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and cognitive skills of players, as well as inducing structural brain changes. However,
whether such changes are both possible after a systematic gaming exposure, and last
beyond the training period, is not known. Here, we originally quantified immediate
and long-lasting cognitive and morphometric impact of a systematic gaming experi-
ence on a first-person shooter (FPS) game. Thirty-five healthy participants, assigned
to a videogaming and a control group, underwent a cognitive assessment and struc-
tural magnetic resonance imaging at baseline (T0), immediately post-gaming (T1)
and after 3 months (T2). Enhancements of cognitive performance were found on
perceptual and attentional measures at both T1 and T2. Morphometric analysis re-
vealed immediate structural changes involving bilateral medial and posterior tha-
lamic nuclei, as well as bilateral superior temporal gyrus, right precentral gyrus, and

Abbreviations: AB, attentional blink; ACC, accuracy; AVGPs, action video game players; CAT12, computational anatomy toolbox; CeM, central medial
nucleus; CL, change localization; CM, centre median nucleus; CS:GO, counter-strike: global offensive; DLPFC, dorsolateral prefrontal cortex; DS, digit span;
ESL, electronic sport league; ET, enumeration; FEF, frontal eye fields; FPS, first-person shooter; FT, flanker; GL, Global-Local features task abilities; GMV,
gray matter volume; Hb, habenular nucleus; HC, hippocampal formation; IES, inverse efficiency scores; IFG, inferior frontal gyrus (IFG); L, Left; Li, limitans
nucleus; LNG, Letter No-Go; MC, motor cortex; mc, ventral anterior nucleus (magnocellular part); MDmc, mediodorsal nucleus (magnocellular part); MDpc,
mediodorsal nucleus (parvocellular part); MGN, medial geniculate nucleus; MOG, middle occipital gyrus; MR, mental rotation; MRI, magnetic resonance
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1 | INTRODUCTION

Videogames are considered the most popular pastime activ-
ity of the last two decades (Granic, Lobel, & Engels, 2014),
with an emerging trend to their exploitation for neuroreha-
bilitation purposes, both in cognitive and sensorimotor do-
mains (Horne-Moyer, Moyer, Messer, & Messer, 2014), as
well as for neuropsychiatric disorders (Kiihn, Berna, Liidtke,
Gallinat, & Moritz, 2018). According to cross-sectional ev-
idence in healthy individuals, videogaming induces several
cognitive-behavioral effects, enhancing skills such as selec-
tive attention (Green & Bavelier, 2003), short-term memory
(Boot, Kramer, Simons, Fabiani, & Gratton, 2008), spa-
tial cognition (Greenfield, 2009), multitasking (Green &
Bavelier, 2006a), task-switching (Green & Bavelier, 2012),
decision-making (Green, Pouget, & Bavelier, 2010), and cog-
nitive control (Anguera et al., 2013). Interestingly, these ben-
efits seem to be tightly linked to specific videogame genre
(Dobrowolski, Hanusz, Sobczyk, Skorko, & Wiatrow, 2015)
with a recent metanalysis showing that action videogame
players (AVGPs)—i.e., games where players control an av-
atar in a 3D environment while fighting enemies or solving
puzzles— outperform their non-videogamer peers (NVGPs)
on perceptual abilities such as hand-eye coordination and
contrast sensitivity (Bediou et al., 2018). On the other hand,
playing real-time strategy (RTS) games (i.e., “click and
drag” games, involving tactics and planning in a simulated
2D battlefield) influences executive functions such as cogni-
tive flexibility, planning, and decision-making (Basak, Voss,
Erickson, Boot, & Kramer, 2011).

Even though game-specific cognitive effects might be rel-
evant for cognitive rehabilitation, studies exploring the neural
substrates of behavioral improvements are quite scarce, and
those available are either based on cross-sectional evidence
or cover only immediate effects (Kuhn, Gleich, Lorenz,
Lindenberger, & Gallinat, 2014). For instance, Kim and col-
leagues (Kim et al., 2015) compared white matter connectiv-
ity in players of a RTS games (i.e., StarCraft and WarCraft)
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left middle occipital gyrus. Notably, significant changes in pulvinar volume were still
present at T2, while a voxel-wise regression analysis also linked baseline pulvinar
volume and individual changes in gaming performance. Present findings extend over
the notion that videogame playing might impact cognitive and brain functioning in a
beneficial way, originally showing long-term brain structural changes even months
after gaming practice. The involvement of posterior thalamic structures highlights a
potential link between FPS games and thalamo-cortical networks related to attention

mechanisms and multisensory integration processing.

attention and learning, Pulvinar, thalamus, videogame, Voxel based morphometry

and NVGPs, with the former showing significantly higher
connectivity in the visual cortex as well as in high-order cog-
nitive regions such as inferior frontal gyrus (IFG) and anterior
cingulate cortex, while a recent study has suggested gam-
ing-related differences in event-related potentials (Focker,
Mortazavi, Khoe, Hillyard, & Bavelier, 2018).

