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Abstract 

Background and objective:  Technological advancements have significantly transformed the gaming industry, shift-
ing from computer to mobile games. According to a global games market report, the gaming market was projected 
to reach $180.1 billion by 2021. Consequently, time and money invested in mobile games have risen significantly. The 
gaming strategy plays a vital role in enhancing conceptual thinking, problem-solving abilities, and cognitive skills. 
However, comprehensive studies comparing neural dynamics and cognitive skills while playing different types of 
games using electroencephalography (EEG) signals are still lacking. This study investigates the cognitive and neural 
effects of action and puzzle video games on brain activity, focusing on memory processing, cognitive load, and altera-
tions in brain rhythms.

Methods:  Eighteen healthy adults, aged 17 to 36 years, participated in the experiment, engaging with two distinct 
games-Modern Warfare 2 (action genre) and Sudoku (puzzle genre). EEG data were recorded using a 14-channel Emo-
tiv EPOC headset, capturing brain signals before, during, and after gameplay. Cognitive performance was assessed 
using PSYTASK software before and after gameplay to evaluate changes in attention, working memory, and cognitive 
flexibility. EEG signals underwent pre-processing, followed by wavelet transform decomposition to extract frequency 
band energy (delta, theta, alpha, beta, gamma) and EEG band ratios. Functional connectivity analysis mapped 
network-level brain dynamics during gameplay. Statistical analyses between gameplay conditions were performed 
using paired samples t-tests on EEG features, and a one-way repeated measures ANOVA assessed differences in these 
parameters across three gameplay conditions (before, during, and after) at 14 electrode locations, with significance 
set at p < 0.05.

Results:  Modern Warfare 2 gameplay triggered elevated beta and gamma activity, indicating heightened atten-
tion, sensory-motor coordination, and real-time decision-making, while Sudoku gameplay increased theta and alpha 
activity, reflecting greater working memory load, logical reasoning, and cognitive processing. Functional connectivity 
patterns demonstrated broader network activation during action gameplay, contrasting with more localized activa-
tion during puzzle gameplay.

Conclusion:  These findings suggest that action games enhance attention, motor coordination, and executive func-
tion, while puzzle games primarily strengthen working memory and cognitive flexibility. This indicates that video 
games can be effectively used as tools for improving thinking skills in therapy and education.
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Introduction
Video games have evolved far beyond mere entertain-
ment to become a significant form of social interaction 
and engagement in the modern world. In 2022, the video 
game industry projected 3.2 billion players (Gaming Mar-
ket Analysis APAC, 2025) and reached a market value 
of USD 196.8 billion, with expectations of increasing to 
USD 225.7 billion by 2025 as shown in Fig.  1 [1]. The 
Asia–Pacific region dominated the market with a 46.03% 
share in 2022. The global video game market is projected 
to reach approximately USD 664.96 billion by 2033, 
growing at a compound annual growth rate (CAGR) of 
10.32% from 2024 to 2033. This rapid expansion is fuelled 
by the widespread adoption of augmented reality (AR) 
and virtual reality (VR) technologies, which offer more 
immersive and interactive gaming experiences [2].

With these technological advancements, researchers 
have studied how video games impact brain functions, 
especially in areas like memory, attention, and execu-
tive function. One crucial cognitive ability influenced 
by gaming is working memory (WM), which helps in 
maintaining and processing active mental information 
[3]. Video games have been found to improve decision-
making, memory, and cognitive flexibility, and they are 
also used in education to enhance learning, social inter-
action, and problem-solving skills. However, video games 
have also been linked to negative effects, particularly vio-
lent behaviour. For example, first-person shooter (FPS) 
games have been associated with aggression and school 
shootings, especially among middle and high school stu-
dents, as reported in the media. On the other hand, stra-
tegic games improve decision-making, as seen in games 
like Defense of the Ancients (DOTA), where players ana-
lyse different heroes’ strengths and weaknesses to form 

effective strategies. These games require quick decision-
making in dynamic environments, engaging attentional 
and executive processes.

Studies have shown that action video game (AVG) play-
ers perform better than non-gamers (NG) in visuospatial 
attention [4], short-term memory capacity [5], informa-
tion processing speed, and task-switching [6, 7]. Regular 
gamers also have better hand–eye coordination com-
pared to non-video game players (NVGPs). Games such 
as Call of Duty and Gears of War demand high levels of 
attention and memory, requiring players to alternate 
between focused and distributed attention while reacting 
to rapidly changing stimuli. Puzzle games, in contrast, 
emphasize logic, reasoning, and problem-solving, stimu-
lating brain regions associated with cognitive intelligence 
and attention [8]. Research suggests that playing puzzle 
games improves attention and executive function [9], 
while EEG studies indicate that puzzle-solving increases 
beta wave activity, reflecting improved cognitive perfor-
mance [10].

Studies have also demonstrated that video game-based 
interventions can effectively reduce symptoms of depres-
sion [11]. Additionally, findings suggest that AVG play-
ers exhibit superior performance in short-term memory 
tasks, particularly in visuospatial memory [12]. While 
some research reports minimal changes in general mem-
ory functions among AVG players, improvements in 
visuospatial memory have been observed [13]. The cog-
nitive effects of video games on WM accumulate over 
time, influencing attentional control and problem-solving 
abilities [14]. Further studies highlight that action games 
activate the frontal and parietal lobes more intensely than 
puzzle games, reinforcing the notion that different genres 
have distinct cognitive effects [15].

A study in [16] examined stress levels in three types of 
video games: strategic, puzzle, and combinational stimuli, 
using EEG. It analyzed the power spectral density (PSD) 
of the Alpha and Beta bands and the Beta-to-Alpha ratio 
(BAR). The findings indicate that non-gamers experience 
higher stress than gamers, with strategic games causing 
the most stress on the brain. During gameplay, the beta 
band in the frontal region is predominantly activated. 
Video games significantly contribute to education, skill 
enhancement, and cognitive development, fostering 
decision-making, cognitive abilities, and social interac-
tion [5, 17, 18]. Different game genres impact cogni-
tion in unique ways. AVGs, such as FPS games, require 
rapid decision-making, fast visual processing, and strong 
attentional control [6, 7]. Electroencephalography (EEG) 
is widely used in research due to its high temporal res-
olution, non-invasiveness, and cost-effectiveness. It is 
applied in various domains, including neural engineer-
ing, neuroscience, and biomedical engineering, such as 

Fig. 1  Percentage of engagement in video games compared to 
other media
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brain-computer interface (BCI) applications [19], sleep 
analysis [20], stress analysis [16], and seizure detection 
[21]. EEG provides valuable insights into brain function 
across different cognitive processes, serving as a founda-
tional tool for analyzing neural activity.

Gaurav et al. [22] employed EEG sensor-based topolog-
ical dynamics analysis to capture fine-grained temporal 
fluctuations in cortical activity during gameplay, dem-
onstrating how network-level changes in brain dynam-
ics align with varying levels of engagement and task 
complexity. Coronel-Oliveros et  al. [23] advanced this 
line of inquiry by applying a semi-empirical whole-brain 
computational model to show that long-term gaming 
expertise promotes meso-scale neural plasticity, increas-
ing connectivity strength and efficiency in regions criti-
cal for higher-order cognition such as attentional control, 
reasoning, and inference. Complementary neuroimaging 
evidence was provided by Fujimoto et al. [24], who used 
fMRI to examine cue-induced neural activation triggered 
by gaming-related content on social media. Their results 
revealed significant correlations between gaming desire 
and activity in the left orbitofrontal cortex and right 
superior temporal gyrus, implicating reward valuation 
and social processing circuits in gaming-related motiva-
tion. Similarly, Uijong Ju [25] demonstrated that subjec-
tive gameplay experiences are encoded across multiple 
distributed brain networks, with strong involvement of 
visual and attentional processing pathways, emphasising 
the multidimensional and experiential nature of gaming-
induced neural dynamics.

In the context of computational methods, Bakkouri 
et  al. [26] proposed the MLCA2F framework, which 
employs multi-level context attentional feature fusion 
for COVID-19 lesion segmentation from CT scans, and 
showed its usefulness in improving automated medical 
image analysis. Similarly, the BG-3DM2F method has 
been used for Alzheimer’s disease diagnosis through hip-
pocampal analysis, combining a 3D multi-scale chained 
network with a bidirectional gated recurrent fusion unit, 
thereby achieving higher accuracy than conventional 
approaches. In another line of work, Bakkouri and Afdel 
[27] demonstrated the potential of multi-layer feature 
fusion in a CAD system for skin lesion recognition, high-
lighting the effectiveness of integrating multiple feature 
levels in complex pattern recognition tasks. Multi-scale 
CNNs based on region proposals have also been success-
fully applied for breast abnormality detection, further 
showing the versatility of fusion strategies in improving 
diagnostic reliability.

The most common approach involves designing mono-
user games for traditional computers or video consoles. 
These games act as distractions or motivators for pri-
mary school children undergoing stressful procedures 

like venipuncture or those suffering from chronic, neu-
rological, or traumatic conditions [28]. On the one hand, 
game technologies seem to present physical and psy-
chological benefits to pediatric patients. Neuroscientific 
research suggests that video games can both enhance and 
inhibit brain activity. EEG has proven effective in cap-
turing brain dynamics during gameplay. A study inves-
tigating the influence of video game genres on attention 
and distraction suppression under different perceptual 
loads revealed that AVG players demonstrated superior 
attentional control compared to strategy video game 
(STG) players. The findings suggest that AVGs require 
rapid transitions between distributed and focused atten-
tion [29, 30]. However, empirical studies present mixed 
results, with some highlighting cognitive benefits associ-
ated with AVGs [31].

While previous research has shown that different gen-
res of video games, such as action and puzzle games, 
influence cognitive performance in several ways, there 
is still a lack of brain dynamic analysis on the impact 
of different types of video games. Additionally, limited 
research has examined how these games influence short-
term memory cognitive processing and how EEG signals 
can track these changes in real-time. Most of the existing 
EEG-based video game studies mainly focus on action 
games such as first-person shooters (FPS), real-time 
strategy (RTS); only a few studies focus on other genres 
such as puzzle, VR, etc. Findings from one genre may not 
generalize to others. Many studies use frequency bands 
(theta, alpha, beta) features without exploring advanced 
features such as connectivity, coherence, entropy, etc. 
Surface-level analysis may miss deeper brain dynam-
ics related to cognitive effort or memory load during 
gaming.

