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Abstract

Cognitive deficiencies are significant factors affecting aviation piloting capabilities. How-
ever, due to the limited stability resulting from the insufficient appeal of traditional attention
or memory cognitive training, multi-task gamified cognitive training (MTGCT) may be
more beneficial in generating far transfer effects in task performance. This study explores
the enhancement effects of simulated flight operation capabilities based on visuo-spatial
attention and working memory MTGCT. Additionally, we explore the neurophysiological
impacts through changes in EEG power spectral density (PSD) characteristics and brain
asymmetry, and whether these impacts exhibit a certain retention effect. This study de-
signed a 28-day simulated flight operation capability enhancement experiment. In addition,
the behavioral performance and EEG signal changes in 28 college students (divided into
control and training groups) were analyzed. The results indicated that MTGCT significantly
enhanced simulated flight operational capabilities, and the neural framework formed by
physiological changes remains effective for at least two weeks. The physiological changes
included a decrease in the θ band PSD and an increase in the α band PSD in the frontal
and parietal lobes due to optimized cognitive resource allocation, as well as the frontal θ

band leftward asymmetry and the frontoparietal α band rightward asymmetry due to the
formation of neural activity patterns. These findings support, to some extent, the feasibility
and effectiveness of using MTGCT as a periodic training method to enhance the operational
and cognitive abilities of aviation personnel.

Keywords: multi-task gamified cognitive training; far transfer effects; simulated flight;
EEG power spectral density; brain asymmetry; retention effects
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1. Introduction
Aviation piloting is a critical and high-risk profession, both in military and civilian

contexts. The ability of pilots to respond calmly and accurately to various demanding
conditions, such as extreme weather, is of paramount importance. Notably, flying under de-
teriorating weather conditions is a significant cause of fatal accidents in general aviation [1].
In such scenarios, pilots often face significant judgment challenges and find it difficult to
make accurate decisions independently. Human error is a major contributing factor to
these accidents [2]. At this time, the requirement for the pilots’ operational capability to
receive and quickly and accurately execute the commands of the lighthouse personnel is
extremely high. However, complex environments increase brain load, potentially impairing
pilots’ ability to execute concurrent tasks during emergency flights [3]. Therefore, it is
essential to develop training methods that enhance pilots’ execution capabilities under
special conditions in the aviation domain.

Current training methods primarily focus on adjusting training modalities or environ-
ments. Callan et al. examined training pilots’ auditory signal recognition abilities under
complex noise environments [4]. Weelden et al. compared the training effects of desktop
2D and VR 3D environments for pilots [5]. Zhao et al. explored the impact of different
task types and task difficulties on pilot training [6]. Nonetheless, these methods cannot
simulate all environmental conditions, and cognitive deficiencies under special circum-
stances remain a significant factor leading to crew errors [2,7]. Pilots’ cognitive functions
also change under severe hypoxia [8]. Zhou et al. investigated cognitive recognition under
different tasks in simulated flight training [9]. Understanding the changes in operators’
cognitive abilities is crucial for assessing operational levels, improving training efficacy,
and developing safer and healthier training systems. Cognitive issues in cockpit human-
machine interaction systems are also a hotspot in the human factors research of large-scale
complex systems like aviation, aerospace, and maritime [10]. In complex and dynamic
flight operations, attention and memory play essential roles in task decision-making and
execution [9]. Attention and working memory are regarded as key components that form
executive functions together with impulse control, response inhibition, adaptation, and
decision-making. Higher-order cognitive abilities enable individuals to exert self-control
and successfully complete goal-directed tasks [11]. Sturman et al. highlighted that high
levels of attention are necessary for effective task performance [12]. Cui et al. demonstrated
that operators face high demands on attention allocation when executing multiple dynamic
tasks [13]. Kobayashi et al. found a strong correlation between the performance level
in visual memory tasks and prefrontal activation, and provided auxiliary information
related to working memory [14]. Therefore, cognitive training, as an alternative approach
to improve cognitive abilities, has broad prospects [15].

Improvement in performance on tasks involving the same cognitive abilities and
highly similar following specific cognitive task training is referred to as near transfer. In
contrast, improvement in performance on tasks involving broader cognitive abilities and
less similar tasks is referred to as far transfer. Orienting cognitive training can positively
impact cognitive abilities, thereby improving performance in practical operations [16]. Even
so, the experimental results regarding Jaeggi et al.’s working memory training enhancing
fluid intelligence (G f ) have been contentious [17]. The variability in research findings may
be due to inconsistent levels of participation and motivation among users in traditional
cognitive training. High-immersion simulated game training can effectively achieve the
goals of orienting cognitive training. Even playing video games can enhance perceptual
or cognitive abilities [18]. Bavelier et al. found that game training can enhance visual
attention and the distribution of spatial attention [19]. It is noteworthy that compared
to single-task training, multi-task training is more effective in improving attention and
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memory [20]. Given that attention and working memory might underpin most cognitive
functions, game-based computerized cognitive training (GCCT) focusing on these two
abilities may produce transfer effects on task-switching performance [21]. The Attention
Network Test (ANT), a classic psychological testing tool, enables training aimed at visuo-
spatial attention [22]. This tool was initially used to simultaneously assess the functions
of alerting, orienting, and executive control networks, which are three independent but
interrelated neural systems that constitute attention-related cognitive functions [23]. Spe-
cific ANT training can also enhance participants’ performance in these network functions,
particularly the improvement of orienting ability could enhance individuals’ capacity to
rapidly shift attention in visual space. However, traditional ANT is often not engaging,
and its effectiveness is significantly reduced when stable training performance is required
over longer testing phases and repeated testing (such as in longitudinal studies or remedial
programs), or when participants easily become bored during testing. Therefore, M. Klein
et al. developed a game-like driving task, The AttentionTrip [24]. This task involves a
scenario of “driving a spaceship through a wormhole,” requiring different responses to
green and blue targets. The scenario design aims to engage participants in an attractive
ANT task. Based on this, we incorporated the dual-N-back working memory paradigm
to develop a cognitive training software variant for visuo-spatial attention and working
memory. The N-back paradigm is commonly used to induce varying levels of brain load
and detect working memory metrics [25]. It requires participants to compare currently
presented information with information presented N trials earlier and make corresponding
judgments. Typically, the higher the N value, the greater the demand on working memory.
Dual-N-back increases task complexity by integrating multiple information sources [26],
making the training method more challenging. Although the brain regions associated
with the training tasks may vary depending on the sensory modality, cognitive training of
higher cognitive functions, such as working memory training or attention training, may
exhibit far transfer effects [15]. In addition, visuo-spatial attention and working memory
are essential for flight operations [27]; the improvements in these cognitive abilities could
further enhance pilots’ far transfer performance.

Understanding the neural processes behind cognitive training is crucial for developing
systems that enhance the cognitive abilities of drivers [15]. While various neuroimaging
techniques such as functional magnetic resonance imaging (fMRI), positron emission
tomography (PET), and functional near-infrared spectroscopy (fNIRS) can capture brain
activation changes during cognitive training, electroencephalography (EEG) has garnered
significant interest and widespread use among researchers due to its low cost, portability,
and high temporal resolution. Oscillatory activities in specific frequency bands (e.g., α

band suppression associated with attentional engagement, θ band enhancement linked
to working memory load) have been widely recognized as sensitive neural markers of
visuo-spatial attention and working memory load [28,29]. After continuous 24-h language
tasks or visuomotor tasks, θ activity in task-related brain regions increases, accompanied by
increased sleep pressure [30]. Zhao et al. revealed the potential of quantifiable EEG metrics
in capturing hidden cognitive patterns during pilot training through EEG microstate
analysis [6]. Aricò et al. classified and assessed multiple levels of mental workload
based on the power spectral density (PSD) of EEG frequency bands (θ and α) involved
in mental workload estimation [31]. Furthermore, recent studies have highlighted that
brain asymmetry plasticity may occur in physiological, disruptive injury, and pathological
evolutions, and learning and training can also lead to changes in regional asymmetry [32].
Liu et al. found that the visual and attentional systems exhibit rightward asymmetry [33].
Sun et al. conducted a graph theory analysis of brain functional connectivity in the α band
under fatigue conditions, revealing a rightward bias in frontoparietal regions associated
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with sustained attention [34]. The α band asymmetry is also formed during long-term
memory and cognitive differentiation processes and can serve as a predictor of behavioral
functions [11]. Studies have shown that physiological traces left by task processes can be
detected using EEG. During visual sequence learning tasks, θ and α changes occur in frontal
and posterior regions, with a significant increase in α power in the right occipitoparietal
region after task completion [35]. Concurrently, EEG can track brain activity changes during
training. Some cognitive training studies aimed at enhancing executive functions have
found changes in the θ band due to training [11]. Borghini et al. conducted a 5-day cognitive
training using the Multi-Attribute Task Battery (MATB) and found that the PSD of frontal θ

and parietal α changed with cognitive demand induced by the training [15].
During the training process, the improvement in cognitive function leading to en-

hanced specific task abilities and neural physiological changes may have a certain retention
effect. Paradela et al. summarized through a meta-analysis that the Cogmed Working
Memory Training (CWMT) intervention resulted in significant short-term improvements in
verbal and visuo-spatial working memory, and no significant differences were found within
a period of less than 2 months [36]. Guo et al. found that combining transcranial direct
current stimulation (tDCS) with cognitive training could improve individual response
inhibition, with long-term effects lasting about a month [37]. Participants who underwent
music and visual arts training exhibited enhanced auditory evoked responses to piano
tones, with the enhancement effect lasting up to three months, demonstrating the persis-
tence of neuroplasticity effects [38]. In the scenario of flight operation tasks, the retention
effects of operational level improvements and neural feature changes following orienting
cognitive training remain to be studied, which is crucial for developing an effective periodic
cognitive training scheme.