Evidences also suggest that the neurobiological effects of
gaming are much more pronounced in people who play pro-
fessionally, or for a very long time daily. For instance, the
comparison of frequently vs. infrequently gaming adolescents
shows a correlation between the amount of videogaming and
thickness of left dorsolateral prefrontal cortex (DLPFC) and
frontal eye fields (FEF) (Kuhn et al., 2014).

However, a few studies have evaluated longitudinal cog-
nitive and brain changes in response to intensive videogame
exposure. Gaming influence on reward processing (Lorenz,
Gleich, Gallinat, & Kiihn, 2015) and reactivity to visual cues
(Ahn, Chung, & Kim, 2015) have been recently proposed,
while only one study has demonstrated gray matter changes
after a 2-months videogame training based on a third-per-
son view platform game (i.e., Super Mario 64, Nintendo Inc.)
(Kuhn et al., 2014). Given the potential for game-specific
brain changes, the present study was aimed at originally in-
vestigating behavioral and morphometric changes after expo-
sure to a competitive first person shooter (FPS) videogame,
i.e., Counter-Strike: Global Offensive (CS:GO hereafter).

Based on a 3D environment, FPS are typically extremely
fast-paced combat games in which the main goal is to defeat
enemies and maximize own chances of survival. The game can
take place in present, past or futuristic scenarios, and might
come in the form of either an adventure unfolding over mul-
tiple scenarios (e.g., Super Mario 64) or as a pure “shooter”
game (i.e., CS:GO) where the game experience is limited to a
given arena played repeatedly, stressing the focus on individu-
al's shooting skills. In general, FPS requires intense visuomo-
tor coordination abilities, with FPS players even performing
better at laparoscopic surgery simulations than surgeons with
multiple years of training (Schlickum, Hedman, Enochsson,
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Kjellin, & Felldnder-Tsai, 2009). CS:GO is currently the #1
FPS game in the context of professional videogaming compe-
titions of the Electronic Sport League (ESL), with a total prize
amount as its release equal to 32M$ (www.eslgaming.com).
The game requires extreme visuomotor coordination, reaction
times and perceptual skills as a typical action videogame, on
top of executive functions such as planning, flexibility and
inhibition when played cooperatively in competitive matches.
The game differs from any other FPS game due to its compet-
itive nature, requiring to master and refine tactic and strategy
abilities related to specific game arena played over multiple
short-paced rounds. While in classical FPS games (e.g., Halo,
Call of Duty) players have multiple scenarios to play and
often switch scenario every few minutes of gameplay, during
tournaments CS:GO is played on a limited number of maps,
thus requiring a deep knowledge of team-play strategies and
fine 3D navigation of specific environments. The game also
has an economic system, implying that performance at each
round translate in specific amounts of (virtual) money earned
by means of different specific actions (e.g., enemy kill, sup-
port enemy kill, hostage save), which are used to buy weapons
and equipment for the team at the beginning of the following
round. This requires an additional layer of executive function-
ing (i.e., flexibility, update, inhibition) and long-term plan-
ning, making CS:GO a unique FPS gaming experience with a
significant strategy component.

Here, we implemented a longitudinal design including
structural MRI, an ad-hoc gaming performance test based
on custom-made CS:GO scenarios, as well as an extensive
cognitive evaluation performed before (TO), immediately
after (T1), and 3 months after (T2) exposure to CS:GO. We
hypothesized CS:GO will impact brain structures related to
visuo-motor coordination, attention, perception, control of
eye-movements, and multisensory integration, with such ef-
fects potentially persisting at T2.
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2 | MATERIALS AND METHODS

2.1 | Overall design and participants

The study was approved by the Local Ethics Committee at
the Le Scotte Hospital and University of Siena School of
Medicine. Each participant provided written informed con-
sent and was compensated 70€ for the entire study. Twenty-
five healthy individuals (16 males, 24.2 + 2.6 years),
right-handed (Oldfield, 1971) with normal neurological and
psychiatric evaluation and no history of drugs acting on the
central nervous system were recruited through flyers and on-
line advertisement. The same participants were used for ad-
ditional morphometric and functional connectivity analyses
not included as part of the present publication.