To bridge this research gap, the present study exam-
ines how video games influence brain activity by focus-
ing on two distinct genres: action and puzzle games. It 
compares cognitive performance and neural dynamic 
responses among players of both genres using EEG sig-
nals to assess brain wave activity, functional connectiv-
ity, WM, and attention, with a particular focus on visual 
short-term memory tasks. In the present work, we used 
13 cognitive indices as features along with EEG frequency 
band features. To our knowledge, this is the first attempt 
at analyzing brain dynamics using functional connectiv-
ity (graph theory) – FC analysis while playing two genres 
of video games.

This research evaluates two types of video games—
one designed to enhance visual short-term memory and 
working memory storage, and another aimed at improv-
ing logical thinking and cognitive skills in students. EEG 
data is analysed using energy bands to identify how the 
brain responds to different cognitive tasks. As a pilot 
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study, this research seeks to determine whether action or 
puzzle games are more effective in improving cognitive 
functions, memory performance, and both short- and 
long-term memory changes. Brain activity is examined 
through time–frequency analysis while subjects play 
different games, and functional brain connectivity is 
assessed using a graph-theory-based approach to ana-
lyze changes in brain rhythms across different game gen-
res. Additionally, the study investigates how video game 
design influences cognitive skills, particularly in relation 
to working memory.

The EEG data processing and analysis are conducted 
using MATLAB (ver. R2024a, MathWorks, Natick, MA, 
USA), applying advanced signal processing techniques 
such as wavelet analysis to study variations in brain wave 
activity [29, 30]. Previous studies suggest that EEG is a 
powerful tool for understanding neural activity during 
video gaming, providing insights into cognitive functions 
and brain processes during tasks [8, 10]

This study contributes to the growing research on video 
games and cognitive enhancement by utilizing EEG-
based analysis to examine brain responses during game-
play, with a focus on band energy ratios as indicators of 
cognitive load, memory performance, and attention. It 
also investigates brain functional connectivity using a 
graph-theory approach to provide insights into how dif-
ferent brain regions coordinate during gameplay. By com-
paring action video games and puzzle games, this study 
aims to provide a better understanding of how these gen-
res impact cognitive abilities such as memory, attention, 
and decision-making. Additionally, it offers potential lon-
gitudinal insights into how these games influence brain 
activity over time and their role in cognitive training.

The findings of this study could have significant impli-
cations for cognitive training, learning strategies, and the 
development of brain-enhancing games for educational 
and therapeutic applications [5–8, 10, 17, 18, 29–31]. 
Furthermore, understanding the neural and cognitive 
effects of different game genres could aid in designing 
targeted cognitive interventions and brain-enhancing 
games, benefiting areas such as education, rehabilitation, 
and skill development.

The remainder of this manuscript is structured as 
follows: “Materials and methods” section details the 
methods and materials, including the research design, 
participant selection, experimental setup, EEG data 
acquisition, and analytical techniques. “Results” section 
presents the results, while “Discussion” section discusses 
the findings in relation to existing literature. Finally, 
“Conclusion” section concludes the study, summariz-
ing key insights and potential implications for cognitive 
training, learning strategies, and the development of 

brain-enhancing games for educational and therapeutic 
applications.

Materials and methods
This section details the research design, participant 
selection, experimental setup, EEG data acquisition, and 
analytical techniques employed to investigate the cogni-
tive and neural effects of video game engagement. The 
study was designed to compare brain activity and func-
tional connectivity patterns between action and puzzle 
video games. EEG recordings were used to capture neu-
ral responses, and statistical analyses were performed to 
identify significant differences in cognitive load, arousal, 
and executive function. Data preprocessing, feature 
extraction, and statistical analyses were conducted to 
assess cognitive and neural responses during gameplay, 
providing insights into the differences between the two 
game types.

Ethical approval and participant recruitment
The study was approved by the our university’s Ethical 
Review Board, and participation was voluntary. Each par-
ticipant’s guardian signed a written informed consent, 
and the participants provided oral informed consent 
before participation. The study was conducted in accord-
ance with the declaration of the University.

Eighteen healthy volunteers, consisting of 16 males and 
2 females, aged between 17 and 35 years, were recruited 
for the study. The sample comprised 88.9% males (n = 16) 
and 11.1% females (n = 2). Among the participants, 72.2% 
reported prior gaming experience, whereas 27.8% iden-
tified themselves as non-gamers. The genre distribution 
among gamers revealed that 44.4% preferred adventure 
games, 22.2% favoured fighting games, 16.7% enjoyed 
puzzle games, and another 16.7% reported a preference 
for sports games. These details are presented in Fig.  2: 
(A) Gamer versus non-gamer classification; (B) Distribu-
tion of preferred game genres.

All participants were right-handed to minimise the 
confounding effects of hemispheric lateralisation. Indi-
viduals with any history of neurological disorder, hear-
ing impairment, or ongoing medication were excluded. 
Screening ensured that none of the participants had 
received formal video game training. All had normal 
hearing ability and normal dietary intake before the 
experiment. The experimental sessions were carried 
out in the morning in a soundproof room, with partici-
pants seated comfortably to minimise muscular arte-
facts. One subject with signs of cognitive impairment 
and hearing difficulty was excluded from the dataset. 
The cognitive health of the participants was assessed 
using the Mini-Mental State Examination (MMSE), 
which evaluates various cognitive functions such as 
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language, orientation, memory, responsiveness, and 
visuospatial abilities, with scores ranging from 0 to 30. 
A score above 25 indicates normal cognitive status, 
ensuring that all participants were fit for the experi-
mental recording.

Video game selection and experimental design
Two video games were selected for the study: Mod-
ern Warfare 2 and Sudoku, as shown in Fig.  2. Modern 
Warfare 2, developed by Infinity Ward and released by 
Activision in 2009, is an action video game that involves 
fast-paced decision-making, attention, and emotional 
responses as depicted in Fig.  3A. Player performance 
was tracked based on metrics such as enemies elimi-
nated, mission completion times, and civilian casualties. 
In contrast, Sudoku, a puzzle game, focuses on problem-
solving, memory, and pattern recognition as shown in 
Fig. 3B. Performance was evaluated based on the number 
of moves taken, elapsed time, best completion time, and 
percentage of the grid filled. These metrics incentivized 
strategic decision-making and cognitive efficiency.

Before each gameplay, participants completed a two-
minute cognitive task using PSYTASK® both pre- and 
post-gameplay to assess cognitive changes. Each 15-min 
gameplay session was spaced one day apart, with ran-
domized order to mitigate order effects. PSYTASK®, 
a psychophysics and psychophysiology research tool, 
required participants to respond to or ignore visual 
and auditory stimuli. A mental arithmetic task was also 
included, with omission and commission errors recorded 
in an integrated database to evaluate cognitive perfor-
mance. Throughout the experiment, EEG data were con-
tinuously recorded using scalp-mounted equipment to 

analyse neural responses. The experimental protocol is 
summarized in Fig. 4.

After each gameplay session, participants completed 
a self-assessment questionnaire consisting of ten ques-
tions adapted from [32]. These questions evaluated 
various aspects of player engagement, including effort, 
time perception, immersion, enjoyment, perceived chal-
lenge, performance, emotional attachment, appreciation 
of graphics, overall satisfaction, and willingness to play 
again. The responses provided insights into player expe-
rience and informed potential improvements in game 
design.

EEG data acquisition and preprocessing
The hippocampus plays a crucial role in memory con-
solidation, learning, spatial navigation, and perception. 
While short-term memory processes are primarily asso-
ciated with the prefrontal cortex, long-term memory 
functions involve the hippocampus (located in the tem-
poral lobe), the neocortex, and the amygdala. The study 
employed the Emotiv EPOC X wireless EEG headset 
with 14 saline-based electrodes and 2 reference elec-
trodes (P3–CMS and P4–DRL), positioned according 
to the 10–20 international system (AF3, F7, F3, FC5, 
T7, P7, O1, O2, P8, T8, FC6, F4, F8, AF4). Data were 
sampled at 256  Hz with a 14-bit ADC, and connectiv-
ity was maintained via bluetooth low energy (BLE). The 
device consists of strategically positioned saline-based 
electrodes placed according to the international 10–20 
electrode placement system, as illustrated in the Fig.  5, 
ensuring comprehensive scalp coverage. Additionally, 
reference electrodes were positioned behind the ears 
to enhance signal quality. The design enables balanced 

Fig. 2  Participants: A percentage of gamers B types of games preferred by gamers
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spatial coverage of cortical sites implicated in attention, 
memory, motor control, and visual processing during 
gameplay. The electrode contact quality was monitored 
throughout the recording and visually represented in real 
time on the acquisition interface. The status was coded by 
colour: green indicated good conduction and impedance, 
black represented no contact, red denoted poor imped-
ance, and orange indicated moderate contact quality. Fig-
ure  5 illustrates the electrode layout and corresponding 
contact status.

Before initiating the EEG data acquisition process, 
the device’s sensors were immersed in saline solution to 
ensure optimal conductivity and high-quality signal cap-
ture. The experiment was conducted in an acoustically 
controlled, noise-free laboratory to minimize external 

interference. Proper synchronization between the head-
set and the Software Development Kit (SDK) was main-
tained throughout the experiment to eliminate the 
possibility of acquiring false signals. Participants engaged 
in two different gaming conditions—an action video 
game (Call of Duty—COD) and a puzzle-based game 
(Sudoku)—while EEG data were recorded. The experi-
mental setup and participants wearing the EEG headset 
during gaming sessions are illustrated in Figs. 6a and b.

