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Abstract

The increasing use of digital technology among adolescents and young adults has led to concerns
about possible detrimental effects on cognitive and brain functions. Indeed, as reviewed here,
according to behavioral and brain-imaging studies, excessive media multitasking (i.e., using
different digital media in parallel) may lead to enhanced distractibility and problems in maintaining
attention. However, frequent video gaming may be beneficial for the development of working
memory, task switching, and attention skills. All these cognitive skills depend on the executive
cognitive functions. Still scant but gradually cumulating brain-imaging results suggest that the
negative effects of frequent media multitasking and the positive effects of frequent video gaming on
cognitive skills in adolescents and young adults are mediated by effects on the frontal lobes,

implicated in executive cognitive functions and still developing even through early adulthood.

Key reference terms: media multitasking, video gaming, executive functions, adolescence, early

adulthood



Introduction

The use of digital technology, especially the use of smartphones and the time spent in social and
recreation media and video gaming, has increased tremendously among adolescents and young
adults (Anderson & Jingling, 2018; Ofcom, 2018; Smith et al., 2018). This has led to concerns
about the effects of excessive digital technology use on the cognitive and brain functions of younger
generations of “digital natives” (Prensky, 2001) growing up in the modern society filled with
information and communication technology (e.g., Greenfield, 2015; Spitzer, 2014). For example, it
has been proposed that frequent interruptions, surfing between web sites, and “shallow” information
processing common to Internet use may produce “grass-hopper minds” (Carr, 2010). The effects of
excessive digital technology use in the younger age groups might be long-lasting, as their brains are
still developing even through early adulthood (e.g., Blakemore & Choudhury, 2006; Casey et al.,
2000; Giedd et al., 1999; Gogtay et al., 2004; Huttenlocher, 1979; Huttenlocher & Dabholkar, 1998;
Moisala et al., 2018; Rothbart & Posner, 2015). This development is paralleled by improved
executive cognitive functions, which are crucial, for example, in situations demanding working
memory, task switching or attention skills, and suppression of distractors (see, e.g., Chan et al.,

2008; Diamond, 2013).

Digital technology use encompasses a wide variety of different activities, ranging from recreational
activities, such as video gaming, to information retrieval and interaction in social media. The
present review focuses on the effects of two of the most common forms of modern-day digital
technology use in young people, namely, media multitasking and video gaming, on cognitive
functions and their neural bases (Carrier et al., 2015; Fomby et al., 2015; Perrin, 2018; Zhang et al.,
2015). More specifically, we review here how these activities affect cognitive functions and the
brain in adolescence and early adulthood. Our review builds on related review articles (Firth et al.,
2019; Kiihn et al., 2019; Uncapher & Wagner, 2018) by including even more recent brain-imaging
studies. To find these studies, we used the search terms multitasking/gaming and brain/MRI (MRI
refers to magnetic resonance imaging, the most common brain-imaging method) at
https://scholar.google.com and then ensured that the studied participants were healthy adolescents
or young adults. For example, we excluded studies on individuals with signs of a gaming disorder
(for a review of those, see Choi et al., 2021), except for one study (Zhou et al., 2019) that also
reports separate results on the effects of gaming in participants with no such problems. In addition,

we review findings from research without brain imaging on associations of media multitasking or



gaming with cognitive functions. Since these results have been thoroughly covered in previous
reviews (e.g., Chopin et al., 2019; Connolly et al., 2012; May & Elder, 2018; Powers et al., 2013;
van der Schuur et al., 2015), we selectively examine only the ones that are needed to give sufficient
background for understanding the more systematically reviewed brain-imaging studies. In the
following, we focus first on media multitasking, cognition, and the brain, and then on video

gaming, cognition, and the brain.

Media multitasking and cognition

Media multitasking refers to the use of different forms of digital media in parallel, for example,
chatting on a smartphone and watching video content simultaneously. Some studies on young adults
have suggested that media multitasking might, in fact, entrain cognitive skills. For example, in a
study of 92 young adults, Alzahabi and Becker (2013) reported that higher levels of daily media
multitasking are associated with better performance in a test demanding switching between a
number-classification (odd vs. even) task and a letter-classification (consonant vs. vowel) task.
Moreover, Yap and Lim (2013) observed in 66 young adults that frequent multitasking predicts
faster target detection in a task demanding division of visual attention between two spatial
locations. In turn, Lui and Wong (2012) reported that in a sample of 63 young adults, heavy media
multitaskers performed faster and more accurately than light media multitaskers in a search task

where finding a visual target object was facilitated by integration of auditory cue stimuli.