Participants carried out a pre-training cognitive assess-
ment battery over two different days, followed by one gaming
session where an introduction to CS:GO was given (Figure 1).
They also underwent an in-game assessment of their gaming
skill (e.g., reaction time, shooting accuracy) and a structural
MRI exam (TO0). Cognitive, in-game performance and MRI
assessment were then repeated immediately after CS:GO
practice (T1) as well as 3 months later on (T2).

After cognitive assessment and practice session, fifteen
2 hr-long daily CS:GO sessions (Monday—Friday) were
carried out at the Brain Investigation and Neuromodulation
Laboratory of the University of Siena School of Medicine.
To control for practice effects due to test-retest measure-
ment of cognitive skills, as well as to control for longitu-
dinal fluctuations in MRI-based morphometric estimates
that might be associated to practice-effects, a separate
group of healthy young participants (N = 15; 6 females/9
males, 26.6 + 3.2 years) completed the cognitive and MRI
assessment with no training regimen in-between pre- and
post-evaluations, and no FPS gaming activity at home
(total sample 25 + 15 = 40). Even though a living debate
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about the validity of a no-contact control condition for
videogame training exists, several evidences have shown
how any game induces game type-specific cognitive and
potentially brain changes (e.g., platform games like Super
Mario (Kuhn et al., 2014); arcade games like Tetris (Haier,
Karama, Leyba, & Jung, 2009), making the interpretation
of the comparison with other videogame potentially even
more challenging, if not confounding. For this reason, we
opted for a no-contact control and a rigid control of gam-
ing practice (at home and at the lab) in both groups. In
order to monitor previous videogames experience, both
the CS:GO and the control group filled out a questionnaire
investigating the amount of time spent playing several vid-
eogame genres during the past year (Green et al., 2017).
All the participants qualified as AVGPs (>5 hr week),
but did not report any previous experience with the vid-
eogame used in the present study (CS:GO, see below).
Moreover, an adapted version of the gaming questionnaire
was also administered at T2, to establish how many hours
participants kept playing videogames during the 3 months
interval from TO. Five participants in the CS:GO group
dropped out either before the last training session or before
the post-training MRI, and were not included in the data
analysis (final sample 40 — 5 = 35).

For further details on the pre-training in-game assess-
ment as well as on how the in-game individual difficulty
level was established, see Supporting Information Data S1 .

2.2 | Videogame software and hardware

CS:GO is an FPS videogame developed by Hidden Path
Entertainment and Valve Corporation (www.counter-
strike.net). The game mode chosen for the study was
Team-Deathmatch, consisting of 5-minute rounds where
players in two opposing teams must gain the highest pos-
sible score, i.e., increase their rate of survival while maxi-
mizing the number of opponents defeated at each round.
The game was played offline, with participants battling
against artificial intelligence-guided enemies (i.e., “bot™)
whose number was fixed to 5 vs. 5 (5 opponent bots vs.
1 participant + 4 allies). The decision about using offline
modality allowed to fully control game dynamics (e.g.,
number of enemies and allies, map size) and provide a
constant balancing of difficulty level within and between
gaming sessions. An introduction to the game was pro-
vided throughout the first 2 hr session, allowing players to
become acquainted with the game commands. Game me-
chanics included the player joining one of the two teams
(i.e., participant + 4 bots) with the aim of increasing the
score of his/her team. Each session lasted for two hours,
with subjects playing non-stop for 40 min (approximately
eight 5-minutes rounds), then resting for 10 min, playing
an additional 40 min, resting for 10 min and playing a final
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20 min round. Each session also included a 10 min warm-
up round, where players were able to play freely under no
performance monitoring.

Multiple investigators monitored players performing
the training and saved individual scores after each round.
The CS:GO score was used as primary performance met-
ric, as usually done within the online multiplayer profes-
sional gaming community (Green & Bavelier, 2006b). The
training was carried out using dedicated desktop PC run-
ning Windows 7 (professional edition) equipped with a
dedicated graphic card (ATI Radeon with 4GB of dedicate
RAM), 8GB or RAM and a 21” LED display, allowing to
play at high graphic quality (1600*1200 pixels resolution,
>100 frames/second). Participants played the game using a
mouse/keyboard/headset setup, with the possibility to adjust
mouse sensitivity at any time.

