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ARTICLE INFO ABSTRACT

Handling editor: Bjorn de Koning Background: Recent studies have investigated methods for improving the acquisition of complex visuomotor skills
in virtual reality (VR) settings, but the results have been inconclusive.

Objective/Hypothesis: This study aims to examine whether transcranial random noise stimulation (tRNS), a non-
invasive brain stimulation technique, can accelerate the learning process of a VR first-person shooter (VR-FPS)
training and its impact on gaming abilities and on cognitive functions.

Methods: After exclusion of 9 subjects due to VR-cybersickness, twenty-two healthy young volunteers (6 females,
16 males; mean age 26.5 + 4.9 years) participated in a five-day VR-FPS training. The participants were randomly
assigned to either the Active (real)-tRNS (n=11) or the Sham (placebo)-tRNS group (n=11). Each day, tRNS
targeting an ad-hoc visuo-motor functional brain network was administered for the first two rounds (tRNS ON),
but not in the last two rounds out of four (tRNS OFF). The difficulty of the round was adjusted according to the
ratio of overwhelmed enemies (O) to the player’s defeats (D): (O/D). The participants’ shooting skills and
cognitive abilities were evaluated before, immediately after and one week after the training (TO, T1, T2).
Results: The Active-tRNS group showed significantly higher O/D performance compared to the Sham-tRNS group
(p < .05), particularly during tRNS OFF rounds (p < .05). Additionally, at T2, the Active-tRNS group exhibited
significantly better performance in a long-range shooting task than the Sham-tRNS group. Both groups showed
improved cognitive abilities at T1 and at T2.

Conclusions: tRNS of an hybrid visuo-motor network can enhance the learning curve of VR-FPS training, with
persistent and strong after-effects. This finding has potential applications for both performance training and
treatment of clinical conditions.

1. Introduction making it crucial to find methods that optimize game learning.

First-person-shooter (FPS) games are widely used action videogames in

Professional video gaming has given rise to electronic sports (e- e-sports tournaments and recent findings have shown that personalized

sports) tournaments, where cyber-athletes compete for highly remu- training, which modifies the difficulty level based on the performance,

nerative prizes and visibility in a large gaming community (Hutchins, leads to a significant acceleration of the learning curve and a reduction
2008; Palma-Ruiz, Torres-Toukoumidis, Gonzalez-Moreno, & in the time required to master the game (Neri et al., 2021).

Valles-Baca, 2022). Players train for months to prepare for a contest, The FPS perspective demands high degree of flexibility, task-
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switching skills, and rapid reaction times (Colzato, van Leeuwen, van
den Wildenberg, & Hommel, 2010). Performance in such games relies on
the functioning of several cognitive and perceptual abilities, including
selective attention, stimulus detection, shifting and decision-making
(Castel, Pratt, & Drummond, 2005; Green & Bavelier, 2003a; Kowal,
Toth, Exton, & Campbell, 2018). Additionally, frequent videogaming
can enhance specific cognitive abilities such as selective attention, vi-
suospatial attention, visuospatial memory, decision-making, multi-
tasking, and cognitive control (Anguera et al., 2013; Bavelier, Green,
Pouget, & Schrater, 2012; Green and Bavelier, 2003a, 2006a; Green, Li,
& Bavelier, 2010; Greenfield, 2009). Long-term changes in specific
cognitive abilities are related to video game genre: for example, FPS
games appear to impact on increased perceptual ability and hand-eye
coordination (Basak, Boot, Voss, & Kramer, 2008; Bediou et al., 2018;
Jakubowska et al., 2021), as participants who underwent to an FPS
training showed improved visuomotor control, including faster reaction
times and better eye-hand coordination (Li, Chen, & Chen, 2016).

Virtual reality (VR) is an immersive technology that uses simulated
3D scenarios, in which participants report an increase in self-efficacy
and sense of immersion (Radhakrishnan, Chinello, & Koumaditis,
2023). Recent advancements in accessibility and technology have made
VR increasingly popular among both consumers and researchers.
Beyond its entertainment value, VR has been shown to have significant
benefits in diverse fields such as education, healthcare, and skill
development for the workplace. (Herz & Rauschnabel, 2019; Jerdan,
Grindle, Woerden, & Boulos, 2018; Zhao, Xu, Jiang, & Ding, 2020). For
instance, VR has been used to investigate the effects of virtual scenarios
on the learning curve of a task. A training program that focuses on fine
motor skills using a VR environment can significantly enhance the
functional mobility and balance performance in healthy older adults
when compared to traditional training in physical environments (Liu
et al., 2022). Few studies have investigated cognitive and brain activa-
tion peculiarities during VR, but data suggest a higher cognitive load
during gaming in a VR environment (Roettl & Terlutter, 2018). Addi-
tionally, improved perception and emotional arousal associated with the
3D gaming lead to an higher beta band oscillation in both hemispheres
(Tian, Hua, Zhang, Li, & Yang, 2021).

A VR-FPS is a game that allows players to experience the action
through the eyes of their avatar, offering a heightened level of immer-
sion compared to traditional PC-based FPS games. Typically, the player
uses two controllers that simulate hand movements, enabling them to
grab weapons, interact with objects, and communicate with teammates
(Makarov et al., 2016). In a VR-FPS game, the full understanding of the
interface and commands might require several hours of practice to reach
a good level of skill. A method that optimizes the learning process and
allows players to reach a top level of play more rapidly could enhance
the VR experience.

