. Li, ‘‘Effective connectivity
in subjects with mild cognitive impairment as assessed using functional
near-infrared spectroscopy,’’ Amer. J. Phys. Med. Rehabil., vol. 98, no. 6,
pp. 438–445, Jun. 2019.

[24] M.-H. Chung, B. Martins, A. Privratsky, G. A. James, C. D. Kilts, and
K. A. Bush, ‘‘Individual differences in rate of acquiring stable neural
representations of tasks in fMRI,’’ PLoS ONE, vol. 13, no. 11, Nov. 2018,
Art. no. e0207352.

[25] T. N. Tombaugh and N. J. McIntyre, ‘‘The mini-mental state examina-
tion: A comprehensive review,’’ J. Amer. Geriatrics Soc., vol. 40, no. 9,
pp. 922–935, Sep. 1992.

[26] T. Doi, H. Makizako, H. Shimada, H. Park, K. Tsutsumimoto, K. Uemura,
and T. Suzuki, ‘‘Brain activation during dual-task walking and execu-
tive function among older adults with mild cognitive impairment: A
fNIRS study,’’ Aging Clin. Experim. Res., vol. 25, no. 5, pp. 539–544,
Oct. 2013.

[27] P.-Y. Lin, S.-I. Lin, and J. J. Chen, ‘‘Functional near infrared spectroscopy
study of age-related difference in cortical activation patterns during cycling
with speed feedback,’’ IEEE Trans. Neural Syst. Rehabil. Eng., vol. 20,
no. 1, pp. 78–84, Jan. 2012.

[28] L. Bu, C.-H. Chen, G. Zhang, B. Liu, G. Dong, and X. Yuan, ‘‘A hybrid
intelligence approach for sustainable service innovation of smart and con-
nected product: A case study,’’ Adv. Eng. Informat., vol. 46, Oct. 2020,
Art. no. 101163.

VOLUME 9, 2021 11413



R. Ge et al.: Effects of Two Game Interaction Modes on Cortical Activation in Subjects of Different Ages

[29] Q. Li, J. Feng, J. Guo, Z. Wang, P. Li, H. Liu, and Z. Fan, ‘‘Effects of
the multisensory rehabilitation product for home-based hand training after
stroke on cortical activation by using NIRS methods,’’ Neurosci. Lett.,
vol. 717, Jan. 2020, Art. no. 134682.

[30] S. Perrey, ‘‘Non-invasiveNIR spectroscopy of human brain function during
exercise,’’Methods, vol. 45, no. 4, pp. 289–299, Aug. 2008.

[31] J. S. Hong, S. M. Kim, E. Aboujaoude, and D. H. Han, ‘‘Investigation
of a mobile ‘serious game’ in the treatment of obsessive–compulsive
disorder: A pilot study,’’ Games for Health J., vol. 7, no. 5, pp. 317–326,
Oct. 2018.

[32] E. Scherder, W. Dekker, and L. Eggermont, ‘‘Higher-level hand motor
function in aging and (preclinical) dementia: Its relationship with (instru-
mental) activities of daily life—A mini-review,’’ Gerontology, vol. 54,
no. 6, pp. 333–341, 2008.

[33] K. I. Erickson, S. J. Colcombe, R. Wadhwa, L. Bherer, M. S. Peterson,
P. E. Scalf, J. S. Kim, M. Alvarado, and A. F. Kramer, ‘‘Training-induced
plasticity in older adults: Effects of training on hemispheric asymmetry,’’
Neurobiol. Aging, vol. 28, no. 2, pp. 272–283, Feb. 2007.

[34] M. Lussier, C. Gagnon, and L. Bherer, ‘‘An investigation of response and
stimulus modality transfer effects after dual-task training in younger and
older,’’ Frontiers Hum. Neurosci., vol. 6, May 2012, Art. no. 129.

[35] C. Tremmel, C. Herff, T. Sato, K. Rechowicz, Y. Yamani, and
D. J. Krusienski, ‘‘Estimating cognitive workload in an interactive virtual
reality environment using EEG,’’Frontiers Hum. Neurosci., vol. 13, p. 401,
Nov. 2019.

