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a b s t r a c t 

Video game play has been suggested to improve visual and attention processing. Nevertheless, while action 
video game play is highly dynamic, there is scarce research on how information is temporally discriminated at 
the millisecond level. This cross-sectional study investigates whether temporal discrimination at the millisecond 
level in vision varies across action video game players (VGPs; N = 23) and non-video game players (NVGPs; 
N = 23). Participants discriminated synchronous from asynchronous onsets of two visual targets in virtual real- 
ity, while their EEG and oculomotor movements were recorded. Results show an increased sensitivity to short 
asynchronies (11, 33 and 66 ms) in VGPs compared with NVGPs, which was especially marked at the start of the 
task, suggesting better temporal discrimination abilities. Pre-targets oculomotor freezing – the inhibition of small 
fixational saccades – was associated with correct temporal discrimination, probably revealing attentional prepa- 
ration. However, this parameter did not differ between groups. EEG and reconstruction analyses suggest that the 
enhancement of temporal discrimination in VGPs during temporal discrimination is related to parieto-occipital 
processing, and a reduction of alpha-band (8–14 Hz) power and inter-trial phase coherence. Overall, the study 
reveals an enhanced ability in action video game players to discriminate in time visual events in close temporal 
proximity combined with reduced alpha-band oscillatory activities. Consequently, playing action video games is 
associated with an improved temporal resolution of vision. 
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. Introduction 

Temporal discrimination is the ability to consciously discriminate in
ime one sensory event from another and is the foundation of adap-
ive behaviors ( Mauk and Buonomano, 2004 ). Distinguishing succes-
ive events from one another is indeed necessary to follow and adapt
o the flow of successive information. Temporal discrimination skills at
he millisecond level have been studied through simultaneity judgment
SJ) tasks (also called asynchrony detection tasks), which evaluate one’s
bility to detect the temporal gap separating the onset of two sensory
vents. This detection of asynchronies has been found altered in peo-
le with autism spectrum disorders ( Falter et al., 2012 ), developmen-
al dyslexia (for a review, see Meilleur et al., 2020 ) and schizophre-
Abbreviations: VGP, Video Game Player; NVGP, Non-Video Game Player; SOA, Sti
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ia, in many modalities and especially in vision ( Di Cosmo et al.,
021 ; Foucher et al., 2007 ; Giersch et al., 2009 ; Lalanne et al., 2012 ;
arques-Carneiro et al., 2021 ; Martin et al., 2013 ; Schmidt et al., 2011 ;

tevenson et al., 2017 ). Clinical symptoms are related to these tempo-
al alterations ( Foucher et al., 2007 ; Giersch et al., 2015 ; Martin et al.,
017 , 2014 ). Unfortunately, these symptoms persist with medication, as
itherto dopamine does not appear involved ( Chassignolle et al., 2021 ).
onetheless, new leads for treatment may be found in video game stud-

es. 
Our ability to detect visual asynchronies can be improved through

omputer-based tasks ( Virsu et al., 2008 ). Video games might induce
 similar benefit. Indeed, visual ( Bejjanki et al., 2014 ; Buckley et al.,
010 ; Green and Bavelier, 2007 ; Pohl et al., 2014 ; West et al., 2008 )
mulus Onset Asynchrony; ITC, Inter-trial Phase Coherence; VR, Virtual Reality. 
ram, FET Proactive (VIRTUALTIMES consortium, grant agreement Id: 824,128 
hallenging situations where prevailing depends on the rapid detection of visual 
rimination of audiovisual signals in action video game players compared with 
ocessing or extended to a more fundamental (unisensory) level was unclear so 
nsciously detect a delay as short as 11 ms between two visual signals in action 
gh video game play are associated with a higher temporal resolution of visual 
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f  
nd temporal ( Donohue et al., 2010 ; Rivero et al., 2012 ) abilities at
he millisecond level have been found enhanced in action video game
layers. While several studies showed improved visual processing as-
ociated with video game play, sometimes for short duration stimuli
 Föcker et al., 2019 ; Green and Bavelier, 2003 ; Krishnan et al., 2013 ;
i et al., 2010 ; Mishra et al., 2011 ; Pohl et al., 2014 ; Schubert et al.,
015 ; Wilms et al., 2013 ), they are based on tasks involving atten-
ion, discrimination of stimuli displayed simultaneously, or in the same
ocation. Temporal discrimination skills, i.e. the ability to detect that
wo distinct signals are not displayed simultaneously, was not directly
valuated in these studies. Only Donohue et al. (2010) reported an en-
anced asynchrony detection between visual and auditory stimuli in
ction video game players (VGPs) compared with non-video game play-
rs (NVGPs). Crucially, whether this enhanced skill is specific to multi-
ensory conditions is unclear. For example, this enhancement may re-
ate to asymmetric processing of visual and auditory information, or
he need to compare the moment of sensory occurrence across two dif-
erent modalities. If the enhancement of temporal discrimination abili-
ies in VGPs generalizes to unisensory visual conditions, it would sug-
est an enhancement of the temporal aspect of sensory discrimina-
ion rather than multisensory processing. It could then represent the
asis for a new regime of cognitive remediation for pathologies like
chizophrenia. 

The goal of this study is to test the hypothesis of enhanced
illisecond-level temporal discrimination skills in VGPs in the visual
odality. Knowing which aspects of temporal discrimination (prepara-

ion or asynchrony processing) are improved in video game players is
equired to target specific mechanisms during remediation. To that aim,
e use EEG and eye-tracking recordings to distinguish the preparation
hase from the asynchrony processing. Although there is scarce data
n EEG and asynchrony processing, we ground our analysis on what is
nown about perceptual processing. 

In psychophysical tasks such as the SJ task, perceptual discrim-
nation is tightly related to both preparatory and target processing.
n the one hand, parieto-occipital alpha-band (8–14 Hz) oscillations
ontribute to the preparation of visual processing ( Mathewson et al.,
009 ; Thut et al., 2006 ) and are associated with temporal attention
 Hanslmayr et al., 2011 ). For instance, the decrease of prestimulus alpha
ower facilitates the detection of a forthcoming target ( Babiloni et al.,
006 ; Ergenoglu et al., 2004 ; Harris et al., 2020 ; Jensen and Maza-
eri, 2010 ; Klimesch, 1999 ; Lange et al., 2013 ; Zhou et al., 2021 ) by
odulating cortical excitability ( Iemi et al., 2017 ; Jensen et al., 2014 ;

ensen and Mazaheri, 2010 ; Klimesch et al., 2011 , 2007 ) or through gat-
ng mechanisms ( Gundlach et al., 2020 ; Zhigalov and Jensen, 2020 ). In
 SJ task, temporal discrimination of tactile stimuli at the millisecond-
evel depends on prestimulus alpha power ( Baumgarten et al., 2016 ).
ence, prestimulus alpha power reflects different states of prepared-
ess to sensory and attention processing. Similarly, small eye move-
ents occurring before stimulation reveal different states of prepared-
ess and are associated with perceptual discrimination. The inhibition of
mall fixational saccades (also called oculomotor freezing; Abeles et al.,
020 ; Amit et al., 2019 ; Badde et al., 2020 ; Tal-Perry and Yuval-
reenberg, 2020 ) reflects stimulus anticipation and helps visual discrim-

nation ( Denison et al., 2019 ). On the other hand, perceptual discrimi-
ation also depends on mechanisms operating during the processing of
he target itself. A stimulus onset can induce a functional disinhibition
f neurons in task-relevant cortical regions, reflected in the decrease of
lpha-band power ( Jensen and Mazaheri, 2010 ; Klimesch et al., 2011 ).
or instance, detecting a target presented at the perceptual threshold is
ccompanied by posterior alpha-band power decreases ( Babiloni et al.,
006 ), supporting the idea that a decrease in alpha-band power re-
ects to some extent visual awareness ( Harris et al., 2020 ). Also, post-
timulus alpha-band power decrease has been associated with improved
peed of visual information processing within the ‘theory of visual at-
ention’ framework ( Hilla et al., 2020 ). Overall, this means that tem-
oral discrimination abilities in vision can be reflected in both pre- and
2 
ost-target posterior alpha-band power decreases. In this cross-sectional
tudy, EEG and eye-tracking data are used to evaluate whether prepara-
ory processing, target processing, or both could explain the potential
nhancement of temporal discrimination skills in VGPs. 

To evaluate temporal discrimination skills in VGPs and NVGPs, par-
icipants performed a SJ task and were instructed to discriminate syn-
hronous from asynchronous onsets of two targets. The targets, pre-
ented in the left and right visual fields, were either presented simul-
aneously (0 ms stimulus onset asynchrony; SOA) or asynchronously
11, 33 or 66 ms SOA). Here, if temporal discrimination skills are im-
roved in VGP compared with NVGPs, then the results already ob-
erved with audiovisual modalities ( Donohue et al., 2010 ) should gen-
ralize to the unisensory visual modality. In signal detection theory
erms ( Stanislaw and Todorov, 1999 ), VGPs should exhibit higher per-
eptual sensitivities ( d’ values) than NVGPs. The learning-to-learn ac-
ount ( Bejjanki et al., 2014 ; Green et al., 2010 ; Zhang et al., 2021 )
uggests that VGPs outperform NVGPs due to an increased ability to
earn the key properties of a task. When facing novel tasks, inferring
he probabilities of task parameters must be learned through practice.
uch a probabilistic inference enhancement could, in turn, improve at-
entional control in switching attention modes at the most appropriate
oments. According to the learning-to-learn account, increased percep-

ual sensitivities in VGPs either at the beginning or at the end of the
ask would contrast with or support the hypothesis, respectively. To in-
estigate the neurocognitive basis of temporal discrimination skills in
GPs and NVGPs, we created an original setup combining immersive
irtual reality, head-mounted eye-tracking system and EEG recordings.
ot only virtual reality helps to get closer to ecological conditions (e.g.
D perception and immersion) than desktop settings, it also facilitates
he commitment to the task and allows to track eye movements using
he embedded eye-tracking system of the headset. 