2.3 | Cognitive assessment

Two sets of cognitive tasks were used over two different vis-
its (Figure 1), spanning from perceptual to high order cogni-
tion skills.

Tasks were categorized as “Near,” “Moderate,” and “Far”
transfer based on the nature of the videogame implicated in
our study, in accordance with precedent findings (Green &
Bavelier, 2003, 2006a,2006b).

The entire battery was performed also at T1 (immedi-
ately after the end of the training for AVGPs, that corre-
sponded in both groups to 4 weeks after TO), while at T2
(3 months later) a reduced battery composed by tasks show-
ing a significant effect at T1 was administered. For each
task, participants were asked to respond as soon and accu-
rate as possible.

Cognitive assessment was performed on Windows lap-
top PC (Microsoft) equipped with E-prime 2.0 software
(Psychology Software Tools Inc.; www.pstnet.com).

2.4 | Near transfer

24.1 | Attention

The ability to allocate the attention on two consecutive stim-
uli was evaluated by means of adaptive Attentional Blink
(AB) (Green & Bavelier, 2003) task. A rapid stream of black
letters was flashed at the center of the screen where a white
letter (B, G, or S) was randomly showed (first target). After
the first target, a X-letter (second target) could appear or not
(50% of the trials). Participants were asked to detect the iden-
tity of the first target, pressing the corresponding letter on
the pc keyboard, as well as specify whether an X-letter was
presented or not. The X-detection judgment was the primary
metric, which represents the cost of attentional switching be-
tween the first and the second target.
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The Enumeration task (ET) (Green & Bavelier, 2006a)
was administrated to measure the attentional buffer; stimuli
were presented on a screen and each participant was asked to
report as quickly and accurately as possible (by pressing the
corresponding key button) the number of randomly placed
white squares (between 3 and 12) briefly presented on the
screen for few milliseconds. The task included trials with
stimuli of different sizes, to estimate field-of-view dependent
attention capacity. Both accuracy and reaction times were
recorded.

A Visual Search (VS) (Treisman & Gelade, 1980) task re-
quired to locate a target letter (“L”’) among distractors (“T”),
providing an index of selective attention and perceptual
skills. Participants were asked to press the corresponding key
on the pc keyboard, indicating the quadrant (top/bottom, left/
right) where the target letter appeared.

The ability to suppress inappropriate responses was mea-
sured using an Adaptive Flanker (FT) (Green & Bavelier,
2006b) task. A structure composed by six rings was briefly
shown (16 ms duration) in the center of the screen where dif-
ferent kinds of shapes were presented inside and outside the
rings. Participants were asked whether a square or a triangle
was presented within one of the six rings (target). The dis-
tractors could be either other shapes present within the six
rings (incompatible distractors), or squares and triangles pre-
sented outside the six rings (compatible distractors).

The Useful Field of View (UFOV) is commonly used to
describe the size of visual field over which visual stimuli
can be caught without eye or head movements (Ball, Beard,
Roenker, Miller, & Griggs, 1988). In the present study, we
used a modified UFOV to measure the ability of the atten-
tional system to locate a target among distractors, according
to (Feng, Spence, & Pratt, 2007; Green & Bavelier, 2003,
2006b). A structure composed by 24 squares (distractors) and
1 circle (target) was flashed at the center of the computer
screen. Participants were asked to determine as quickly and
accurately as possible in which of the eight possible direc-
tions the circle appeared. Target stimulus was presented at
different eccentricities to evaluate the spatial distribution of
visual attention. When the target eccentricity was 2.3 cm,
the stimulus lasted 12 ms, and duration was increased up to
20 ms when the circle was at 5.3 or 8.3 cm. The task was
presented for a total of 120 trials. No feedback or time limit
were given.

242 |

The ability to rotate mental representations of two-dimen-
sional objects was evaluated through a Mental Rotation (MR)
(Shepard & Metzler, 1971) task. Either a letter (“R”) or anum-
ber (“2”) were showed, then an arrow pointing in one specific
direction appeared. Finally, the same stimuli appeared mir-
ror-reversed or in upright position. Participants were asked to

Mental rotation

indicate whether the stimulus was facing the correct direction
indicated by the arrow or was mirror-reversed.