EEG data were sampled at 256  Hz per channel to 
ensure adequate temporal resolution. Raw EEG signals 
are inherently non-stationary and prone to artefacts from 
muscle activity, eye blinks, and environmental noise. 
To improve the signal-to-noise ratio, the data under-
went a structured preprocessing pipeline. A 4th-order 
Butterworth band-pass filter with a frequency range of 
0.4–64 Hz was applied to retain physiologically relevant 
EEG rhythms while attenuating slow drifts and high-fre-
quency noise. Additionally, a notch filter set at 49–51 Hz 
was implemented to suppress line noise due to mains 
power interference. Artefacts arising from eye blinks, 
movement, or poor electrode contact were managed by 

Fig. 3  Gameplay stimuli screenshots a Sudoku—a puzzle game focused on logic and memory. b Modern Warfare 2—an action game requiring fast 
decision-making

Fig. 4  Overview of the experimental protocol, including cogni-
tive assessment, gameplay sessions, self-assessment, and EEG data 
recording Fig. 5  Electrode positions and status of the EEG headset
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continuous impedance monitoring (green: good; orange: 
average; red: poor; black: no contact), and segments with 
poor contact quality were discarded before analysis. The 
preprocessing framework ensured that clean EEG signals 
were preserved for subsequent analysis of neural dynam-
ics during gameplay. EEG signals from the left frontal 
lobe during two video game sessions were extracted and 
analysed. The theta, alpha, beta, and gamma signals from 
these recordings are depicted in Fig. 7A and B.

Feature extraction and functional connectivity analysis
The offline analysis of EEG signals acquired dur-
ing different gaming conditions (Sudoku and Call of 
Duty—COD) was performed using Wavelet Trans-
form Decomposition (WTD). The EEG signals in 
this study were decomposed into five levels using the 
Daubechies-4 (db4) wavelet [33] because db4 is widely 
adopted in EEG signal processing for its ability to pro-
vide smoothing while preserving signal morphology 
[34]. The db4 wavelet has a shape that closely resem-
bles EEG waveforms, which improves denoising effec-
tiveness [35]. The discrete wavelet transform with db4 
offers variable time–frequency resolution—providing 
fine spectral details for low-frequency components 
(delta, theta) and good temporal localization for high-
frequency components (gamma). Its coefficients con-
centrate signal energy, facilitating effective feature 
extraction and artifact removal [36]. Db4 has been suc-
cessfully used in various EEG applications, including 
seizure detection, sleep staging, and brain–computer 

interfaces [37–39]. Considering the EEG sampling fre-
quency of 256 Hz in this study, decomposition into five 
levels using db4 effectively captures delta and theta 
band energies while retaining relevant high-frequency 
information, making it suitable for the current cognitive 
and neural analysis of video game play. Each recording 
lasted about 20  min, and to minimize adaptation and 
fatigue effects, the first and last 30  s of data were dis-
carded. Less than 5% of epochs were rejected due to 
low-quality signals. Electrode impedance was main-
tained within recommended limits, and the in-built sig-
nal quality index confirmed that data quality remained 
above 80% across all electrodes for all participants.

In the present sample, the frequency of the EEG sig-
nal is 256  Hz. To the extraction, the delta, theta band 
energy Signal was decomposed into 5 levels as shown 
in Fig. 8

The EEG frequency bands and their corresponding 
wavelet packet decomposition (WPD) coefficients are 
summarized in Table 1.

In the proposed algorithm, the window function is 
applied as a mathematical tool that assigns zero values 
outside a selected interval, segmenting the original data 
into several consecutive sets. EEG signals are inherently 
non-stationary, meaning their properties can vary over 
time. To analyze them effectively, the signals are divided 
into short segments, or windows, where they can be con-
sidered quasi-stationary. Shorter windows (1–5  s) can 
capture rapid neuronal dynamics but are often noisy 
and unstable, whereas longer windows (> 30  s) provide 

Fig. 6  Experimental setup and EEG data acquisition with emotiv EPOC headset device, A action video game (COD), B puzzle game (Sudoku)
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smoother signals but may miss transient neuronal events. 
In the present study, a 20-s non-overlapping window 
was selected as a balance between temporal resolution 
and signal stability, yielding a frequency resolution of 
0.05 Hz suitable for EEG band analysis. Non-overlapping 
windows also reduce temporal redundancy and simplify 
statistical analysis. Previous studies support this choice: 
Tzimourta et  al. [40] found that 12-s non-overlapping 
windows provided the best classification accuracy for 
Alzheimer’s detection, while Christou et al. [41] reported 
optimal EEG epilepsy detection performance using 
20–21  s non-overlapping windows. These findings indi-
cate that longer, non-overlapping epochs can enhance 

analysis stability and classification accuracy without 
losing critical transient information. Specifically, a rec-
tangular window function was used to divide the origi-
nal 15-min signal into non-overlapping 20-s intervals, 
and each window signal. Wavelet packet decomposition 
(WPD)was performed to extract relevant features while 
preserving orthogonality, smoothness, and localization 
properties.

Time–frequency analysis was performed to capture 
dynamic spectral changes during gameplay. A represent-
ative scalogram was plotted for one typical subject using 
30-s time windows at the frontal electrode (F3). Figure 9 
A shows the time–frequency distribution for the action 

Fig. 7  EEG signals (theta, alpha, beta, and gamma) recorded from left frontal lobe electrode locations during A action video game (COD), B puzzle 
game (Sudoku)
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video game (COD), while Fig. 9 B shows the same for the 
puzzle game (Sudoku).

Further, the theta-band activity was extracted and ana-
lysed using 30-s epochs at the same electrode. The results 
(Fig. 10A—COD; Fig. 10B—Sudoku) clearly indicate that 
theta activity remained consistently elevated throughout 
all time windows during COD gameplay compared to 
Sudoku.

To perform this analysis, the wavelet transform, spe-
cifically wavelet packet decomposition, was applied to 
quantify the dynamic spectral changes between the two 
gaming conditions. These results support the observa-
tion that action video games impose higher cognitive 
load, reflected in stronger and sustained theta activity, 
while puzzle games induce comparatively weaker spectral 
dynamics.

The decomposition provided relative energy meas-
ures for delta, theta, alpha, beta, and gamma bands, 
along with 13 cognitive indices including Heart Rate 
Index (HR), CNS Arousal (CNSA), Brain Perfusion 
(BP), Synchronization (Sync), LF/HF Ratio, Arousal 
Index (AI), Vigilance Index (VI), Cognitive Perfor-
mance Index (CPI), Executive Load Index (ELI), Perfor-
mance Enhancement Index (PEI), Alpha-Gamma Ratio 
(AGR), Neuronal Activity (NA), and Desynchronization 
(Desync). These features were extracted for all sub-
jects during gameplay in both Sudoku and Call of Duty 
(COD), providing insights into cognitive and physiolog-
ical responses as per the experimental protocol illus-
trated in Fig. 11.

Studying influential nodes (I-nodes) in brain networks 
holds substantial importance in the domain of brain 
imaging [42]. Brain functional connectivity examines 
the temporal dependencies of neural activation across 
various brain regions, providing insights into how these 
areas interact during different tasks and conditions. 
This approach is valuable for investigating specific brain 
functions and identifying alterations associated with 
pathological states. Functional brain networks are often 
modelled as graphs, where nodes represent EEG elec-
trode positions and edges correspond to the strength of 
connectivity between these nodes, typically quantified by 
correlation coefficients between EEG signals.

In this study, EEG data from 14 electrodes were ana-
lysed during different video game conditions. Node val-
ues were calculated using one-sample t-tests, and edge 
values were determined through Spearman correlation 
tests, with all analyses conducted using IBM SPSS 20. To 
explore potential differences in brain network complex-
ity between action and puzzle video games, connectiv-
ity graphs were generated focusing on beta and gamma 
energy parameters, as well as the Neuronal Activity (NA) 
ratio feature, during and after gameplay. These visualiza-
tions were created using BrainNet Viewer, a MATLAB-
based tool designed for flexible and user-friendly brain 
network visualization.

Statistical analysis
Statistical analysis plays a crucial role in this study by 
ensuring the reliability and validity of EEG-based find-
ings while reducing the impact of random variations. 
It facilitates a structured assessment of differences in 
brain activity across various gameplay conditions, ena-
bling the identification of significant cognitive and neu-
ral responses. Effect size calculations have now been 
included in the revised manuscript. Power analysis 
using G*Power was performed with 18 samples across 
three experimental groups, where power (1-β error 
prob) = 0.80 and significance level p = 0.05 yielded an 

Fig. 8  Wavelet packet decomposition over 5 levels

Table 1  Frequency ranges of EEG bands and correspond-
ing wavelet packet decomposition coefficients

EEG band Frequency range 
(Hz)

Wavelet packet 
decomposition coef‑
ficient

Gamma band 32–64 D (2,1)

Beta band 16–32 D (3,1)

Alpha band 8–12 D (4,2)

Theta band 4–8 D (5,1)

Delta band 0.1–4 A (5,1)
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effect size of 0.435. For comparisons between COD and 
Sudoku gameplay, Cohen’s d was 1.05, indicating a large 
effect size (> 0.8). For ANOVA tests across before, dur-
ing, and after gameplay conditions, eta-squared (η2) was 
calculated as 0.20, also reflecting a large effect size. Data 
were represented as the mean and standard error of the 
mean (Mean ± SEM). EEG measurements focused on rel-
ative component energies across the delta, theta, alpha, 
beta, gamma, and ratio-frequency bands, which served 
as dependent variables. A one-way repeated measures 
ANOVA was conducted to assess overall differences 
in these parameters across three gameplay conditions 
(before, during, and after) at 14 electrode locations, with 
significance set at p < 0.05. The Posthoc Fisher’s Least 
Significant Difference (LSD) was performed on differ-
ent combinations of related groups, and a Bonferroni 
adjustment was calculated. The alpha value was divided 
by three conditions (0.05/3 = 0.017). So, the new signifi-
cance level was set at p = 0.017. If the p value is larger 
than 0.017, it is not considered a statistically significant 

result. So, the LSD test with Bonferroni adjustment was 
performed in different combinations of related groups. 
Participants engaged in both Sudoku and Call of Duty 
(COD) gameplay on separate days to prevent cross-game 
cognitive interference.

Comparative statistical analyses between gameplay 
conditions (Sudoku vs. COD) were performed using 
paired samples t-tests on EEG features, self-assessment 
questionnaire scores, and PSYTASK results, main-
taining a significance level of p < 0.05. Significant node 
degrees in brain areas were identified using one-sample 
t-tests. Three features—beta, gamma, and neuronal activ-
ity (NA)—across all 14 electrodes were correlated using 
Pearson’s approach to evaluate the alignment of key 
hubs with functional networks observed during various 
video games. For connectivity analysis, t-values for each 
electrode were calculated for the three features [43]. All 
statistical analyses were conducted using IBM SPSS Sta-
tistics for Windows, Version 20.0 (Armonk, NY: IBM 
Corp.)