. Method 

.1. Participants 

Recent discussions highlighted that recruitment strategies can influ-
nce video gaming effects on perception and cognition ( Boot et al., 2011 ;
enkinger et al., 2021 ). For example, if gamers know they are recruited
ecause of their gaming habit, it may motivate them to perform well.
n this cross-sectional study, participants were chosen using overt re-
ruitment and screening criteria and were informed that the study ex-
lores the limits of time perception. They were not informed about the
ifferent asynchronies. The screening criteria to categorize VGPs and
VGPs was assessed through a questionnaire asking which games they
ad been playing over the last 12 months, over what period of time in
onths, and the average time spent playing each game per week. In

ccordance with previous studies ( Bavelier et al., 2012 ; Bejjanki et al.,
014 ; Föcker et al., 2018 ), the criterion to be considered a VGP was a
inimum of 5 h per week of action video game practice for the previ-

us 12 months. The games included mainly first-person shooters (e.g.
all of Duty series, Apex Legends, Overwatch, Counter Striker series),
eal-time strategy (Starcraft II) and multiplayer online battle arenas (e.g.
eagues of Legends, Heroes of the Storm) which mix the characteristics
f action and real-time strategy games. All these games have been pro-
osed to involve the same types of cognitive functions (see e.g. Large
t al., 2019 ), and require high-paced visual processing. The latter is es-
ecially pertinent relative to time processing and our study. The VGP
roup included 23 participants (4 females, 2 left-handed, age M = 25.2;
D = 5.7). The play time of VGPs ranged from 12 to 34 h a week over
he last 12 months before testing. The criterion to be included in the
VGP group was little or no action video game practice for a minimum
f one year, although no extensive practice ever ( N = 16) was highly
avored. The NVGP group was composed of 23 participants (7 females,
 left-handed, age M = 26.8; SD = 4.6). The play time of NVGPs ranged
rom 0 to 5 h a week over the last 12 months before testing. T- and
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Fig. 1. Setup and experimental task. Action video game players (VGPs, N = 23) and non-video game players (NVGPs, N = 23) were exposed to robots in virtual 
reality and performed a simultaneity judgment task (A). Using buttons of the controller, the task of the participants was to judge whether the onset of two visual 
targets (red lights; B) was simultaneous (0 ms SOA) or asynchronous (11 ms, 33 ms or 66 ms SOA). Reaction times, eye-tracking, and EEG measures were used to 
evaluate how VGPs and NVGPs anticipated and processed these visual asynchronies. 
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t  
hi 2 -tests revealed no difference in age ( p = .312) or gender ( p = .391)
etween VGPs and NVGPs. However, the education level was lower in
VGPs (mean = 14.3 years) than VGPs (mean = 15.7 years, p = .012).
welve years of education represent the end of high school and 15 years
epresent a bachelor degree. All subjects had normal or corrected-to-
ormal visual acuity, as verified with the Freiburg Visual Acuity Test
 Bach, 1996 ). No participants reported color-blindness. The exposure
o VR experience was not quantified in this experiment. However, no
articipant reported any feeling of cybersickness during or after the ex-
eriment. It should be noted that our sample of participants has been
nvolved in another related study ( Foerster et al., 2022 ). The sample
ize of participants was equal or larger than recent cross-sectional gam-
ng studies (e.g. Cui et al., 2021 ; Gong et al., 2019 ; Pöhlmann et al.,
022 ). An overall post-hoc statistical power of 59% was estimated for a
ixed ANOVA with the current experimental design, with an 𝛼 = 0.05

nd a sample size n = 23 per group (N VGP = 23; N NVGP = 23). All partic-
pants provided written informed consent to take part in the study and
ere given a compensation of 45 € for their participation. The study has
een approved by the local ethics committee (i.e. Comité d’Éthique de
echerche) of the University of Strasbourg. 

.2. Virtual reality setup 

The experiment used the Unity software (Unity technologies, v.
019.3.9f1) to create the virtual environment. The HTC Vive Eye Pro
HTC Corp.) controllers and headset were used to immerse the partici-
ants in VR. Participants wore both the VR and EEG headsets while sit-
ing on a chair. The VR headset was adjusted to each participant, which
llowed us to avoid physical strain on the EEG electrodes. The headset is
omfortable and does not induce sweating. Several benefits motivated
he use of VR to perform the task. Firstly, making the task more en-
ertaining facilitates the engagement of the participant. Secondly, VR
llows a better trade-off between fully-controlled experimental settings
nd conditions close to everyday life. Three-dimensional visual percepts
re indeed considered as more realistic in comparison with 2D screen
etups ( Snow and Culham, 2021 ). Thirdly, the embedded eye-tracking
ystem in the VR headset allows to track and record the gaze in the 3D
pace. The eye-tracking system was used to trigger the visual stimuli
ontingently with the gaze location and following a time interval free
f saccades and eye-blinks. Each participant was immersed in a virtual
oom and was facing four 3D animated robots. The experiment was com-
osed of two intertwined tasks: a SJ task and a variable foreperiod task
 Foerster et al., 2022 ). Details about the variable foreperiod task can be
ound in the Supplemental Materials. 
3 
.3. Simultaneity judgment task and stimuli 

At the beginning of each trial, a red light representing a fixation cue
ppeared in between the two central robots displayed in the center of
he visual field ( Fig. 1 ). The robots were always in the same localization
nd their spatial localization was easy to discriminate. The fixation cue
isappeared following 1300 ms of gaze fixation without blinking or sac-
ades away from the cue. In case of a blink, the fixation cue remained
ntil the participant reached 1300 ms free of blink and saccades. All par-
icipants managed to fixate the cue without blinking. After a random
nter-stimulus interval (ranging from 800 to 1000 ms), visual targets
ppeared and remained on the screen until the participant’s response.
hese targets consisted of two red lights, each in one of the two centrally

ocated robots. These targets occurred either simultaneously (i.e. 0 ms
OA) or asynchronously with a SOA of 11 ms, 33 ms or 66 ms. The order
f the targets (right-left or left-right) was randomized across trials. Fol-
owing the appearance of the targets, the task of the participant was to
udge whether the targets appeared simultaneously or asynchronously.
articipants gave their response by pressing the trigger button or the
ad button of the controller placed in their right hand. No response
ime limit was implemented. The next trial started 1000 ms after the
articipant’s response. The matching of the controller buttons with the
imultaneous/asynchronous judgments was randomly assigned for each
articipant. The procedure consisted of four blocks of 120 trials. Each
lock included 30 trials of each SOA displayed in randomized order. The
argets were presented at a distance of four meters from the participant,
nd located at 8° of visual angle from the participant’s facing direction.
articipants were instructed that SOAs could be long, very short or null.
he different SOAs were presented in a within-block design and dis-
layed in random order. 

.4. Behavioral parameters 

We applied signal detection theory ( Stanislaw and Todorov, 1999 ) to
iscriminate between two aspects of the participants’ response: the per-
eptual sensitivity ( d’ ) representing the ability to discriminate between
synchrony and simultaneity, and the decisional bias (criterion c ) rep-
esenting the tendency to report seeing an asynchrony independently of
he SOA. 

.5. Eye-tracking 

Binocular gaze position was monitored using the eye-tracking sys-
em (Tobii Ltd.) embedded in the VR headset with a sampling rate of
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0 Hz and an estimated spatial accuracy between 0.5° to 1.1° The par-
icularity of such a system is that (1) it tracks eye movements corrected
or head movements, (2) it provides estimations of the gaze location in
he 3D space rather than on-screen 2D space, 3) the calibration-free data
ecording for saccades analysis renders the measure non-intrusive. Here
e analyzed the likelihood of small fixational saccades prior targets’ ap-
earance, as previously investigated ( Denison et al., 2019 ). Saccades of
ll sizes were included, but due to the task requirements to fixate the
arget area, most saccades were small (1.4° of visual angle on average).

At first, the onsets of blinks were identified with the HTC SRanipal
DK, detecting blinks via individual eye openness. Because blinks were
are events given the non-blinking requirements to trigger the fixation
ue offset, trials containing at least one blink occurring around the onset
f the targets (i.e. − 600 ms to 200 ms) were discarded (4.8% of total tri-
ls). Then, raw data of each trial were interpolated with a spline method
o increase the temporal precision, followed by the calculations of the
erivations of the speed of the vertical and horizontal eye movements. 

Saccades were detected using an established algorithm
 Engbert, 2006 ) based on the gaze’s velocities. An elliptic thresh-
ld criterion for saccades detection was determined in 2D velocity
pace based on the horizontal and the vertical velocities of the eye
ovement. As in previous studies ( Denison et al., 2019 ; Rolfs et al.,
008 ), we set the threshold to be six times the SD of the eye-movement
elocity, using a median-based estimate of the SD. This SD estimate
as set based on the velocities calculated for each trial. Saccade onsets
ere defined when six or more consecutive velocity samples (i.e. a
inimum of 6 ms) were outside the ellipse. 

We controlled for corrective saccades following overshoot, which
ould have been confused with saccades. To do so, saccades were dis-
arded when separated by less than 50 ms from the preceding one. We
erified that the velocity and the magnitude of the saccades were cor-
elated as usual ( r = 0.71, p < 10 − 6 ), thus confirming a low false alarm
ate of the saccade detection algorithm ( Zuber et al., 1965 ). 

Saccade rates were smoothed using a moving average window of
00 ms, as in Betta and Turatto (2006) . Preliminary analyses compared
he results with a moving window of 50 ms (as in Dankner et al., 2017 ;
enison et al., 2019 ; Tal-Perry and Yuval-Greenberg, 2020 ) which did
ot affect the data interpretation, other than reducing the signal/noise
atio. 

.6. EEG acquisition and processing 

EEG activity was continuously collected using a Biosemi ActiveTwo
0–20 system with 64 active channels at 1024 Hz sampling rates and
he ActiView software. The electrode offset was kept below 20 mV. The
ffset values were the voltage difference between each electrode and the
MS-DRL reference channels located to the left and right sides of POz.
lectrode impedances were kept below 20 k Ω. EEG analyses were per-
ormed with MNE-Python v.0.22.0 ( Gramfort et al., 2014 , 2013 ). Raw
ata were filtered offline with a 0.1 Hz high pass filter and a 40 Hz
ow pass filter. The Autoreject algorithm ( Jas et al., 2017 ) was used to
etect and repair artifacts. The motivation to use this algorithm was to
aximize the signal-noise ratio by adapting automatically the artifact
etection parameters for each participant. It implements topographic in-
erpolations ( Perrin et al., 1989 ) to correct bad segments. The procedure
ejected a mean average of 54 trials (SD = 70) over a total of 480 trials.
 surface Laplacian filter was applied (stiffness m = 4, 𝜆 = 10 − 5 ), re-
ulting in a reference-free current source density (CSD) which increases
he spatial resolution of the signal and reduces the signal deformation
ue to volume conduction ( Kayser and Tenke, 2015a , 2015b ; Tenke and
ayser, 2012 ). 

.7. Time-frequency analysis 

At first, the continuous EEG signal was segmented into trials locked
o the first target onset using a time window starting 1600 ms before the
4 
nset and finishing 800 ms after the onset. To analyze the oscillatory
ctivity, time-frequency representations (TFRs) were computed using a
avelet approach ( Tallon-Baudry and Bertrand, 1999 ). A family of Mor-

et wavelets was built to perform a convolution via a fast Fourier trans-
orm over each electrode and each trial. The wavelets were parametrized
o extract frequencies from 4 Hz to 40 Hz with a step of 2 Hz. The number
f cycles of the wavelets was linearly-spaced, from 3 cycles for the low-
st frequency to 10 cycles for the highest frequency. Then, to investigate
hether amplitude and phase differed between groups and SOAs before
nd during the asynchrony processing, we extracted from the TFRs both
he signal power and the phase values to compute the inter-trial phase
oherence (ITC) values. 