To explore the effectiveness of visuo-spatial attention and working memory multi-task
gamified cognitive training (MTGCT) in enhancing flight operation capabilities and the
underlying neurophysiological mechanisms, we firstly designed a 28-day experiment to
enhance simulated flight operational performances. The experiment followed a five-phase
longitudinal design including pre-test, training, post-test, retention, and tracking test. Then,
we analyzed the operational performance data of the training group and the control group
who did not undergo cognitive training at three phases: pre-test, post-test, and tracking test,
to assess the significance of the improvement effect of MTGCT on simulated flight operation
tasks. Finally, we explored the neurophysiological basis of MTGCT through EEG PSD
changes and brain asymmetry changes, as well as the retention effects of these changes.

The remainder of this paper is organized as follows: Section 2 details the MTGCT
method and experimental details. Section 3 reveals the impact of orienting training in
visuo-spatial attention and working memory on simulated flight operation tasks through
behavioral data, EEG band PSD, and asymmetry analysis results. Section 4 further explores
the process of EEG band PSD and asymmetry changes caused by cognitive training, aiming
to explain the potential neural feature changes underlying these mechanisms. Section 5
describes the limitations of this paper and the future research plans, while Section 6
summarizes the content of this paper.

2. Materials and Methods
2.1. Multi-Task Gamified Cognitive Training (MTGCT) Method Design

The benefits of working memory cognitive training can transfer to other broader
cognitive abilities, such as cognitive control mechanisms, reading comprehension, and
adaptability to new problems [15]. G f is a key factor related to various cognitive tasks.
Jaeggi et al. demonstrated that the degree of improvement in G f is positively correlated
with the amount of training, indicating a dose-dependence [26]. Dual N-back training
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can effectively enhance working memory, and the training effects can generalize to other
tasks involving executive functions [39]. Li et al. discovered that dual-N-back training
has a superior far transfer effect [40]. Liu et al. found that due to potential neural process
similarity in attention tasks, brain resource sharing leads to transfer effects between different
sensory channels, and visual attention can be improved through adaptive force control
tasks (AFCT) [41]. However, some research findings indicate that CWMT does not exhibit
far transfer effects in tasks that are not directly related, and the transfer effect depends on
the similarity between the training tasks and the actual tasks [42]. Traditional cognitive
training tasks may lack the integration of comprehensive elements from the real world, and
customizing cognitive training programs to meet the specific needs of different populations
is an effective method for addressing such issues in the future [36]. For example, in
the field of driving, after an 8-week comprehensive cognitive training that integrates
various cognitive function tasks involved in driving, participants showed a significant
reduction in traffic violations [43]. Compared to single-task cognitive training, multi-task
cognitive training is more conducive to improving attention and memory [20]. At the same
time, incorporating game elements into training environments can enhance engagement
and universality, commonly referred to as gamification or the development of serious
games [36,43]. Some meta-analyses have indicated that gamified learning approaches
outperform traditional methods. Attention network training through video games can
effectively improve attention [20,44].

In this study, we utilized the MTGCT method to comprehensively enhance cognitive
functions while maximizing participants’ interest and engagement. The framework of
the MTGCT method is illustrated in Figure 1. Since visuo-spatial attention and working
memory are the main cognitive functions involved in flight operations, this study gamified
the ANT and dual-N-back paradigms based on the ANT driving game developed by
M. Klein et al. [24], as shown in Figure 2a. We hypothesize that the cognitive function
improvements resulting from enhanced visuo-spatial attention and working memory will
lead to far transfer effects in simulated flight tasks. This transfer is reflected in changes
in neurophysiological characteristics and improvements in simulated flight operations
performance, and it exhibits a certain retention effect after a period of time.

ANT
Training

Dual-N-back
Training

Visuo-
Spatial 

Attention

Working 
Memory

Gamified

Multi-Task Gamified Cognitive Training (MTGCT)

Cognitive 
Function 

Improvement

Hypothesis
1. MTGCT can improve cognitive function
2. Cognitive function improvement leads to far 

transfer effects in simulated flight tasks
3. Both the physiological  changes  and the  

simulated flight performance improvement 
have a certain retention effect

The Effect after 
a Period of Time

Figure 1. The framework of the MTGCT method.
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Task Task

Figure 2. Overall procedure arrangement and content of the simulated flight operation enhancement
experiment. (a) The ANT and N-back training gamification design interface based on MTGCT and
joystick button indicators. (b) The experiment employed a longitudinal design framework with five
phases: pre-test, training, post-test, retention, and tracking test, with a total duration of 28 days. Day
1 was the pre-test, days 2 to 12 were the training period (participated only by the TG), day 13 was
the post-test, days 14 to 27 were the retention period, and day 28 was the tracking test. The test
contents in the pre-test, post-test, and tracking test phases were consistent, including the simulated
flight operation test and traditional cognitive test. (c) Experimental scenarios and task content for the
simulated flight operation test. The task content includes a baseline task and eight simulated flight
operation tasks, where Tasks 1, 3, 5, and 7 are altitude adjustment tasks, and Tasks 2, 4, 6, and 8 are
heading adjustment tasks. (d) Traditional cognitive test includes the ANT test and the N-back test.
* represents p < 0.05.

2.2. Experimental Protocol

The pre-test, post-test, and tracking test phases all assess the participants in the form
of task tests, with consistent test content, including a simulated flight operation test and a
traditional cognitive test, as shown in Figure 2c,d. These three phases recorded both EEG
data and behavioral data from the participants. The performance in the simulated flight
operation test was the primary focus of this study. This test was conducted on a computer
running the Windows operating system, with flight operation scenarios rendered through
X-Plane 12. X-Plane is a flight simulation software developed by Laminar Research and
has been utilized in numerous flight simulation studies [4,6,45]. Additionally, the X-Plane
software allows users to access real-time flight data via the UDP protocol. During the
experiment, participants controlled the aircraft’s altitude and heading using a joystick and
completed prescribed tasks by reading the cockpit’s instrument panel. Before the pre-test,
all participants received instructions on operation techniques from the researchers and
engaged in adaptive practice. The simulated flight operation test consisted of a baseline task
and eight simulated flight operation tasks, which were divided into altitude adjustment and
heading adjustment tasks. The specific task details are shown in Figure 2c. In the altitude
adjustment task, operators were required to maintain a climb rate of 500–1000 ft/min,
ensuring it did not exceed 1000 ft/min. In the heading adjustment task, operators were



Symmetry 2025, 17, 1627 7 of 27

required to maintain a turn coordinator (TC) L/R 20° standard turn angle for the turn. This
test aimed to assess participants’ ability to receive and execute flight commands quickly
and accurately, necessitating completion within a specified time. The ANT procedure
used in this study was consistent with [22], with each trial lasting a total of 4 s. The ANT
experiment comprised six task blocks, each requiring responses to 20 trials. The N-back
test required participants to determine whether the current numeric stimulus matched
the one presented N trials earlier. The N-back procedure in this study was performed
sequentially from 0-back to 7-back. Each task-block required responses to 20 trials, with
each trial consisting of a 1-s numeric stimulus followed by a 2-s interval. Based on task
difficulty, it was categorized into four levels to assess participants’ cognitive abilities: low
cognitive load (0-back to 1-back), moderate cognitive load (2-back to 3-back), high cognitive
load (4-back to 5-back), and ultra-high cognitive load (6-back to 7-back) [46,47]. There
was a 40-second rest interval between each difficulty level to allow participants to recover.
Schematic diagrams of the experimental paradigms of the two tests are shown in Figure 2d.