However, there are markedly more findings suggesting negative effects of media multitasking on
cognitive functions (for reviews, see Firth et al., 2019; May & Elder, 2018; Uncapher & Wagner,
2018; van der Schuur et al., 2015). For example, Uncapher et al. (2016) found in 143 young adults
that higher levels of daily multitasking are associated with poorer performance in a visual working
memory task. Madore et al. (2020) observed in 80 young adults that the amount of media
multitasking correlates negatively with performance accuracy in a visual long-term memory task.
Moreover, according to the results of Ophir et al. (2009), who studied 262 young adults, more
frequent media multitasking is associated with higher distractibility in a task requiring attention to
red target objects while ignoring blue distractor objects, and slower task performance when

switching between letter classification and number classification tasks.



The detrimental effects of frequent media multitasking have also been brought up by studies with
both younger and older adults as participants. Sanbonmatsu et al. (2013) observed in a group of 310
18—44-year-olds that higher amounts of multitasking were associated with worse performance in a
dual-tasking test. In the applied Operation Span test, the participant is to simultaneously solve
mathematical problems and maintain a set of numbers in working memory. In turn, Shin et al.
(2018) found in a study with 144 18—48-year-olds that those participants who multitasked more
frequently were slower and showed more omission errors in a go/no-go task. The authors

interpreted this finding as suggesting higher inattention among frequent multitaskers.

There are at least three studies that suggest negative associations between media multitasking and
cognitive performance in adolescents. In longitudinal studies including over 2000 11-16-year-olds,
Baumgartner et al. (2018) found that the self-reported amount of media multitasking was associated
with enhanced attention problems estimated by the participants on five-point scales (e.g., “I am
easily distracted,” “I have difficulty sustaining attention”). Cain et al. (2016) observed in a smaller
group of 73 12—16-year-olds that higher levels of daily media multitasking were associated with
worse performance in visuo-linguistic working memory tasks, as well as worse academic
achievement. Off-task media multitasking while studying might also be expected to result in worse
learning outcomes (May & Elder, 2018). Nevertheless, a recent three-wave longitudinal study by
van der Schuur et al. (2020) in over 1000 11-15-year-olds found no relationship between such
“academic-media multitasking” and long-term academic achievement. However, an eight-item
questionnaire filled out by the participants did reveal an association of academic-media

multitasking with subsequent increased attention problems at school and home.

Media multitasking and the brain

According to our literature search (see also the recent reviews by Firth et al., 2019; Uncapher &
Wagner, 2018), there are only three studies reporting associations of frequent media multitasking
and brain structure or function in adolescents or young adults. These studies are reviewed in the

following.

In the study by Loh and Kanai (2014), structural magnetic resonance imaging (sMRI) in 75 young
adults suggested that frequent media multitasking is associated with lower gray matter volume in
the anterior cingulate cortex, a frontal lobe structure implicated in executive cognitive control.

Moreover, functional magnetic resonance imaging (fMRI) in the same participants during a “resting



state” revealed a negative correlation between the frequency of the participants’ multitasking and
the functional connectivity of the anterior cingulate cortex to the precuneus, a parietal brain area
implicated in various cognitive functions, including orienting of attention, mental imagery, and
memory retrieval (Cavanna & Trimble, 2006). Thus, based on these results, excessive multitasking

may have a negative impact on brain structures and functions involved in cognitive skills.

Moisala et al. (2016) studied 149 13-24-year-olds who also filled out a questionnaire on their daily
media multitasking habits. During fMRI, the participants performed comprehension tasks involving
written or spoken sentences in either a distracted or non-distracted condition. The distractors during
the reading task were spoken sentences or instrumental music, and the distractors during the
listening task were written sentences seen by the participants on a computer screen. Higher media
multitasking scores were associated with less accuracy in the comprehension task in conditions with
distractors than in conditions without them. The presence of distractors was also associated with
right-hemisphere dorsolateral and dorsomedial prefrontal activity, which was higher the more
frequently the participants multitasked in their daily life (Figure 1). This finding may indicate
increased need among frequent multitaskers to recruit brain areas involved in attentional control and

suppression of processing the distractors.

[Figure 1 about here]

In a recent study, Kobayashi et al. (2020) reported fMRI results from 103 young adults which
indicated that the number of functional connections (quantified as a degree centrality value) within
the dorsal attention network during an auditory discrimination (“oddball”) task correlates positively
with the frequency of participants’ media multitasking. The dorsal attention network is a network of
fronto-parietal cortical areas involved in various tasks demanding attention. In addition, Kobayashi
et al. found that the decrease in the number of these connections from a resting state to the auditory
discrimination condition was smaller in more frequently multitasking participants. However, there
was no significant correlation between media multitasking frequency and task performance
(reaction time) measures. Therefore, it is difficult to judge the relation of this finding to frequently
and infrequently multitasking participants’ attention skills. However, in light of the results of
Moisala et al. (2016) reviewed above, this finding might be associated with an increased need

among frequent multitaskers for executive control in attention-demanding situations.