The analysis of phase coherence was exploratory and can be found in
upplementary materials. Concerning the power analysis, power values
ere compared to the baseline for each trial. The baseline represented

he time-interval starting and finishing 1500 ms and 1000 ms before the
rst target onset, respectively. Hence, the baseline was a time interval
ccurring before the offset of the fixation cue. We chose this period for
he baseline based on the literature favoring a pre-stimulus baseline pe-
iod ( Gundlach et al., 2020 ), and to avoid response-related oscillatory
ignals. Power values were transformed into z-scores using this base-
ine. We preferred this normalization approach over the baseline-free
pproach (e.g. Iemi et al., 2017 ) of power analysis as it increases the sig-
al/noise ratio without eliminating a possible group difference of EEG
ower before the first target onset. Also, the normalization approach
enders the data normally distributed, which allows the use of standard
arametric tests. Control analyses of the pre- and post-target onsets al-
ha power using the baseline-free approach did not change the effects
eported below. 

Since there is scarce EEG data related with asynchrony detection,
e first examined ITC and power values recorded after the first target
nset. This qualitative examination revealed two clusters of interest, an
lpha-band (8–14 Hz) cluster recorded over parieto-occipital areas and a
heta-band (4–8 Hz) cluster recorded over fronto-medial areas. Thus, for
tatistical analysis, we selected the alpha-band ITC and power recorded
t the parieto-occipital electrode POz. The selection of a midline elec-
rode may appear surprising. However, the detection of asynchrony re-
uires a comparison of both stimuli onsets. Moreover, alpha power en-
ails cycles of 100 ms, which unlikely reflect the sequential processing
f stimuli at the level of a few tens of milliseconds. 

To verify the specificity of our alpha-band effects, we performed a
ontrol analysis of the theta-band ITC recorded at the fronto-medial elec-
rode FCz. This control analysis is important also to verify the involve-
ent of oscillatory activity potentially related to attention and cogni-

ive control ( Cavanagh and Frank, 2014 ; Cohen, 2014 ). Both sites were
elected based on previous perceptual studies ( Gundlach et al., 2020 ;
emi et al., 2019 ; Zhigalov and Jensen, 2020 ) and the location of the
aximum ITC and power values observed within the two clusters. The
umber of trials across conditions was equalized to ensure unbiased es-
imates of ITC and power values. Before statistical analysis, all EEG data
ere downsampled to 512 Hz to facilitate computations. 

.8. Source reconstruction 

We performed a post-hoc source reconstruction to localize the ef-
ect of the group on the alpha-band power within the 100–300 ms
ime window representing the processing period. To do so, individual
pochs (non-CSD transformed) were used and filtered in the alpha-band
8–14 Hz) frequencies. Individual forward solutions were created us-
ng a 3-layers boundary element model ( Hämäläinen and Sarvas, 1989 )
erived from the MRI template provided in MNE-python. Individual
oise covariance matrices were estimated from the baseline time inter-
al ( − 1500 ms to − 1000 ms pre-stimulus period). Then, inverse solu-
ions were applied using the minimum norm method ( Hämäläinen and
lmoniemi, 1994 ) to estimate the absolute source activation of each par-
icipant. 
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Fig. 2. Behavioral responses to very short visual asynchronies. 
The analysis of perceptual sensitivity data suggests that VGPs 
exhibit better detection of very short visual asynchronies 
(11 ms, 33 ms and 66 ms) than NVGPs (A), especially dur- 
ing the first and last trial blocks (B). Error bars represent one 
confidence interval of the mean. ∗ p < .05, ∗ ∗ p < .01, ∗ ∗ ∗ p < 
.001. 
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.9. Statistical analyses 

Time series analyses compared two intervals of interest: (1) the
nticipatory period representing the pre-target interval starting from
 800 ms and finishing − 100 ms before the first target onset, and (2)

he processing period representing the interval starting 100 ms and fin-
shing 300 ms after the first target onset. We did not consider the first
00 ms after the first stimulus, since the second stimulus was displayed
ithin this interval, making the interpretation of the results difficult. We
lso restricted the interval to 300 ms post-stimulus to avoid including
esponse-related signals. 

The overall statistical analysis focused on the independent variables
roup (VGP vs NVGP), SOA (0, 11, 33 vs 66 ms), Block (trial block 1, 2,
 vs 4), Time-Window (Preparatory vs Processing period) and Response
Hit vs. Miss, excluding the trials with the 0 ms SOA) and the dependent
ariables d’, c , reaction times, percentage of ‘asynchronous’ responses,
accade rates, alpha ITC, alpha power, theta power and lateralization
ndex. The SJ task requires a discrimination between synchronous vs.
synchronous stimuli, which is reflected in the d’. To match the liter-
ture ( Foucher et al., 2007 ; Giersch et al., 2009 ; Lalanne et al., 2012 ;
arques-Carneiro et al., 2021 ; Martin et al., 2013 ; Schmidt et al., 2011 ;

tevenson et al., 2017 ) we additionally analyzed the percentage of ‘asyn-
hronous’ responses. The Block effect evaluated whether the pattern of
ask performance improves or deteriorates over time (cf. the learning-
o-learn account). The Response (hit vs. miss) was used only in the anal-
sis of the saccade rates data (else it was the d’ and c criterion). Because
ome participants never judged 66 ms asynchronies as simultaneous (i.e.
 Miss), we compared the saccade rates as a function of misses and hits
nly in trials with 11 and 33 ms SOA, whereas the analysis of the sac-
ade rates as a function of the SOA included all SOAs. SOA and Response
atasets involved an average of 97 trials per condition (min = 90 trials,
ax = 473 trials) and 102 trials (min = 71 trials, max = 361 trials),

espectively. 
Repeated-measures mixed analyses of variances (ANOVAs) were per-

ormed using R (v. 4.2.1), the dplyr (v. 1.0.5) package, and the rstatix
v. 0.6.0) package with a Greenhouse-Geisser correction when within-
ubject factors (Block, Response, Time-Window, and SOA) violated the
phericity assumption. Planned comparisons analysis was performed
ith Tukey’s HSD tests corrected for multiple comparisons with the

alse-discovery rate method. Shapiro’s test was used to evaluate whether
ata deviated significantly or not from normal distributions. Pearson’s
r Spearman’s correlation analyses were used for normally vs. not nor-
ally distributed data respectively ( d’ values and saccade rates, alpha-

and ITC and power). Figures were built with the GGplot2 (v. 3.3.0) and
ridExtra (v. 2.3) packages in R. The post-hoc statistical power analysis
eported above was performed with the package Superpower (v. 0.2.0)
n R. 

Post-hoc analysis of the source estimates was performed using
he non-parametric spatiotemporal cluster-based permutation tests
 Maris and Oostenveld, 2007 ) with the MNE-python function spa-
5 
io_temporal_cluster_test(). Individual source estimates within the 100–
00 ms time window with t statistic above the significance threshold of
 < .01 were clustered. The permutation distribution was approximated
rom 5000 random permutations of the observed data. Then, for each
luster, we randomly permuted the assignation of individual’s data to
ither group (VGPs or NVGPs) to test the null hypothesis (i.e. full ex-
hangeability). Only clusters with p < .01 are reported. 

. Results 

.1. Task performance 

To test the hypothesis that VGPs have a better ability to detect very
hort asynchronies and whether this ability fluctuated over the course
f the experiment, a three-way mixed ANOVA was applied to percep-
ual sensitivity ( d’ ) values with the factors Group, SOA and Block. The
nalysis revealed a main effect of the Group ( F (1,44) = 4.42, p = .045;
2 

partial = 0.089) and a main effect of the SOA ( F (2,88) = 524.1, p <
0001; 𝜂2 

partial = 0.923). Additional two-sided paired t-tests confirmed
hat d’ values were higher in VGPs relative to NVGPs for all SOAs (11 ms,
 = .0245, 33 ms, p = .0008, 66 ms, p = .0046; Fig. 2 A). An interaction
ffect between the Group and the Block was revealed ( F (3,132) = 5.18,
 = .003; 𝜂2 

partial = 0.105). Planned comparisons on performance av-
raged over SOAs showed an increased sensitivity to asynchronies in
GPs relative to NVGPs during the first ( p = .0011) and last trial blocks
 p = .0297, see Fig. 2 B). The sensitivity fluctuated across blocks in both
roups, without clear overall improvement or deterioration. In line with
hese behavioral results, the analysis of the percentage of ‘asynchrony’
esponses also showed that VGPs judged stimuli with 0 ms SOA more
ften as ‘simultaneous’ compared to NVGPs (see details in Supplemen-
al Materials). This result accounts for the fact that VGPs were better at
iscriminating synchronous from asynchronous stimuli. No effect of the
roup was found on reaction times (see details in Supplemental Mate-

ials and Fig. S1). Also, the analysis of the decisional bias (criterion c )
evealed an interaction effect between the Group, the SOA and the Trial
lock: the bias differed between the VGPs and NVGPs only during the
hird trial block with the SOA of 33 ms (see details in Supplemental Ma-
erials; it is interesting to note that this effect occurs in a block in which
here is no group effect on d’ ). Overall, these behavioral results indicate
hat VGPs have better abilities to report milliseconds differences in the
nset of two visual stimuli, without extending their response times or
sing different decision strategies. 