Fig. 9  Time–frequency plot for F3 electrode position: A action video game (COD), B puzzle game (Sudoku)

Fig. 10  Time–frequency plot of theta-band activity at F3 electrode position: A action video game (COD), (B) Puzzle game (Sudoku)
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Results
In this study, the mean relative energies for delta, theta, 
alpha, beta, gamma, and band ratio components were 
computed for electrode sites in both the left and right 
hemispheres during gameplay of Call of Duty (COD) and 
Sudoku. Research indicates that gamma waves are linked 
to the maintenance of visual representations, while alpha 
waves are associated with functional inhibition. Spe-
cifically, gamma activity correlates with the retention of 
facial orientation (dorsal stream), whereas alpha activity 
is observed during the retention of facial identities (ven-
tral stream).

Self‑assessment questionnaire
Self-assessment questionnaires revealed that participants 
reported significantly higher emotional scores (p < 0.05) 
during COD gameplay compared to Sudoku. Conversely, 
enjoyment scores were notably lower (p < 0.05) during 
Sudoku sessions than during COD play, as illustrated in 
Fig. 12. The rising popularity of gameplay videos suggests 
that engaging with COD, whether playing or observing, 

offers positive emotional experiences and is widely 
regarded as enjoyable. These findings imply that COD 
induces heightened arousal and a positive emotional 
response in contrast to Sudoku. For COD players, this 
emotional state fosters an increased sense of enjoyment, 
enhancing motivation to continue playing and confront 
subsequent competitive gaming scenarios.

In contrast, Sudoku has been associated with men-
tal health benefits, such as providing relief from daily 
stressors and enhancing cognitive functions. Engaging 
in Sudoku puzzles can offer a sense of satisfaction upon 
completion, potentially aiding in stress management and 
mental clarity. However, the emotional responses elicited 
by Sudoku differ from those induced by action-oriented 
games like COD, as Sudoku tends to promote relaxa-
tion and cognitive engagement rather than heightened 
arousal.

Analysis of EEG parameters during call of duty (COD) 
gameplay
The delta frequency band is typically associated with 
attention regulation, inhibiting interferences during 

Fig. 11  Flowchart illustrating the experimental protocol
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cognitive tasks. The Posthoc Fisher’s Least Significant 
Difference (LSD) was performed on different combina-
tions of related groups, and a Bonferroni adjustment was 
calculated. The alpha value was divided by three condi-
tions (0.05/3 = 0.017). So, the new significance level was 
set at p = 0.017. A significant difference in relative delta 
energy was observed across three experimental condi-
tions at electrode sites T7, T8, P7, and P8 during COD 
gameplay, F (2, 51) = 4.601, p < 0.05, as depicted in 
Fig.  13A. Post hoc LSD tests revealed that delta energy 

was significantly lower during gameplay (condition 2) 
compared to both before (condition 1, p = 0.005) and 
after gameplay (p = 0.004). This aligns with findings that 
high-skilled FPS players exhibit lower delta and theta 
power spectral density in frontal and temporal areas [44].

When analysing EEG in relation to short-term and 
long-term memory, researchers look at how the power or 
ratio of these bands may change during memory-related 
tasks. Alpha oscillations (8–12 Hz) play a critical role in 
selective attention by suppressing irrelevant information 
across sensory systems. Research indicates that alpha 
band activity reflects task-specific demands in parieto-
occipital regions, with novices exhibiting more corti-
cal activation than experts [45]. A significant difference 
(p < 0.017) in the alpha-gamma ratio (AGR) was found 
across the three experimental conditions at bilateral fron-
tal (F7, F8, F3, F4, FC5), temporal (T7, T8), parietal (P7, 
P8), and occipital (O1, O2) regions during COD game-
play, as shown in Fig. 13B. Post hoc analysis indicated that 
AGR was significantly lower during gameplay (condition 
2) compared to before (condition 1) and after gameplay 
(condition 3) across all electrode locations, except AF3, 
AF4, and FC6. During and after, there is a significant 
(p < 0.002) difference for F7, FC5, T7, P7, and O2 elec-
trode position. No significant difference between before 
and during game play at P8 (p = 0.020), O1 (p = 0.027), 
F7 (p = 0.028), P8 (p = 0.020), O1 (p = 0.027) brain 
regions. Similarly, there is a significant (p < 0.017) vari-
ation between before and during game play conditions 
in F8 (p = 0.010), F3 (p = 0.015), F4 (p = 0.014), electrode 
regions as shown in Fig. 13B. No significant variation was 

Fig. 12  Comparison of emotional and enjoyment scores between 
Call of Duty (COD) and Sudoku gameplay

Fig. 13  Mean and one standard error values for COD video game play condition (B—before, D—during, and A—after) for significant electrode 
position a relative delta energy, b alpha gamma ratio (p < 0.017)
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observed between before and after gameplay conditions 
at any electrode position.

Increased arousal in humans is often manifested by 
faster responses to visual stimuli and is associated with 
higher EEG activation in beta bands. During COD game-
play, the vigilance index (VI)—(((theta + alpha)/beta)) 
was significantly lower (p < 0.05) compared to before and 
after gameplay across most electrode locations, as illus-
trated in Fig. 14. At AF3 electrode position there is a sig-
nificant (p = 0.006) variation of VI parameter between 
before and during action video game play condition. No 
significant variation of VI features between during and 
after game play (p = 0.067), before and after game play 
(p = 0.321) experimental condition. Similarly, all frontal 
region of the brain (F7, F8, F3, F4 and FC5) there is a sig-
nificant (p < 0.003) difference between before and during 
game play, but VI parameter doesn’t show any signifi-
cant (p > 0.018) variation between before and after-action 
video game play conditions.

The Arousal Index (AI), defined as the beta/alpha ratio 
(BAR), was significantly higher (p < 0.017) during game-
play compared to before gameplay across eight electrode 
locations: frontal (AF4, F7, F8, F4) parietal (P7, P8), and 
occipital (O1, O2), except at AF3, F3, T7, T8, FC6, and F3, 
as detailed in Table 2. Similarly significant (p < 0.011) was 
observed for AI features between during and after-action 
game play condition at frontal (F7, F8, F4, FC5), temporal 
(T7, T8), parietal (P7, P8), and occipital (O1, O2) region 
of the brain. This suggests increased beta activity during 
COD gameplay, indicative of heightened attention and 
focus. Before gameplay, AI was lower, increasing by an 

average of 17.56% during gameplay, as shown in Table 2. 
Simultaneously, desynchronization (alpha/beta ratio—
ABR) significantly decreased (p < 0.017) during gameplay 
across all electrode positions except FC6, with a 17.12% 
reduction compared to the rest condition. Neuronal 
Activity (beta/theta ratio) also significantly increased 
(p < 0.017) in the left frontal, temporal, and parietal 
regions (F7, T7, P7) during COD gameplay compared to 
rest conditions. Also, NA was significant (p < 0.017) dif-
ference between during and after game in left frontal, 
temporal, and parietal regions (F7, FC5, T7, P7). Syn-
chronization (delta/theta ratio), Desynchronization, LF 
to HF ratio, and executive load index (delta + theta/alpha) 
features significantly increased (p < 0.017) across most 
electrode positions during COD gameplay compared to 
rest conditions.Central Nervous System (CNS) Arousal, 
indicated by the theta/beta ratio, significantly decreased 
(p < 0.017) during gameplay in the left frontal region (F7), 
parietal (P7, P8), and right occipital regions, as shown in 
Table 2.

The Performance Enhancement Index (alpha/theta 
ratio—ATR) was significantly lower (p < 0.017) dur-
ing gameplay compared to rest conditions in the frontal 
region (AF4, F3) but significantly increased (p < 0.017) 
in the left parietal region (P7) during gameplay. No sig-
nificant differences were observed in other brain regions, 
as detailed in Table  2. EEG ratio features such as Syn-
chronization, Executive Load Index, and LF to HF ratio 
exhibited higher values during rest conditions com-
pared to COD gameplay. In contrast, CNS Arousal and 
Desynchronization were lower during rest conditions, as 
presented in Table  2. Table  2 summarizes the statistical 
significance of various EEG features measured across dif-
ferent electrodes before and during COD gameplay. The 
features analyzed include Arousal index, neuronal activ-
ity, synchronization, brain perfusion, central nervous sys-
tem (CNS) Arousal, desynchronization, executive load 
index, performance enhancement index, and the low-
frequency (LF) to high-frequency (HF) ratio. Changes in 
these parameters offer insights into the neural correla-
tions of gaming experiences, such as increased arousal, 
cognitive load, and attentional shifts.

Analysis of EEG parameters during Sudoku gameplay
The delta band is primarily linked to attention regula-
tion by minimizing external interferences during cogni-
tive tasks [46]. During Sudoku gameplay, relative delta 
energy was significantly lower (p < 0.05) compared to 
the resting condition. This reduction was observed in 
the frontal region (AF3, F3, F4, F7, F8, FC5, and FC6), 
bilaterally in the parietal region (P7 and P8), the occipi-
tal lobe (O1 and O2), and the right temporal lobe. AF4 
and T7 electrode position delta parameters doesn’t 

Fig. 14  Mean and one standard error values for COD video game 
play condition (B—before, D—during and A—after) for significant 
electrode position for vigilance index feature (p < 0.017)
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show any significant (p = 0234 and p = 0.168) between 
three experimental condition. Remaining electrode’s 
location shows significant (p = 0.00001) difference 
between before and during game play; similarly, before 
and after game play condition also. These findings 

suggest a shift in cognitive engagement, as shown in 
Fig. 15A.