Video gaming and cognition



Numerous studies have indicated that frequent action video gaming is associated with enhanced
cognitive skills, and also among adolescents and young adults (for a systematic review, see
Connolly et al., 2012; for a meta-analysis, see Powers et al., 2013). For example, studies of young
adults (with gamer and non-gamer group sizes varying from 8 to 26) have shown that action video
gamers perform better than non-gamers in various visual tasks demanding selective attention (Boot
et al., 2008; Green and Bavelier, 2003), working memory (Boot et al., 2008; Colzato et al., 2013;
McDermott et al., 2014), or tracking of multiple objects, that is, dividing attention between different
moving objects (Boot et al., 2008; Green and Bavelier, 2006). In addition, young adult gamers have
been found to be better than non-gamers (group sizes varying from 10 to 30) at switching between
two visual tasks (Boot et al., 2008; Cain et al., 2012; Colzato et al., 2010; Green et al., 2012; Karle
et al., 2010). While these studies comparing gamers and non-gamers cannot prove a causal
relationship between video gaming and cognitive skills, there are also studies indicating such
causality. In these studies, training non-gaming young adults in action video games was found to
enhance visual attention skills (Green and Bavelier, 2003; 9 participants in the action game training
group), as well as audio-visual dual-tasking and visual task-switching skills (Strobach et al., 2012;

10 participants in the action game training group).

In addition to action games, playing other types of games may also enhance cognitive skills. In the
study by Oei and Patterson (2013), each of five participant groups of non-gaming young adults (14—
16 participants in each group) played one game for four weeks (one hour per day five days a week).
The games included an action game, a visuo-spatial memory game, a visual matching game, a
hidden object game, and an agent-based life simulation game. Behavioral tasks were performed by
the participants before and after video game training. Action gaming was found to eliminate a
visual attentional blink effect, improve tracking of multiple visual objects and filtering out of
distractors, and increase verbal working memory span. Playing a visual matching game, in turn,
improved visual search performance as well as visuo-spatial and verbal working memory, while
playing a hidden object game improved visual search performance and visuo-spatial working

memory.



Video gaming and the brain

According to our literature search (see also the recent reviews by Firth et al., 2019; Kiihn et al.,
2019), there are only seven studies on the association of video gaming and brain structure or
function in healthy individuals. All these studies (reviewed below) had adolescents or young adults

as participants.

Kiihn and Gallinat (2014) studied 64 young adults with sMRI and found a significant positive
association between the lifetime amount of video gaming and the volume of hippocampus and the
gray matter volume in the adjacent entorhinal cortex. They proposed that these effects might be due
to frequent navigation in video games, since the hippocampus and entorhinal cortex have been
shown to have a crucial role in spatial navigation. They also observed a positive association
between the amount of video gaming and gray matter volume in the visual cortex, which might be

due to training of visual attention during video gaming.

Moreover, Kiihn et al. (2014a) studied 48 young adults with sMRI and found that a two-month
period of training (30 min or more per day) on Super Mario 64 resulted in a significant increase in
gray matter volume in the hippocampus and dorsolateral prefrontal cortex of the right hemisphere,
as well as in the cerebellum. Super Mario 64 is a video game where the player controls Mario, the
character, through different courses. Kiihn et al. proposed that the hippocampal effect was due to
training of spatial navigation, the cerebellar effect due to training of motor performance (since the
cerebellum has an important role in coordination of movements), and the prefrontal effect due to
training of strategic planning and working memory (since the prefrontal cortex is involved in these

functions).

However, the effect of video gaming on the right dorsolateral prefrontal cortex observed by Kiihn et
al. (2014a) might be specific to the type of video game trained in. In another study of 152 14-year-
olds, Kiihn et al. (2014b) found that the amount of self-reported video gaming in any type of game
correlates positively with cortical thickness in two prefrontal areas of the left hemisphere, namely,
the dorsolateral prefrontal cortex and the frontal eye field. They proposed that the finding in the
dorsolateral prefrontal cortex is related to executive control and the strategic planning essential for
successful gaming. The finding in the frontal eye field, in turn, would be related to visuo-motor
integration, programming and execution of eye movements, and allocation of visuo-spatial attention

during video gaming.



In another sMRI study, Zhou et al. (2019) assigned 78 gaming-naive young adult participants
randomly to a training group playing World of Warcraft for six weeks (at least one hour per day) or
to a non-gaming control group. World of Warcraft is a multiplayer online role-playing game. The
sMRI results suggested that during the training period, the gray matter volume decreased in the left-
hemisphere lateral orbitofrontal cortex, implicated in the emotional evaluation of rewards and
previous choices, and in the control of emotions. However, decreased volumes in the lateral
orbitofrontal gray matter were also observed in another group of 41 participants with a long history
of excessive World of Warcraft gaming, regarded as a sign of gaming addiction. In this excessive
gaming group, the gray matter loss correlated positively with the estimated severity of addiction.
Therefore, the gray matter loss in the training group might have been a sign of developing gaming

addiction.