Transcranial random noise stimulation (tRNS) is a non-invasive brain
stimulation (NiBS) technique that involves the application of a low-
intensity alternating current with a random frequency variation that
can modulate the cortical activity of a brain area or a network, thereby
improving the related cognitive functions (Brancucci, Rivolta, Nitsche,
& Manippa, 2023; Terney, Chaieb, Moliadze, Antal, & Paulus, 2008).
Usually, the entire frequency spectrum of tRNS is between 0.1 and 640
Hz and this spectrum is by convention split into two: the low-frequency
tRNS (If-tRNS) with a spectrum of 0.1-100 Hz and the high-frequency
tRNS (hf-tRNS) with a spectrum of 100-640 Hz (Antal & Herrmann,
2016; Fertonani, Pirulli, & Miniussi, 2011; Moret, Donato, Nucci, Cona,
& Campana, 2019; Potok, van der Groen, Bachinger, Edwards, & Wen-
deroth, 2021). tRNS is capable of inducing LTP-like plasticity
after-effects (Terney et al., 2008) and it might act at the neural mem-
brane level by favouring the opening of Na + channels (Chaieb, Antal, &
Paulus, 2015), or exerting its effects through the concept of “stochastic
resonance” of a neural signal (Remedios et al., 2019). Recent studies
have focused on hf-tRNS, which has yielded better results in terms of
neurocognitive enhancement, e.g. in the visual recognition and
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discrimination function (Contemori, Trotter, Cottereau, & Maniglia,
2019), in the discernment of emotional facial expressions (Penton,
Dixon, Evans, & Banissy, 2017), in attention (Tyler, Conto, & Battelli,
2018), in perception (Liu, Wu, Wang, Zhang, & Zhang, 2023), in pro-
cesses of learning (Battelli et al., 2022; Pirulli, Fertonani, & Miniussi,
2013), and decision-making (Vd Groen et al., 2018). In addition, recent
studies have shown that coupling tRNS with perceptual learning can
successfully enhance the training effect across sessions, with subse-
quently observed behavioral improvements persisting in the long term
(Conto et al., 2021; Fertonani et al., 2011). The application of tRNS was
observed to facilitate reaction times and improve learning rates in the
context of arithmetic learning, particularly in the challenging condition
characterised by a reduced number of problem repetitions. This suggests
that tRNS may enhance numerical cognition, with effects potentially
mediated by the learning system (Popescu et al., 2016).

In the current randomized, sham-controlled study, tRNS was opti-
mized to stimulate the brain hubs responsible for visuomotor functions,
specifically those recruited during an FPS game training, i.e., an hybrid
visuo-motor brain functional network (Momi et al., 2021). The gaming
performance, shooting abilities, and cognitive functions were assessed in
participants who received real or placebo tRNS during a five-day VR-FPS
training. In consideration of the findings of previous research indicating
that tRNS can improve task performance (Battelli et al., 2022; Chenot
et al.,, 2022; Contemori et al., 2019; Conto et al., 2021), it was
hypothesised that the real stimulation of the visuo-motor network might
cause an acceleration of the learning process during training, resulting
in enhanced in-game performance compared to the participants who
received a placebo stimulation. Furthermore, shooting abilities and
cognitive functions were also compared between the real and placebo
groups before and after the training, in order to ascertain whether the
tRNS was capable of generalizing its effect beyond the gaming itself.
Measurements were also taken one week after the training’s completion
to evaluate its long-term effects.

2. Materials and methods
2.1. General procedure

Thirty-one healthy subjects (9 females, 22 males; mean age: 26.1 +
4.8 years), were recruited from students at the University of Siena, Italy.
All participants had no history of psychiatric or neurological disorders,
evaluated through Mini-International Neuropsychiatric Interview
(Sheehan et al., 1998) and fulfilled a questionnaire, specifying the
duration of time devoted to playing action or other types of videogames
in the last 12 months (Green & Bavelier, 2006b). All participants were
naive to VR gameplay and denied to have prior experience in a VR
environment. All subjects signed a written informed consent, and the
protocol received approval from the local ethics committee (Protocol
Name: Brainsight 21/24). There is a significant discrepancy in the
number of male and female participants in the present study. However,
this distribution reflects the well-established preference for FPS games
among male participants (Lange, Wiihr, & Schwarz, 2021). To mitigate
the risk of introducing bias due to this imbalance, the gender variable
has been excluded from the analysis.

A total of nine individuals were excluded from the study (~29% of
participants: 3 females, 6 males; mean age: 25.1 + 4.7 years) due to the
reporting of severe symptoms of cybersickness during VR immersion.
Participants were excluded on the basis of their subjective experience
rather than a pre-established threshold. Subjects who experienced sig-
nificant discomfort during the initial tutorial phase were withdrawn
from the study. Symptoms leading to exclusion primarily included
nausea, excessive sweating, and vertigo. The proportion of participants
reporting severe cybersickness in this study was consistent with findings
from previous research (Garrido et al., 2022).

A total of twenty-two participants (6 females, 16 males; mean age:
26.6 + 4.9 years) underwent a randomized, sham-controlled experiment
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consisting of a five-day VR-FPS training. Each participant was randomly
assigned to either the Active-tRNS (11 participants: 3 females; 8 males;
mean age 27.9 + 6.5 years) or the Sham-tRNS (11 participants: 3 fe-
males; 8 males; mean age 25.2 + 2.2 years) group. Demographic char-
acteristics and gaming questionnaire results are reported in Table S1.
EEG, heart-rate (HR) and galvanic skin conductance (GSR) were also
recorded between and within days. However, this study only focused on
the behavioral performance and physiological data was not analysed.

2.2. Game software & VR hardware

The training was conducted using a Meta Quest 2 all-in-one VR
headset with a 256 GB storage capacity and manual controllers. The
headset features a fast-switching LCD display with a resolution of
1832x1920 per eye, a horizontal FoV of 97°, a vertical FoV of 93°, and
supports refresh rates of 60, 72 and 90 Hz. (Oculus, Meta Platforms Inc.,
Menlo Park, California-USA).

The selected FPS-VR game was Contractors (https://www.meta.
com/it-it/experiences/2436897736439055), a team based semi-
realistic competitive multiplayer videogame with an available 90 Hz
refresh rate on Meta Quest 2. The game is commonly used in professional
competitions (VR-Master-League; https://vrmasterleague.com) and its
interface allows the player to experience the action from the pro-
tagonist’s point-of-view while performing actions such as handling
weapons, engaging enemies and navigating the map. The selected game
mode was team-deathmatch, which focuses on overwhelming as many
members of the opposing team as possible (O factor) while avoiding
defeat (D factor). The match was conducted offline, and all players,
including friends and foes, were bots controlled by the software’s arti-
ficial intelligence, referred to as teammates and enemy bots.