243 |

The Serial Reaction Time Task (SRTT) (Robertson, 2007)
was administrated to index visuo-motor learning. A visual
cue was presented at one of four possible positions at the
center of the computer screen. Participants were asked to
press the keyboard button corresponding to the position of
the visual cue. The sequence of visual cues was either fixed
or random. A questionnaire was collected at the end of the
task, asking whether participants recognized a recurring se-
quence of stimuli or not. Subjects were unaware of the ques-
tionnaire while performing the task.

Motor learning

2.5 | Moderate transfer

2.5.1 | Flexibility

The Global-Local features task abilities (GL) (Navon, 1977)
task was administrated in order to evaluate selective atten-
tion, inhibition, and switching skills. Compound stimuli rep-
resenting letters were showed and required participants to
pay attention alternatively to either local or global stimulus
characteristics.

Switching ability was evaluated by means of Preparing
to Overcome Prepotency (POP) task (Rosano et al., 2005)
where participants were asked to select context-appropriate
responses. They were administered either a green or red
square followed by either a right- or left-pointing arrow. If
the arrow follows the green square, subjects had to respond
by pressing the corresponding key (e.g., left-pointing
arrow, left arrow key). Conversely, when the arrow fol-
lows the red square, the subjects were required to press the
opposite arrow key (e.g., left-pointing arrow, right arrow
key), inducing a stronger engagement of cognitive control
abilities.

2.5.2 | Inhibition

A Letter No-Go (LNG) (Thorell, Lindqvist, Bergman Nutley,
Bohlin, & Klingberg, 2009) task was used, where participants
were asked to press a button when a specific item appears
(“Go” trials) and withhold the overbearing response when
different stimuli appear (“No-Go” trials).

2.6 | Far transfer

261 |

An index of verbal working memory was provided by the
Digit Span (DS) task, a subtest of the Wechsler Memory

Working memory
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scale (Wechsler, 1981). A series of digits were presented and
participants were asked to immediately repeat the sequence
in the same exact order (DS forward) as well as in reverse
order (DS backward). Individual span was calculated by con-
sidering the longer list of digits where participants fail none
or only one sequence out of two.

Visuospatial working memory resources were tested
through the Change Localization (CL) task, where subjects
are asked to detect which one of four squares changed color
between two consecutive presentations. The delay between
the first and second presentation increased with trials pro-
gression, thus increasing working memory load.

262 |

Each participants carried out a recently developed PC-based
version of Raven's Matrices (Raven, Raven, & Court, 1998),
i.e., the Sandia matrices (SM) (Matzen et al., 2010). With re-
spect to the original Raven stimuli, the SM includes multi-
ple sets of stimuli which allow for longitudinal assessment
of gf (Santarnecchi et al., 2013). Each matrix is composed of
a 3 x 3 grid, with each cell in the grid containing a set of
shapes. A blank cell in position 3-3 of the grid (bottom right)
is present. Participants were required to complete the matrix
choosing between eight alternative solutions. Participants an-
swered by pressing the corresponding key on the PC keyboard
(1-8). A maximum of 60 seconds was given for each matrix.

Fluid intelligence (gf)

2.6.3 | Premorbid intelligence quotient

At the end of the battery, a premorbid intellectual abili-
ties estimation was done by means of a verbal task: Test di
Intelligenza Breve (TIB) (Nelson, 1982; Sartori, Colombo,
Vallar, Rusconi, & Pinarello, 1997). Participants were re-
quested to read aloud a total of 54 words, focusing on pro-
nunciation. An estimated premorbid IQ scores was calculated
based on number and type of mistakes.

2.64 |

Finally, an estimation of frontal lobe functioning was provided
by Cognitive Judgement (Della Sala, MacPherson, Phillips,
Sacco, & Spinnler, 2003) task, a paper-and-pencil tests assess-
ing executive functioning and deductive reasoning. A set of
21 questions related to estimating e.g., length, weight, area,
speed, and quantity of different objects was administered.

Cognitive judgment

2.7 | Structural MRI data analysis

Structural magnetic resonance images (MRI) were acquired
using a Philips INTERA MRI scanner. Whole brain struc-
tural images (T1-weighted Fast Field Echo) with 1 mm?® res-
olution were acquired along the AC-PC line (slices = 150;
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matrix size = 256 X 256 X 150; voxelsize =1 mm X 1 X 1;
repetition time = 25 ms, flip angle = 30). To verify the ab-
sence of gray and white matter lesions or hyper-intensities,
neuroradiological exams also included (a) 1-mm coronal
Fast Field Echo (FFE) and (b) 3-mm T2-weighted Turbo
Fluid Attenuated Inversion Recovery (FLAIR) images.