[36] B. K. Wiederhold and M. D. Wiederhold, ‘‘Virtual reality with fMRI:
A breakthrough cognitive treatment tool,’’ Virtual Reality, vol. 12, no. 4,
pp. 259–267, Dec. 2008.

[37] A. L. Faria, A. Andrade, L. Soares, and S. B. i Badia, ‘‘Benefits of virtual
reality based cognitive rehabilitation through simulated activities of daily
living: A randomized controlled trial with stroke patients,’’ J. NeuroEng.
Rehabil., vol. 13, no. 1, p. 96, Dec. 2016.

[38] H. G. Kwon, S. H. Jang, and M. Y. Lee, ‘‘Effects of visual informa-
tion regarding tactile stimulation on the somatosensory cortical activa-
tion: A functional MRI study,’’ Neural Regener. Res., vol. 12, no. 7,
pp. 1119–1123, 2017.

[39] C. Hock, F. Müller-Spahn, S. Schuh-Hofer, M. Hofmann, U. Dirnagl,
and A. Villringer, ‘‘Age dependency of changes in cerebral hemoglobin
oxygenation during brain activation: A near-infrared spectroscopy study,’’
J. Cerebral Blood Flow Metabolism, vol. 15, no. 6, pp. 1103–1108,
Nov. 1995.

[40] Y. Koshimoto, H. Yamada, H. Kimura, M. Maeda, C. Tsuchida,
Y. Kawamura, and Y. Ishii, ‘‘Quantitative analysis of cerebral microvas-
cular hemodynamics with T2-weighted dynamic MR imaging,’’ J. Magn.
Reson. Imag., vol. 9, no. 3, pp. 462–467, Mar. 1999.

[41] P. L. Madsen and N. H. Secher, ‘‘Near-infrared oximetry of the brain,’’
Prog. Neurobiol., vol. 58, no. 6, pp. 541–560, Aug. 1999.

[42] B. J. Carey, P. J. Eames, M. J. Blake, R. B. Panerai, and J. F. Potter,
‘‘Dynamic cerebral autoregulation is unaffected by aging,’’ Stroke, vol. 31,
no. 12, pp. 2895–2900, Dec. 2000.

[43] R. Hosseini, B. Walsh, F. Tian, and S. Wang, ‘‘An fNIRS-based feature
learning and classification framework to distinguish hemodynamic pat-
terns in children who stutter,’’ IEEE Trans. Neural Syst. Rehabil. Eng.,
vol. 26, no. 6, pp. 1254–1263, Jun. 2018.

[44] M. S. Kaplan, ‘‘Plasticity after brain lesions: Contemporary con-
cepts,’’ Arch. Phys. Med. Rehabil., vol. 69, no. 11, pp. 984–991,
Nov. 1988.

[45] P. Peters and A. K. Datta, ‘‘Middle cerebral artery blood flow velocity stud-
ied during quiet breathing, reflex hypercapnic breathing and volitionally
copied Eucapnic breathing inman,’’ inModeling and Control of Ventilation
(Advances in Experimental Medicine and Biology), vol. 393. Boston, MA,
USA: Springer, 1995, pp. 293–295.

[46] E. K. Miller and J. D. Cohen, ‘‘An integrative theory of prefrontal
cortex function,’’ Annu. Rev. Neurosci., vol. 24, no. 1, pp. 167–202,
Mar. 2001.

[47] D. Meunier, S. Achard, A. Morcom, and E. Bullmore, ‘‘Age-related
changes in modular organization of human brain functional networks,’’
NeuroImage, vol. 44, no. 3, pp. 715–723, Feb. 2009.

[48] L. Bu, Y. Wu, Q. Yan, L. Tang, X. Liu, C. Diao, K. Li, and
G. Dong, ‘‘Effects of physical training on brain functional con-
nectivity of methamphetamine dependencies as assessed using func-
tional near-infrared spectroscopy,’’ Neurosci. Lett., vol. 715, Jan. 2020,
Art. no. 134605.