20 minutes 20 minutes

GAME DEVICES —_

________________ _II'_'i
l

5 minutes
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2.3. Game days

The experiment schedule consisted of five consecutive training days,
each lasting approximately 2 h, for a total of ~10 h of gameplay. Each
day consisted of four 20-min rounds. During each day, participants
received either active or sham tRNS during only the first two rounds.
Following the first two “stimulation rounds”, they rested for 10 min,
then the remaining two rounds were played without stimulation. This
approach allowed to discriminate the online impact of tRNS on game
performance (during stimulation rounds) and to evaluate whether the
effects persisted in subsequent rounds (offline). Additionally, restricting
tRNS to the initial daily rounds helped minimize potential confounding
factors, such as participant fatigue from prolonged stimulation in a VR
environment. The difficulty level increased gradually, and the player
could proceed to the next level only if the O/D ratio exceeded 2:1 at the
end of the round (Neri et al., 2021).

The challenge underwent several modifications, including an in-
crease in the number of opponents, from one to five, a decrease in the
number of allies from five to zero, and a change in the playing field. The
map was initially large with numerous hiding sites, but became smaller
by the middle of the third day, culminating in an extremely confined
final arena in the final round of the fifth day. Difficulty levels were also
augmented and categorized into easy, normal, and hard (Fig. 1). The
skills of the enemy bots were balanced and linked to aim focus ability,
aim focus interval, aim duration, reaction time, teamworking, aggres-
siveness, weapon proficiency and movement speed. In the easy difficulty
setting, bots were designed to be less challenging, with slower reaction
times, low precision in aiming, minimal aggressiveness, limited team-
work capabilities, basic weapon proficiency, and slow movement speed.
The normal difficulty level increased the challenge, with bots displaying

Round 3 Round 4 x |
EEG +HR +GSR | [ EEG +HR + GSR || & I
lg!

20 minutes 20 minutes 5 minutes | > |

1 2 L3 Lv4
EASY EASY EASY NORMAL

Lvs Lve w7 Lvs e Lv 10 11 Lv12 Lv13 Lv 14
NORMAL NORMAL HARD HARD HARD HARD NORMAL NORMAL HARD HARD

Lv 15 LV 16
HARD HARD

Lv17 Lv18 Lv 19 LV 20 I
HARD HARD HARD HARD I

X4 X3 X3 X4 X2 X4 X4 X3 X3 X4 X2 X4 X4X3 X3 X4 X2 X4 X1 X4 X3 X4 X2X5 X3 X4 X3 X5 X2 X4 X1 X4 X2X5 X1 X5 X0 X5 XOX5I

Fig. 1. Scheme of the experiment protocol. Each day, the players’ resting-state electrophysiological measures were recorded, including EEG (electroencepha-
lography), HR (heart rate) and GSR (galvanic skin response). Participants played for two 20-min rounds with either an Active-tRNS or a Sham-tRNS administration
(tRNS ON: red panels). Resting-state measurements were taken again between the second and the third rounds. During the third and fourth rounds participants
received no stimulation (tRNS OFF: yellow panels). A final resting-state was recorded after the last round. Players were required to play for five consecutive days,
completing a total of 20 rounds. If a player achieved an O/D ratio of 2:1 or higher, they advanced to the next level, where the game difficulty progressively increased.
This was accomplished by adjusting specific parameters such as the number of enemies, the difficulty level (easy, normal, hard) the number of teammates, and the
map size. Three different maps were used during the training Terminal, Boat and Cellar. Terminal was the largest and easiest map, designed for the first ten levels.
Boat was a smaller and more challenging map, intended for levels 11 to 19. Finally, Cellar, the smallest and most difficult map, was reserved for the final level. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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moderate reaction times, improved aiming accuracy, increased aggres-
siveness, better coordination with teammates, intermediate weapon
proficiency, and faster movement speed. Finally, in the hard difficulty
setting, bots exhibited fast reaction times, highly accurate targeting,
high aggressiveness, strong teamwork strategies, advanced weapon
proficiency, and rapid movement speed. These parameters were cali-
brated to create a progressively challenging training environment,
allowing participants to improve their skills as they advanced through
the game. Each participant was equipped with virtual replica weapons
including an M4-Mk18 rifle, a SIG Sauer P250 gun, a fragmentation
bomb, a tear gas bomb, a smoke bomb, a knife, a standard bulletproof
jacket, and unlimited ammunition.

2.4. tRNS montage and protocol

The tRNS was administered using a Starstim 32-channel neuro-
stimulator and delivered with NIC2.0 software (Neuroelectrics®, Bar-
celona, Spain) from a laptop PC via USB (Windows 11 operating system
Microsoft Corporation, Redmond, Washington - USA). The stimulation
montage was created using a freely available standard T1 head template
(https://www.mcgill.ca/bic/software/tools-data-analysis/anatomical
-mri/atlases/colin-27) and SimNIBS software (Saturnino et al., 2019).
tRNS was optimized to enhance visuospatial and motor skills, targeting
the Sensory Motor Network (SMN) and the Visual Network (VN),
including the primary motor cortex and visual occipital regions (Thomas
Yeo et al., 2011).

The scalp was cleaned with Microten 05 Scrub Skin (SPM S.n.c.) and
an electroconductive EEG cream (Bionen s.r.l., Florence, Italy) was
applied. The electrodes consisted of an upper part, containing the sin-
tered Ag/AgCl core with a diameter of 12 mm, screwed onto a base, that
covered a circular area of about 3.14 cm2.The NG Pistim electrodes were
placed on a Neoprene Headcap Pro (Neuroelectrics®, Barcelona, Spain)

SETTINGS
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equipped with 64 tES/EEG electrode placeholders annotated with the
10-10 system.