Unlike cross-sectional studies, where images are pro-
cessed independently and results are based on group-level
comparisons, longitudinal data offer the opportunity to look
at changes in brain morphology at the individual level. This
requires specific analytic procedures to overcome poten-
tial biases due to the reference normalization template ap-
plied during preprocessing of data at different time points
(Ashburner & Ridgway, 2012). Therefore, morphometric
changes induced by gaming experience were computed using
a study-specific normalization template based on individual
MRIs of study participants at TO, created using the DARTEL
module (Ashburner, 2007) for Statistical Parametrical
Mapping software (SPM12, Wellcome Trust Centre for
Neuroimaging, London, UK—www.fil.ion.ucl.uk/spm).
Moreover, a specific toolbox for longitudinal statistical analy-
sis of voxel-based morphometry (VBM) data (Computational
Anatomy Toolbox - CAT12, www.neuro.unijena.de/cat) was
used, taking into account intra-subject longitudinal trajecto-
ries which were then summarized at the group level.

Further details regarding the preprocessing and data anal-
ysis of neuroimaging images are provided in the Supporting
Information Data S1.

2.8 | Statistical analysis

2.8.1 |

Changes in accuracy (ACC) and reaction times (RTs) were
combined in the inverse efficiency scores (IES) (Townsend
& Ashby, 1983) which provides a validated measure that
gauges the average energy consumed by the system over
time.

Behavioral data analysis

RT,
IES= ———
1 —error rate

The IES of each tasks was then analyzed in the statistical
package for the social sciences (spss) software version 20
(IBM Corp, 2011) using a repeated measures ANOVA with
a (between subjects) factor “GROUP” (2 levels: Gaming;
Controls) as well as a (within subjects) factor “TIME” (2
levels: TO; T1). Post hoc paired t-tests were used to detect
performance changes for T1 > TO contrast for the Controls
group. Only for gaming group, another 1 X 3 repeated mea-
sures ANOVA with “Time” (3 levels: TO; T1; T2) as within-
subjects factor was performed, in order to verify whether
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the significant effects found in the 2 X2 ANOVA were
long-lasting or not. The critical p-value was then adjusted
using Bonferroni correction to account for multiple com-
parisons (*0.05 Bonferroni corrected; 20.05 uncorrected).
Even though multiple comparisons at T2 were fewer com-
pared to T1, the same p-value threshold was maintained
to guarantee a more restrictive statistical inference. Mean,
standard error, and p-values for each task are reported in
Table S1.

2.8.2 | Longitudinal morphometric
MRI changes

The smoothed, normalized gray matter images were ana-
lyzed using a 2 X 3 flexible factorial design with a (between
subject) factor “GROUP” (2 levels: Gaming; Controls) as
well as a (within subject) factor “TIME” (3 levels: TO; T1)
in SPM12. Then — only for gaming group — another 1 X 3
flexible factorial design with “Time” (3 levels: TO; T1; T2)
as within-subject factor was performed, in order to verified
whether the significant effects found in the 2 X 2 ANOVA
were long-lasting or not.

Total intracranial volume (TIV) was estimated in order to
correct for different brain sizes and entered as nuisance co-
variate, together with age and gender. A permutation test for
peak-cluster level error correction (AlphaSim) was applied
for whole brain analysis (Song et al., 2011), by taking into ac-
count the significance of the peak voxel (threshold p < 0.01)
along with a stringent cluster size (71 voxels).

Global-local (Global)

2500

Global-local (Global)

2.8.3 | Morphometric predictors of response
to FPS exposure

We aimed at determining whether gray matter volume
(GMYV) at TO could explain longitudinal changes in gaming
performance. A voxel-wise multiple regression analysis was
implemented to identify potential brain regions associated
with more or less pronounced gains in in-game performance
after the fifteen gaming sessions. Individual changes were
calculated as “T1 CS:GO score minus TO CS:GO score” (i.e.,
positive value mean increase in gaming ability). In order to
provide a net performance estimate, CS:GO raw scores were
corrected for the individual difficulty level during the first
CS:GO session.

3 | RESULTS

3.1 | Cognitive effects

As shown in Figure 2, a significant interaction Time*Group
was found in the 2Xx2 ANOVA for: GL Global
(F14y=11.17, p <0.0001), GL Local (F 4 =12.38,
p=0.001), AB Second Target (F(; 14 =35.81, p=20.03),
SRTT (F 14, = 51.33, p < 0.0001).