The training period involved an 11-day continuous cognitive training focused on
visuo-spatial attention and working memory for the TG participants. The specific training
content each day includes 30 min of spaceship flight game ANT training and 30 min of
spaceship flight game dual-N-back training, as shown in Figure 2a. During the training
process, the EEG data and behavioral data of the subjects were not recorded. The spaceship
flight game ANT training procedure was consistent with [22]. The difference was that
participants had to judge the central target type appearing around the spaceship. If the
target was a green triangle, they pressed the joystick’s index finger button. If it was a
blue square, they pressed the joystick’s little finger button. The spaceship flight game
dual-N-back training procedure was based on the above-mentioned traditional N-back
test, modeled after the dual N-back task procedure by Jaeggi et al. [26], and included
eight spatial stimuli. Participants had to judge the number and location of blue squares
simultaneously. If the number matched, they pressed the joystick’s index finger button. If
the location matched, they pressed the joystick’s little finger button. If both the number
and location matched, they had to press both the index finger and little finger buttons
simultaneously. No response was required if they did not match. Since dual N-back is a
more complex task, the difficulty level was adaptive. If participants’ accuracy reached 80%,
the level of “N” increased by one, but if accuracy fell below 60%, the level of “N” decreased
by one.

2.3. Participants

Forty-six healthy male student participants from Yanshan University were recruited
for this study. Considering that flight operators in actual work environments are pre-
dominantly male, male subjects were recruited to eliminate variables arising from gender
differences. At the same time, this study aimed to explore the far transfer effects of MTGCT
on simulated flight operations within a more easily controlled laboratory environment, and
the recruited subjects were all students. Moreover, they had no actual flying or simulated
flying experience, thereby eliminating variables due to differences in flying experience and
ensuring the homogeneity of the experimental sample. All participants met the following
criteria: (1) no history of neurological or psychiatric disorders; (2) right-handed; (3) normal
or corrected-to-normal vision (unaided vision ≥ 5.0); and (4) no involvement in other
cognitive training or pharmacological intervention studies in the past month. Initially,
there were 23 participants in both the control and training groups. However, due to the
termination of some participants, only the performance and EEG data of 28 participants
(mean age 22.3 ± 1.5 years) were retained. The CG ended up with 9 participants, while
the TG had 19 remaining participants. The significant dropout in the CG was attributed to
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performance instability in simulated flight operation tasks, where participants either failed
to meet the data recording standards or did not complete the tasks during the post-test or
tracking test, rendering the data unusable. Although this dropout was anticipated in the
study design, maintaining balanced group numbers proved challenging in practice.

Written informed consent was provided for all participants prior to the experiment.
Participants in the CG who completed all three phases received a $60 reward, while those
in the TG received $200. This study was approved by the Ethics Committee of Beijing
Normal University (IRB_A_0075_2023001). Participants were instructed to maintain a
healthy lifestyle during the experiment to ensure consistent physical and mental states.
They were advised to avoid alcohol, coffee, and late nights, and were prohibited from
playing any driving-related games during the experiment to ensure internal consistency
among participants. External conditions such as lighting intensity, room temperature, and
seating posture were controlled to ensure uniformity throughout the experiment.

2.4. Data Analysis Methods

EEG data were recorded at a sampling rate of 2 kHz. According to the international
10-10 system, 29 electrodes were placed at the following positions: FP1, FP2, AFz, Fz, F3,
F4, F7, F8, FCz, FC1, FC2, FC5, FC6, Cz, C3, C4, CP1, CP2, CP5, CP6, Pz, P3, P4, P7, P8,
O1, O2, TP9, and TP10, as illustrated in Figure 3. The electrodes were referenced to TP9
and TP10 (binaural average reference) and grounded at AFz, with impedance maintained
below 30 kΩ.

Fp1 Fp2

FC5
FC1 FC2

FC6

CP6

C3 C4

CP5
CP1 CP2

P7 P8

P3 P4

O1 O2

TP9
REF

TP10
REF

Fp1 Fp2

F7

F3 F4

F8

Pz

AFz
GND

Cz

Fz

Left Hemisphere Right Hemisphere

Homologous Symmetrical 
Electrode Pairs

FCz

Figure 3. Electrode placement of the 29 EEG electrodes during the experiment. AFz serves as the
ground electrode, and TP9 and TP10 are reference electrodes. Based on the division of the left and
right hemispheres, Fp1-Fp2, F3-F4, F7-F8, FC1-FC2, FC5-FC6, C3-C4, CP1-CP2, CP5-CP6, P3-P4,
P7-P8, and O1-O2 form 11 homologous symmetrical electrode pairs.

First, the data from all channels were re-referenced using the average of TP9 and TP10
signals. Then, a finite impulse response filter was applied to digitally filter the EEG signals
within the 1–30 Hz range, and the data were down-sampled to 500 Hz. Downsampling
is primarily aimed at reducing the computational load of data processing while retaining
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sufficient frequency information to study the EEG activity related to cognitive tasks. A
sampling rate of 500 Hz is adequate to cover the frequency band of interest in this study,
which is 1–30 Hz. Independent Component Analysis (ICA) was subsequently employed to
remove artifacts related to eye blinks and horizontal eye movements from the EEG data [48].
The data were then segmented based on the task-block timestamps of the simulated flight
operation test, ANT test, and N-back test. The PSD was calculated using the periodic
Welch’s method, with a window length of 8 s and a step size of 1 s. Due to the varying
lengths of task blocks, which range from approximately 30 s to 200 s, an 8-s window
length with a 1-s step size can provide sufficient window count for smooth and stable
PSD estimation. In addition, the higher frequency resolution of the 8-s window length can
reduce the ambiguity of the boundaries between neighboring frequency bands in the EEG
caused by spectral aliasing effects. Data processing was performed using MATLAB R2017b
and scripts based on the EEGLAB 2022 toolbox.

Statistical analyses were conducted using RStudio (Windows, version 1.4). To assess
the impact of different phases (pre-test, post-test, and tracking test) on the traditional cog-
nitive test scores and the simulated flight operation performance between the training and
control groups, One-Way Repeated Measures ANOVA was used, followed by Mauchly’s
Test of Sphericity. For data that violated the sphericity assumption, the Greenhouse–Geisser
correction was applied. Post-hoc pairwise comparisons were performed using Tukey’s test
to analyze the significant differences between the three phases in detail.

To further elucidate the neurophysiological changes induced by cognitive training
via EEG signals, we conducted a comprehensive analysis of the full-band PSD changes
(1–30 Hz) in the simulated flight operation test, ANT test, and N-back test at three phases
(pre-test, post-test, and tracking test) for both the control and training group. The 1–30 Hz
full-band EEG signals encompass most frequency bands related to cognitive functions,
including δ, θ, α, and β bands. We normalized the full-band EEG signals to reduce inter-
individual variability and cross-time measurement differences. This analytical process
helps confirm the validity of EEG data changes across different tasks and time points, thus
enhancing our understanding of the brain’s overall activity state.

Subsequently, we specifically analyzed the changes in specific frequency bands during
the eight simulated flight operation tasks. Previous studies have shown that changes in θ

band power are closely related to working memory load [49,50], while changes in α band
power are associated with attention allocation and can reflect the efficiency of cognitive
control resource distribution [28,29]. Both θ and α bands change with the completion of
relevant cognitive tasks and with the cognitive demands of training [35]. Cognitive training
that enhances executive functions can lead to changes in the θ band, and α band asymmetry
may gradually form with long-term memory and cognitive differentiation processes [11].
Therefore, to investigate whether visuo-spatial attention and working memory cognitive
training positively impact simulated flight operation abilities and to attempt to explain
the neurophysiological basis of these effects, this study primarily focused on the θ band
(4–8 Hz) and α band (8–13 Hz) in the EEG signal analysis. To visually observe the relative
changes in the TG compared to the CG, we present the results of the Inter-Group Ratio on a
brain topography map. It represents the ratio of the relative band ratios of the two groups,
calculated using Equation (1).