Likewise, an earlier sMRI study of Kiihn et al. (2011) including 154 14-year-olds suggested altered
reward processing in frequent video game players. In that study, participants playing video games
more frequently were found to have higher gray matter volumes in the striatum of the left
hemisphere than those who played video games less frequently. This difference was suggested to
reflect altered reward processing in the frequent gamers, as the striatum is a dopamine-driven
subcortical structure belonging to the brain’s reward network. This finding was supported by fMRI
results during the so-called Monetary Incentive Delay task, a reaction time task used to study brain
activity associated with reward anticipation and reward feedback. Feedback of loss, compared with
feedback of no loss, was observed to elicit higher striatal activity in more frequently video gaming

participants.

Moisala et al. (2017) studied brain activity with fMRI in 167 13-24-year-olds while the participants
performed “n-back” tasks with vowels that were either spoken or written, with the sensory modality
in the vowel stream switching between audition and vision at random intervals. In the 1-back and 2-
back tasks, the participants were to indicate, by pressing one of two buttons, whether or not the
presented vowel was the same as the vowel one or two trials before, respectively. In a 0-back
control task, the participants were asked to simply press one button for spoken and another button
for written vowels. Overall, the participants’ performance accuracy gradually decreased and
reaction times increased with augmented working-memory load from the 0-back task to the 1-back
task, and further, to the 2-back task. Moreover, higher amounts of daily video gaming (with a wide

variety of games included) were associated with smaller decreases in performance speed and



accuracy when moving from the 1-back task to the 2-back task. fMRI results showed that the 1-
back and 2-back tasks, in comparison with the 0-back task, activated a network of frontal and
parietal brain areas (Fig. 2), similarly to previous n-back studies involving only one sensory
modality (e.g., Nee et al., 2013; Wang et al., 2019). In both cerebral hemispheres, an area in the
middle frontal gyrus belonging to this network showed a higher activity increase from the 1-back
task to the 2-back task the higher the amount of a participant’s daily gaming. This suggested that
frequent gaming resulted in more efficient recruitment of the prefrontal executive functions
demanded by the 2-back task. Unexpectedly, the activity increase in the in the middle frontal gyri
was smaller from the 0-back task to the 1-back task the higher the amount of the participant’s daily
gaming. Apparently, frequently gaming participants were more trained to perform the cognitive
operations needed in the 1-back task, demanding shifts of focused attention between the auditory
and visual modalities but not yet markedly demanding working memory. Therefore, when
performing the 1-back task, the more frequently gaming participants were presumably less

dependent on prefrontal cognitive-control functions than the less frequently gaming participants.

[Figure 2 about here]

The finding by Moisala et al. (2016) that prefrontal activity was increased less in the 1-back task (in
relation to the 0-back task) in more frequently gaming participants is paralleled by the previous
fMRI results of Bavelier et al. (2012). They compared the brain activity and performance of young
adults frequently playing action games and those not playing action games, 12 in each group, in a
task demanding selective attention to visual target objects in the presence of moving distractors.
Their results showed that the moving distractors elicited less activity in the motion-sensitive areas
of the visual cortex of the gamers, compared to the non-gamers, suggesting more efficient attention-
related filtering of distractors among the gamers. Moreover, they observed activity increase with
increasing attention demands in a distributed fronto-parietal network. This network included frontal
areas in the superior frontal sulcus, supplementary motor area, and dorsal anterior cingulate gyrus
of both hemispheres, and in the frontal pole, the middle frontal gyrus and inferior frontal
gyrus/insula of the right hemisphere. The parietal portion of the network included areas in the
cuneus/precuneus in both hemispheres and in the inferior parietal sulcus in the right hemisphere.
Smaller activity increase in this network in the gamers than in the non-gamers with increasing
attention demands suggested that the gamers allocated their attentional resources more
automatically than the non-gamers, whose performance was more dependent on the fronto-parietal

network, presumably involved in controlling attention in a top-down manner.
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In their fMRI study, Richlan et al. (2018) compared task performance and related brain activity in a
visuo-spatial task and in a letter-detection task between action video gamers and non-gamers, with
14 in each group. Contrary to many of the studies reviewed above, they did not find differences
between the groups in visuo-spatial task performance or related brain activity. Moreover, there was
no group difference in the performance of the letter-detection task (demanding detection of a
designated target letter in words presented serially on a computer screen). However, during this
task, in relation to a baseline task (a simple reaction time task) or the visuo-spatial task, they
observed significantly higher activity increases in the gamers than in the non-gamers in several
fronto-parietal cortical regions. These areas were located in the superior frontal sulcus, inferior
frontal gyrus, and middle paracingulate cortex of the left hemisphere and in the posterior parietal
cortex of each hemisphere. The authors proposed that this finding indicated higher neural
engagement in the gamers than in the non-gamers during the letter detection task. Due to this
finding, they also speculated that this task might have been more demanding for the gamers than for

the non-gamers, although there was no difference in task performance between the two groups.