The frequency range was aligned with the hf-tRNS mode (100-640
Hz). The peak-to peak current intensity was 720 pA on C1/C2, 1170 pA
on C3/C4, 759 pA on P1/P2, and 1335 pA on 01/02). In the Sham-tRNS,
stimulation was applied for 30 s at the beginning and at the end of each
stimulation session (ramp up and ramp down) to simulate the initial
tingling sensation commonly associated with Active-tRNS. This pro-
cedure was designed to ensure that participants were unaware of
whether they were receiving active or sham stimulation.

2.5. Shooting abilities assessment

At TO, a 40-min tutorial was conducted to ensure a complete un-
derstanding of the game interface and commands, as well as to assess for
the presence of severe cyber-sickness symptoms such as nausea, dizzi-
ness and excessive sweating, which could have resulted in exclusion
from the experiment.

Shooting abilities assessment (Fig. 2) occurred before, immediately
after the experiment, and one week after the experiment (T0, T1 and
T2). The assessment consisted of: (i) a long-range shooting task: the
participant used a rifle to shoot at enemy silhouettes positioned at a
distance of more than 10 m. The task accuracy was recorded; (ii) a short-
range shooting task: the participant’s firing accuracy was evaluated in a
scenario where they were required to shoot at silhouettes of enemies
within a 10-m range using a rifle; (iii) an aim course task: the player had
to navigate a designated path while shooting at silhouettes of enemies
that randomly appeared, using a handgun. The completion time was
recorded, to measure the player’s proficiency in navigating a 3D envi-
ronment under time pressure conditions.

AlIM COURSE

Fig. 2. Tutorial phase and shooting assessment. During the initial assessment, each player completed a 40’ of tutorial to familiarize themselves with the game
controls and the VR environment. At TO, T1 and T2 participants’ shooting accuracy was recorded in a short-range shooting and in a long-range shooting task. In
addition, the participants also completed a aim course, with the time taken to complete the task also being recorded.
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2.6. Cognitive abilities assessment

Cognitive tasks were administered at TO, T1, and T2 using E-Prime
2.0 Professional (Psychology Software Tools) on a 19-inch screen placed
80 cm from the subject (Bavelier et al., 2012; Green and Bavelier, 2003a,
2004; Neri et al., 2021) to assess cognitive abilities related to video-
games. The tasks used were the Visual Search, the Attentional Blink, the
Serial Reaction Time Task (SRTT), and the Useful Field of View (UFOV)
(see Fig. S1 in supplemental materials for details).

2.7. Cybersickness questionnaire and stimulation discomfort

After each session, the Simulator Sickness Questionnaire (SSQ) was
used to assess cybersickness (Kennedy, Lane, Berbaum, & Lilienthal,
1993). The SSQ consists of 16 items, each of which is rated with on scale
from none, slight, moderate to severe (see Table S2). Participants were
asked to rate the symptoms severity on a scale of O (no perception) to 3
(severe perception) The scale enables the computation of nausea, ocu-
lomotor disturbance and disorientation subscales as well as a total score.
Furthermore, participants rated their discomfort due to the stimulation
protocol using a 5-point Likert scale, rating itching, pain, burning, heat,
pinching, metallic taste, and fatigue symptoms (Fertonani, Ferrari, &
Miniussi, 2015).

2.8. Statistical analysis

Statistical analysis was performed using SPSS version 16, SPSS Inc.,
Chicago, IL, USA. A preliminary one-way analysis of variance (ANOVA)
was conducted to ascertain potential discrepancies between the groups
at baseline in terms of in-game abilities, shooting skills and cognitive
functions.

Then, a repeated measures ANOVA (ANOVAgy) was run to test for
behavioral difference during the training period and between the Active-
tRNS and Sham-tRNS groups. For the analysis, the raw value of the O/D
ratio was corrected by applying a weight that takes into account the
difficulty of the level, i.e. the raw O/D value was multiplied by the level
value. The average corrected O/D ratio for the four rounds in each
session was computed. Then, the relative change (percentage) from Day
1 for each subsequent training day was calculated. The O/D perfor-
mance between training days and groups was analysed (2 factors: Cor-
rected O/D: 5 levels: performance at day 1, 2, 3, 4 and 5; Group: 2 levels:
Active-tRNS and Sham-tRNS). Any significant effect was then subject to
pairwise comparisons with Bonferroni correction. To evaluate both the
direct effect of stimulation and its after-effects, a second analysis was
conducted by separating the first two rounds with stimulation (tRNS
ON) from the last two rounds without (tRNS OFF). The mean O/D per-
formance of the tRNS ON and the tRNS OFF rounds was calculated for
each day. The relative change in O/D performance between the training
days on Day 1 was calculated separately for both tRNS ON and tRNS OFF
conditions, employing the same factors utilized in the previous analysis
(Corrected O/D: 5 levels: performance at day 1, 2, 3, 4 and 5; Group: 2
levels: Active-tRNS and Sham-tRNS).

To examine changes in performance for shooting and cognitive
ability assessments, ANOVARgy analysis or an equivalent non-parametric
Friedman test for repeated measures was carried out. Task performance
(3 levels: performance at TO, T1, T2 for both shooting and cognitive
assessment) and Group (2 levels: Active-tRNS and Sham-tRNS group)
factors were considered. T1 and T2 performance was compared in terms
of the relative change (percentage) from TO. Additionally, pairwise
comparisons with a Bonferroni-correction were conducted for signifi-
cant effects.

An analysis was conducted on the cybersickness symptoms. The
scores of the subscales and total score were compared to those of day 1.
Symptoms between groups were also compared (2 factors: Score: 5
levels: symptoms at day 1, 2, 3, 4 and 5; Group: 2 levels: Active-tRNS and
Sham-tRNS).
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3. Results
3.1. In-game progression

A Shapiro-Wilk test on the raw data showed that the variable was
normally distributed (p > .05). One subject was detected as an outlier
and removed from the O/D database. Thus, the analysis was conducted
on twenty-one participants (Active-tRNS group: 11 participants: 3 fe-
males, 8 males; mean age 27.9 + 6.5 years; Sham-tRNS group: 10 par-
ticipants: 3 females, 7 males; mean age 25.4 + 2.2 years). The
preliminary one-way ANOVA revealed no significant differences in in-
game abilities between the groups at TO (p > .05).