A significant (p < 0.05) difference in the alpha-gamma 
ratio (AGR) was observed across the three experimental 
conditions (before, during, and after gameplay) at two 
specific electrode positions: the left frontal (AF3) and 

Table 2  Statistical significance of EEG features before and during call of duty gameplay

Feature Electrode Before gameplay During gameplay Change (increase/decrease)

Arousal index AF4 0.7998 0.8831  + 0.0833

F7 0.9234 1.1091  + 0.1857

F8 0.8264 0.9264  + 0.1000

F4 0.8488 0.9738  + 0.1250

FC5 0.9643 1.0652  + 0.1009

T7 1.0429 1.2494  + 0.2065

T8 0.9859 1.1202  + 0.1343

P7 0.9331 1.1928  + 0.2597

P8 0.8963 1.0892  + 0.1929

O1 0.8765 1.0472  + 0.1707

O2 0.8928 1.0993  + 0.2065

Neuronal activity F7 0.9018 1.1014  + 0.1996

FC5 1.0119 1.1565  + 0.1446

T7 1.1198 1.5390  + 0.4192

P7 1.0003 1.5447  + 0.5444

O2 1.1522 1.5618  + 0.4096

Synchronization AF4 9.8103 4.4861  − 5.3242

AF3 14.4533 5.0450  − 9.4083

F7 14.4238 6.8784  − 7.5454

F8 12.5575 6.6487  − 5.9088

F3 14.8215 5.2813  − 9.5402

F4 13.1032 5.1447  − 7.9585

FC5 15.0978 6.3136  − 8.7842

FC6 31.6223 7.6094  − 24.0129

T7 15.3919 6.3741  − 9.0178

T8 13.7003 5.5285  − 8.1718

P7 16.0687 6.6605  − 9.4082

P8 14.2593 6.1768  − 8.0825

O1 15.3191 5.8445  − 9.4746

O2 14.2240 5.6636  − 8.5604

Brain perfusion FC6 0.2549 0.3918  + 0.1369

CNS Arousal F7 1.2076 1.0776  − 0.1300

FC5 1.0963 0.8830  − 0.2133

T7 1.0778 0.7860  − 0.2918

T8 0.9708 0.6824  − 0.2884

P7 1.0975 0.8146  − 0.2829

P8 0.9969 0.8036  − 0.1933

O2 0.9444 0.6300  − 0.3144

Desynchronization AF4 1.2749 1.1939  − 0.0810

AF3 1.3472 1.1484  − 0.1988

F7 1.2520 1.0547  − 0.1973

F8 1.2899 1.1277
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parietal (P7) regions. Post hoc analysis using the LSD 
test further revealed that AGR was significantly lower 
(0.05/3 = 0.017) during Sudoku gameplay compared to 
the pre-gameplay state. In AF3 electrode location dur-
ing game play condition AGR is significantly (p = 0.014) 
low when compared to before game play, no significant 
(p = 0.048) difference between during and after game 
play condition. Left parietal lobes (P7), there is a sig-
nificant (p = 0.004) difference between during and after 
game play, and the remaining experimental conditions 
don’t show any significant (p = 0.077 and p = 0.243) 
difference between them. This reduction may indicate 
an increased cognitive load and attention modulation 
while solving puzzles, as illustrated in Fig. 15B.

The Arousal Index, represented by the beta/alpha ratio, 
was significantly higher (p < 0.017) during gameplay com-
pared to the pre-gameplay condition at four electrode 
locations: the left frontal region (AF3 and F3), the left 
parietal region (P7), and the right occipital lobe (O2). 
AF3, F3, P7, and O2 electrode position arousal index 
value is significantly (p = 0.002) different between dur-
ing and after game play, except O1 position (p = 0.098). 
In all, electrode position there is no significant (p = 0.124) 
difference between before and during, before and after 
game play conditions. This increase in beta activity sug-
gests a heightened cognitive demand, particularly in the 
left frontal region, which is associated with problem-
solving and logical reasoning (Fig. 16A).

The Heart Rate Index (HR), represented by the theta/
alpha ratio, typically decreases during a relaxed state. 

However, during Sudoku gameplay, it was significantly 
higher (p < 0.05) compared to the resting condition at 
multiple brain regions, including the frontal (AF3, F8, 
F3, FC5, FC6), right parietal (P8), right temporal (T8), 
and left occipital (O1) regions. There is a significant 
(p < 0.016) difference between during and after game 
play in frontal electrodes (AF3, F8, F3, FC5), right pari-
etal (P8) and temporal (T8) lobes, left occipital (O1) 
Heart rate index was significantly (p = 0.016) high during 
SUDOKO game play compared to before game play con-
dition at AF3 electrode position. There is no significant 
(p > 0.017) difference between before and after game-play 
conditions for all the electrodes except F8. This increase 
in the HR Index suggests that Sudoku gameplay places 
higher demands on working memory (WM) storage, as 
players actively engage in information processing and 
problem-solving (Fig. 16B).

The Synchronization Index (delta/theta ratio), Execu-
tive Load Index (delta + theta/alpha ratio), and LF/HF 
ratio were significantly lower (p < 0.017) during Sudoku 
gameplay compared to the resting condition across all 
electrode locations, as shown in Table  3. These reduc-
tions indicate an overall shift in neural processing pat-
terns when engaged in cognitively demanding tasks.

However, specific EEG features exhibited localized 
effects. Desynchronization (alpha/beta ratio) was sig-
nificantly lower (p < 0.017) only in left-brain regions, 
including the frontal (AF3, F7, F3, FC5), parietal (P7), 
and occipital (O1) regions. In contrast, the Performance 
Enhancement Index (alpha/theta ratio—ATR) showed 

Fig. 15  Mean and one standard error values for SUDOKO video game play condition (B—before, D—during, and A—after) for significant electrode 
position a relative delta energy, b alpha gamma ratio (p < 0.05)
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significant variations (p < 0.017) predominantly in right-
sided electrode locations (F8, F4, FC6, T8, P8). These 
findings highlight the lateralization of cognitive pro-
cessing, with different hemispheres of the brain playing 
distinct roles in problem-solving and working memory 
functions during Sudoku gameplay.

Analysis of EEG features between COD and SUDOKU 
gameplay
Beta waves are generally associated with active atten-
tion and concentration. An increased magnitude of beta 
waves indicates participants’ efforts to focus on the game 
environment while minimizing attention to external dis-
turbances [47, 48]. The relative beta energy was signifi-
cantly higher (p < 0.05) during action video game (call of 
duty—COD) play compared to puzzle-based gameplay 
(Sudoku) in the left frontal (AF3; p = 0.015, F3; p = 0.003) 
and parietal (P7; p = 0.020) brain regions, as illustrated 
in Fig.  17A. No significant (p > 0.231) differences were 
observed at other electrode locations between the two 
gameplay conditions.

Neural signals in the gamma frequency range (approxi-
mately 30–100  Hz) have received significant atten-
tion in neuroscience over the past 15 years. The relative 
gamma energy exhibited a significant difference (p < 0.05) 
between the two gaming conditions, showing higher val-
ues during action gameplay. This increase was more pro-
nounced in the left hemisphere, particularly in the frontal 
(AF3; p = 0.040, F3; p = 0.003), temporal (T7; p = 0.010), 
and parietal (P7; p = 0.013) regions, as shown in Fig. 17B. 

The gamma band energy was especially high in the pari-
etal and temporal regions during COD gameplay com-
pared to the frontal region. The Arousal index (beta/alpha 
ratio) serves as an indicator of attention levels. During 
attentive states, beta power increases while alpha power 
decreases relative to resting states [49, 50]. The Arousal 
index (BAR) was significantly lower (p < 0.05) while play-
ing Sudoku in the frontal (F3; p = 0.046, F8; p = 0.010) 
and parietal (P7; p = 0.009, P8; p = 0.007) regions, as illus-
trated in Fig. 17C.

CNS arousal, measured as the theta/beta ratio, reflects 
autonomic nervous system (ANS) balance and is associ-
ated with trait attentional control [51]. A significant dif-
ference (p < 0.05) was observed in CNS Arousal between 
action and puzzle-based games, with an increased theta/
beta ratio for Sudoku at F3 (p = 0.004), F8 (p = 0.011), and 
P8 (p = 0.018) electrode positions compared to COD.

This suggests reduced attentional control during 
Sudoku gameplay, as depicted in Fig.  18A. The Alpha-
Gamma Ratio (AGR) showed a significant difference 
(p < 0.05) between the two gaming conditions, with 
higher values observed in the left frontal (F3; p = 0.020) 
and bilateral parietal (P7; p = 0.001, P8; p = 0.009) regions. 
Similarly, the Cognitive Performance Index (CPI) sig-
nificantly differed (p < 0.05) between COD and Sudoku 
gameplay, with notable differences in the right frontal 
(F8; p = 0.007) and bilateral parietal (P7; p = 0.023, P8; 
p = 0.001) regions, as presented in Fig. 18B. The Vigilance 
Index (VI), calculated as ((theta + alpha)/beta), is consid-
ered the inverse of the engagement index. While playing 

Fig. 16  Mean and one standard error values for SUDOKO video game play condition (B—before, D—during, and A -after) for significant electrode 
position a Arousal Index, b heart rate index (HR) (p < 0.017)
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Table 3  Statistical significance for EEG features during SUDOKU gameplay