Inter-Group Ratio =
PSDTraining

Band

PSDTraining
1−30 Hz

/
PSDControl

Band

PSDControl
1−30 Hz

(1)
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where Band represents the specific frequency band, either θ or α. PSDTraining
Band

PSDTraining
1−30 Hz

is the relative

band ratio of TG, and PSDControl
Band

PSDControl
1−30 Hz

is the relative band ratio of CG. A higher Inter-Group Ratio

indicates an enhancement of the PSD in the specific band for the TG compared to the CG,
and vice versa for a reduction. Hemispheric asymmetry plays a crucial role in various
cognitive and behavioral functions, and training may also lead to changes in brain regional
asymmetry [32]. Therefore, this study further calculated the Asymmetry Index (ASMI)
to reveal the relationship between cognitive training and brain asymmetry. Excluding
electrodes located on the midline of the brain (Fz, FCz, Cz, Pz), the ground electrode
(AFz), and reference electrodes (TP9, TP10), we organized the remaining 22 electrodes into
11 homologous electrode pairs marked with bidirectional dashed arrows in Figure 3. These
11 electrode pairs belong to four brain regions, with each pair’s associated brain region
detailed in Table 1. ASMI was calculated by subtracting the natural log-transformed PSD
of the specific frequency band at the left hemisphere electrode from that at the homologous
right hemisphere electrode [51–53], as shown in Equation (2).

ASMI = ln(PSDRight
Band )− ln(PSDLe f t

Band) = ln(
PSDRight

Band
PSD1−30 Hz

)− ln(
PSDLe f t

Band
PSD1−30 Hz

) (2)

where Band represents the specific frequency band, either θ or α. Right denotes the right
hemisphere electrode of the homologous pair, and Le f t denotes the corresponding left
hemisphere electrode. A positive ASMI indicates higher PSD in the specific band on the
right hemisphere, while a negative ASMI indicates higher PSD on the left hemisphere.
ASMI measures relative asymmetry and is sensitive to absolute differences in PSD be-
tween hemispheres. After calculating the asymmetry indices for all subjects, we used
a one-sample t-test to analyze the significance, further examining the changes in brain
asymmetry for control and training group subjects across different phases to better explain
the physiological changes induced by cognitive training.

Table 1. The corresponding brain regions and electrode pair numbers of 11 homogenous symmetrical
electrode pairs.

Belonging Brain Region Left Hemisphere Right Hemisphere Electrode Pair Number

Frontal

Fp1 Fp2 EP-F01
F3 F4 EP-F02
F7 F8 EP-F03

FC1 FC2 EP-F04
FC5 FC6 EP-F05

Somatomotor
C3 C4 EP-S01

CP1 CP2 EP-S02
CP5 CP6 EP-S03

Parietal P3 P4 EP-P01
P7 P8 EP-P02

Occipital O1 O2 EP-O01

3. Results
This section first provides a detailed analysis of the significant differences in traditional

cognitive test scores and simulated flight operation performance between the CG and the
TG across the pre-test, post-test, and tracking test. Then, we analyze the changes in the EEG
PSD across the full-band during the simulated flight operation test, ANT test, and N-back
test for both groups at these three phases, to validate the effectiveness of physiological
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data at each phase and help us understand the overall changes in brain activity. Finally,
we specifically analyze the changes in the θ and α bands during the eight simulated flight
operation tasks for the TG compared to the CG, and attempt to explain the changes in brain
asymmetry induced by cognitive training using ASMI.

3.1. Analysis of Behavioral Data
3.1.1. Statistical Analysis of Traditional Cognitive Test Scores

We conducted a statistical analysis of the scores of subjects in the CG and the TG who
completed the traditional cognitive test across the pre-test, post-test, and tracking test. The
results are shown in Figure 4. The traditional cognitive test scores include accuracy and
reaction time of the ANT test and the N-back test. In the pre-test phase, the results of the
unequal variances t-Test (Welch’s t-Test) show that there were no significant differences in
the traditional cognitive test scores of the two groups.

ANT Test
(a)

N-back Test
(b)

Figure 4. Traditional cognitive test scores for the control group (CG) and training group (TG) across
the pre-test, post-test, and tracking test phases. Traditional cognitive test scores include accuracy and
reaction time. The higher the accuracy and the shorter the reaction time, the better the performance.
Significant differences between phases are marked. * represents p < 0.05, *** represents p < 0.001,
and **** represents p < 0.0001. (a) ANT test scores. (b) N-back test (2-back to 7-back) scores.

Compared with the CG, the TG showed a more significant improvement in the tra-
ditional cognitive test scores during the post-test and tracking test phases, especially the
effective increase in accuracy. We used One-Way Repeated Measures ANOVA to explore
the main effect of time points (pre-test, post-test, and tracking test). For the traditional cog-
nitive test scores of both groups, we tested the significance of main effect time points under
the assumption of non-significant violation of sphericity. Data that violated the spherical
assumption were corrected by Greenhouse–Geisser. After discovering the significant main
effect, we conducted Tukey’s post-hoc pairwise comparisons of the scores at each phase.

The ANT test results in Figure 4a show that no significant main effect was found in
the ANT test accuracy of the CG, and only a significant improvement in reaction time was
observed in the tracking test phase compared to the pre-test phase (p < 0.05). The ANT test
scores of the TG showed significant improvement both in the post-test and tracking test
phases (p < 0.0001). From the N-back test results in Figure 4b, we found that the N-back
test accuracy of the CG did not have a significant main effect, and the reaction time was
significantly improved in the tracking test phase. In the post-test and tracking test phases,
the accuracy of the N-back test in the TG was significantly improved (p < 0.0001), and the
reaction time was also significantly improved (p < 0.001).
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The above results indicate that, compared with the CG, the traditional cognitive test
scores of the TG have improved more significantly. This indicates that MTGCT enhances the
near transfer performance in similar traditional cognitive tests, and this performance can be
interpreted as the cognitive function improvement of the subjects during the experiment.

3.1.2. Statistical Analysis of Simulated Flight Operation Performance

We conducted a statistical analysis of the performance data of subjects in the CG and
the TG who completed the simulated flight operation tasks across the pre-test, post-test, and
tracking test. The results are shown in Figure 5. The simulated flight operation performance
includes the finish time and operating error. Tasks 1, 3, 5, and 7 are altitude adjustment
tasks, while Tasks 2, 4, 6, and 8 are heading adjustment tasks. In the pre-test phase, the
simulated flight operation performance of the CG and the TG was very similar. After
conducting the unequal variances t-Test (Welch’s t-Test), it was found that, except for the
finish time of Task 4 (p < 0.05) and the operating error of Task 7 (p < 0.05), there were no
significant differences in the operational performance of the two groups across Tasks 1 to 8.

Significance Markers of Finish Time Significance Markers of Operating Error

Figure 5. Simulated flight operation performance data for the control group (CG) and training group
(TG) across the pre-test, post-test, and tracking test phases. Simulated flight operation performance
includes finish time and operating error, with lower values indicating better performance. Significant
differences between phases are marked. * represents p < 0.05, ** represents p < 0.01, *** represents
p < 0.001, and **** represents p < 0.0001.

Compared to the pre-test phase, the mean performance of both groups improved to
varying degrees in the post-test phase. The mean performance in the tracking test phase
generally declined compared to the post-test phase. Similarly, we used One-Way Repeated
Measures ANOVA to explore the main effect of time points (pre-test, post-test, and tracking
test). As shown in Figure 5, the performance of the TG in the eight simulated flight
operation tasks significantly improved in both the post-test and tracking test compared
to the pre-test phase (p < 0.0001). However, the significant improvement in the CG
varied across the eight simulated flight tasks, with some tasks not showing significant
improvement. After confirming the significance of the main effect time points, Tukey’s
post-hoc pairwise comparisons were made to analyze the significant differences between
the three phases. Detailed statistical analysis results of the eight simulated flight tasks are
provided in Table 2.
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Table 2. Detailed statistical analysis results of the simulated flight task performance. FT represents
the finish time. OE represents the operating error. CG represents the control group. TG represents
the training group.