In the analysis of the difference in O/D performance between days
(Fig. 3A), a violation of the assumption of sphericity was detected by
Mauchly’s test x% ) = 83.80, p < .001), and a Greenhouse-Geisser
correction was applied (¢ = .345). The ANOVA revealed a significant
main effect of the Corrected O/D factor (F(; 38, 26.21) = 36.54, p < .001,
12 = .65). Post hoc pairwise multiple comparison tests, corrected using
the Bonferroni method, revealed significantly higher performance on
days 3, 4, and 5 compared to day 1 (p < .001 in all comparisons). A
significant interaction between the Corrected O/D and Group factors was
also detected (F(1.38, 26.21) = 3.91, p = .047, r]2 =.17). The performance
of the Active-tRNS group was significantly higher than that of the Sham-
tRNS group on days 3, 4, and 5 (p = .041; p = .045; p = .047,
respectively).

The analysis of the results of tRNS ON rounds (Fig. 3B) showed that
the sphericity assumption was violated (X2 (9) = 101.65, p < .001), and
a Greenhouse-Geisser correction was applied (¢ = .344). A significant
effect of the Corrected O/D factor was detected (F(1.37, 26.11) = 16.47,p <
.001, n? = .73) with a higher performance at day 4 and 5 compared to
day 1 (p =.035 and p = .003 respectively). A trend towards a significant
interaction between the Corrected O/D and Group factors was detected
(p. =.093).

Regarding the analysis of tRNS OFF rounds (Fig. 3C), the sphericity
assumption was violated (X2 (9) = 45.26, p < .001), and a Greenhouse-
Geisser correction was applied (¢ = .583). A significant effect of the
Corrected O/D factor was found (F(2.33, 26.11) = 31.03, p < .001, n2 =
.62), with a higher performance on days 3, 4 and 5 compared to day 1 (p
<.001; p=.003; p < .001, respectively). Lastly, a significant interaction
between the Corrected O/D and Group factors was detected (F(2.33, 44.34)
= 3.26, p = .041, n? = .14). On days 3 and 4, the performance in the
Active-tRNS group was higher than in the Sham-tRNS group (p < .023
and p = .047 respectively). Table 1 presents data from the training
period in comparison to Day 1 for both the Active-tRNS and Sham-tRNS
groups.

3.2. Shooting assessment analysis

A Shapiro-Wilk test was conducted on the raw data, indicating a
normal distribution (p > .05). No significant differences were observed
in shooting abilities between the Active-tRNS and Sham-tRNS groups at
the baseline assessment (p > .05). A Mauchly’s test was conducted to
verify the sphericity of data for gaming assessment. Considering long-
range shooting task, no assumption of sphericity was violated (X? (2)
= .96, p < .720). For short-range shooting and aim course tasks, the
assumption of sphericity was violated (X2 (2) = 26.99, p < .001 and X?
(2) = 13.65, p = .001) and a Huynh-Feldt correction was applied (¢ =
.569 and ¢ = .661).

The long-range shooting task analysis (Fig. 4A) showed a significant
main effect of the Task Performance factor (F(2,49y = 22.90, p < .001, n*
= .44), with a higher performance at T1 and at T2 compared to TO (p =
.001 and p < .001). Moreover, a significant interaction between the Task
Performance and Group factor was detected (F(2,40) = 3.32, p = .046, 12
=.14), with the Active-tRNS group showing a better performance at T2
compared to the Sham-tRNS group (p = .028).

The short-range shooting task analysis (Fig. 4B) revealed a
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Fig. 3. Graphical representation of the training progression for both Active-tRNS and Sham-tRNS groups. Analysis of the corrected O/D ratio revealed a
significant difference between the two experimental groups. Active-tRNS participants had a significantly higher performance compared to Sham-tRNS on the 3rd, 4th,
and 5th day of training (A). The analysis of game progression between rounds with the tRNS ON showed a significantly better performance on days 4 and 5 compared
to day 1, with no difference between groups (B). Conversely, the analysis conducted with the tRNS OFF highlighted a significant difference in performance between

groups, with a higher corrected O/D ratio on days 3 and 4 compared to day 1 in the Active-tRNS group compared to the Sham-tRNS (C) (*

significant main effect of the Task Performance factor (F(1.13, 22.74) =
13.04, p = .001, 12 = .41) and both Active-tRNS and Sham-tRNS groups
improved test performance at T1 and T2 compared to TO (p =.006 and p
= .003 respectively). No interaction between factors was observed.

The aim course task analysis (Fig. 4C) showed a significant main
effect of the Task Performance factor (F(; 32, 26.44) = 178.67, p < .001, n2
= .89). Both the Active-tRNS and Sham-tRNS groups completed the
game path faster at T1 and at T2 compared to TO (both p < .001). There
was no significant interaction between the factors. The data for both the
Active-tRNS and Sham-tRNS groups are presented in Table 2 for
reference.

p <.05; ** = p < .001).

3.3. Cognitive assessment results

The preliminary analysis indicated that there was no statistically
significant difference between the groups in terms of cognitive task
performance at TO (p > .05). For the analysis between timepoints, non-
parametric Friedman tests were employed on the raw data for all
cognitive tasks, as the data showed significant deviation from normality
(p < .05, Shapiro-Wilk test). Dunn’s pairwise post-hoc tests were con-
ducted, with the Friedman test yielding a statistically significant result.
This was followed by Bonferroni correction for multiple comparisons.

The statistical analysis of Visual Search accuracy revealed a signifi-
cant main effect of the Task Performance factor ()(2 (2) =22.04,p < .001,
W = .50). Participants’ accuracy was higher at T2 compared to TO (p <
.001). The Visual Search reaction time analysis showed a significant
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Table 1
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Training performance. Relative change (%) in the corrected O/D ratio performance from baseline (DAY 1). The asterisk indicates a statistically significant higher
corrected O/D for the Active-tRNS group in comparison to the Sham-tRNS group (* = p < .05).