Sl. No Features Electrode Before During* Increase/decrease

1 Synchronisation AF3 12.7962 5.6211  − 7.1751

AF4 8.4733 4.2413  − 4.232

F7 13.9039 6.2996  − 7.6043

F8 11.7962 5.8708  − 5.9254

F3 14.6754 5.9786  − 8.6968

F4 13.3630 5.7091  − 7.6539

FC5 14.2539 5.9259  − 8.328

FC6 31.5614 7.7623  − 23.7991

T7 16.7074 7.3873  − 9.3201

T8 13.7046 5.9633  − 7.7413

P7 17.6535 7.8039  − 9.8496

P8 14.8088 6.1573  − 8.6515

2 Desynchronisation AF3 1.3604 1.1863  − 0.1741

F7 1.1578 1.0133  − 0.1445

F3 1.3077 1.1020  − 0.2057

FC5 1.1071 0.9511  − 0.156

P7 1.1883 0.9087  − 0.2796

O1 1.3097 1.0954  − 0.2143

O2 1.2719 1.0718  − 0.2001

3 Executive load index AF3 15.8902 7.2287  − 8.6615

AF4 11.0914 6.0615  − 5.0299

F7 16.7514 7.8818  − 8.8696

F8 14.7126 7.6649  − 7.0477

F3 16.8987 7.1299  − 9.7688

F4 14.3942 6.3103  − 8.0839

FC5 15.6866 6.7456  − 8.941

FC6 40.1551 8.0180  − 32.1371

T7 16.0566 7.4713  − 8.5853

T8 13.9823 6.2229  − 7.7594

P7 17.9888 8.1904  − 9.7984

P8 14.8015 6.4251  − 8.3764

O1 14.6370 6.0626  − 8.5744

O2 11.1412 4.8742  − 6.267

4 Performance enhancement index AF3 1.0946 0.9522  − 0.1424

F8 1.0522 0.9327  − 0.1195

F3 1.1763 0.9516  − 0.2247

F4 1.2217 1.1311  − 0.0906

FC6 1.2083 1.2113 0.003

T7 1.4470 1.1987  − 0.2483

T8 1.3298 1.1498  − 0.18

P8 1.4171 1.1677  − 0.2494

O1 1.5816 1.2888  − 0.2928

5 LF to HF ratio AF3 8.4451 3.8508  − 4.5943

AF4 5.9465 3.2960  − 2.6505

F7 8.3937 4.0122  − 4.3815

F8 7.8209 4.1466  − 3.6743

F3 8.7520 3.7448  − 5.0072

F4 7.4537 3.3466  − 4.1071

FC5 7.5109 3.2988  − 4.2121



Page 18 of 32Ramanathan et al. Health Information Science and Systems  (2025) 13:67

COD, VI was significantly lower (p < 0.05) in the left fron-
tal (F3; p = 0.003) and bilateral parietal (P7; p = 0.007, P8; 
p = 0.015) regions, suggesting higher engagement during 
action gameplay, as shown in Fig. 18C.

Analysis of brain signals after COD and Sudoku gameplay
Increased theta spectral power is known to correlate with 
enhanced cognitive resource utilization [52], task diffi-
culty [53], and working memory activation [54]. Relative 
theta energy exhibited a significant difference (p < 0.05) 
between COD and Sudoku after gameplay. Specifically, 
theta activity was significantly higher in the left hemi-
sphere at electrode positions AF3, F7, P7, and O1 fol-
lowing COD gameplay compared to Sudoku, as shown 
in Fig.  19A. This indicates that after playing the action 
game, cognitive resource engagement and working mem-
ory activity remained elevated. In contrast, these cogni-
tive processes showed a reduction after playing Sudoku, 
indicating lower cognitive demand.

The gamma band is closely linked to perceptual pro-
cessing and the retention of information over short peri-
ods, making it a critical marker for working memory [55]. 
Post-game relative gamma energy also showed a signifi-
cant difference (p < 0.05) between COD and Sudoku, with 
higher gamma activity in the left prefrontal and parietal 
regions after COD play, as shown in Fig. 19B. This sug-
gests that working memory processing and memory load 
were better sustained after action gameplay compared 
to the puzzle game.CNS arousal, assessed via the theta/
beta ratio (TBR), is associated with attentional control. 
Post-game, CNS arousal (theta energy) was significantly 
higher (p < 0.05) following COD play in the left frontal, 
temporal, and occipital lobes when compared to Sudoku, 
as shown in Fig. 19C. This indicates that memory, atten-
tion, and cognitive control were enhanced after action 
gameplay, leading to improved post-game performance.

Neuronal Activity (NA), calculated as beta/theta, is 
inversely related to CNS arousal (TBR) [56]. Post-game 
analysis showed significantly lower NA (p < 0.05) after 
COD gameplay in the left frontal and temporal regions, 

as shown in Fig.  19D. The Vigilance Index (VI), com-
puted as ((theta + alpha)/beta), also significantly differed 
(p < 0.05) between COD and Sudoku post-game, as shown 
in Fig.  19E. After COD, theta activity increased, while 
alpha and beta activity decreased in the left frontal and 
temporal regions (F7, FC5, and T7). This pattern reflects 
increased task difficulty and higher cognitive effort fol-
lowing the action game. In contrast, after Sudoku, beta 
increased and theta decreased, indicating lower task dif-
ficulty, reduced working memory engagement, and lower 
cognitive load post-game. The detailed inferences derived 
from the EEG features across COD and SUDOKU game-
play are summarized in Table 4.

Relationship between Game parameters and the EEG signal
Correlation analysis was performed between game 
performance parameters (number of kills and res-
pawn counts) and EEG features during COD game-
play. The results, as shown in Table  5, indicate that kill 
scores exhibited a moderate positive correlation with 
the Arousal Index at AF4 (r = 0.537) and the Cognitive 
Performance Index at P8 (r = 0.469). Respawn scores 
were strongly correlated with EEG features at occipi-
tal electrodes. Specifically, Synchronisation (r = 0.630), 
Executive Load Index (r = 0.685), and LF to HF ratio 
(r = 0.845) at O1 showed high positive correlations with 
respawn counts. Moderate positive correlations were also 
observed for the Alpha–Gamma ratio at O2 (r = 0.487 
and r = 0.517).

These results indicate that performance in COD is 
strongly linked with neural indices of arousal, executive 
load, and spectral balance, particularly in the occipi-
tal and frontal regions, as reported in Table  5. The 
positive correlations between respawn counts and EEG 
features such as executive load and LF/HF ratio sug-
gest that higher cognitive effort may be associated with 
task performance. Similarly, the moderate positive cor-
relations between kill scores and arousal/cognitive 
indices highlight the role of heightened alertness and cog-
nitive resource engagement in successful performance. 

Table 3  (continued)

Sl. No Features Electrode Before During* Increase/decrease

FC6 18.5996 3.6921  − 14.9075

T7 7.2458 3.4462  − 3.7996

T8 6.7651 3.0775  − 3.6876

P7 9.0801 4.0960  − 4.9841

P8 7.4972 3.2933  − 4.2039

O1 7.4550 3.0463  − 4.4087

O2 5.7898 2.4431  − 3.3467
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In contrast, no significant correlations were observed 
between game performance metrics and EEG features 
during Sudoku gameplay (r < 0.321 across all electrodes), 
suggesting that task complexity and cognitive demands in 

action games drive stronger performance–neural activity 
coupling compared to puzzle games.

In COD gameplay, the behavioural measure of com-
mission errors (responding to a non-target stimulus) 

Fig. 17  Mean and one standard error values for COD and Sudoku gameplay for significant electrode positions: A Relative beta energy, B relative 
gamma energy, C Arousal index (p < 0.05)
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showed significant negative correlations with EEG fea-
tures before and after gameplay. The executive load index 
(delta + theta/alpha), LF to HF ratio, and synchronisa-
tion (delta/theta ratio) demonstrated moderate to high 
negative correlation coefficients, ranging from –0.50 to 
–0.67. After gameplay, stronger negative correlations 
were observed at AF4 and AF3, showing that lower com-
mission errors were associated with more efficient neural 
processing. The detailed results are provided in Table 6.

Similarly, omission errors (failing to respond to a tar-
get stimulus) showed positive correlations with the same 
EEG features. Before and after gameplay, correlation 
coefficients ranged between 0.60 and 0.70, with particu-
larly strong effects observed at AF4 and P8. This indicates 
that lapses in target detection were linked with higher 
executive load and synchronisation. The detailed results 
are presented in Table 7.

Fig. 18  Mean and one standard error values for COD and Sudoku gameplay for significant electrode positions A CNS Arousal, B AGR and CPI, C 
vigilance index (p < 0.05)



Page 21 of 32Ramanathan et al. Health Information Science and Systems  (2025) 13:67

Fig. 19  Mean and one standard error values for COD and SUDOKU after video game play for the significantly different electrode positions: A 
relative theta energy, B Relative gamma energy, C CNS Arousal (theta/beta ratio), D neuronal activity (beta/theta ratio), and E Vigilance Index (VI) 
(p < 0.05)



Page 22 of 32Ramanathan et al. Health Information Science and Systems  (2025) 13:67

In contrast, Sudoku gameplay did not show any 
meaningful correlation between behavioural errors 
and EEG features before or after gameplay, as all val-
ues were below r = 0.321. These findings suggest that 
COD gameplay strongly modulates the relationship 
between behavioural errors and EEG markers of cogni-
tive processing, while Sudoku does not. Negative cor-
relations between commission errors and EEG features 
observed from Table  6 indicate that participants with 
more efficient neural functioning committed fewer 
false responses, whereas positive correlations between 
omission errors and EEG features presented in Table 7 
suggest that lapses in target detection were linked with 
higher executive load and cognitive stress. Together, 
these results demonstrate that action video games 
enhance attentional control and error monitoring more 
effectively than puzzle games.

Brain functional connectivity network between COD 
and SUDOKU games
A brain functional connectivity network (FCN) graph is a 
representation of how different regions of the brain inter-
act with each other based on functional correlations. In 
neuroscience, functional connectivity (FC) refers to the 
degree of co-variation between spatially distributed brain 
signals recorded using various functional neuroimag-
ing techniques, including functional magnetic resonance 
imaging (fMRI) [59] electroencephalography (EEG) [60], 
magnetoencephalography (MEG) [61], functional near-
infrared spectroscopy (fNIRS) [62] and electrocorticog-
raphy (ECoG) [63]. A functional connectome refers to a 
comprehensive map of functional connections across the 
brain.