Concluding remarks

As reviewed above, numerous studies of adolescents and young adults have found negative
associations between frequent media multitasking and cognitive skills (for reviews, see Firth et al.,
2019; May & Elder, 2018; Uncapher & Wagner, 2018; van der Schuur et al., 2015). These findings
include poorer performance of more frequently multitasking participants in experimental conditions
demanding working memory, focused attention and filtering of distractors, dual-tasking, or task
switching (Cain et al., 2016; Moisala et al., 2016; Ophir et al., 2009; Sanbonmatsu et al., 2013; Shin
et al., 2018; Uncapher et al., 2016). All these cognitive skills depend on executive cognitive
functions (see, e.g., Chan et al., 2008; Diamond, 2013). Therefore, it is likely that frequent media
multitasking especially affects the executive functions. Although the aforementioned studies on
media multitasking and cognitive skills cannot indicate the direction of causality, self-reports
collected in longitudinal studies of adolescents suggest that frequent media multitasking results in
enhanced attention problems (Baumgartner et al., 2018; van der Schuur et al., 2020), perhaps

reflecting more general problems in the executive functions.

The frontal lobes have been implicated in the executive functions (e.g., Miyake et al., 2000; Stuss

and Alexander, 2000). Therefore, the effects of frequent media multitasking on executive functions
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in adolescents and young adults might be associated with effects on the frontal lobes still
developing through early adulthood (e.g., Blakemore & Choudhury, 2006; Casey et al., 2000).
According to our literature search, there are only three published studies on associations of media
multitasking frequency and the brain in adolescents or young adults. Nevertheless, they all suggest
that frequent multitasking affects frontal structures or functions in adolescents and young adults:
Loh and Kanai (2014) reported an association of frequent multitasking with lower gray matter
volume in the anterior cingulate cortex and lower functional connectivity between the anterior
cingulate cortex and the parietal precuneus; Moisala et al. (2016) reported higher right dorsolateral
and dorsomedial prefrontal activity in more frequently multitasking participants during distracted
linguistic performance, which might indicate increased effort in controlling attention and
suppressing distractors; and Kobayashi et al. (2020) reported higher functional connectivity within
the fronto-parietal dorsal attention network during an auditory discrimination task among more
frequently multitasking participants, a finding that might also indicate enhanced effort in controlling

attention.

In contrast, frequent action video gaming appears to have beneficial effects on cognitive skills
related to the executive functions. As reviewed above, young adult action video gamers are better
than non-gamers at tasks demanding visual attention, visual working memory, tracking of multiple
visual objects, or switching between two visual tasks (Boot et al., 2008; Cain et al., 2012; Colzato et
al., 2010, 2013; Green and Bavelier, 2003, 2006; Green et al., 2012; Karle et al., 2010; McDermott
et al., 2014; see also Chopin et al., 2019; Connolly et al., 2012; Powers et al., 2013). While these
studies do not prove a causal relationship between video gaming and visuo-cognitive skills, there
are also studies indicating such causality. In three studies, training young adult non-gamers in
action video games improved visual attention, visual task switching, and multiple object tracking
(Green and Bavelier, 2003; Oei and Patterson 2013; Strobach et al., 2012). The benefits of action
gaming were not limited to the visual modality, as training in action video games also improved
audio-visual dual-tasking and verbal working memory (Oei and Patterson, 2013; Strobach et al.,
2012). Moreover, training in other game genres also improves cognitive skills: training in a visual
matching game or hidden object game resulted in improved visual search performance and visuo-

spatial working memory, and training in a hidden object game improved verbal working memory

(Oei and Patterson, 2013).

12



The effects of different types of gaming on verbal working memory might explain the better
performance of more frequently gaming participants in the n-back task on written and spoken
vowels applied by Moisala et al. (2017), who studied adolescent and young adult participants. They
observed in the middle frontal gyrus of both hemispheres a higher activity increase from the 1-back
task to the 2-back task (i.e., from a less-demanding to a more-demanding working memory task) in
more frequently gaming participants. Improved recruitment of brain areas involved in executive
cognitive control might also explain the higher activity in several frontal and parietal brain areas in
young adult participants more frequently involved in action gaming, as observed by Richlan et al.
(2018) in the letter detection task. These findings might be related to the results of Kiihn et al.
(2014a, 2014b), which show that training in Super Mario 64 among young adults and higher
amounts of video gaming in 14-year-olds result in increased gray matter volume or cortical
thickness in the dorsolateral prefrontal cortex of the right and left hemispheres, respectively.
Moreover, Moisala et al. (2017) also observed that in the 1-back task compared to the 0-back task,
the activity enhancement in the left and right middle frontal gyrus was in the more frequently
gaming participants. This suggests that the more frequently gaming participants were less
dependent on the prefrontal executive functions when performing the 1-back task than the less
frequently gaming participants. This is in line with the results from the visual attention experiment
of Bavelier et al. (2012) with young adult participants. They observed a lower level of activity
enhancement with enhanced attentional demands among action gamers than among non-gamers in

the fronto-parietal network, which is presumably involved in top-down control of attention.