Training performance

DAY 1 DAY 2 DAY 3 DAY 4 DAY 5
Corrected O/D
Active-tRNS (Mean + SE) 0 17,5 (£12,8) 192,1 (£34,5)* 233,9 (+41,4)* 257,9 (£+45,3)*
Sham-tRNS (Mean + SE) 0 -17,8 (£3,4) 91,0 (+£8,9) 109,2 (+10,8) 124,5 (+16,2)
Corrected O/D - tRNS ON
Active-tRNS (Mean =+ SE) 0 95,6 (+39,8) 125,5 (+38,4) 399,7 (+£110,9) 531,3 (+106,1)
Sham-tRNS (Mean + SE) 0 7,4 (£9,8) 13,1 (+10,4) 162,2 (£24,2) 195,2 (£34,1)
Corrected O/D - tRNS OFF
Active-tRNS (Mean + SE) 0 3,6 (£12,8) 216,3 (+29,9)* 233,3 (+43,5)* 245,6 (+37,3)
Sham-tRNS (Mean + SE) 0 —26,1 (£3,9) 99,4 (+10,8) 91,5 (£11,6) 126,8 (+14,4)

—— Active-tRNS
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Fig. 4. Graphical representations of the significant effects observed at the shooting assessment. The analysis of the long-range shooting task showed a sig-
nificant interaction between the Task Performance and Group factors. Specifically, at T2, the Active-tRNS group demonstrated significantly higher accuracy compared
to the Sham-tRNS group (A). In the short-range shooting task, both groups exhibited significantly higher accuracy at T1 and T2 compared to TO (B). Lastly, in the aim
course task both groups experienced a reduction in completion time at T1 and T2 compared to TO (C). (* = p < .05; ** = p < .001).

main effect of the Task Performance factor (X2 (2)=17.18,p<.001,W =
.39), indicating a slower reaction time to the task at T1 and at T2
compared to TO (p =.020 and p < .001 respectively). In the analysis of X
target accuracy in the Attentional Blink task, a significant main effect of
the Task Performance factor was observed (X2 (2) =8.02,p=.018, W =
.18). Participants’ performance was higher at T1 compared to TO (p =
.039). With regard to the SRTT and the UFOV tasks, no significant
change was observed (p > .05 in all test conducted). The analysis of the
data revealed no statistically significant interaction between factors.
Fig. S2 illustrates the percentage changes observed at T1 and T2 in
comparison to TO, in order to more clearly demonstrate the change in

cognitive task performance from the baseline.

3.4. Cybersickness and stimulation discomfort results

A gradual decrease in cybersickness symptoms was observed
throughout the training period (Fig. 5). The Mauchly’s test on SSQ
revealed a violation of sphericity in the nausea &2 9) = 18,23,p=.033;
Greenhouse-Geisser correction € = .664), in the oculomotor disturbance
x?%(9) = 19.27, p = .023; Greenhouse-Geisser correction ¢ = .639) in
the disorientation (X*> (9) = 36.68, p < .001; Greenhouse-Geisser
correction € = .578) subscales and in the total score (X2 (9) = 25.35,
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Shooting assessment performance. Relative change (%) in shooting task performance from baseline (T0). The asterisk indicates a statistically significant higher level
of task performance for the Active-tRNS group in comparison to the Sham-tRNS group (* = p < .05).

Shooting assessment performance

TO T1 T2
Long-range shooting task - Accuracy
Active-tRNS (Mean + SE) 0 36,3 (£5,5) 20,7 (£6,1)*
Sham-tRNS (Mean + SE) 0 15,8 (+6,6) 17,4 (+6,5)
Short-range shooting task - Accuracy
Active-tRNS (Mean + SE) 0 17,0 (+5,9) 20,7 (£5,5)
Sham-tRNS (Mean + SE) 0 24,6 (+£5,7) 17,4 (+6,8)
Aim course task - Completion time
Active-tRNS (Mean =+ SE) 0 —50,0 (£3,1) —51,4 (£3,2)
Sham-tRNS (Mean + SE) 0 —47,5 (£2,3) —50,0 (+4,5)

p = .003; Greenhouse-Geisser correction ¢ = .615). The analysis of the
nausea subscale revealed a significant main effect of the Score factor
(Fe2.65, 53.11) = 9.61, p < .001, nz = .32). Nausea was significantly lower
on day 5 compared to day 1 (p = .004). The analysis of the oculomotor
disturbance subscale highlighted a significant main effect of the Score
factor (F(2.55, 51.16) = 5.81, p = .003, n2 = .22) with significantly lower
symptoms on day 5 compared to day 1 of the training (p = .020). The
analysis showed a significant main effect of the Score factor on disori-
entation (F2.31, 46.20) = 6.06, p = .003, 1]2 = .23). Symptoms were
significantly relieved on day 5 compared to day 1 (p < .05). Addition-
ally, a significant main effect of the Score factor was found for the SSQ
total score (F(2.45, 49.16) = 9.24, p < .001, nz =.31) with significantly less
symptomatology on day 5 compared to day 1 (p = .006) No interaction
between the Score and Group factors was found in any of the analyses.

Regarding tRNS discomfort, 81.8% of the sample (18 out of 22 par-
ticipants; 2 females, 16 males) experienced only mild side effects such as
skin redness and itching, and no serious side effects were reported. No
difference in side effects was noted between Active-tRNS and Sham-
tRNS (10 and 8 participants; 1 female, 9 males and 1 female, 7 males
respectively).