.2. Small fixational saccades prevent short asynchrony detection 

Eye-tracking data revealed an oculomotor freezing by showing the
radual decrease, i.e. inhibition of small fixational saccades – reflect-
ng the anticipation of the stimuli ( Amit et al., 2019 ; Betta and Tu-
atto, 2006 ; Denison et al., 2019 ). To evaluate whether this saccadic
nhibition could explain the increased perceptual sensitivity in VGPs,
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Fig. 3. Lower prestimulus saccade rates associated with better detection of short visual asynchronies. Saccade rates time-locked to the first target onset (A). Saccade 
rates decrease progressively as time elapses until the onset of the targets. Colored shaded areas represent one standard error of the mean. This pre-stimulus saccadic 
inhibition – also called oculomotor freezing – was enhanced prior the detection of asynchronies (Hits), which suggests that gaze stability helps the detection of very 
short visual asynchronies (B). Saccade rates did not differ between detected and undetected asynchronies after the onset of the targets (C). ∗ ∗ ∗ p < .001. 
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e performed a three-way mixed ANOVA on the saccade rates with the
actors Response (Hit vs Miss), Group and Time-window (Anticipatory
s Processing period). As a reminder, a hit means a correct detection
f an asynchrony, whereas a miss means that the participant gave a

simultaneous’ response despite the onset asynchrony of the target stim-
li. As described in the literature ( Denison et al., 2019 ), if the inhibition
f small saccades is related to detection abilities, then the inhibition of
mall saccades should be more marked for hits than for misses. The anal-
sis revealed a main effect of the Response ( F (1,44) = 34.08, p < .0001;
2 

partial = 0.437, Fig. 3 ) and the Time-window ( F (1,44) = 115.62, p <
0001; 𝜂2 

partial = 0.754). The analysis also revealed an interaction be-
ween the Response and the Time-window ( F (1,44) = 8.87, p = .005;
2 

partial = 0.168). Saccade rates were lower during the anticipatory pe-
iod of hits (Mean Hit = 1.62 Hz, CI Hit = 0.09 Hz) than of misses (Mean

iss = 1.92 Hz, CI Miss = 0.14 Hz, p = .0006; Fig. 3 B). This effect was
bsent during the processing period ( p = .118, Fig. 3 C). This analysis
xtends previous results ( Amit et al., 2019 ; Betta and Turatto, 2006 ;
enison et al., 2019 ) and supports the hypothesis that oculomotor freez-

ng is associated with improved preparedness and thereby facilitates the
etection of very short visual asynchronies. Importantly, this oculomo-
or freezing did not differ between groups ( p = .401). Finally, a two-way
ixed ANOVA with the factors Group and SOA applied to the saccade

ates recorded during the processing period revealed no effect (all p >
43). 

.3. Parieto-occipital alpha-band power is associated with the enhancement

f perceptual sensitivity to short visual asynchronies in VGPs 

We performed a mixed ANOVA on the parieto-occipital alpha-
and power with the factors SOA, Group, and Time-window ( Fig. 4 ).
he analysis revealed main effects of the Group ( F (1,44) = 6.43,
 = .015; 𝜂2 

partial = 0.127) and the SOA ( F (3,132) = 13.35, p

 .0001; 𝜂2 
partial = 0.233). Moreover, the analysis showed inter-

ction effects between the Group and the SOA ( F (3,132) = 3.87,
 = .011; 𝜂2 

partial = 0.081), between the SOA and the Time-window
 F (3,132) = 16.75, p < .0001; 𝜂2 

partial = 0.276) and between the Group
nd the Time-window ( F (1,44) = 5.58, p = .023; 𝜂2 

partial = 0.113). In ac-
ordance with our hypothesis, the analysis revealed a triple interaction
etween the three factors ( F (3,132) = 3.74, p = .013; 𝜂2 

partial = 0.078),
uch as the power of the parieto-occipital alpha power was reduced in
GPs compared to NVGPs during the processing of the 0 ms ( p = .0339),
1 ms ( p = .0012) and 33 ms SOAs ( p = .0483) but not 66 ms SOAs
 p = .172). These effects were absent in the preparation period (all p >
186). A supplemental analysis indicated that these effects were driven
6 
y evoked rather than induced alpha power (see Supplemental Materi-
ls). Similar conclusions are drawn when analyzing the amplitude of the
eak of the alpha-band response (see Supplemental Materials). The la-
ency of the peak of the alpha-band response did not differ across SOAs
r groups (see Supplemental Materials). The analysis of the parieto-
ccipital alpha-band ITC suggest that phase coherence is an electrophys-
ological signature of the processing of very short visual asynchronies.
rucially, this phase coherence was reduced in VGPs relative to NVGPs
see Supplemental Materials; Fig. S5). 

A correlation analysis linked the alpha-band power to the asyn-
hrony discrimination sensitivity. Independently of the groups, the
lpha-band power during the processing period and the perceptual sen-
itivity ( d’ ) were significantly correlated for asynchronies of 11 ms
 r = − 0.355, p = .0155) and 33 ms ( r = − 0.316, p = .0322), but not
6 ms ( p = .48). No correlation was revealed when considering each
roup separately (all p > .0998). 

The cluster ‐based permutation test of the source estimates indicated
 significant reduction ( p < .01) of alpha-band activations in VGPs com-
ared with NVGPs during the 100–300 ms time window ( Fig. 5 ). The sig-
ificant cluster starts at 122 ms and finishes at 300 ms, and spreads over
he left parietal and premotor cortex. Unfortunately, no strong inference
an be derived from a cluster ‐based permutation test ( Sassenhagen and
raschkow, 2019 ), and we will remain cautious in its interpretation. Yet,

his analysis supports ITC and power analysis suggesting an effect of the
roup on alpha-band activities. Altogether, these analyses suggest that
he enhanced perceptual sensitivity of VGPs to very short asynchronies
s partially reflected in the reduction of alpha-band activities during vi-
ual processing. Notably, it is only during the processing of the targets
hat posterior alpha-band oscillations reflected the enhanced temporal
iscrimination ability in VGPs. 

A series of control analyses revealed (1) no relationship between
he parieto-occipital alpha-band power and the criterion ( c ) values, (2)
o difference between groups in the midfrontal theta-band oscillatory
ctivity – a marker of cognitive control ( Cavanagh and Frank, 2014 ;
ohen, 2014 ; see Fig. S8), and (3) no difference between groups in the

ndividual alpha frequencies (see details in Supplemental Materials). 

. Discussion 

Is the ability to discriminate in time visual events enhanced in video
ame players? In this cross-sectional study, we evaluated the temporal
iscrimination abilities in vision at the millisecond level in VGPs and
VGPs using a simultaneity judgment task performed in virtual reality,
hile measuring EEG and oculomotor activities. During the task, par-
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Fig. 4. Parieto-occipital alpha-band power around the onset of short 
visual asynchronies. Parieto-occipital alpha-band (8–14 Hz) power 
time-locked to the first target onset across SOAs (A). As the SOA 

between the two targets increases, the evoked alpha-band power re- 
sponse decreases (B). Both synchronous (0 ms SOA) and asynchronous 
targets (11 ms and 33 ms SOAs) elicited stronger alpha-band power 
reductions in VGPs (red) relative to NVGPs (blue) during the process- 
ing period (C-D). This difference in power values between groups was 
also specific to the alpha-band, the 100–300 ms time window (E) and 
the parieto-occipital areas (F). ∗ p < .05, ∗ ∗ p < .01. Colored shaded 
areas represent one standard error of the mean. Error bars represent 
one confidence interval of the mean. 

Fig. 5. Source reconstruction of the effect of the group on the alpha-band os- 
cillations. Cluster ‐based permutation test of the alpha-band source estimates re- 
vealed a lower activation in VGPs compared with NVGPs within the 100–300 ms 
time window. 
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icipants had to judge whether two targets located on the left and right
isual fields appeared simultaneously or not. The asynchronies between
argets were either 0 ms, 11 ms, 33 ms or 66 ms and were equiproba-
le. Behavioral data indicated an enhanced ability to detect visual asyn-
7 
hronies in VGPs. Although performance fluctuated across blocks, this
nhanced ability of VGPs was observed both at the beginning and at
he end of the testing protocol. Results from control analyses of reaction
imes and the response bias rule out the possibility of different decision-
aking strategies. Our results support evidence that the improved abil-

ty of VGPs is not observed only with multisensory targets but also in
he unisensory visual modality. Indeed, in another SJ task, VGPs were
etter at detecting asynchronies between visual and auditory stimuli
 Donohue et al., 2010 ). The results of Donohue et al. (2010) might have
een specific to the use of audiovisual targets. Our results generalize
heir findings and suggest that it is temporal discrimination skills that
re improved rather than mechanisms specific to multisensory process-
ng. Furthermore, the recording of saccades and EEG help to dissociate
he role of preparatory and target processing mechanisms. On the one
and, control measures showed that pre-target oculomotor freezing –
he inhibition of small fixation saccades – facilitated the detection of
synchronies. Yet, this oculomotor freezing did not explain the advan-
age of VGPs. On the other hand, the power and phase coherence of
ccipito-parietal alpha-band oscillations recorded during target process-
ng differed between VGPs and NVGPs, providing a neurophysiological
orrelate for the enhanced temporal discrimination abilities in VGPs. All
vidence suggests that perceptual rather than preparatory mechanisms
xplain the improved performance in VGPs. More precisely, the superior
bility of VGPs in discriminating rapidly presented visual events in time
s, at least in part, related to an altered parieto-occipital functioning. It
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s to be noted that this pathway does not mean a purely sensory mecha-
ism. Perceptual mechanisms mean here processes that occur after the
isplay of the targets. They involve both feed-forward mechanisms and
op-down attention modulation. Overall, the data suggest an increased
emporal resolution of vision in VGPs. 

According to the learning-to-learn account ( Bejjanki et al., 2014 ;
reen et al., 2010 ; Zhang et al., 2021 ), VGPs excel in a variety of tasks
ue to an enhanced ability to learn the variables relevant to the task
t hand. We did not find conclusive evidence supporting this hypothe-
is. The learning-to-learn account would have predicted a faster pace of
erformance improvement over time in VGPs than NVGPs, which is not
he case here. While the performance of NVGPs first improves over the
ourse of the study, the performance of VGPs is rather deteriorating. In
act, VGPs were better than NVGPs at detecting the asynchronies espe-
ially during the very first trial block. This suggests the performance of
GPs was at best at the start of the task, whilst NVGPs required some
ractice to improve their performance. Our results do not rule out the
earning-to-learn account, though, as the number of to-be-detected SOAs
as only four: the training phase may have been enough to adjust a

trategy. The attentional control account (for a review see Bavelier and
reen, 2019 ) suggests that action video game play enhances the ca-
acity to shift between attention modes based on task demands. Here,
either response bias ( c values) nor midfrontal theta power, a marker
f cognitive control ( Cavanagh and Frank, 2014 ; Cohen, 2014 ), sub-
tantially differed between VGPs and NVGPs, thus suggesting similar
ognitive strategies to perform the task. While the present results seem
hallenging both the learning-to-learn and attention control accounts of
ideo game-based enhancements, additional evidence is required to rule
ut the involvement of these mechanisms in the enhancement of tem-
oral discrimination in VGPs. Detecting asynchronies that are near the
hreshold is a demanding task, and it is possible that gamers allocated
ttention more efficiently in time when processing the asynchrony (but
ot when preparing to process the targets). 

Whatever the mechanisms at play, the results suggest the possibility
f a transfer learning effect. In the case of video games, the fast-paced
isuomotor experience through gaming might facilitate the processing
f rapidly presented visual targets in other tasks ( Donohue et al., 2010 ;
ohl et al., 2014 ; West et al., 2008 ). Such a transfer effect could be at
lay here. Action video games may improve visuo-temporal skills that
re essential to other tasks, including the SJ task. Traditional learning
aradigms showed that the ability to detect visual ( Virsu et al., 2008 )
nd auditory ( Mossbridge et al., 2006 ) asynchronies can be trained
hrough practicing computer-based tasks specifically designed to train
he detection of asynchronies. Our results suggest that the ability to de-
ect asynchronies is enhanced in VGPs, even though action video games
o not explicitly train players in this cognitive feature. Interventional
tudies will be required to evaluate the causal relationship between the
nhancement of temporal discrimination skills and action video game
lay. 