Task Grade Group
Mauchly Test Greenhouse-

Geisser
Correction

One-Way Repeated Measures ANOVA Tukey Test

W χ2(2) p-Value F p-Value η2
p

Pre vs.
Post

Pre vs.
Tracking

Post vs.
Tracking

Task 1

FT
CG 0.7494 2.0190 p = 0.3644 No F(2, 16) = 20.1625 p < 0.0001 0.7159 p < 0.05 p < 0.0001 p < 0.01

TG 0.5559 9.9826 p < 0.01 Yes F(1.3849, 24.9286)
= 87.2010 p < 0.0001 0.8289 p < 0.0001 p < 0.0001 p < 0.05

OE
CG 0.5005 4.8457 p = 0.0887 No F(2, 16) = 10.6326 p < 0.01 0.5706 p = 0.0877 p < 0.001 p = 0.0802

TG 0.2099 26.5373 p < 0.0001 Yes F(1.173, 20.1109)
= 32.1971 p < 0.0001 0.6414 p < 0.0001 p < 0.0001 p = 0.8360

Task 2

FT
CG 0.9341 0.4774 p = 0.7877 No F(2, 16) = 20.7936 p < 0.0001 0.7222 p < 0.0001 p < 0.001 p = 0.4862

TG 0.4607 13.1737 p < 0.01 Yes F(1.2993, 23.3879)
= 70.3690 p < 0.0001 0.7963 p < 0.0001 p < 0.0001 p = 0.5971

OE
CG 0.4388 5.7665 p = 0.0560 No F(2, 16) = 5.0114 p < 0.05 0.3852 p < 0.05 p = 0.1391 p = 0.5282

TG 0.6755 6.6688 p < 0.05 Yes F(1.5100, 27.1803)
= 55.1079 p < 0.0001 0.7538 p < 0.0001 p < 0.0001 p = 0.7460

Task 3

FT
CG 0.9631 0.2630 p = 0.8768 No F(2, 16) = 9.6304 p < 0.01 0.5462 p < 0.05 p < 0.01 p = 0.3563

TG 0.4400 13.9552 p < 0.001 Yes F(1.2821, 23.0775)
= 74.9872 p < 0.0001 0.8064 p < 0.0001 p < 0.0001 p < 0.05

OE
CG 0.4897 4.9981 p = 0.0822 No F(2, 16) = 6.0235 p < 0.05 0.4295 p < 0.05 p < 0.05 p = 0.9239

TG 0.3974 15.6901 p < 0.001 Yes F(1.2479, 22.4628)
= 39.2536 p < 0.0001 0.6856 p < 0.0001 p < 0.0001 p = 0.9872

Task 4

FT
CG 0.7229 2.2711 p = 0.3213 No F(2, 16) = 16.9581 p < 0.001 0.6795 p < 0.01 p < 0.001 p = 0.4151

TG 0.3981 15.6589 p < 0.001 Yes F(1.2485, 22.4730)
= 60.2832 p < 0.0001 0.7701 p < 0.0001 p < 0.0001 p = 0.0619

OE
CG 0.2162 10.7222 p < 0.01 Yes F(1.1212, 8.9694)

= 3.1571 p = 0.0699 0.2830 - - -

TG 0.4197 14.7593 p < 0.001 Yes F(1.2656, 22.7806)
= 60.4451 p < 0.0001 0.7705 p < 0.0001 p < 0.0001 p = 0.8841

Task 5

FT
CG 0.9585 0.2971 p = 0.8620 No F(2, 16) = 12.8779 p < 0.001 0.6168 p < 0.01 p < 0.001 p = 0.5980

TG 0.6430 7.5067 p < 0.05 Yes F(1.4739, 26.5296)
= 68.6504 p < 0.0001 0.7923 p < 0.0001 p < 0.0001 p = 0.2447

OE
CG 0.7146 2.3522 p = 0.3085 No F(2, 16) = 3.9916 p < 0.05 0.3329 p = 0.2937 p < 0.05 p = 0.4330

TG 0.6626 6.9966 p < 0.05 Yes F(1.4955, 26.9181)
= 23.8963 p < 0.0001 0.5704 p < 0.0001 p < 0.0001 p = 0.6357

Task 6

FT

CG 0.3585 7.1804 p < 0.05 Yes F(1.2184, 9.7473)
= 14.9266 p < 0.001 0.6511 p < 0.001 p < 0.001 p = 0.9423

TG 0.6808 6.5359 p < 0.05 Yes F(1.5161, 27.2896)
= 74.2114 p < 0.0001 0.8048 p < 0.0001 p < 0.0001 p = 0.9989

OE
CG 0.4021 6.3776 p < 0.05 Yes F(1.2516, 10.0131)

= 4.8218 p < 0.05 0.3761 p < 0.05 p = 0.0567 p = 0.9453

TG 0.5870 9.0566 p < 0.05 Yes F(1.4154, 25.4776)
= 23.4713 p < 0.0001 0.5660 p < 0.0001 p < 0.0001 p = 0.9531

Task 7

FT
CG 0.7101 2.3960 p = 0.3018 No F(2, 16) = 19.8175 p < 0.0001 0.7124 p < 0.01 p < 0.0001 p = 0.2626

TG 0.5974 8.7578 p < 0.05 Yes F(1.4259, 25.6667)
= 40.1103 p < 0.0001 0.6902 p < 0.0001 p < 0.0001 p = 0.9875

OE
CG 0.7613 1.9092 p = 0.3850 No F(2, 16) = 8.8913 p < 0.01 0.5264 p < 0.01 p < 0.01 p = 0.9999

TG 0.7586 4.6977 p = 0.0955 No F(2, 36) = 102.3400 p < 0.0001 0.8504 p < 0.0001 p < 0.0001 p = 0.2673

Task 8

FT
CG 0.7911 1.6403 p = 0.4404 No F(2, 16) = 5.2577 p < 0.05 0.3966 p = 0.1522 p < 0.05 p = 0.4440

TG 0.4040 15.406 p < 0.001 Yes F(1.2532, 22.5569)
= 56.5552 p < 0.0001 0.7586 p < 0.0001 p < 0.0001 p < 0.05

OE
CG 0.6941 2.5557 p = 0.2786 No F(2, 16) = 0.6902 p = 0.5158 0.0794 - - -

TG 0.7328 5.2858 p = 0.0712 No F(2, 36) = 42.4158 p < 0.0001 0.7021 p < 0.0001 p < 0.0001 p = 0.8695
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The results in Table 2 indicate that the performance variability across different time
points due to training effects was larger in the TG, with performance data for almost
all tasks violating the sphericity assumption. Conversely, the performance of CG was
relatively stable. Except for the operating error in Task 8, the effect size η2

p for One-Way
Repeated Measures ANOVA concerning time points was generally large for almost all
tasks. This indicates that as the experiment progressed, the proficiency of both the CG and
TG in the simulated flight operation tasks gradually improved. However, the η2

p values for
task performance in the TG were significantly larger than those in the CG, except for the
finish time in Task 7, indicating that cognitive training further enhanced simulated flight
operation abilities. According to the results of Tukey’s tests in Table 2, in the CG, except for
Tasks 3 and 7, we did not observe significant performance changes during the post-test or
tracking test compared to the pre-test. This also indicates that the performance of subjects
who did not undergo MTGCT varied greatly and did not show substantial improvement
in operational abilities. The fact that the task performance in the TG generally did not
significantly decline in the tracking test phase compared to the post-test phase further
suggests that the improvements in simulated flight operation abilities induced by MTGCT
may have a certain retention effect. Moreover, this kind of far transfer performance should
be accompanied by an improvement in cognitive ability, and it is necessary to deeply
explore the neurophysiological change process behind it.

3.2. EEG Signal Analysis
3.2.1. Full-Band Analysis

To explore the neurophysiological changes induced by MTGCT, we first analyzed the
full-band PSD changes in the CG and TG during the pre-test, post-test, and tracking test
phases for the simulated flight operation test, ANT test, and N-back test. The normalized
average PSD of the full-band EEG was mapped onto a 3 × 3 whole-brain topography map,
as shown in Figure 6.
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Figure 6. Normalized EEG full-band mean PSD for the control group (CG) and training group (TG),
mapped onto whole-brain topography maps across three phases (pre-test, post-test, and tracking test) ×
three tests (ANT test, N-back test, and simulated flight operation test). Significant difference results of
each electrode position have been marked. * represents p < 0.05, ** represents p < 0.01, *** represents
p < 0.001, and **** represents p < 0.0001. In the pre-test phase, an independent sample t-test was used to
analyze the difference in the full-band PSD mean between CG and TG at the initial phase. In the same
group, a paired sample t-test was used to analyze the differential changes in the full-band PSD mean
between the post-test phase and the pre-test phase, as well as between the tracking test phase and the
post-test phase. All p-value results were obtained through Bonferroni correction at 26 electrode positions.
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In the pre-test phase, the inter-group independent samples t-test results of the three
tests showed that the full-band PSD difference between the CG and the TG was minimal.
Furthermore, a higher response was generally observed in the frontal lobe region. We
believe this is because the subjects in both the CG and TG were performing these phase
tests for the first time, leading to a higher cognitive load due to their lack of proficiency.
The parietal and occipital lobes displayed higher responses in the ANT test and simulated
flight operation test, indicating that the subjects allocated more attention.