4. Discussion

The study originally addresses both the online and the long-term
after effects of hf-tRNS on the performance in an individualized five-

704

days VR-FPS training. The performance of two groups of young
healthy subjects undergoing either real or sham stimulation was
compared (Active-tRNS and Sham-tRNS, respectively), by analyzing
their in-game performance, shooting skills and cognitive abilities mod-
ifications. Hf-tRNS was optimized to target a visuo-motor brain network,
which is highly recruited during an FPS game (Momi et al., 2021). Our
primary hypothesis was that the real stimulation would accelerate the
learning curve of VR-FPS skills and enhance the effectiveness of the
training program. A secondary goal was to investigate the influence of
stimulation on game-related shooting abilities, with the hypothesis that
these would be superior in the Active-tRNS group. Additionally, we
examined the generalizability of the training or stimulation on addi-
tional cognitive functions, comparing these abilities with baseline
measurements to identify patterns of change between groups over time.
In general, the intervention was well tolerated and participants reported
only mild and transient side effects due to the tRNS (skin redness and
itching). Participants reported symptoms of cybersickness both during
and after the sessions, which then decreased over the course of the
training period.

A personalized training based on proficiency can help participants in
optimizing their efforts by providing feedback on performance and
directing behavior toward specific goals, thereby accelerating learning,
with positive translational implications for everyday skills (Mishra,
Anguera, & Gazzaley, 2016; Walkington & Bernacki, 2020). This process
is analogous to the way students learn at school, allowing them to

Cybersickness questionnaire

DAY 1 DAY 2

0O Nausea = Oculomotor

m Disorientation

DAY 3 DAY 4 DAY 5

Total score

Fig. 5. Graph depicting the significant effect observed in the SSQ questionnaire. On the day 5 of training both groups reported significantly lower symptoms
compared to day 1. No significant difference in symptomatology was observed between the Active-tRNS and Sham-tRNS groups (* = p < .05).
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progressively overcome successive gaps for optimal learning (Fergus
et al., 2022). Similarly, surgeons can acquire superior fine motor skills
when exposed to an individualized VR training program that gradually
increases the difficulty of simulated surgery (Gallagher et al., 2005). A
recent study found that young healthy participants assigned to a
personalized FPS game outperformed those assigned to a free-roaming
game (Neri et al., 2021).

To individualize the training of the present study, the O/D ratio was
constantly monitored, and the game difficulty parameters were adjusted
according to performance and a comparison was made between the
learning curves of the Active-tRNS and Sham-tRNS groups (Table 1 and
Fig. 3). Both groups showed an equivalent in-game ability on the first
day of the training, maintaining it on the second day. However, on the
third day of training, the Active-tRNS group began to outperform the
Sham-tRNS group, and this difference was maintained and even
increased until the end of the training. It seems plausible that partici-
pants in the Active-tRNS group displayed greater confidence in the game
environment and in operating with commands, allowing them to rapidly
master the game tasks. This enabled them to successfully overcome new
challenging situations with fewer teammates and more enemies. In
contrast, the Sham-tRNS group exhibited a different learning curve:
participants who underwent placebo stimulation may have required
additional practice time to achieve the same level of performance as the
Active-tRNS group.

Additionally, the study revealed a significant difference in O/D
performance pattern between the tRNS ON and tRNS OFF rounds. Spe-
cifically, while the two groups exhibited comparable performance dur-
ing the round with tRNS ON, the Active-tRNS group showed a higher O/
D ratio than the Sham-tRNS group during tRNS OFF rounds, thereby
indicating a beneficial after-effect of the stimulation over the visuomo-
tor network. Literature reports that tRNS has a strong after-effect on
accuracy abilities in memory (Murphy et al., 2020) and in motor (Laczo,
Antal, Rothkegel, & Paulus, 2014) tasks, with behavioral gains lasting
up to 5 months after the stimulation treatment (Harris, Eng, Miller, &
Dawson, 2009). Similar to other types of tES (Santarnecchi et al., 2014),
tRNS may enhance the signal-to-noise ratio at the neuronal network
level, that is more easily observable after the end of stimulation and may
last for a prolonged period (Brancucci et al., 2023). However, according
with the Hebbian plasticity concept, providing stimulation during task
learning appears to be crucial for exerting a long-lasting behavioral
after-effect. Accordingly, a study by Pirulli et al. (2013) demonstrated
that tRNS improves learning only when provided during training, not
when applied before a learning task (Pirulli et al., 2013).

A large effect size for the training factor was found, suggesting that
the training itself had a substantial impact on O/D ratio, with a signif-
icant portion of the variance in performance explained by the individ-
ualized training intervention. In contrast, the effect size for the
difference between groups (Active-tRNS vs. Sham-tRNS) was smaller,
indicating a moderate effect. Although the Active-tRNS group out-
performed the Sham-tRNS group in training performance, the difference
between the groups was less pronounced. Nevertheless, the finding that
the Active-tRNS group showed superior performance aligns with our
hypothesis that the stimulation would enhance training outcomes. The
application of hf-tRNS over the visuomotor network can be utilized in a
healthy population, including both FPS amateur and professional
players for entertainment purposes or to facilitate learning in prepara-
tion for an e-sport tournament. However, this raises significant ethical
concerns, particularly in relation to fairness, accessibility and the po-
tential for creating disparities in competitive environments.

Regarding the shooting abilities assessment (Table 2 and Fig. 4), both
groups showed significantly higher performance on the short-range
shooting task at T1 and at T2, whereas on the long-range shooting
task at T2 the Active-tRNS group showed a superior performance than
the Sham-tRNS group. The difference in learning curves for shooting at
distant enemies may be related to this result. Proficiency of the Active-
tRNS participants in shooting at a distance can significantly improve FPS
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performance and the O/D ratio. This skill enables players to protect their
avatar from potentially critical shots when enemies are nearby, as well
as allowing them to retreat to a secure location for recovery and to
engage other bots.

The results demonstrated that cognitive function benefits were
observed following VR-FPS training with an approximate duration of
400 min. Furthermore, these benefits were sustained for up to one week
(Fig. S2). Specifically, higher performance was found on tasks requiring
attentional resources recovery and visuospatial attention resources. The
findings were consistent with previous outcomes, which showed that
playing videogames lead to improvements in visual attention and vi-
suospatial abilities (Castel et al., 2005; Green & Bavelier, 2003b;
Greenfield, deWinstanley, Kilpatrick, & Kaye, 1994; Momi et al., 2018;
Neri et al., 2021). The personalized VR-FPS videogame can promote
mechanisms of neuroplasticity governing the attentional function, and
consequently enhance cognitive abilities and improve neural efficiency
(Jeun, Nam, Lee, & Park, 2022). No change in sensorimotor reaction
time was registered in the SRTT and a significant slower reaction time
was found in the visual search task at the end of the training. In our
hypothesis, the VR-FPS training might have caused a general change of
participants’ behavior that seems independent from the stimulation
protocol, with a significant amelioration of the accuracy, with a mild
increase of reaction time.