Thus, like the detrimental effects of frequent media multitasking, the positive effects of frequent
video gaming appear to be mediated by effects on frontal executive functions and structures.
However, frequent video gaming appears to also affect other brain areas, as there are results from
adolescents and young adults indicating that video gaming enhances the total or gray matter volume
of the hippocampus (Kiihn and Gallinat, 2014; Kiihn et al., 2014a), presumably due to training in
navigation during gaming. In addition, gaming seems to enhance the gray matter volume in the
visual cortex and cerebellum (Kiihn and Gallinat, 1984), presumably due to concomitant training in
visual attention and motor coordination, respectively. Moreover, two brain-imaging studies suggest
that video gaming also affects fronto-striatal reward-processing in adolescence and young

adulthood (Kiihn et al., 2011; Zhou et al., 2019).

In conclusion, there is cumulating evidence that frequent media multitasking may deteriorate

attention and working memory skills, at least in adolescents and young adults, whereas frequent

13



video gaming may be beneficial for these skills. Since these skills depend on executive functions, it
is probable that the negative effects of frequent media multitasking and the positive effects of
frequent video gaming on these skills are mediated by effects on the prefrontal executive brain
functions, as also suggested by the brain-imaging studies reviewed here. However, the results from
studies comparing, for example, frequent multitaskers with less frequently multitasking participants
or video gamers with non-gamers cannot rule out the possibility, for instance, that more distractible
individuals are more prone to multitasking or that individuals with better working memory, task
switching, and attention skills are more prone to video gaming. Therefore, in addition to these
cross-sectional studies, there is a need for longitudinal brain-imaging studies on media multitasking,
video gaming, and cognitive skills. Such studies would add to the longitudinal studies in
adolescents suggesting causal effects of media multitasking on self-reported attention skills
(Baumgartner et al., 2018; van der Schuur, 2020) and to the studies in young adults indicating
causal effects of video game training on cognitive skills or the brain (Green and Bavelier, 2003;

Kiihn et al., 2014a; Oei and Patterson 2013; Strobach et al., 2012).

Finally, since video gaming is beneficial for various cognitive skills, increased use of educational
games at school would be recommendable. This is also supported by a meta-analysis showing that
digital learning games enhance learning in children and adolescents (Clark et al., 2016). However,
more systematic research is needed on what kind of educational games should be used to enhance
both learning in the studied subject and development of cognitive skills (Mayer, 2019). More
frequent educational gaming might be beneficial also for the development of the executive
functions needed in suppressing distraction caused by digital technology in learning situations and

other attention-demanding conditions.

14



References

Alzahabi, R., Becker, M. W. (2013). The association between media multitasking, taskswitching,
and dual-task performance. Journal of Experimental Psychology: Human Perception and

Performance, 39(5), 1485—-1495. https://doi.org/10.1037/a0031208

Anderson, M. & Jingjing, J. (2018). Teens, social media and technology 2018. Washington, DC:
Pew Research Center. Accessible online at http://assets.pewresearch.org/wp-

content/uploads/sites/14/2018/05/31102617/P1 2018.05.31 TeensTech FINAL.pdf

Baumgartner, S. E., van der Schuur, W. A., Lemmens, J. S., & te Poel, F. (2018). The relationship
between media multitasking and attention problems in adolescents: Results of two longitudinal

studies. Human Communication Research, 44(1), 3-30. https://doi.org/10.1093/hcre. 12111

Bavelier, D., Achtman, R. L., Mani, M., & Focker, J. (2012). Neural bases of selective attention in
action video game players. Vision Research, 61,132—143.

https://doi.org/10.1016/j.visres.2011.08.007

Blakemore, S. J., & Choudhury, S. (2006). Development of the adolescent brain: Implications for
executive function and social cognition. Journal of Child Psychology and Psychiatry, 47(3—4), 296—
312. https://doi.org/10.1111/.1469-7610.2006.01611.x

Boot, W. R., Kramer, A. F., Simons, D.J., Fabiani, M., & Gratton, G. (2008). The effects of video
game playing on attention, memory, and executive control. Acta Psychologica, 129(3), 387-398.

https://doi.org/10.1016/j.actpsy.2008.09.005

Cain, M. S., Landau, A. N., & Shimamura, A. P. (2012). Action video game experience reduces the
cost of switching tasks. Attention, Perception, & Psychophysics, 74, 641-6477.
https://doi.org/10.3758/s13414-012-0284-1

Cain, M. S., Leonard. J. A., Gabrieli, J. D., & Finn, A. S. (2016). Media multitasking in
adolescence. Psychonomic Bulletin & Review, 23, 1932—1941. https://doi.org/10.3758/s13423-016-
1036-3

15



Carr, N. (2010). The shallows: How the Internet is changing the way we think, read, and remember.
London, UK: Atlantic.