As for CS:GO group, the results of 1 X3 ANOVA has
shown significant differences corrected via Bonferroni (at the
post-hoc level) for: GL Global (F, 55, = 20.13, p < 0.0001,
T1 > TO: energy decrease: 205.09, p = 0.001; T2 > TO: en-
ergy decrease: 237.85, p = 0.0002), GL Local (Fss = 17.58,
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FIGURE 2 Immediate and long-lasting behavioral changes after gaming. Improvement in test scores for CS:GO and CONTROL groups.

Individual Inverse Efficacy Scores for TO (blue), T1 (orange), and T2 (green) are reported. *0.05 Bonferroni corrected; 20.05 uncorrected. [Colour

figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Volumetric changes after gaming (T1 > TO). Axial slices (a) and 3D visualization (b) showing significant increase in voxel-level
gray matter volume in the right STG (1), right MC (2), left STG (3), bilateral pulvinar (4) and left MOG (5) (p < 0.05; cluster size correction <0.01,
permutation-based correction). The top right inset represents the overlap between gray matter volume changes in the motor cortex and the motor

representation of the right hand obtained using meta-analytic data (www.neurosynth.org). STG: superior temporal gyrus, MC: motor cortex, MOG:

middle occipital gyrus, L: Left; R: Right. [Colour figure can be viewed at wileyonlinelibrary.com]

p=0.001, T1 > TO: energy decrease: 180.09, p =0.001;
T2 > TO: energy decrease: 211.86, p =0.001), AB Second
Target (Fp35 =4.21, p=0.02, T1>TO: accuracy in-
crease:6.12%, p = 0.003; T2 > TO:accuracy increase: 4.27%,
p =0.01), SRTT (F 35y = 32.83, p <0.0001, T1 > TO: en-
ergy decrease: 66.99, p < 0.0001; T2 > TO: energy decrease:
69.39, p = 0.00002).

Moreover, an uncorrected significant change was also
found for VS (F535) = 11.79, p =0.003, T1 > TO: energy
decrease: 263.38, uncorrected p = 0.009; T2 > TO: energy
decrease: 249.03, uncorrected p = 0.003). Notably, none of
the participants reported significant changes in the amount of
time spent playing videogame between T1 and T2.

For further details see Supporting Information Table S1
and Supporting Information Figure S2 (no significant results).

32 |

Figure 3 displays GMV clusters showing a significant increase
in volume at T1 (p < 0.05) as compared to TO. Significant
changes were present in left (x =-9, y=-33, z=0; with
Z =13.36) and right (x =2,y =21, z = 2; with Z = 3.36) pos-
terior thalamus, left (x = -51, y =-21, z = 3; with Z = 3.25)
and right superior temporal gyrus (STG; x = 39,y = 2,z = -23;
with Z =3.34), right motor cortex (MC; x=27; y=-17;
7 =62, with Z = 3.24), and left middle occipital gyrus (MOG;
x=-27,y=-77, z=17; with Z = 3.56). Given the anatomi-
cal localization of the results on the motor cortex, a further

Immediate morphometric changes

investigation was conducted testing the overlap with the hand
representation. A meta-analysis of 80 studies was carried out
using the software Neurosynth (www.neurosynth.org) and
an average fMRI activation for the right hand was obtained.
Results were exported as a nifti.nii file and overlaid with the
MC cluster, suggesting a significant overlap (Figure 3).

33 |

As shown in Figure 4a, a cluster located in the left and
right pulvinar showed a significant change in volume even
3 months (T2) after exposure to the FPS game when com-
pared to pre-gaming (TO) (left hemisphere: x = -12, y = -25,
z=19; Z=23.79; right hemisphere: x =15, y=-35, z=15;
Z =4.05), resembling the finding observed at T1. None of
the other regions showing significant changes at T1 reached
statistical significance at T2.

Individual gray matter values are reported in Supporting
Information Figure S3 for both videogaming and a control

group.