Recent work showed that visual attention is associated with antici-
atory decreases in small oculomotor movements ( Weaver et al., 2017 ).
hrough attention, the temporal anticipation of targets induces oculo-
otor freezing ( Abeles et al., 2020 ; Amit et al., 2019 ; Badde et al., 2020 ).

irst, the present study replicates prior data showing that oculomotor
reezing can be extracted from a VR setup ( Foerster et al., 2022 ). Second,
ur results show that oculomotor freezing is associated with better dis-
rimination in time of fast stimulus onset asynchronies across the visual
eld. This could reflect an optimal sampling strategy of the visual sys-
em to differentiate forthcoming signals ( Martinez-Conde et al., 2009 )
nd ‘be ready’ to process rapid changes across the visual space. This
trategy would be in accordance with the general idea that oculomotor
reezing promotes visual perception ( Martinez-Conde et al., 2006 ). The
mportance of anticipatory preparation in timing is widely accepted, at
east for sequences above 100 ms ( Nobre and van Ede, 2018 ), and the
resent results are consistent with results suggesting the existence of
uch mechanisms at the level of milliseconds ( Marques-Carneiro et al.,
8 
021 ). However, this oculomotor freezing appeared to be similar in
GPs and NVGPs. Likewise, the analysis of the pre-target alpha-band
scillations did not show differences between groups. Thus, both eye-
racking and EEG data rule out the hypothesis of different preparatory
echanisms in VGPs and NVGPs. Such results may appear in contrast
ith the proposal that video game experience affects proactive rather

han reactive control of visual processing ( Bailey et al., 2010 ). However,
mpaired proactive control was observed when using a Stroop task, and
ot a demanding perceptual discrimination task. The task differences
ay explain the discrepancy. Besides, these results also suggest that

vert recruitment of gamers did not affect how they mobilized prepara-
ory mechanisms, showing that the observed effects are not due to a
eneralized improvement. 

Alpha-band oscillations have been associated with many perceptual
nd cognitive functions ( Clayton et al., 2018 ). Our data suggest that
GPs outperformed NVGPs in a visual SJ task. It is only during the pro-
essing of asynchronies that alpha-band oscillations differed between
roups. How could a reduction of alpha-band response facilitate the de-
ection of very short asynchronies? Several proposals argued that alpha-
and power reflect states of increased neuronal excitability ( Iemi et al.,
017 ; Klimesch et al., 2011 , 2007 ) which, in turn, increases the de-
isional bias (leading to a more liberal decision criterion) and/or in-
rease the perceptual sensitivity to the stimuli. However, recent findings
hallenge this model and rather suggest that alpha power reflects the
ating of neuronal activities in downstream regions to modulate feed-
orward information processing ( Gundlach et al., 2020 ; Zhigalov and
ensen, 2020 ). Previous studies on visual attention showed increase of
lpha-band power in the to-be-ignored location and decrease of power
n the to-be-attended location (e.g. Gundlach et al., 2020 ; Popov et al.,
017 ; Thut et al., 2006 ). This might generalize to temporal processing,
nd a possibility is that the present alpha-band alterations found in VGPs
ould reflect a particular neuronal gating mechanism facilitating feed-
orward processing of incoming information from lower visual areas in
 top-down manner. 

In this experiment, the decisional bias does not differ between
roups. Moreover, the decrease of alpha power was associated with
n increased sensitivity to the asynchronies. However, this was true
hen considering all participants. These correlations were not signif-

cant within groups. Also, no relation between the alpha power and the
ecisional bias was reported. Finally, the fact that VGPs exhibit reduced
lpha-band responses to 0 ms, 11 ms and 33 ms SOAs, but not 66 ms
OA, compared to NVGPs fits with the idea of improved discrimination
bilities rather than different reactions to asynchronies. Altogether, the
ata suggest that the enhanced temporal discrimination skills in VGPs
ely on altered processing states in parieto-occipital areas, and may rely
n improved allocation of attention in time when the asynchrony is short
 Coull and Giersch, 2022 ; Coull and Nobre, 1998 ). 

Our results are in line with previous studies suggesting that post-
timulus alpha-band power decrease is associated with improved detec-
ion of rapidly presented visual stimuli ( Babiloni et al., 2006 ; Brüers and
anRullen, 2018 ; Ergenoglu et al., 2004 ; Klimesch, 1999 ; Trafton et al.,
013 ) and improved speed of visual information processing ( Hilla et al.,
020 ). Similar to Hilla et al. (2020) , the results show a reduction of the
lpha-band power in VGPs. Recent work showed that increases in alpha-
and power facilitate complex visual feature binding ( Zhang et al.,
019 ), which in our task may be related to increased alpha-power when
he SOA is 0 ms. Conversely, one could speculate that the decrease in
lpha-band power in VGPs during temporal discriminability may facili-
ate visual partitioning in time. Future investigation will be required to
est such a hypothesis. 

. Conclusion 

Brain plasticity is the favored scientific explanation for the cognitive
nhancement induced by video game play ( Bavelier et al., 2012 ). Yet,
he characteristics of this brain plasticity remain unknown. Here, data
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uggests that altered states in parieto-occipital areas facilitate the abil-
ty to discriminate in time one visual event from another. The enhanced
ask performance in VGPs also suggests that playing action video games
ould induce changes in temporal discrimination at the millisecond
cale. Hence, temporal discrimination skills could be improved without
eing specifically trained to do so. Importantly, future interventional
tudies are required to verify this hypothesis. Other limitations are the
bsence of control of the potential influence of feeling of immersion and
rior experience with VR on the task. Finally, the education level was
lightly higher in VGPs in the present study, but the small difference be-
ween the groups unlikely explains the results. Importantly, our samples
ere gender-balanced, even though the low number of included females
revented us from performing an analysis of gender effect ( Buono et al.,
020 ). Our results support the idea that video games could represent
 remediation tool in clinical populations ( Shams et al., 2015 ), espe-
ially people with schizophrenia ( Giersch et al., 2009 ; Lalanne et al.,
012 ; Marques-Carneiro et al., 2021 ) and autism spectrum disorders
 Falter et al., 2012 ) whose processing of visual asynchronies appeared
efective. While previous research demonstrated that action video game
lay improves the spatial resolution of vision ( Li et al., 2009 ), the
resent data suggest an enhancement of the temporal resolution of vi-
ion in action video game players. 

ata availability 

Codes and data are available in the open science framework and
accessible at https://osf.io/geqz4/. 

redit authorship contribution statement 

Francois R Foerster: Conceptualization, Data curation, Formal
nalysis, Methodology, Software, Visualization, Writing – original draft,
riting – review & editing. Matthieu Chidharom: Writing – review &

diting. Anne Giersch: Funding acquisition, Project administration, Su-
ervision, Conceptualization, Writing – review & editing. 

cknowledgements 

The authors have no conflicts of interest to disclose. This study was
unded by the EU, Horizon 2020 Framework Program, FET Proactive
VIRTUALTIMES consortium, grant agreement Id: 824128 to Anne Gier-
ch). 

upplementary materials 

Supplementary material associated with this article can be found, in
he online version, at doi: 10.1016/j.neuroimage.2023.119906 . 

eferences 

beles, D., Amit, R., Tal-Perry, N., Carrasco, M., Yuval-Greenberg, S., 2020. Oculomotor
inhibition precedes temporally expected auditory targets. Nat. Commun. 11, 1–12.
doi: 10.1038/s41467-020-17158-9 . 

mit, R., Abeles, D., Carrasco, M., Yuval-Greenberg, S., 2019. Oculomo-
tor inhibition reflects temporal expectations. Neuroimage 184, 279–292.
doi: 10.1016/j.neuroimage.2018.09.026 . 

abiloni, C., Vecchio, F., Bultrini, A., Romani, G.L., Rossini, P.M., 2006. Pre- and post-
stimulus alpha rhythms are related to conscious visual perception: a high-resolution
EEG study. Cereb. Cortex 16, 1690–1700. doi: 10.1093/cercor/bhj104 . 

ach, M., 1996. The freiburg visual acuity test - automatic measurement of visual acuity.
Optom. Vis. Sci. Vol. 73, 49–53 . 

adde, S., Myers, C.F., Yuval-Greenberg, S., Carrasco, M., 2020. Oculomotor freezing re-
flects tactile temporal expectation and aids tactile perception. Nat. Commun. 11, 1–9.
doi: 10.1038/s41467-020-17160-1 . 

ailey, K., West, R., Anderson, C.A., 2010. A negative association between video
game experience and proactive cognitive control. Psychophysiology 47, 34–42.
doi: 10.1111/j.1469-8986.2009.00925.x . 

aumgarten, T.J., Schnitzler, A., Lange, J., 2016. Prestimulus alpha power influences tac-
tile temporal perceptual discrimination and confidence in decisions. Cereb. Cortex 26,
891–903. doi: 10.1093/cercor/bhu247 . 
9 
avelier, D., Achtman, R.L., Mani, M., Föcker, J., 2012a. Neural bases of se-
lective attention in action video game players. Vision Res. 61, 132–143.
doi: 10.1016/j.visres.2011.08.007 . 

avelier, D., Green, C.S., 2019. Enhancing attentional control: lessons from action video
games. Neuron 104, 147–163. doi: 10.1016/j.neuron.2019.09.031 . 

avelier, D., Green, S., Pouget, A., Schrater, P., 2012b. Brain plasticity through the
life span: learning to learn and action video games. Annu. Rev. Neurosci. 391–416.
doi: 10.1146/060909-152832 . 

ejjanki, V.R., Zhang, R., Li, R., Pouget, A., Green, C.S., Lu, Z.L., Bavelier, D., 2014. Action
video game play facilitates the development of better perceptual templates. Proc. Natl.
Acad. Sci. U. S. A. 111, 16961–16966. doi: 10.1073/pnas.1417056111 . 

etta, E., Turatto, M., 2006. Are you ready? I can tell by looking at your microsaccades.
Neuroreport 17, 1001–1004. doi: 10.1097/01.wnr.0000223392.82198.6d . 

oot, W.R., Blakely, D.P., Simons, D.J., 2011. Do action video games improve perception
and cognition? Front. Psychol. 2, 1–6. doi: 10.3389/fpsyg.2011.00226 . 

rüers, S., VanRullen, R., 2018. Alpha power modulates perception independently of en-
dogenous factors. Front. Neurosci. 12, 1–8. doi: 10.3389/fnins.2018.00279 . 