To facilitate comparison, the functional connectivity 
network is plotted for two video gameplay conditions 

Table 4  Inferences from EEG Features During COD and Sudoku Gameplay

EEG Feature Key Electrode Positions Dominant Hemisphere COD (Action Game) Sudoku 
(Puzzle 
Game)

Inference

Beta AF3, F3, P7 Left Frontal Increase Decrease Higher alertness and goal-
directed attentiveness in 
COD

Gamma AF3, F3, T7, P7 Left Frontal Increase Decrease Enhanced working memory 
processing and perception 
post-COD

Arousal Index (AI) (Beta/
Alpha Ratio—BAR)

F3, F8, P7, P8 Bilateral Frontal & Parietal Increase Decrease Higher vigilance and cogni-
tive processing in COD

Cognitive Performance 
Index (CPI) (Beta/
(Theta + Alpha)) [57]

P7, P8, F8 Bilateral Parietal Increase Decrease Higher attentional engage-
ment in COD; Sudoku 
reduced alertness

Vigilance Index (VI) 
((Theta + Alpha)/Beta)

F3, F8, P7, P8 Bilateral Frontal & Parietal Decrease Increase Lower VI in COD reflects bet-
ter attention control

CNS Arousal (TBR) (Theta/
Beta) [58]

F3, F8, P8 Right Frontal Decrease Increase Sudoku induced more mind 
wandering (MW) than 
COD

Alpha-Gamma Ratio (AGR) F3, P7, P8 Left Parietal Decrease Increase COD gameplay activated 
cognitive functions like 
attention targeting, while 
Sudoku showed reduced 
cognitive focus

Table 5  Correlation between COD gameplay performance measures and EEG features

Sl. No Score type Electrode EEG feature Correlation coef‑
ficient (r)

Interpretation

1 Kill AF4 Arousal index 0.537 Moderate positive correlation

2 Kill P8 Cognitive performance index 0.469 Moderate positive correlation

3 Respawn O1 Synchronisation 0.630 High positive correlation

4 Respawn O1 Executive load index 0.685 High positive correlation

5 Respawn O1 LF to HF ratio 0.845 High positive correlation

6 Respawn O2 Alpha–gamma ratio 0.487 Moderate positive correlation

7 Respawn O2 Alpha–gamma ratio 0.517 Moderate positive correlation
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(COD and SUDOKU), considering three EEG features: 
Beta energy, Gamma energy, and Neuronal Activity 
(NA). In the Beta band connectivity, the red-to-blue gra-
dient indicates activity intensity, with red showing higher 
activity and blue indicating lower activity. During COD 
gameplay, the beta band shows higher activation in the 
bilateral frontal and prefrontal regions. Conversely, dur-
ing SUDOKU gameplay, beta energy exhibits higher acti-
vation in the left hemisphere of the frontal lobe, as well as 
in the bilateral parietal and occipital regions, as shown in 
Fig. 20A and B.

Gamma band activity, associated with high concentra-
tion and problem-solving, shows stronger connectivity 

between prefrontal and frontal cortices during COD 
gameplay, particularly between AF3-F3, AF4-F4, and 
other frontal edges, as shown in Fig.  21. This pattern 
reflects the cognitive and motor demands of action game-
play. For SUDOKU, gamma activity is concentrated in the 
parietal and occipital cortices across both hemispheres, 
supporting its dependence on visuospatial processing 
and logical reasoning. Strong edges during COD involve 
frontal nodes like F3, FC5, and F4, while SUDOKU shows 
enhanced connectivity between parietal-occipital edges 
such as P7-O1 and P8-O2, reinforcing the game’s visual 
and cognitive demands.

Table 6  Correlation between commission errors and EEG features during COD gameplay

Sl. No Electrode Feature Correlation coefficient (r) Interpretation

Before gameplay

 1 O1 Executive load index  − 0.620 Moderate negative correlation

LF to HF ratio  − 0.529 Moderate negative correlation

 2 P8 Synchronisation  − 0.609 Moderate negative correlation

Executive load index  − 0.657 High negative correlation

LF to HF ratio  − 0.666 High negative correlation

 3 F4 Synchronisation  − 0.631 Moderate negative correlation

Executive load index  − 0.529 Moderate negative correlation

LF to HF ratio  − 0.565 Moderate negative correlation

 4 F8 Synchronisation  − 0.548 Moderate negative correlation

After gameplay

 5 AF4 Synchronisation  − 0.749 High negative correlation

Executive load index  − 0.611 Moderate negative correlation

LF to HF ratio  − 0.612 Moderate negative correlation

 6 AF3 Synchronisation  − 0.526 Moderate negative correlation

Table 7  Correlation between omission errors and EEG features during COD gameplay

Sl. No Electrode Feature Correlation coefficient (r) Interpretation

Before gameplay

 1 O1 Executive load index 0.620 Moderate positive correlation

LF to HF ratio 0.529 Moderate positive correlation

 2 P8 Synchronisation 0.609 Moderate positive correlation

Executive load index 0.657 High positive correlation

LF to HF ratio 0.669 High positive correlation

 3 F4 Synchronisation 0.631 Moderate positive correlation

Executive load index 0.529 Moderate positive correlation

LF to HF ratio 0.565 Moderate positive correlation

 4 F8 Synchronisation 0.548 Moderate positive correlation

After gameplay

 5 AF4 Synchronisation 0.749 High positive correlation

Executive load index 0.611 Moderate positive correlation

LF to HF ratio 0.621 Moderate positive correlation

 6 AF3 Synchronisation 0.526 Moderate positive correlation
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Analysing functional connectivity for neuronal activ-
ity (NA) helps to identify cognitive functions such as 
memory and learning [63]. In this analysis, correla-
tions between regions of interest (ROIs) define the edge 
strengths between nodes. During COD gameplay, NA 
connectivity is stronger in the right hemisphere, particu-
larly between FC5 and temporal, parietal, and occipital 
cortices. During SUDOKU gameplay, stronger NA con-
nectivity is observed in the right frontal lobe and across 
the bilateral parietal and occipital cortices (e.g., F4-P7, 
P8, O1, and O2). Higher connectivity is evident in the 
right hemisphere for SUDOKU, while COD exhibits 
stronger connectivity within the left central hemisphere, 
as shown in Fig. 22A and B.

The strong nodes and edges detected during the con-
nectivity analysis for both games across the three EEG 
features (beta, gamma, and NA) are summarized in 
Table  8. In this study, a node is considered strong if its 
t-value exceeds 10, and an edge is considered strong if 
the correlation coefficient exceeds 0.6. Nodes and edges 
below these thresholds were excluded from further 
analysis.

The overall functional connectivity findings for both 
games are summarized in Table  9, highlighting the 
key cognitive inferences drawn from the connectivity 
patterns.

Network topology metrics such as Clustering Coef-
ficient, Path Length, and Small-World Index (SWI) 
were calculated for EEG features in both COD (Action 
Video Game) and Sudoku (Puzzle Game) conditions. 
The results are summarized in Tables 10, 11, and 12.:The 

clustering coefficient reflects the tendency of nodes to 
form local clusters, supporting modular and task-specific 
processing. Higher clustering in fronto-parietal and pre-
frontal regions indicates better working memory capacity 
and efficient sensory information processing. In our data, 
COD gameplay showed higher clustering coefficients 
compared to Sudoku, indicating enhanced modular con-
nectivity during fast-paced action gaming, as shown in 
Table 10.

Path length measures the efficiency of information 
transfer across the network. Shorter path length indi-
cates higher global efficiency, allowing rapid integration 
of information across distant brain regions. Interestingly, 
Sudoku showed slightly shorter path lengths than COD, 
as shown in Table 11, reflecting distributed connectivity 
supporting logical reasoning and problem-solving.

Small-worldness (Sigma) combines high clustering and 
short path length to indicate an optimal balance between 
local specialization and global integration. COD game-
play showed higher Sigma values as shown in Table  12, 
indicating that action games enhance efficient informa-
tion processing, faster reaction times, and improved 
memory encoding.

These results indicate that action video game play pro-
motes modular, efficient, and high-performance brain 
network topology, while puzzle gameplay emphasizes 
distributed, global connectivity supporting analytical and 
logical reasoning. Inclusion of these metrics strength-
ens the manuscript by providing a quantitative network-
level perspective of cognitive engagement across gaming 
conditions.

Fig. 20  Brain functional connectivity analysis of beta activity: A COD gameplay, B SUDOKU gameplay
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Advanced functional connectivity—mutual information 
(MI), and phase locking value (PLV)
The functional connectivity analysis has been extended 
beyond Pearson correlation by incorporating Mutual 
Information (MI) and Phase Locking Value (PLV), as 
suggested. Mutual Information, originally proposed in 
information theory [64], quantifies the statistical depend-
ence between two signals without assuming linearity. 
When applied to EEG, MI provides a robust measure of 

dynamical coupling between regions and is particularly 
effective for identifying both linear and non-linear inter-
actions across spectral bands [65].

In the present study, Fig.  23 illustrates MI analysis of 
beta activity. During Call of Duty gameplay, information 
flow was concentrated in the frontal regions, indicating 
stronger executive and attentional processing. In con-
trast, during Sudoku gameplay, lower frontal flow was 
observed, accompanied by increased coupling across 

Fig. 21  Brain functional connectivity analysis of gamma activity: A COD gameplay, B SUDOKU gameplay

Fig. 22  Brain functional connectivity analysis of neuronal activity: A COD gameplay, B SUDOKU gameplay
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occipital and temporal lobes, highlighting the involve-
ment of visual and associative networks.

In parallel, Phase Locking Value (PLV) was used as an 
additional connectivity metric. PLV evaluates the degree 
of phase synchronisation between signals, which is well 
suited to the nonlinear and nonstationary characteristics 
of EEG [66, 67]. Figure  24 shows PLV analysis results: 
action gameplay produced tightly clustered synchronisa-
tion within frontal regions, consistent with heightened 
executive control and sustained attention. Puzzle game-
play, in comparison, exhibited more distributed connec-
tivity spanning frontal-parietal, temporal-frontal, and 
occipital–parietal interactions. This broader pattern cor-
responds to cognitive functions such as visual attention, 
working memory, and memory retrieval.

The inclusion of MI and PLV thus provides a more 
comprehensive picture of EEG functional connectivity 
and addresses the reviewer’s concern by demonstrating 
how distinct gameplay conditions are underpinned by 
different neural coupling patterns.

Discussion
The analysis of EEG signals during gameplay provided 
valuable insights into the cognitive and neural processes 
associated with several types of video games, specifically 
Action Video Games (AVGs) like Call of Duty: Modern 
Warfare 2 (COD) and Puzzle Games like Sudoku. Com-
pared to the baseline rest condition, both games triggered 
distinct neural signatures, highlighting variations in cog-
nitive load, attentional demands, working memory uti-
lization, and emotional arousal. During COD gameplay, 
Delta energy and Synchronization Ratio (Delta/Theta) 
were significantly reduced, indicating increased cogni-
tive engagement and sustained attentional focus. This 
aligns with previous findings [68, 69], which reported 
similar reductions in low-frequency oscillations during 
fast-paced, stimulus-driven gaming. Alpha desynchro-
nization, a reliable marker of attentional engagement, 

was particularly pronounced in COD, reinforcing the 
heightened visual scanning and sensorimotor integration 
required in action gaming environments.