In the post-test phase, although subjects in both the CG and TG had become somewhat
familiar with and mastered the experimental test content, the untrained CG still exhibited
task load. Specifically, compared to the ANT test and N-back test in the pre-test phase,
the frontal lobe full-band PSD of TG significantly decreased. Compared to the simulated
flight operation test in the pre-test phase, although there were no significant changes in
either the CG or the TG, the TG still exhibited significant changes in the frontal and parietal
regions. This suggests that the simulated flight operation tasks may have engaged multiple
cognitive functions of the subjects. MTGCT enabled subjects to better integrate visual
information about the aircraft’s status and perform corresponding decisions, execution,
and control during tasks.

In the tracking test phase, after a 14-day retention period, the TG showed a certain
degree of rebound in the full-band PSD across three tests compared to the post-test phase. In
contrast, the CG did not show any significant changes in full-band PSD during the simulated
flight operation test compared to the post-test phase. This indicates that MTGCT gradually
helps the TG form a neural activity pattern. However, the significant increase in frontal lobe
responses can be found in all tests in the tracking test phase. This also suggests that the
rebound in load level somewhat affected the consolidation of this neural activity pattern.
Nevertheless, MTGCT not only significantly improved the simulated flight operation ability
of the subjects but also somewhat hindered the rebound of the formed neural activity pattern.

3.2.2. Analysis of θ Band PSD Relative Band Ratio Changes

To further explore the impact of MTGCT on θ band PSD changes during simulated
flight operations, this study calculated the Inter-Group Ratio of θ band relative differences
between the TG and CG using Equation (1). The mean Inter-Group Ratio of the θ band
for the eight simulated flight tasks across the three phases is mapped onto a whole-brain
topography map, as shown in Figure 7a. Additionally, to better observe the evolution of the
θ band under the influence of MTGCT, Figure 7b further presents the θ band relative band
ratio of all EEG electrodes for the eight simulated flight tasks in the three phases for both the
CG and TG. The θ band PSD relative band ratios and their average values of the simulated
flight operation tasks of the CG and the TG in different phases are provided in Table 3.

It can be observed that in the pre-test phase, the TG had a higher θ band PSD propor-
tion in the right parieto-occipital region, while the ratios in other regions were around 1,
reflecting the similarity in physiological characteristics between the TG and CG in the early
phase. Due to the first encounter with the simulated flight operation tasks, subjects needed
to process a large amount of new information (such as instrument readings and operational
changes), resulting in high cognitive control and working memory load, which strongly
activated the θ band. The mean relative band ratio for the eight simulated flight tasks was
0.2153 for the CG and 0.1935 for the TG.
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Table 3. The θ and α bands PSD relative band ratios and their average values of the simulated flight
operation tasks of the control group and the training group in different phases.

Group Phase
Simulated Flight Operation Tasks

Average
Task 1 Task 2 Task 3 Task 4 Task 5 Task 6 Task 7 Task 8

θ Band PSD Relative Band Ratio

Control
Group

Pre-Test 0.2302 0.2270 0.2350 0.2144 0.2104 0.2104 0.2020 0.1933 0.2153

Post-Test 0.1983 0.2252 0.2226 0.2204 0.2257 0.2191 0.2252 0.2476 0.2230

Tracking Test 0.2219 0.1984 0.1675 0.1615 0.2108 0.2149 0.2265 0.2028 0.2005

Training
Group

Pre-Test 0.1980 0.1940 0.1868 0.1956 0.1900 0.1970 0.1932 0.1938 0.1935

Post-Test 0.1603 0.1672 0.1693 0.1653 0.1653 0.1731 0.1739 0.1724 0.1684

Tracking Test 0.1696 0.1675 0.1615 0.1615 0.1743 0.1815 0.1839 0.1851 0.1731

α Band PSD Relative Band Ratio

Control
Group

Pre-Test 0.1301 0.1274 0.1431 0.1277 0.1407 0.1456 0.1447 0.1466 0.1383

Post-Test 0.1814 0.1602 0.1956 0.1623 0.1399 0.1621 0.1392 0.1470 0.1610

Tracking Test 0.1337 0.1376 0.1296 0.1420 0.1530 0.1591 0.1370 0.1388 0.1414

Training
Group

Pre-Test 0.1134 0.1077 0.1078 0.1038 0.1151 0.1112 0.1222 0.1147 0.1120

Post-Test 0.1612 0.1456 0.1579 0.1584 0.1541 0.1585 0.1556 0.1464 0.1547

Tracking Test 0.1319 0.1377 0.1429 0.1324 0.1295 0.1430 0.1390 0.1318 0.1360

In the post-test phase, the TG that underwent MTGCT showed a decrease in overall
θ band PSD proportion compared to the CG, especially in the frontal lobe. The MTGCT
reduced the need for cognitive control and the consumption of cognitive resources, leading
to an overall decrease in θ band PSD proportion, with the mean relative band ratio for the
eight simulated flight tasks dropping to 0.1684 for the TG. In contrast, the CG showed no
significant trend change, with a mean of 0.2230. This indicates that MTGCT plays a positive
role in optimizing cognitive resource allocation and reducing cognitive load. Additionally,
the TG exhibited a significant decrease in the θ band PSD proportion in the right frontal
and parieto-occipital regions, suggesting that the θ band may exhibit a left-right asymmetry
due to improvements in cognitive abilities and performance.

In the tracking test phase, the TG showed an increase in the θ band PSD proportion
in the frontal lobe, but the overall brain still exhibited a lower level of θ band power
proportion, with the mean relative band ratio for the eight simulated flight tasks being
0.1731. Meanwhile, the mean relative band ratio of CG showed a slight decrease to 0.2005,
likely due to improved task proficiency. The differences in θ band PSD changes observed
between the TG and CG in the post-test phase indicate that MTGCT reduces θ band power,
and the slight rebound in the mean relative band ratio of TG in the tracking test phase
suggests a certain retention effect of this change.
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Figure 7. Illustration of θ band PSD relative band ratio changes during simulated flight tasks.
(a) Whole-brain topography map of the θ band mean Inter-Group Ratio for the eight simulated flight
tasks across the pre-test, post-test, and tracking test phases. (b) Trends in θ band PSD relative band
ratio for all EEG electrodes during the eight simulated flight tasks in the control group (CG) and
training group (TG) across the three phases.

3.2.3. Analysis of θ Band Asymmetry

To further analyze the θ band asymmetry, we calculated the ASMI values for 11 electrode
pairs belonging to four brain regions using Equation (2). The ASMI values of these
electrode pairs are presented in box plots in Figure 8. The region of each electrode pair
includes the ASMI values of CG and TG during pre-test, post-test, and tracking test. The
red dashed line representing an ASMI value of 0 serves as a reference, where a positive
ASMI value indicates rightward asymmetry, and a negative ASMI value indicates leftward
asymmetry. The results of the one-sample t-test for zero-mean significance are marked on
the top axis of each task frame in Figure 8.

In the pre-test phase, none of the electrode pairs exhibited significant lateralization
in any of the eight tasks. As the experiment progressed, both the CG and TG displayed
varying degrees of leftward asymmetry in the post-test and tracking test phases, primarily
observed in five electrode pairs located in the frontal region (EP-F01, EP-F02, EP-F03,
EP-F04, and EP-F05). This leftward asymmetry in the frontal lobe was more prominently
observed in the TG. Compared to the pre-test phase, the absolute ASMI values of the
frontal electrode pairs generally increased during the post-test and tracking test phases.
This may be related to the desynchronization between the left and right hemispheres in the
θ band associated with improved executive function performance.
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Figure 8. Box plots of θ band asymmetry analysis for the eight simulated flight tasks, displaying ASMI
values for the 11 electrode pairs in the control group (CG) and training group (TG) during the pre-test
(pr), post-test (po), and tracking test (tr) phases. The red dashed line represents the reference line at
0, positive values indicate rightward asymmetry, while negative values indicate leftward asymmetry.
Results of one-sample t-test for zero-mean significance are marked on the top axis of each task plot frame.
* represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001, and **** represents p < 0.0001.

3.2.4. Analysis of α Band PSD Relative Band Ratio Changes

Similar to the analysis process of the θ Band PSD Relative Band Ratio in Section 3.2.2,
the mean Inter-Group Ratio of the α band for the eight simulated flight tasks across the three
phases is mapped onto the whole-brain topography map shown in Figure 9a. Figure 9b
presents the α band relative band ratio of all EEG electrodes for the eight simulated flight
tasks in the three phases for both the CG and TG. The α band PSD relative band ratios
and their average values of the simulated flight operation tasks of the CG and the TG in
different phases are provided in Table 3.