uckley, D., Codina, C., Bhardwaj, P., Pascalis, O., 2010. Action video game players
and deaf observers have larger Goldmann visual fields. Vision Res. 50, 548–556.
doi: 10.1016/j.visres.2009.11.018 . 

uono, F.D., Paul, E., Sprong, M.E., Smith, E.C., Garakani, A., Griffiths, M.D., 2020.
Gaming and gaming disorder: a mediation model gender, salience, age of gam-
ing onset, and time spent gaming. Cyberpsychol. Behav. Soc. Netw. 23, 647–651.
doi: 10.1089/cyber.2019.0445 . 

avanagh, J.F., Frank, M.J., 2014. Frontal theta as a mechanism for cognitive control.
Trends Cogn. Sci. 18, 414–421. doi: 10.1016/j.tics.2014.04.012 . 

hassignolle, M., Jovanovic, L., Schmidt-Mutter, C., Behr, G., Giersch, A., Coull, J.T., 2021.
Dopamine precursor depletion in healthy volunteers impairs processing of duration
but not temporal order. J. Cogn. Neurosci. 33, 946–963. doi: 10.1162/jocn_a_01700 . 

layton, M.S., Yeung, N., Cohen Kadosh, R., 2018. The many characters of visual alpha
oscillations. Eur. J. Neurosci. 48, 2498–2508. doi: 10.1111/ejn.13747 . 

ohen, M.X., 2014. A neural microcircuit for cognitive conflict detection and signaling.
Trends Neurosci. 37, 480–490. doi: 10.1016/j.tins.2014.06.004 . 

oull, J.T., Giersch, A., 2022. The distinction between temporal order and duration
processing, and implications for schizophrenia. Nat. Rev. Psychol. 1, 257–271.
doi: 10.1038/s44159-022-00038-y . 

oull, J.T., Nobre, A.C., 1998. Where and when to pay attention: the neural systems for
directing attention to spatial locations and to time intervals as revealed by both PET
and fMRI. J. Neurosci. 18, 7426–7435. doi: 10.1523/jneurosci.18-18-07426.1998 . 

ui, R., Jiang, J., Zeng, L., Jiang, L., Xia, Z., Dong, L., Gong, D., Yan, G., Ma, W.,
Yao, D., 2021. Action video gaming experience related to altered resting-state EEG
temporal and spatial complexity. Front. Hum. Neurosci. 15, 1–13. doi: 10.3389/fn-
hum.2021.640329 . 

ankner, Y., Shalev, L., Carrasco, M., Yuval-Greenberg, S., 2017. Prestimulus in-
hibition of saccades in adults with and without attention-deficit/hyperactivity
disorder as an index of temporal expectations. Psychol. Sci. 28, 835–850.
doi: 10.1177/0956797617694863 . 

enison, R.N., Yuval-Greenberg, S., Carrasco, M., 2019. Directing voluntary temporal at-
tention increases fixational stability. J. Neurosci. 39, 353–363. doi: 10.1523/JNEU-
ROSCI.1926-18.2018 . 

enkinger, S., Spano, L., Bingel, U., Witt, C.M., Bavelier, D., Green, C.S., 2021. Assessing
the impact of expectations in cognitive training and beyond. J. Cogn. Enhanc. 5, 502–
518. doi: 10.1007/s41465-021-00206-7 . 

i Cosmo, G., Costantini, M., Ambrosini, E., Salone, A., Martinotti, G., Corbo, M., Di Gi-
annantonio, M., Ferri, F., 2021. Body-environment integration: temporal processing
of tactile and auditory inputs along the schizophrenia continuum. J. Psychiatr. Res.
134, 208–214. doi: 10.1016/j.jpsychires.2020.12.034 . 

onohue, S.E., Woldorff, M.G., Mitroff, S.R., 2010. Video game players show more pre-
cise multisensory temporal processing abilities. Atten. Percept. Psychophys. 72, 1120–
1129. doi: 10.3758/APP.72.4.1120 . 

ngbert, R., 2006. Microsaccades: a microcosm for research on oculomotor
control, attention, and visual perception. Prog. Brain Res. 154, 177–192.
doi: 10.1016/S0079-6123(06)54009-9 . 

rgenoglu, T., Demiralp, T., Bayraktaroglu, Z., Ergen, M., Beydagi, H., Uresin, Y., 2004.
Alpha rhythm of the EEG modulates visual detection performance in humans. Cogn.
Brain Res. 20, 376–383. doi: 10.1016/j.cogbrainres.2004.03.009 . 

alter, C.M., Elliott, M.A., Bailey, A.J., 2012. Enhanced visual temporal resolution in
autism spectrum disorders. PLoS ONE 7, 1–6. doi: 10.1371/journal.pone.0032774 . 

öcker, J., Cole, D., Beer, A.L., Bavelier, D., 2018. Neural bases of enhanced atten-
tional control: lessons from action video game players. Brain Behav. 8, 1–18.
doi: 10.1002/brb3.1019 . 

öcker, J., Mortazavi, M., Khoe, W., Hillyard, S.A., Bavelier, D., 2019. Neural correlates
of enhanced visual attentional control in action video game players: an event-related
potential study. J. Cogn. Neurosci. 31, 377–389. doi: 10.1162/jocn_a_01230 . 

oerster, F.R., Chidharom, M., Bonnefond, A., Giersch, A., 2022. Neurocognitive analy-
ses reveal that video game players exhibit enhanced implicit temporal processing.
Commun. Biol. 5, 1082. doi: 10.1038/s42003-022-04033-0 . 

oucher, J.R., Lacambre, M., Pham, B.T., Giersch, A., Elliott, M.A., 2007. Low time reso-
lution in schizophrenia. Lengthened windows of simultaneity for visual, auditory and
bimodal stimuli. Schizophr. Res. 97, 118–127. doi: 10.1016/j.schres.2007.08.013 . 

iersch, A., Lalanne, L., Corves, C., Seubert, J., Shi, Z., Foucher, J., Elliott, M.A., 2009.
Extended visual simultaneity thresholds in patients with schizophrenia. Schizophr.
Bull. 35, 816–825. doi: 10.1093/schbul/sbn016 . 

iersch, A., Poncelet, P.E., Capa, R.L., Martin, B., Duval, C.Z., Curzietti, M.,
Hoonacker, M., van Assche, M., Lalanne, L., 2015. Disruption of information pro-
cessing in schizophrenia: the time perspective. Schizophr. Res. Cogn. 2, 78–83.
doi: 10.1016/j.scog.2015.04.002 . 

https://doi.org/10.1016/j.neuroimage.2023.119906
https://doi.org/10.1038/s41467-020-17158-9
https://doi.org/10.1016/j.neuroimage.2018.09.026
https://doi.org/10.1093/cercor/bhj104
http://refhub.elsevier.com/S1053-8119(23)00054-X/sbref0004
https://doi.org/10.1038/s41467-020-17160-1
https://doi.org/10.1111/j.1469-8986.2009.00925.x
https://doi.org/10.1093/cercor/bhu247
https://doi.org/10.1016/j.visres.2011.08.007
https://doi.org/10.1016/j.neuron.2019.09.031
https://doi.org/10.1146/060909-152832
https://doi.org/10.1073/pnas.1417056111
https://doi.org/10.1097/01.wnr.0000223392.82198.6d
https://doi.org/10.3389/fpsyg.2011.00226
https://doi.org/10.3389/fnins.2018.00279
https://doi.org/10.1016/j.visres.2009.11.018
https://doi.org/10.1089/cyber.2019.0445
https://doi.org/10.1016/j.tics.2014.04.012
https://doi.org/10.1162/jocn_a_01700
https://doi.org/10.1111/ejn.13747
https://doi.org/10.1016/j.tins.2014.06.004
https://doi.org/10.1038/s44159-022-00038-y
https://doi.org/10.1523/jneurosci.18-18-07426.1998
https://doi.org/10.3389/fnhum.2021.640329
https://doi.org/10.1177/0956797617694863
https://doi.org/10.1523/JNEUROSCI.1926-18.2018
https://doi.org/10.1007/s41465-021-00206-7
https://doi.org/10.1016/j.jpsychires.2020.12.034
https://doi.org/10.3758/APP.72.4.1120
https://doi.org/10.1016/S0079-6123(06)54009-9
https://doi.org/10.1016/j.cogbrainres.2004.03.009
https://doi.org/10.1371/journal.pone.0032774
https://doi.org/10.1002/brb3.1019
https://doi.org/10.1162/jocn_a_01230
https://doi.org/10.1038/s42003-022-04033-0
https://doi.org/10.1016/j.schres.2007.08.013
https://doi.org/10.1093/schbul/sbn016
https://doi.org/10.1016/j.scog.2015.04.002


F.R. Foerster, M. Chidharom and A. Giersch NeuroImage 269 (2023) 119906 

G  

 

 

G  

 

G  

 

G  

 

G  

 

G  

G  

 

H  

 

H  

 

H  

 

H  

 

H  

 

I  

 

I  

 

J  

 

J  

 

J  

 

K  

K  

 

K  

K  

K  

 

K  

 

L  

L  

L  

 

L  

 

L  

M  

M  

 

M  

 

 

M  

 

M  

 

M  

 

M  

 

M  

 

M  

M  

 

 

M  

 

M  

 

N  

P  

P  

 

P  

 

 

 

P  

 

R  

 

R  

S  

 

S  

 

S  

 

 

S  

 

 

S  

 

S  

S  

 

 

T  

 

T  

 

T  

 

T  

 

 

ong, D., Li, Y., Yan, Y., Yao, Y., Gao, Y., Liu, T., Ma, W., Yao, D., 2019.
The high-working load states induced by action real-time strategy gaming:
an EEG power spectrum and network study. Neuropsychologia 131, 42–52.
doi: 10.1016/j.neuropsychologia.2019.05.002 . 

ramfort, A., Luessi, M., Larson, E., Engemann, D.A., Strohmeier, D., Brodbeck, C., Parkko-
nen, L., Hämäläinen, M.S., 2014. MNE software for processing MEG and EEG data.
Neuroimage 86, 446–460. doi: 10.1016/j.neuroimage.2013.10.027 . 

ramfort, A., Luessi, M., Larson, E., Engemann, D.A., Strohmeir, D., Christian, B., Goj, R.,
Jas, M., Brooks, T., Parkkonen, L., Hämäläinen, M., 2013. MEG and EEG data analysis
with MNE-Python. Front. Neurosci. 7, 1–13. doi: 10.3389/fnins.2013.00267 . 

reen, C.S., Bavelier, D., 2007. Action-video-game experience alters the
spatial resolution of vision: research article. Psychol. Sci. 18, 88–94.
doi: 10.1111/j.1467-9280.2007.01853.x . 

reen, C.S., Pouget, A., Bavelier, D., 2010. Improved probabilistic inference as a gen-
eral learning mechanism with action video games. Curr. Biol. 20, 1573–1579.
doi: 10.1016/j.cub.2010.07.040 . 

reen, S., Bavelier, D., 2003. Action video game modifies visual selective attention. Nature
423, 534–537 . 

undlach, C., Moratti, S., Forschack, N., Müller, M.M., 2020. Spatial attentional selection
modulates early visual stimulus processing independently of visual alpha modula-
tions. Cereb. Cortex 30, 3686–3703. doi: 10.1093/cercor/bhz335 . 