Carrier, L. M., Rosen, L. D., Cheever, N. A., Lim, A. F. (2015). Causes, effects, and practicalities
of everyday multitasking. Developmental Review, 35, 64-78.
http://dx.doi.org/10.1016/].dr.2014.12.005

Casey, B. J., Giedd, J. N., & Thomas, K. M. (2000). Structural and functional brain development
and its relation to cognitive development. Biological Psychology, 54(1-3), 241-257.
https://doi.org/10.1016/S0301-0511(00)00058-2

Cavanna, A. E., & Trimble, M. R. (2006). The precuneus: a review of its functional anatomy and

behavioural correlates, Brain, 129(3), 564—583. https://doi.org/10.1093/brain/awl004

Chan, R. C. K., Shum, D., Toulopoulou, T., & Chen, E. Y. H. (2008). Assessment of executive
functions: Review of instruments and identification of critical issues, Archives of Clinical

Neuropsychology, 23(2), 201-216. https://doi.org/10.1016/j.acn.2007.08.010

Choti, E, Shin, S., Ryu, J., Jung, K., Hyun, Y., Kim, J., & Park, M. (2021). Association of extensive
video gaming and cognitive function changes in brain-imaging studies of pro gamers and

individuals with gaming disorder: Systematic literature review. JMIR Serious Games, 9(3), €25793

https://doi.org/10.2196/25793

Chopin, A., Bediou, B., & Bavelier, D. (2019). Altering perception: the case of action video
gaming. Current Opinion in Psychology, 29, 168—173. https://doi.org/10.1016/j.copsyc.2019.03.004

Clark, D. B., Tanner-Smith, E. E., & Killingsworth, S. S. (2016). Digital games, design, and
learning: A systematic review and meta-analysis. Review of Educational Research, 86(1), 79-122.

https://doi.org/10.3102/0034654315582065

Connolly, T. M., Boyle, E. A., MacArthur, E., Hainey, T., & Boyle, J. M. (2012). A systematic
literature review of empirical evidence on computer games and serious games. Computers &

Education, 59(2), 661-686. https://doi.org/10.1016/j.compedu.2012.03.004

16



Colzato, L. S., van Leeuwen, P. J., van den Wildenberg, W., & Hommel, B. (2010). DOOM’d to
switch: superior cognitive flexibility in players of first person shooter games. Frontiers in

Psychology, 1, 8. http://doi.org/10.3389/fpsyg.2010.00008

Colzato, L. S., van den Wildenberg, W. P., Zmigrod, S., & Hommel, B. (2013). Action video
gaming and cognitive control: playing first person shooter games is associated with improvement in
working memory but not action inhibition. Psychological Research,77,234-239.

https://doi.org/10.1007/s00426-012-0415-2

Diamond, A. (2013). Executive functions. Annual Review of Psychology, 64(1), 135-168.
https://doi.org/10.1146/annurev-psych-113011-143750

Firth, J., Torous, J., Stubbs, B., Firth, J. A., Steiner, G. Z., Smith, L., Alvarez-Jimenez, M., Gleeson,
J., Vancampfort, D., Armitage, C. J., & Sarris, J. (2019). The “online brain”: how the Internet may
be changing our cognition. World Psychiatry, 18(2), 119-129. https://doi.org/10.1002/wps.20617

Fomby, P., Goode, J. A., Truong-Vu, K. P., & Mollborn, S. (2019). Adolescent technology, sleep,
and physical activity time in two US Cohorts. Youth & Society, 53(4), 585-609.
https://doi.org/10.1177/0044118X19868365

Giedd, J., Blumenthal, J., Jeffries, N. O., Castellanos, F. X., Liu, H., Zijdenbos, A., Paus, T., Evans,
A. C. & Rapoport, J. L. (1999). Brain development during childhood and adolescence: a
longitudinal MRI study. Nature Neuroscience, 2(10), 861-863. https://doi.org/10.1038/13158

Gogtay, N., Giedd, J. N., Lusk, L., Hayashi, K. M., Greenstein, D., Vaituzis, A. C., Nugent, T. F.
III, Herman, D. H., Clasen, L. S., Toga, A. W., Rapoport, J. L., & Thompson, P. M. (2004).
Dynamic mapping of human cortical development during childhood through early adulthood.
Proceedings of the National Academy of Sciences of the United States of America, 101(21), 8174—
8179. https://doi.org/10.1073/pnas.0402680101

Green, C. S., & Bavelier, D. (2003). Action video game modifies visual selective attention. Nature,

423(6939), 534-537. https://doi.org/10.1038/nature01647

17



Green, C. S., & Bavelier, D. (2006). Enumeration versus multiple object tracking: The case of
action video game players. Cognition, 101(1),217-245.
https://doi.org/10.1016/j.cognition.2005.10.004

Green, C. S., Sugarman, M. A., Medford, K., Klobusicky, E., & Bavelier, D. (2012). The effect of
action video game experience on task-switching. Computers in Human Behavior, 28(3), 984-994.

https://doi.org/10.1016/1.chb.2011.12.020

Greenfield, S. (2015). Mind change: How digital technologies are leaving their mark on our brains.