[49] K. H. Yap, W. C. Ung, E. G. M. Ebenezer, N. Nordin, P. S. Chin,
S. Sugathan, S. C. Chan, H. L. Yip, M. Kiguchi, and T. B. Tang, ‘‘Visu-
alizing hyperactivation in neurodegeneration based on prefrontal oxygena-
tion: A comparative study of mild Alzheimer’s disease, mild cognitive
impairment, and healthy controls,’’Frontiers Aging Neurosci., vol. 9, p. 14,
Sep. 2017.

[50] U. Ghafoor, J.-H. Lee, K.-S. Hong, S.-S. Park, J. Kim, and H.-R. Yoo,
‘‘Effects of acupuncture therapy on MCI patients using functional near-
infrared spectroscopy,’’ Frontiers Aging Neurosci., vol. 11, no. 237, p. 237,
Aug. 2019.

RUHONG GE was born in Qingdao, Shandong,
China, in 1995. He studied industrial design at the
Lanzhou University of Technology. He received
the bachelor’s degree in engineering in 2017. He
is currently pursuing the master’s degree in indus-
trial design engineeringwith ShandongUniversity.
His research interests include stroke rehabilitation
product research, aging smart product research,
and ergonomics.

ZILIN WANG was born in Weifang, Shandong,
China. He received the B.S. degree from the Qilu
University of Technology, in 2018. He is currently
a Graduate Student of mechanical engineering
with Shandong University. His current research
interests include the rehabilitation production of
stroke and interactive training methods.

XIN YUAN is currently pursuing the master’s
degree in industrial design engineering with the
School of Mechanical Engineering, Shandong
University. During the undergraduate study, she
participated inmany design and science innovation
competitions and achieved excellent results. She
also focuses on the user-centred product design
and development, which includes stroke rehabil-
itation and aging-friendly design.

QINBIAO LI obtained the master’s degree from
Shandong University with a focus on industrial
design, which is an interdisciplinary subject and
takes ‘‘human-oriented’’ as the starting point. His
current research interests include human factors,
ergonomics, and rehabilitation and aging-friendly
design through anthropometric data measurement,
such as NIRS, EEG, and so forth.

YEQIN GAO was born in Rizhao, Shandong,
China, in 1996. She received the B.S. degree in
design in product design from Shandong Univer-
sity, where she is currently pursuing the M.S.
degree in design.

11414 VOLUME 9, 2021



R. Ge et al.: Effects of Two Game Interaction Modes on Cortical Activation in Subjects of Different Ages

HESHAN LIU was born in Shandong, China,
in 1966. He received the B.S. degree in mechanical
design and manufacturing and the M.S. degree
in mechanical design from the Shandong Uni-
versity of Technology, and the Ph.D. degree in
mechanical manufacturing and automation from
Shandong University. He is currently the Dean
of the Industrial Design and Research Institute,
Shandong University. He has presided over eight
provincial and ministerial-level projects. He is the

author of five textbooks and one monograph, more than 60 articles, and more
than 60 horizontal scientific research projects. He won the first and sec-
ond prizes of Shandong Province Soft Science Excellent Achievements
and six Shandong Province Science and Technology Progress awards. He
concurrently serves as a member for the Industrial Design Teaching Steering
Committee of the Ministry of Education and a Vice Chairman for the Shan-
dong Design Professional Teaching Steering Committee and the Shandong
Industrial Design Association.

ZHIJUN FAN was born in Rizhao, Shandong,
China, in 1978. He received the B.Des. degree in
industrial design, theM.Des. degree, and the Ph.D.
degree in mechanical manufacturing and automa-
tion from Shandong University, in 1999, 2007, and
2012, respectively. Since 2017, he has been an
Assistant Professor with the School of Mechan-
ical Engineering, Institute of Industrial Design,
Shandong University. He is the coauthor of two
books, more than ten articles. His research inter-

ests include universal design, design for elderly, and assistive products
design.

LINGGUO BU was born in Weifang, Shan-
dong, China, in 1987. He received the B.S.,
M.S., and Ph.D. degrees in industrial design from
Shandong University, China, in 2009, 2012, and
2018, respectively. He is currently a Research
Fellow of the Design & Human Factors Lab-
oratory, School of Mechanical and Aerospace
Engineering, Nanyang Technological University,
Singapore. His research interests include human
factors in design, brain function and behavior,
product design, and neuroergonomics.

VOLUME 9, 2021 11415