It can be observed that during the pre-test phase, due to the constant visual attention
and rapid decision-making required by the simulated flight operation tasks, α band sup-
pression occurs in brain regions outside the frontal lobe. Therefore, inter-group differences
result in a lower proportion of α band PSD in the frontal lobe of the TG, while the level of
the α relative band ratio in other regions is comparable to that of the CG. For both the CG
and TG, the α relative band ratio is at a low level, indicating a high demand for attentional
resources in both groups. The mean α relative band ratio for the eight simulated flight tasks
is 0.1383 for the CG and 0.1120 for the TG.

In the post-test phase, although the overall proportion of α band PSD increased for
both the CG and TG, the increase was less pronounced in the CG compared to the TG.
The mean α relative band ratio for the eight simulated flight tasks in the TG increased to
0.1547, while it was 0.1610 for the CG. Additionally, the frontal and right parietal α band
PSD proportion in the TG, which underwent MTGCT, showed a higher increase. This
indicates that the TG had a stronger capability for attentional resource allocation, and this
improvement might lead to α band brain left-right asymmetry.
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Figure 9. Illustration of α band PSD relative band ratio changes during simulated flight tasks.
(a) Whole-brain topography map of the θ band mean Inter-Group Ratio for the eight simulated flight
tasks across the pre-test, post-test, and tracking test phases. (b) Trends in α band PSD relative band
ratio for all EEG electrodes during the eight simulated flight tasks in the control group (CG) and
training group (TG) across the three phases.

In the tracking test phase, the proportion of frontal α band PSD in the TG remained
higher than that in the CG, while the parietal α levels were comparable between the two
groups. Nonetheless, the TG still exhibited a relatively high proportion of α band PSD across
the whole brain, with a mean α relative band ratio of 0.1360 for the eight simulated flight
tasks. In contrast, the mean α relative band ratio of CG decreased to 0.1414, approaching
the overall level of the pre-test phase. These changes suggest that MTGCT can enhance α

band power, and this enhancement effect has a certain retention effect.

3.2.5. Analysis of α Band Asymmetry

The α band asymmetry is analyzed using the ASMI values of 11 electrode pairs
belonging to 4 brain regions, calculated according to Equation (2). The results are presented
in Figure 10, similar to Figure 8.

In the pre-test phase, none of the electrode pairs exhibited significant lateralization
across the eight tasks. As the experiment progressed, the CG and TG demonstrated varying
degrees of rightward asymmetry during the post-test and tracking test phases, primarily
in five electrode pairs located in the frontal lobe (EP-F01, EP-F02, EP-F03, EP-F04, and
EP-F05) and two electrode pairs in the parietal lobe (EP-P01 and EP-P02). Additionally, the
leftward asymmetry in the frontal and parietal lobes was more readily observed in the TG.
Significant asymmetry was also observed in the TG during the post-test and tracking test
phases in three electrode pairs in the somatomotor region (EP-S01, EP-S02, and EP-S03) and
one electrode pair in the occipital lobe (EP-O01). Although these asymmetries also exhibited
rightward lateralization, they were not consistently observed across all eight tasks.
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Figure 10. Box plotsof α band asymmetry analysis for the eight simulated flight tasks, displaying
ASMI values for the 11 electrode pairs in the control group (CG) and training group (TG) during the
pre-test (pr), post-test (po), and tracking test (tr) phases. The red dashed line represents the reference
line at 0, positive values indicate rightward asymmetry, while negative values indicate leftward
asymmetry. Results of one-sample t-test for zero-mean significance are marked on the top axis of
each task plot frame. * represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001, and
**** represents p < 0.0001.

4. Discussion
This study aims to explore the efficacy of visuo-spatial attention and working mem-

ory MTGCT on enhancing simulated flight operation abilities. It also investigates the
neurophysiological impacts of MTGCT through changes in EEG PSD features and brain
asymmetry, and whether these effects have a certain retention effect. Unlike previous stud-
ies that typically focus on a single traditional cognitive training task to improve operational
or executive ability, we designed an MTGCT scheme that closely resembles operational
scenarios. As far as we know, no research has explored the brain changes induced by
MTGCT in the context of simulated flight tasks. Therefore, by analyzing the changes in
EEG signal characteristics, we elucidate the mechanisms of neuroactivity changes induced
by MTGCT, thereby providing a theoretical foundation for developing an effective periodic
training scheme in the field of aviation piloting.

The analysis results of behavioral data indicate that regular visuo-spatial attention
and working memory MTGCT can enhance the capacity to handle task load and allocate
attention resources. We found that the TG showed a more significant improvement in the
traditional cognitive test (p < 0.0001), except for a slightly lower significance in the reaction
time of the N-back test (p < 0.001). This reflects the optimization of cognitive resource
allocation and improvement in self-control among the participants in the TG during the
experiment. We also discovered that the significant improvements of TG in all simulated
flight task performance (p < 0.0001). This result indicates that participants who underwent
MTGCT exhibited far transfer performance in simulated flight tasks that surpass specific
cognitive training tasks. Moreover, this phenomenon of far transfer was accompanied by
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physiological changes, including alterations of θ (4–8 Hz) and α (8–13 Hz) bands PSD due
to optimized cognitive resource allocation and changes in brain asymmetry due to the
formation of neural activity patterns.

Regular visuo-spatial attention and working memory MTGCT led to a decrease in the
θ relative band ratio and an increase in the α relative band ratio in the frontal and parietal
lobes during the simulated flight tasks. These physiological changes can persist for at
least two weeks. Hankins et al. found through studies of EEG indicators during different
stages of flight that high cognitive load is closely associated with an increase in θ power,
especially during flight stages requiring brain calculations [54]. Related studies indicate
that changes in θ and α band characteristics play an important role in assessing cognitive
levels in the aviation field [55]. In this study, the θ band PSD was relatively high in the
pre-test phase, while the α band PSD was relatively low, reflecting the high cognitive load
state and high attention demand of the subjects when they first encountered the simulated
flight task. This is consistent with the findings of Verkennis et al. and Sterman et al., where
high workload conditions in flight simulation tasks led to an increase in θ power, and visual
attention control conditions suppressed α activity [55,56]. This result suggests that the θ

and α bands play important roles in cognitive control and monitoring during simulated
flight tasks. After MTGCT, the improvement in simulated flight operating performance led
to changes in the θ and α bands. Related studies show that some training aiming to enhance
executive functions can lead to changes in the θ band [11], and frontal θ and parietal α

power change with cognitive effort induced by training [15]. Olesen et al. found that five
weeks of working memory task practice led to increased activity in brain regions associated
with working memory [57]. In the study of Borghini et al., subjects showed continuous
improvement in MATB task performance after five days of MATB training, accompanied
by an increase in frontal θ power and a decrease in parietal α power [15]. However, in this
study, the TG showed a significant decrease in θ band PSD and an upward trend in α band
PSD after MTGCT. Particularly compared to the CG, the decrease in θ band PSD was more
pronounced in the frontal and right parietal regions, and the increase in α band PSD was
more evident in the frontoparietal regions. We believe that the decrease in θ band PSD
and increase in α band PSD in the post-test phase suggest that gamified cognitive training
may more easily reduce the involvement demand of frontoparietal in cognitive control and
attention processes by enhancing task automation. Hempel et al. found that brain activation
increased after two weeks of working memory training but decreased after four weeks,
suggesting that the frontal and parietal cortices contain at least two parallel mechanisms of
working memory training effects: the enhancement mechanism of working memory and
the automatic processing inhibition mechanism of repetitive tasks [58]. The continuous
11 days of immersive and more complex gamified cognitive training may accelerate the
transition to the automatic processing inhibition mechanism. Furthermore, Liu et al. found
that subjects exhibited a reduction in medial frontal θ band PSD after five consecutive
days of training, indicating that local θ activity may be positively correlated with cognitive
demand [41]. This is consistent with our findings, where cognitive training led to less
conflict in decision-making and consumed fewer brain resources. Cognitive training may
enhance control over the allocation of limited brain resources [59]. Miró-Padilla et al. used
fMRI to measure participants after five weeks of N-back training, showing that cognitive
training’s improvement in behavioral performance is related to reduced brain activation,
and the improvement in neural processing efficiency can be maintained over time [60].