The changes on cognitive abilities are observed in both groups,
regardless of the stimulation received. Thus, as evidenced in the extant
literature, the effects of the tRNS seems to remain task-specific and may
not generalize across different cognitive abilities. For example, studies
have demonstrated that tRNS can enhance motor and cognitive func-
tions, such as reaction times, in tasks where the brain regions stimulated
are directly involved in the task demands (Jooss et al., 2019; Romanska,
Rezlescu, Susilo, Duchaine, & Banissy, 2015) Therefore, the impact on
cognitive abilities observed in this study appears to be directly linked to
the FPS-VR training. A recent review has suggested that VR training may
offer benefits in the context of cognitive impairment, with the potential
to enhance cognitive abilities to a greater extent than traditional
cognitive intervention (Moulaei, Sharifi, Bahaadinbeigy, & Dinari,
2024). This is particularly the case in patients diagnosed with neuro-
degenerative disorders (Serino et al., 2017; Thapa et al., 2020) and
post-stroke patients (Lin, Ren, & Lu, 2023). The integration of tRNS
within an individualized VR training for these patients may prove ad-
vantageous in enhancing the efficacy of VR environments on trained
activity. Furthermore, the training may be useful for patients with
impaired attentional abilities, such as those with ADHD who may exhibit
deficits in reaction time and accuracy (Gualtieri & Johnson, 2006).

Finally, it takes approximately four days of training (around 400
min) for participants to fully adapt to a VR environment and signifi-
cantly reduce cybersickness symptoms. It should be noted, however,
that the device in question is only capable of a refresh rate of 90 Hz and
recent findings have indicated that devices which are capable of sup-
porting a refresh rate above 120 Hz have been shown to have a signif-
icant impact on the reduction of cyber sickness symptoms (Wang et al.,
2023). However, no significant difference was found between the
groups, indicating that tRNS did not have an effect on the cybersickness
symptoms of participants who were new to the VR environment.

5. Limitations and future directions

While the current study provides valuable insights into the effects of
tRNS on VR-based FPS training, several limitations should be acknowl-
edged. First, the sample size in our study was relatively small and
included only young students, which may limit the generalizability of
our findings. A further limitation is the gender imbalance in our sample,
with the majority of participants being male. This reflects the well-
established gender differences in gaming preferences and perfor-
mance, but this imbalance may limit the generalizability of our findings
to females. Future research should aim to replicate these results with
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larger and more diverse participants to ensure the robustness of the
conclusions and to better understand individual differences in response
to tRNS.

Second, while our study focused on tRNS as the stimulation protocol,
other NIBS techniques, such as transcranial direct current stimulation
(tDCS) or transcranial magnetic stimulation (TMS) could provide addi-
tional insights. Comparing the effects of these different stimulation
methods could help identify the most effective approaches for enhancing
performance in VR training environments.

Furthermore, the duration of the training in our study was relatively
short. Longer training periods may allow for more sustained effects and
a clearer understanding of how tRNS influences long-term learning and
performance. Future studies could explore whether prolonged exposure
to VR training with brain stimulation leads to greater and more lasting
in-game and cognitive benefits. Moreover, the effects were only assessed
one week after the conclusion of the training period. However, further
follow-up measurements may provide insight into the long-term dura-
bility of the observed effects.

While findings provide promising evidence for the use of tRNS in
enhancing VR-based FPS training, they also raise important questions
about the variability of stimulation effects across different contexts.
Future research should further investigate the optimal conditions for
brain stimulation in VR environments, including factors such as stimu-
lation parameters, task complexity, and individual differences in
responsiveness to tRNS (Evans, Banissy, & Charlton, 2018; Wansbrough,
Tan, Vallence, & Fujiyama, 2024). Additionally, comparisons with other
training modalities, such as traditional video game or physical exercises,
could help clarify the specific advantages of tRNS in VR-based skill
acquisition.

Future investigations could explore two potential approaches to
reduce the onset of cybersickness and improve the user experience in VR
environments. (i): increase the frame rate of the VR device: increasing
the frame rate could reduce visual latency and enhance the overall
fluidity of the VR experience, which may help alleviate symptoms of
cybersickness. A higher frame rate improves the synchronization be-
tween visual and sensory feedback, thereby reducing the likelihood of
discomfort and enhancing the realism of the immersive experience
(Wang et al., 2023). However, VR devices with a high frame rate tend to
be more expensive and may not be accessible to everyone due to their
high cost. (ii): stimulation to the vestibular cortex: providing targeted
stimulation to the vestibular cortex during the tutorial phase of training,
when participants are most susceptible to vestibular symptoms, may
assist in reducing the habituation period and minimize the onset of
cybersickness. Recent studies have demonstrated that specific fre-
quencies delivered via transcranial alternating current stimulation
(tACS) may have a positive impact on mitigating symptoms of cyber-
sickness (Rossi et al., 2023).

In summary, while our study shows that tRNS of an ad-hoc visuo-
motor network may improve individualized VR training, future research
addressing these limitations and expanding the scope of investigation
will be critical to fully uncover the potential of these interventions in
both healthy and clinical populations.

6. Conclusions

The administration of hf-tRNS to an ad-hoc visuo-motor network
markedly accelerated the acquisition of gaming skills and enhanced
shooting abilities of healthy participants over the course of a five-day
personalized training program using a VR-FPS game. Additionally, it
was demonstrated that participation in an individualized VR-FPS
training game has a significant impact on attentional and visuospatial
abilities. These findings have the potential to inform the development of
interventions for both healthy individuals and patients with attention
and visuo-spatial deficits.
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