ämäläinen, M.S., Ilmoniemi, R.J., 1994. Interpreting magnetic fields of the brain: mini-
mum norm estimates. Med. Biol. Eng. Comput. 32, 35–42. doi: 10.1007/BF02512476 .

ämäläinen, M.S., Sarvas, J., 1989. Realistic conductivity geometry model of the human
head for interpretation of neuromagnetic data. IEEE Trans. Biomed. Eng. 36, 165–171.
doi: 10.1109/10.16463 . 

anslmayr, S., Gross, J., Klimesch, W., Shapiro, K.L., 2011. The role of al-
pha oscillations in temporal attention. Brain Res. Rev. 67, 331–343.
doi: 10.1016/j.brainresrev.2011.04.002 . 

arris, A.M., Dux, P.E., Mattingley, J.B., 2020. Awareness is related to reduced post-
stimulus alpha power: a no-report inattentional blindness study. Eur. J. Neurosci. 52,
4411–4422. doi: 10.1111/ejn.13947 . 

illa, Y., von Mankowski, J., Föcker, J., Sauseng, P., 2020. Faster visual information pro-
cessing in video gamers is associated with EEG alpha amplitude modulation. Front.
Psychol. 11, 1–16. doi: 10.3389/fpsyg.2020.599788 . 

emi, L., Busch, N.A., Laudini, A., Haegens, S., Samaha, J., Villringer, A., Nikulin, V.V.,
2019. Multiple mechanisms link prestimulus neural oscillations to sensory responses.
Elife 8. doi: 10.7554/eLife.43620 . 

emi, L., Chaumon, M., Crouzet, S.M., Busch, N.A., 2017. Spontaneous neural oscilla-
tions bias perception by modulating baseline excitability. J. Neurosci. 37, 807–819.
doi: 10.1523/jneurosci.1432-16.2017 . 

as, M., Engemann, D.A., Bekhti, Y., Raimondo, F., Gramfort, A., 2017. Autoreject:
automated artifact rejection for MEG and EEG data. Neuroimage 159, 417–429.
doi: 10.1016/j.neuroimage.2017.06.030 . 

ensen, O., Gips, B., Bergmann, T.O., Bonnefond, M., 2014. Temporal coding organized by
coupled alpha and gamma oscillations prioritize visual processing. Trends Neurosci.
37, 357–369. doi: 10.1016/j.tins.2014.04.001 . 

ensen, O., Mazaheri, A., 2010. Shaping functional architecture by oscillatory al-
pha activity: gating by inhibition. Front. Hum. Neurosci. 4, 1–8. doi: 10.3389/fn-
hum.2010.00186 . 

ayser, J., Tenke, C.E., 2015a. On the benefits of using surface Laplacian (current
source density) methodology in electrophysiology. Int. J. Psychophysiol. 97, 171–
173. doi: 10.1016/j.ijpsycho.2015.06.001 . 

ayser, J., Tenke, C.E., 2015b. Issues and considerations for using the scalp surface Lapla-
cian in EEG/ERP research: a tutorial review. Int. J. Psychophysiol. 97, 189–209.
doi: 10.1016/j.ijpsycho.2015.04.012 . 

limesch, W., 1999. EEG alpha and theta oscillations reflect cognitive and memory per-
formance. Brain Res. Rev. 29, 169–195. doi: 10.1016/S0165-0173(98)00056-3 . 

limesch, W., Fellinger, R., Freunberger, R., 2011. Alpha oscillations and early stages of
visual encoding. Front. Psychol. 2, 1–11. doi: 10.3389/fpsyg.2011.00118 . 

limesch, W., Sauseng, P., Hanslmayr, S., 2007. EEG alpha oscillations: the inhibition-
timing hypothesis. Brain Res. Rev. 53, 63–88. doi: 10.1016/j.brainresrev.2006.06.003 .

rishnan, L., Kang, A., Sperling, G., Srinivasan, R., 2013. Neural strategies for selec-
tive attention distinguish fast-action video game players. Brain Topogr. 26, 83–97.
doi: 10.1007/s10548-012-0232-3 . 

alanne, L., Van Assche, M., Giersch, A., 2012. When predictive mechanisms go wrong:
disordered visual synchrony thresholds in schizophrenia. Schizophr. Bull. 38, 506–
513. doi: 10.1093/schbul/sbq107 . 

ange, J., Oostenveld, R., Fries, P., 2013. Reduced occipital alpha power indexes en-
hanced excitability rather than improved visual perception. J. Neurosci. 33, 3212–
3220. doi: 10.1523/JNEUROSCI.3755-12.2013 . 

arge, A.M., Bediou, B., Cekic, S., Hart, Y., Bavelier, D., Green, C.S., 2019. Cognitive and
behavioral correlates of achievement in a complex multi-player video game. Media
and Communication 7, 198–212. doi: 10.17645/mac.v7i4.2314 . 

i, R., Polat, U., Makous, W., Bavelier, D., 2009. Enhancing the contrast sensitiv-
ity function through action video game training. Nat. Neurosci. 12, 549–551.
doi: 10.1038/nn.2296 . 

i, R., Polat, U., Scalzo, F., Bavelier, D., 2010. Reducing backward masking through action
game training. J. Vis. 10. doi: 10.1167/10.14.33 , 33–33 . 

aris, E., Oostenveld, R., 2007. Nonparametric statistical testing of EEG- and MEG-data.
J. Neurosci. Methods 164, 177–190. doi: 10.1016/j.jneumeth.2007.03.024 . 

arques-Carneiro, J.E., Krieg, J., Duval, C.Z., Schwitzer, T., Giersch, A., 2021. Paradoxical
sensitivity to sub-threshold asynchronies in schizophrenia: a behavioural and EEG
approach. Schizophr. Bull. Open 1–9. doi: 10.1093/schizbullopen/sgab011 . 

artin, B., Franck, N., Cermolacce, M., Falco, A., Benair, A., Etienne, E.,
Weibel, S., Coull, J.T., Giersch, A., 2017. Fragile temporal prediction in pa-
10 
tients with schizophrenia is related to minimal self disorders. Sci. Rep. 7, 1–10.
doi: 10.1038/s41598-017-07987-y . 

artin, B., Giersch, A., Huron, C., van Wassenhove, V., 2013. Temporal event structure
and timing in schizophrenia: preserved binding in a longer “now. Neuropsychologia
51, 358–371. doi: 10.1016/j.neuropsychologia.2012.07.002 . 

artin, B., Wittmann, M., Franck, N., Cermolacce, M., Berna, F., Giersch, A., 2014. Tem-
poral structure of consciousness and minimal self in schizophrenia. Front. Psychol. 5,
1–12. doi: 10.3389/fpsyg.2014.01175 . 

artinez-Conde, S., Macknik, S.L., Troncoso, X.G., Dyar, T.A., 2006. Mi-
crosaccades counteract visual fading during fixation. Neuron 49, 297–305.
doi: 10.1016/j.neuron.2005.11.033 . 

artinez-Conde, S., Macknik, S.L., Troncoso, X.G., Hubel, D.H., 2009. Mi-
crosaccades: a neurophysiological analysis. Trends Neurosci. 32, 463–475.
doi: 10.1016/j.tins.2009.05.006 . 

athewson, K.E., Gratton, G., Fabiani, M., Beck, D.M., Ro, T., 2009. To see or not to
see: prestimulus 𝛼 phase predicts visual awareness. J. Neurosci. 29, 2725–2732.
doi: 10.1523/JNEUROSCI.3963-08.2009 . 

auk, M.D., Buonomano, D.V., 2004. The neural basis of temporal processing. Annu. Rev.
Neurosci. 27, 307–340. doi: 10.1146/annurev.neuro.27.070203.144247 . 

eilleur, A., Foster, N.E.V., Coll, S.M., Brambati, S.M., Hyde, K.L., 2020. Unisen-
sory and multisensory temporal processing in autism and dyslexia: a sys-
tematic review and meta-analysis. Neurosci. Biobehav. Rev. 116, 44–63.
doi: 10.1016/j.neubiorev.2020.06.013 . 

ishra, J., Zinni, M., Bavelier, D., Hillyard, S.A., 2011. Neural basis of superior perfor-
mance of action videogame players in an attention-demanding task. J. Neurosci. 31,
992–998. doi: 10.1523/jneurosci.4834-10.2011 . 

ossbridge, J.A., Fitzgerald, M.B., O’Connor, E.S., Wright, B.A., 2006. Perceptual-learning
evidence for separate processing of asynchrony and order tasks. J. Neurosci. 26,
12708–12716. doi: 10.1523/JNEUROSCI.2254-06.2006 . 

obre, A.C., van Ede, F., 2018. Anticipated moments: temporal structure in attention. Nat.
Rev. Neurosci. 19, 34–48. doi: 10.1038/nrn.2017.141 . 

errin, F., Pernier, J., Bertrand, O., Echallier, J.F., 1989. Spherical splines for scalp poten-
tial and current density mapping. Electroencephalogr. Clin. Neurophysiol. 72, 184–
187. doi: 10.1016/0013-4694(89)90180-6 . 

ohl, C., Kunde, W., Ganz, T., Conzelmann, A., Pauli, P., Kiesel, A., 2014. Gaming to see:
action video gaming is associated with enhanced processing of masked stimuli. Front.
Psychol. 5, 1–9. doi: 10.3389/fpsyg.2014.00070 . 