Theta power is linked to memory encoding and 
retrieval in some cognitive tasks, particularly in short-
term memory. Sudoku gameplay elicited a significant 
increase in Theta power, particularly over frontal elec-
trodes, indicating higher short-term memory load asso-
ciated with logical reasoning and problem-solving. This 
pattern aligns with previous findings[70], which dem-
onstrated a clear link between frontal theta and work-
ing memory processing. While both games increased 
Beta power, the spatial distribution differed: COD 
produced stronger bilateral beta activation over fron-
tal and parietal regions, indicative of motor prepara-
tion and executive control, whereas Sudoku resulted 
in a more localized increase over parietal and occipital 
lobes, reflecting visuospatial reasoning and mathemati-
cal cognition. This observation is consistent with prior 
research[71], which linked these regions to motor and 
attentional control in action games, and logical rea-
soning in puzzle solving, respectively. Gamma activ-
ity was high in while playing action video game when 
compared to sudoku, gamma band was associated with 
higher cognitive functions like attention, learning, and 
memory processes, particularly in long-term memory 
encoding and retrieval. It shows for COD game play 
long term memory was activated more.

A comparison of Cognitive Performance Index (CPI) 
and Engagement Index showed that players were sig-
nificantly more engaged during COD than Sudoku, 
consistent with previous findings[72], which reported 
higher engagement during dynamic, visually immer-
sive tasks. However, CNS Arousal Index (Theta/Beta 
Ratio) was higher in Sudoku than in COD, increased 
theta relative to beta is often seen in situations involv-
ing memory encoding and working memory (short-
term memory) for sudoku. Also, it indicates higher 

Table 8  Connectivity analysis across different brain regions for COD and SUDOKU gameplay

Sl. No EEG feature Strong node details (COD) Strong node details 
(SUDOKU)

Strong edge details (COD) Strong edge details 
(SUDOKU)

1 Beta energy F8, T8, FC5, F4, F7, F3, T7, AF3 FC5, F3, F7, T7, F4, T8, AF3, P7 F7-F3, FC5, F4, F8; F3-FC5, 
F4, F8; FC5-F4, F8; F4-F8; 
O1-O2

AF3-F4; F7-FC5; F3-F4; P7-O1, 
O2, P8, F4; O1-O2, P8; 
O2-P8; P8-F4

2 Gamma energy AF3, F7, F3, FC5, T7, P7, T8, 
F4, F8

AF3, FC5, F7, F3, F4, T8, T7, 
P7, FC6

F7-F3, FC5, F4, F8; F3-FC5, F4, 
F8; FC5-F4, F8; O1-O2, T8, 
F4; F4-F8

AF3-F4; F7-F3, FC5; F3-FC5; 
P7-O1, O2, P8; O1-O2, P8, 
F4; O2-P8; P8-F4

3 Neuronal activity AF4, F3, FC6, AF3, F8, F7, FC5, 
F4, T8, P8, O1, O2, T7, P7

AF3, F8, FC6, T8, AF4, F4, P7, 
P8, F3

AF3-F3; F7-FC5, O1, O2, F8, 
AF4; F3-P8; FC5-O2, P8, 
T8, F8; O1-O2; O2-P8, F4; 
P8-F4; F8-AF4

AF3-F8, AF4; F7-FC5; P7-P8; 
O1-O2, P8, F4, F8; O2-P8, 
F4, F8, AF4; P8-F4, F8; F4-F8, 
AF4; F8-AF4
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cognitive stress associated with analytical reasoning 
under time pressure, aligning with cognitive stress pat-
terns reported in[73]. Functional connectivity analysis 
further highlighted that COD gameplay activated bilat-
eral fronto-parietal networks, supporting the real-time 
integration of sensory, motor, and executive functions, 
while Sudoku produced stronger right-lateralized con-
nectivity between frontal and parietal cortices, empha-
sizing the right hemisphere’s role in logical and spatial 
reasoning.

When benchmarking these findings against estab-
lished cognitive neuroscience literature, as illustrated 
in Table  13, COD gameplay appears to promote atten-
tional focus, motor coordination, and aspects of cog-
nitive flexibility, supported by bilateral fronto-parietal 
coupling and strong alpha suppression. In contrast, 
Sudoku gameplay seems to engage working memory 
processes, logical reasoning, and problem-solving effi-
ciency, reflected in theta enhancement and right pari-
etal activation. Both game types impose cognitive load, 
but the nature of this load differs — sensory-motor and 
attention-driven in COD versus cognitive-analytical 

in Sudoku. These distinctions provide preliminary evi-
dence that different video game genres may engage 
distinct neural mechanisms, which in turn could be 
leveraged for targeted cognitive training strategies. 
However, given the modest sample size and the use 
of a consumer-grade EEG system, the present find-
ings should be interpreted cautiously. Future studies 
with larger and more diverse cohorts, combined with 
multimodal neuroimaging approaches, are needed to 
validate these results and explore their generalisability. 
Overall, this study contributes to the growing body of 
work on game-based cognitive neuroscience by high-
lighting genre-specific neural and cognitive engage-
ment patterns. While our findings are in line with prior 
literature, they remain exploratory and warrant rep-
lication before strong conclusions can be drawn about 
their translational potential for cognitive training or 
rehabilitation.

Table 10  Clustering coefficient of EEG features during COD and Sudoku gameplay

Sl. No EEG features Network topol‑
ogy metrics 
Features

Inferences

COD Sudoku

1 Beta 0.9038 0.8986 Clustering Coefficient are high while subject playing COD game when compared to Clustering Coefficient. 
It shows that High clustering in frontoparietal and prefrontal regions supports modular, task-specific pro-
cessing and better working memory capacity. Also, subject have fast filtering and processing of sensory 
information

2 Gamma 0.9086 0.8991

3 NA 0.9890 0.9331

Table 11  Path length of EEG networks during COD and Sudoku gameplay

Sl. No EEG features Network topol‑
ogy metrics: 
features

Inferences

COD Sudoku

1 Beta 1.2198 1.1429 In the Sudoku game, subjects have shorter path length, which shows global efficiency, enabling rapid 
integration of information across distant brain regions. It is associated with improved executive func-
tion and problem-solving

2 Gamma 1.1538 1.1429

3 NA 1.0110 1.0769

Table 12  Small-world index of EEG features during COD and Sudoku gameplay

Sl. No EEG Features Gamma Lambda Sigma (SWI) Inferences

COD Sudoku COD Sudoku COD Sudoku

1 Beta 1.1276 1.0607 1.0174 0.9914 1.1082 1.0699 COD game players have an increasingly pronounced small-world 
characteristic as compared to Sudoku; it shows that action video 
game play induces a better cognitive performance, faster reaction 
times, and more efficient memory encoding

2 Gamma 1.0861 1.0396 0.9915 1.0052 1.0954 1.0343

3 NA 1.0025 1.0092 0.9978 1.0003 1.0047 1.0089
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Conclusion
This study examined neurophysiological responses to 
two gaming genres: Action Video Games (AVG), repre-
sented by Call of Duty (COD), and Puzzle Games, repre-
sented by Sudoku. EEG data were analyzed across delta, 
theta, alpha, beta, and gamma bands, alongside cognitive 

markers including attention, working memory, engage-
ment, and CNS arousal, as well as functional connectivity 
patterns. COD gameplay was associated with enhanced 
visual attention, motor coordination, executive control, 
and bilateral fronto-parietal connectivity. Lower Theta/
Beta ratios, higher Beta power, and alpha suppression 

Fig. 23  Mutual information (MI) analysis of beta activity: A COD gameplay, B SUDOKU gameplay

Fig. 24  Phase locking value (PLV) analysis of beta activity: A COD gameplay, B SUDOKU gameplay
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indicated greater attentional focus, sensory-motor readi-
ness, and alertness, while engagement was high, albeit 
with moderate cognitive stress due to fast-paced, time-
sensitive tasks.

Sudoku gameplay elicited higher working memory 
demands, right-dominant fronto-parietal connectiv-
ity, and increased parietal activation, reflecting logical 
reasoning, stepwise problem-solving, and visuospatial 
processing. Elevated theta activity indicated memory 
retrieval and cognitive processing, with moderate 
engagement and higher analytical stress. These patterns 
are consistent with prior findings that action games 
enhance perceptual-motor and attentional networks, 
whereas puzzle games strengthen reasoning and memory 
systems.

Behavioral measures, including commission and omis-
sion errors and performance scores, correlated with EEG 
features such as executive load index, LF/HF ratio, syn-
chronization, arousal index, and cognitive performance 
index. However, these correlations do not imply causal-
ity, and the direction of influence between neural activity 
and behavioral performance remains to be investigated. 
Practical challenges with the EMOTIV EEG headset 
contributed to the gender imbalance. For accurate read-
ings, the sensors require direct scalp contact, which 
can be difficult with long hair, more commonly seen in 
female participants. Ensuring proper sensor placement 
and high-quality EEG data was a priority. Future stud-
ies will aim for a larger and more gender-balanced sam-
ple to allow robust analyses of potential gender-related 
differences.

While this study provides valuable insights into the 
neural dynamics of action and puzzle video games, its 
findings should be interpreted with caution. The rela-
tively modest and gender-imbalanced sample size lim-
its statistical power and generalisability, and the use 
of the Emotiv EPOC X headset, although convenient 
and non-invasive, offers lower spatial resolution than 

clinical-grade EEG or MEG systems. In addition, the 
focus on a narrow age range of healthy young adults 
restricts applicability to other populations such as chil-
dren, older adults, or clinical groups. In light of these 
limitations, these factors indicate that the present results 
should be regarded as exploratory. Future work should 
therefore employ larger and more diverse cohorts, 
incorporate multimodal neuroimaging techniques (e.g., 
EEG–fMRI or MEG), and adopt longitudinal designs to 
test the stability of the observed effects. Such directions 
will be essential to validate and extend these preliminary 
findings, and to establish the broader potential of video 
games as tools in cognitive neuroscience, education, and 
rehabilitation.
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