Regular visuo-spatial attention and working memory MTGCT lead to lateralization
changes in the relevant brain regions during simulated flight tasks. This neuroplastic-
ity specifically manifests as θ band leftward asymmetry in the frontal lobe and α band
rightward asymmetry in the frontoparietal lobe, with the established asymmetry pattern
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persisting for at least two weeks. Related studies have shown that learning and training
can induce asymmetric plastic changes in the relevant brain regions [32]. The cognitive
workloads in different flight phases modulate prefrontal cortical asymmetry [61]. Our
findings further corroborate these conclusions. In the post-test and tracking test phases
of this study, the TG exhibited θ band leftward asymmetry in the frontal lobe, with the
absolute values of the ASMI of the frontal electrodes generally being larger than in the
pre-test phase, indicating a higher degree of lateralization. Previous studies have shown
that the left frontal lobe is closely related to executive functions and cognitive control, and
the desynchronization of the θ band between the left and right hemispheres is a key factor
for the improvement in executive function performance [11]. Our findings are consistent
with these results. Specifically, MTGCT may enhance the θ band activity in the left hemi-
sphere to strengthen the executive function network, thereby improving the performance
in simulated flight operation tasks. The leftward asymmetry in the θ band indicates that
the brain gradually adapts to and optimizes cognitive demands during cognitive train-
ing by enhancing the activity of the left frontal region. Similarly, we found that in the
post-test and tracking test phases, the α band in the frontal and parietal regions of the TG
exhibited rightward asymmetry. This is consistent with related research findings that the α

band reveals a rightward bias in the frontoparietal regions associated with the attention
system [33,34,62]. Studies have shown that the activity of the α band in the right hemi-
sphere can be seen as a potential neural characteristic related to executive functions [11].
Particularly in tasks involving highly focused simulated flight operations, the rightward
asymmetry of the α band may reflect an optimized strategy for brain resource allocation.
Additionally, α band asymmetry also forms during the processes of long-term memory
and cognitive differentiation [11]. After MTGCT, the enhanced alpha band activity in the
right hemisphere may be due to the right hemisphere being more adept at processing
spatial and non-verbal information, reflecting an overall improvement of brain in cognitive
efficiency during the cognitive training process. The short-term adaptive changes in θ

and α band asymmetry during the MTGCT process can serve as important theoretical
bases for understanding neural mechanisms. The asymmetric patterns of brain neural
activity formed in this study exhibited a duration of at least two weeks, suggesting that
MTGCT can lead to a reduction in brain activation levels and an improvement in neural
processing efficiency in the short term. Cognitive training is associated with high levels
of self-control and automation capabilities, which can induce brain asymmetry, thereby
reducing task load and enhancing physical perception abilities [63]. This indicates that the
performance improvements induced by MTGCT may not be limited to simulated flight
tasks but could transfer to other tasks requiring high executive function and cognitive
control. Regular cognitive training may result in long-term improvements in physical
functions and psychological states [63].

This study preliminarily verifies the enhancement effect of visuo-spatial attention
and working memory MTGCT on simulated flight operational capabilities and reveals the
improvement in behavioral performance accompanying the phased PSD and asymmetry
changes in the θ and α bands. These findings not only help us to better understand
the neural mechanisms behind cognitive training but also provide scientific evidence for
developing more effective training schemes. Nevertheless, further exploration is needed to
optimize and personalize MTGCT protocols, dynamically adjusting training plans based
on participants’ task performance and cognitive assessments. Additionally, it is crucial to
parameterize training frequency, duration, and intensity according to factors such as age,
cognitive level, and neurophysiological characteristics to understand the dose-response
relationship of MTGCT in depth [43,64]. This will help implement evidence-based training
interventions to maximize transfer effects.
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5. Limitations and Future Research
This study has several limitations, including a small sample size with population

restrictions, an imbalance in the number of individuals in the CG and TG, low ecological
validity, the absence of assessments during the training period, insufficient data analysis, a
lack of exploration of the dose-response effect, and a lack of assessment of long-term effects.

1. The study included a small sample size of male university students, all of whom
lacked flight experience. Although these settings are designed to more easily control
the laboratory environment and eliminate variables arising from gender differences,
cultural differences, and differences in flying experience, they do indeed severely
limit the generalizability of the research findings. Therefore, future research should
expand the sample size and include professional pilots as participants to verify the
applicability and effectiveness of this study’s results in a broader population;

2. After screening the 46 recruited subjects, there were 9 remaining in the CG and
19 remaining in the TG. During the experiment, we implemented strict control over
experimental conditions and unified execution standards. However, due to the insta-
bility of performance in flight operation tasks, most participants in the CG were unable
to meet the data recording standards or complete the tasks during the post-test or
tracking test phase. Although this indirectly indicates that cognitive training generally
improved the stability of participants’ operations, this limitation should be taken into
full account when interpreting the results. Future research should consider the issue of
sample attrition by increasing the sample size during initial recruitment or promptly
supplementing participants to ensure balanced group sizes and obtain more reliable
results;

3. Due to the participants’ lack of flight experience, the simulated flight tasks in this
study were relatively simple. This may restrict the far transfer and generalization
capabilities of MTGCT to real-world complex flight tasks. It remains to be explored
whether the cognitive improvements from visuo-spatial attention and working mem-
ory MTGCT can transfer to more complex flight tasks, such as dual-task or multi-task
operations and flying in adverse weather conditions. Future research should increase
task complexity to verify MTGCT’s transferability and generalization performance in
real-world scenarios, thereby enhancing the study’s ecological validity;

4. This study only examined changes in simulated flight task performance and EEG data
characteristics before and after training. The neurophysiological changes during the
training process were not thoroughly analyzed. Future research should include inter-
mediate testing phases to explore the detailed evolution of EEG signal characteristics
throughout the training period, thereby gaining a more thorough understanding of
the dynamic effects and mechanisms of MTGCT;

5. The study did not analyze the specific EEG frequency band changes from traditional
cognitive tests during the pre-test, post-test, and tracking test phases, and the analysis
of behavioral data was also not thorough enough. In particular, the N-back test does
not distinguish the difficulty of the task. In this study, we prefer to analyze data
directly related to the simulated flight task to explore the far transfer effects of MTGCT.
Future research should further analyze data from traditional cognitive tests to enhance
and expand the theoretical foundation from near transfer to far transfer;

6. The study administered an 11-day MTGCT, with daily training comprising 30 min
of visual-spatial attention training and 30 min of working memory training. The
study did not sufficiently investigate different training dosages, such as training
frequency, duration, and intensity. Future research should consider setting different
training dosage groups to comprehensively explore the impact of varying dosages of
MTGCT on performance enhancement. Additionally, future studies should account for
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individual differences in training dosage effects, such as age differences and cognitive
sensitivity variations across a broader population;

7. The 14-day retention period after training is relatively short, limiting the ability to
assess long-term effects maximum duration of neurophysiological changes caused by
MTGCT. Future studies should extend the experimental period to more comprehen-
sively evaluate the long-term efficacy of cognitive training, ensuring the durability
and stability of the MTGCT in practical applications.

6. Conclusions
This study employed a longitudinal design framework encompassing five phases: pre-

test, training, post-test, retention, and tracking test. A total of 28 college student participants
were divided into control and training groups for a 28-day simulated flight performance en-
hancement experiment. Compared to the untrained CG, the TG, which underwent 11 days
of visuo-spatial attention and working memory MTGCT, showed significant improvement
in performance across the traditional cognitive test and eight simulated flight tasks. The
gamified elements, which were more engaging and closely aligned with the operational
task scenarios, led to far transfer effects beyond the specific cognitive training tasks, en-
hancing performance in the simulated flight tasks. Further analysis of neurophysiological
changes through EEG revealed that the improvement in task performance was attributable
to enhanced cognitive abilities. In terms of PSD characteristics, there was a decrease in the
θ relative band ratio and an increase in the α relative band ratio in the frontal and parietal
lobes. This may be due to the MTGCT accelerating the transition to automated processing
inhibition mechanisms, resulting in reduced brain resource consumption during simulated
flight tasks. Regarding brain asymmetry, there was θ band leftward asymmetry in the
frontal lobe and α band rightward asymmetry in the frontoparietal lobe. This could be due
to the enhancement of self-control and automation abilities induced by MTGCT, leading
to improved perceptual capabilities during simulated flight tasks. Moreover, changes in
both PSD characteristics and brain asymmetry persisted within the two-week retention
period, indicating that the improvement in neural processing efficiency brought about by
MTGCT has a certain retention effect. Although the maximum duration of long-term effect
was not explored in this study, these findings provide a scientific basis for developing more
effective flight training schemes.

Future research should aim to expand the size of the experiment by increasing the
sample size, ensuring balanced experimental groups, including professional pilots, increas-
ing the complexity of flight tasks, enriching the analysis of the experimental process, and
extending the experimental period to further validate and expand upon the findings of this
study. Future studies will also explore additional EEG features or incorporate other modali-
ties of brain signals, such as fNIRS, to help us gain a deeper understanding of the neural
mechanisms underlying cognitive training. This will provide theoretical support and a
highly explanatory neural framework for designing scientific training schemes in the field
of aviation and other practical operating scenarios requiring cognitive ability enhancement.
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