Long-lasting morphometric changes

3.4 | Morphometric predictors of response
to FPS practice

Whole brain regression analysis identified a significant pre-
dictor closely resembling the thalamic nuclei modulated
by game practice at T1 and T2. As shown in Figure 4b—c,
the predictive model included the bilateral pulvinar region,
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FIGURE 4 Long-lasting changes
and prediction of response. (a) Distribution
of significant increase in gray matter
volume 3 months after the end of the
CS:GO training (p < 0.05; cluster size
correction p < 0.01, permutation-based
correction). (b) Voxel-wise prediction

of gain in game performance based on
baseline morphometry. Axial slices and 3D
rendering of significant correlation between
the volume of posterior thalamic nuclei
(specifically bilateral pulvinar region) and

Gray matter volume

showing a positive correlation with changes in CS:GO per-
formance (p < 0.05; R’ = 0.36).

3.5 | Anatomical mapping

Given the heterogeneity of thalamic nuclei structure and
function, a previously validated parcellation atlas was used
to characterize the voxel-level results related to T1 > TO,
T2 > TO and prediction of response to gaming. Significant
clusters were mapped on the anatomic-functional thala-
mus parcellation by Morel et a. (Figure 5a) (Morel, 2007).
Overall, significant changes were exclusively related to
medial and posterior thalamic nuclei. Immediate effects in-
volved posterior and medial thalamic nuclei, specifically the
bilateral habenular nucleus (Hb), bilateral limitans nucleus
(Li), bilateral mediodorsal nucleus (MD), bilateral medial
pulvinar (PuM), right central median nucleus (CM), right an-
terior pulvinar (PuA; Figure 5b, red). Long-lasting changes
showed a more pronounced effect on left medial pulvinar
(PuM; Figure 5b, green), while prediction of response also
involved right medial pulvinar and the parvocellular part
of bilateral mediodorsal nuclei (MDpc; Figure 5b, blue). A
quantification of the overlap is reported in Figure 5.

4 | DISCUSSION

Morphometric data showed how even a relatively inten-
sive but short gaming practice is able to induce structural

changes in in-game performance. Scatter
plot showing (c) correlation of in-game
performance (T1-TO0) and bilateral pulvinar
volume (R* = 0.36, p = 0.05). L, Left;

R, Right. [Colour figure can be viewed at
wileyonlinelibrary.com]

changes in brain regions related to attention and perception,
with subcortical modifications lasting up to 3 months after
exposure. Moreover, individual differences in the volume of
bilateral medial-posterior thalamus were identified as a pre-
dictor of changes in gaming performance, suggesting a piv-
otal role for posterior thalamic nuclei in FPS gaming. Such
specificity of gaming-induced neuroanatomical changes
might point to the possibility of using FPS training for reha-
bilitation purposes, especially in the attention domain.

4.1 | Immediate and long-lasting
thalamic changes

Our most prominent structural change was evident in the
bilateral thalamic nuclei. According to anatomic-func-
tional criteria, the thalamus can be divided into five major
clusters: lateral, medial, posterior, anterior nuclei and the
reticular nucleus (Morel, 2007). From a functional point
of view, the anterior part of the thalamus is mainly linked
to the modulation of alertness and is involved in learning
and episodic memory, while receiving afferents from the
mammillary bodies and subiculum, and projecting to the
cingulate gyrus (Child & Benarroch, 2013). Medial and
posterior nuclei, i.e., the regions showing changes in the
present study, project to the occipital, parietal, somatosen-
sory and temporal cortices and are thought to play a piv-
otal role in attentional as well as perspective processing
(Zhang, Snyder, Shimony, Fox, & Raichle, 2010). More
specifically, changes induced by CS:GO practice mainly
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FIGURE 5 Anatomical mapping of thalamic nuclei. (a) Coronal (left), axial (center) and sagittal (right) 3D visualization of thalamic

nuclei according to the Morel atlas (Morel, 2007). (b) Overlap between changes in gray matter volume (black cluster, orange contour, see

Figure 3) for T1 > TO (left, red line), T2 > TO (center, green line, see Figure 4a) and significant predictor of increase in-game performance

(right, blue line, see Figure 4b-c). Quantitative similarity scores between Morel parcellation scheme and significant clusters are shown in (c) for
each nucleus. VApc, ventral anterior nucleus (parvocellular part); VLa, ventral lateral nucleus (anterior); VLpv, ventral lateral posterior nucleus
(dorsal part); mc, ventral anterior nucleus (magnocellular part); CeM, central medial nucleus; MDmc, mediodorsal nucleus (magnocellular part);

MDpc, mediodorsal nucleus (parvocellular part); CM, centre médian nucleus; Hb, habenular nucleus; Li =, limitans nucleus; VPM, = Ventral

posterior medial nucleus; VPLa, ventral posterior lateral nucleus