öhlmann, K.M.T., O’Hare, L., Dickinson, P., Parke, A., Föcker, J., 2022. Action
video game players do not differ in the perception of contrast-based motion il-
lusions but experience more vection and less discomfort in a virtual environ-
ment compared to non-action video game players. J. Cogn. Enhanc. 6, 3–19.
doi: 10.1007/s41465-021-00215-6 . 

opov, T., Kastner, S., Jensen, O., 2017. FEF-controlled alpha delay activity precedes
stimulus-induced gamma-band activity in visual cortex. J. Neurosci. 37, 4117–4127.
doi: 10.1523/JNEUROSCI.3015-16.2017 . 

ivero, T.S., Covre, P., Reyes, M.B., Bueno, O.F.A., 2012. Effects of chronic video game use
on time perception: differences between sub- and multi-second intervals. Cyberpsy-
chol. Behav. Soc. Netw. 16, 140–144. doi: 10.1089/cyber.2012.0103 . 

olfs, M., Kliegl, R., Engbert, R., 2008. Toward a model of microsaccade generation: the
case of microsaccadic inhibition. J. Vis. 8. doi: 10.1167/8.11.5 , 5–5 . 

assenhagen, J., Draschkow, D., 2019. Cluster-based permutation tests of MEG/EEG data
do not establish significance of effect latency or location. Psychophysiology 1–8.
doi: 10.1111/psyp.13335 . 

chmidt, H., McFarland, J., Ahmed, M., McDonald, C., Elliott, M.A., 2011. Low-level tem-
poral coding impairments in psychosis: preliminary findings and recommendations
for further studies. J. Abnorm. Psychol. 120, 476–482. doi: 10.1037/a0023387 . 

chubert, T., Finke, K., Redel, P., Kluckow, S., Müller, H., Strobach, T., 2015. Video game
experience and its influence on visual attention parameters: an investigation using
the framework of the Theory of Visual Attention (TVA). Acta Psychol. (Amst). 157,
200–214. doi: 10.1016/j.actpsy.2015.03.005 . 

hams, T.A., Foussias, G., Zawadzki, J.A., Marshe, V.S., Siddiqui, I., Müller, D.J.,
Wong, A.H.C., 2015. The effects of video games on cognition and brain struc-
ture: potential implications for neuropsychiatric disorders. Curr. Psychiatry Rep. 17.
doi: 10.1007/s11920-015-0609-6 . 

now, J.C., Culham, J.C., 2021. Trends in cognitive sciences the treachery of im-
ages : how realism influences brain and behavior. Trends Cogn. Sci. 25, 506–519.
doi: 10.1016/j.tics.2021.02.008 . 

tanislaw, H., Todorov, N., 1999. Calculation of signal detection theory measures. Behav.
Res. Methods Instrum. Comput. 3, 37–149. doi: 10.3758/BF03207704 . 

tevenson, R.A., Park, S., Cochran, C., McIntosh, L.G., Noel, J.P., Barense, M.D.,
Ferber, S., Wallace, M.T., 2017. The associations between multisensory tempo-
ral processing and symptoms of schizophrenia. Schizophr. Res. 179, 97–103.
doi: 10.1016/j.schres.2016.09.035 . 

al-Perry, N., Yuval-Greenberg, S., 2020. Pre-target oculomotor inhibition
reflects temporal orienting rather than certainty. Sci. Rep. 10, 1–9.
doi: 10.1038/s41598-020-78189-2 . 

allon-Baudry, C., Bertrand, O., 1999. Oscillatory gamma activity in hu-
mans and its role in object representation. Trends Cogn. Sci. 3, 151–162.
doi: 10.1016/S1364-6613(99)01299-1 . 

enke, C.E., Kayser, J., 2012. Generator localization by current source density (CSD): im-
plications of volume conduction and field closure at intracranial and scalp resolutions.
Clin. Neurophysiol. 123, 2328–2345. doi: 10.1016/j.clinph.2012.06.005 . 

hut, G., Nietzel, A., Brandt, S.A., Pascual-Leone, A., 2006. 𝛼-Band electroencephalo-
graphic activity over occipital cortex indexes visuospatial attention bias and pre-
dicts visual target detection. J. Neurosci. 26, 9494–9502. doi: 10.1523/JNEU-
ROSCI.0875-06.2006 . 

https://doi.org/10.1016/j.neuropsychologia.2019.05.002
https://doi.org/10.1016/j.neuroimage.2013.10.027
https://doi.org/10.3389/fnins.2013.00267
https://doi.org/10.1111/j.1467-9280.2007.01853.x
https://doi.org/10.1016/j.cub.2010.07.040
http://refhub.elsevier.com/S1053-8119(23)00054-X/sbref0043
https://doi.org/10.1093/cercor/bhz335
https://doi.org/10.1007/BF02512476
https://doi.org/10.1109/10.16463
https://doi.org/10.1016/j.brainresrev.2011.04.002
https://doi.org/10.1111/ejn.13947
https://doi.org/10.3389/fpsyg.2020.599788
https://doi.org/10.7554/eLife.43620
https://doi.org/10.1523/jneurosci.1432-16.2017
https://doi.org/10.1016/j.neuroimage.2017.06.030
https://doi.org/10.1016/j.tins.2014.04.001
https://doi.org/10.3389/fnhum.2010.00186
https://doi.org/10.1016/j.ijpsycho.2015.06.001
https://doi.org/10.1016/j.ijpsycho.2015.04.012
https://doi.org/10.1016/S0165-0173(98)00056-3
https://doi.org/10.3389/fpsyg.2011.00118
https://doi.org/10.1016/j.brainresrev.2006.06.003
https://doi.org/10.1007/s10548-012-0232-3
https://doi.org/10.1093/schbul/sbq107
https://doi.org/10.1523/JNEUROSCI.3755-12.2013
https://doi.org/10.17645/mac.v7i4.2314
https://doi.org/10.1038/nn.2296
https://doi.org/10.1167/10.14.33
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1093/schizbullopen/sgab011
https://doi.org/10.1038/s41598-017-07987-y
https://doi.org/10.1016/j.neuropsychologia.2012.07.002
https://doi.org/10.3389/fpsyg.2014.01175
https://doi.org/10.1016/j.neuron.2005.11.033
https://doi.org/10.1016/j.tins.2009.05.006
https://doi.org/10.1523/JNEUROSCI.3963-08.2009
https://doi.org/10.1146/annurev.neuro.27.070203.144247
https://doi.org/10.1016/j.neubiorev.2020.06.013
https://doi.org/10.1523/jneurosci.4834-10.2011
https://doi.org/10.1523/JNEUROSCI.2254-06.2006
https://doi.org/10.1038/nrn.2017.141
https://doi.org/10.1016/0013-4694(89)90180-6
https://doi.org/10.3389/fpsyg.2014.00070
https://doi.org/10.1007/s41465-021-00215-6
https://doi.org/10.1523/JNEUROSCI.3015-16.2017
https://doi.org/10.1089/cyber.2012.0103
https://doi.org/10.1167/8.11.5
https://doi.org/10.1111/psyp.13335
https://doi.org/10.1037/a0023387
https://doi.org/10.1016/j.actpsy.2015.03.005
https://doi.org/10.1007/s11920-015-0609-6
https://doi.org/10.1016/j.tics.2021.02.008
https://doi.org/10.3758/BF03207704
https://doi.org/10.1016/j.schres.2016.09.035
https://doi.org/10.1038/s41598-020-78189-2
https://doi.org/10.1016/S1364-6613(99)01299-1
https://doi.org/10.1016/j.clinph.2012.06.005
https://doi.org/10.1523/JNEUROSCI.0875-06.2006


F.R. Foerster, M. Chidharom and A. Giersch NeuroImage 269 (2023) 119906 

T  

 

V  

 

W  

 

W  

 

W  

 

Z  

 

Z  

 

Z  

 

Z  

 

Z  
rafton, G., Hiatt, L., Harrison, A., Tanborello, F., Khemlani, S., Schultz, A., 2013. ACT-
R/E: an embodied cognitive architecture for human-robot interaction. J. Huma. Robot
Interact. 2, 30–55. doi: 10.5898/JHRI.2.1.Trafton . 

irsu, V., Oksanen-Hennah, H., Vedenpää, A., Jaatinen, P., Lahti-Nuuttila, P., 2008. Simul-
taneity learning in vision, audition, tactile sense and their cross-modal combinations.
Exp. Brain Res. 186, 525–537. doi: 10.1007/s00221-007-1254-z . 

eaver, M.D., van Zoest, W., Hickey, C., 2017. A temporal dependency account
of attentional inhibition in oculomotor control. Neuroimage 147, 880–894.
doi: 10.1016/j.neuroimage.2016.11.004 . 

est, G.L., Stevens, S.A., Pun, C., Pratt, J., 2008. Visuospatial experience modulates
attentional capture: evidence from action video game players. J. Vis. 8, 1–9.
doi: 10.1167/8.16.13 . 

ilms, I.L., Petersen, A., Vangkilde, S., 2013. Intensive video gaming improves encoding
speed to visual short-term memory in young male adults. Acta Psychol. (Amst). 142,
108–118. doi: 10.1016/j.actpsy.2012.11.003 . 
11 
hang, R.Y., Chopin, A., Shibata, K., Lu, Z.L., Jaeggi, S.M., Buschkuehl, M., Green, C.S.,
Bavelier, D., 2021. Action video game play facilitates “learning to learn. ”. Commun.
Biol. 4. doi: 10.1038/s42003-021-02652-7 . 

hang, Y., Zhang, Y., Cai, P., Luo, H., Fang, F., 2019. The causal role of 𝛼-
oscillations in feature binding. Proc. Natl. Acad. Sci. U. S. A. 116, 17023–17028.
doi: 10.1073/pnas.1904160116 . 

higalov, A., Jensen, O., 2020. Alpha oscillations do not implement gain control in early
visual cortex but rather gating in parieto-occipital regions. Hum. Brain Mapp. 41,
5176–5186. doi: 10.1002/hbm.25183 . 

hou, Y.J., Iemi, L., Schoffelen, J.M., de Lange, F.P., Haegens, S., 2021. Alpha oscillations
shape sensory representation and perceptual sensitivity. J. Neurosci. 41, 9581–9592.
doi: 10.1523/JNEUROSCI.1114-21.2021 . 

uber, B.L., Start, L., Cook, G., 1965. Velocity-amplitude relationship. Science (80-.) 150,
1459–1460 . 

https://doi.org/10.5898/JHRI.2.1.Trafton
https://doi.org/10.1007/s00221-007-1254-z
https://doi.org/10.1016/j.neuroimage.2016.11.004
https://doi.org/10.1167/8.16.13
https://doi.org/10.1016/j.actpsy.2012.11.003
https://doi.org/10.1038/s42003-021-02652-7
https://doi.org/10.1073/pnas.1904160116
https://doi.org/10.1002/hbm.25183
https://doi.org/10.1523/JNEUROSCI.1114-21.2021
http://refhub.elsevier.com/S1053-8119(23)00054-X/sbref0104

	Enhanced temporal resolution of vision in action video game players
	1 Introduction
	2 Method
	2.1 Participants
	2.2 Virtual reality setup
	2.3 Simultaneity judgment task and stimuli
	2.4 Behavioral parameters
	2.5 Eye-tracking
	2.6 EEG acquisition and processing
	2.7 Time-frequency analysis
	2.8 Source reconstruction
	2.9 Statistical analyses

	3 Results
	3.1 Task performance
	3.2 Small fixational saccades prevent short asynchrony detection
	3.3 Parieto-occipital alpha-band power is associated with the enhancement of perceptual sensitivity to short visual asynchronies in VGPs

	4 Discussion
	5 Conclusion
	Credit authorship contribution statement
	Acknowledgements
	Supplementary materials
	References