London, UK: Random House.

Huttenlocher, P. R. (1979). Synaptic density in human frontal cortex — developmental changes and
effects of aging. Brain Research, 163(2), 195-205. https://doi.org/10.1016/0006-8993(79)90349-4

Huttenlocher, P. R., & Dabholkar, A. S. (1997). Regional differences in synaptogenesis in human
cerebral cortex. The Journal of Comparative Neurology, 387(2), 167-178.
https://doi.org/10.1002/(SICI)1096-9861(19971020)387:2<167::AID-CNE1>3.0.CO;2-Z

Karle, J. W., Watter, S., & Shedden, J. M. (2010). Task switching in video game players: Benefits
of selective attention but not resistance to proactive interference. Acta Psychologica, 134(1), 70-78.

https://doi.org/10.1016/j.actpsy.2009.12.007

Kobayashi, K., Oishi, N., Yoshimura, S. Ueno, T., Miyagi, T., Murai, T., & Fujiwara, H. (2020).
Relationship between media multitasking and functional connectivity in the dorsal attention

network. Scientific Reports, 10(1), 17992. https://doi.org/10.1038/s41598-020-75091-9

Kiihn, S., & Gallinat, J. (2014). Amount of lifetime video gaming is positively associated with
entorhinal, hippocampal and occipital volume. Molecular Psychiatry, 19(7), 842—-847.
https://doi.org/10.1038/mp.2013.100

Kiihn, S., Gleich, T., Lorenz, R.C., Lindenberger, U., & Gallinat, J. (2014a). Playing Super Mario
induces structural brain plasticity: gray matter changes resulting from training with a commercial

video game. Molecular Psychiatry, 19(2), 265-271. https://doi.org/10.1038/mp.2013.120

18



Kiihn, S., Gallinat, J., & Mascherek, A. (2019). Effects of computer gaming on cognition, brain
structure, and function: a critical reflection on existing literature. Dialogues in Clinical

Neuroscience, 21(3), 319-330. https://doi.org/10.31887/DCNS.2019.21.3/skuehn

Kiihn, S., Lorenz, R., Banaschewski, T., Barker, G.J., Biichel, C., Conrod, P.J., Flor, H., Garavan,
H., Ittermann, B., Loth, E., Mann, K., Nees, F., Artiges, E., Tomas, P., Rietschel, M., Smolka, M.
N., Strohle, A., Walaszek, B., Schumann, G., ... The IMAGEN Consortium (2014b). Positive
association of video game playing with left frontal cortical thickness in adolescents. PLoS One,

9(3), €91506. https://doi.org/10.1371/journal.pone.0091506

Kiihn, S., Romanowski, A., Schilling, C., Lorenz, R., Mdrsen, C., Seiferth, N., Banaschewski, T.,
Barbot, A., Barker, G.J., Biichel, C., Conrod, P. J., Dalley, J. W., Flor, H., Garavan, H., Ittermann,
B., Mann, K., Martinot, J. L., Paus, T., Rietschel, M., ... The IMAGEN Consortium (2011). The
neural basis of video gaming. Translational Psychiatry, 1(11), 53.

https://doi.org/10.1038/tp.2011.53

Lui, K. F. H., & Wong, A. C. N. (2012). Does media multitasking always hurt? A positive
correlation between multitasking and multisensory integration. Psychonomic Bulletin & Review,

19(4), 647-653. https://doi.org/10.3758/s13423-012-0245-7

Loh, K. K., & Kanai, R. (2014). Higher media multi-tasking activity is associated with smaller
gray-matter density in the anterior cingulate cortex. PLoS One, 9(9), €106698.
https://doi.org/10.1371/journal.pone.0106698

May, K. E., & Elder, A. D. (2018). Efficient, helpful, or distracting? A literature review of media
multitasking in relation to academic performance. International Journal of Educational Technology

in Higher Education, 15(1), 13. https://doi.org/10.1186/s41239-018-0096-z

Mayer, R. E. (2019). Computer games in education. Annual Review of Psychology, 70(1), 531-549.
https://doi.org/10.1146/annurev-psych-010418-102744

McDermott, A. F., Bavelier, D., & Green, C. S. (2014). Memory abilities in action video game
players. Computers in Human Behavior, 34, 69-78. https://doi.org/10.1016/j.chb.2014.01.018

19



Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A., & Wager, T. D. (2000).
The unity and diversity of executive functions and their contributions to complex “frontal lobe”

tasks: A latent variable analysis. Cognitive Psychology, 41(1), 49—-100.
https://doi.org/10.1006/cogp.1999.0734

Moisala, M., Salmela, V., Hietajarvi, L., Salo, E., Carlson, S., Salonen, O., Lonka, K., Hakkarainen,
K., Salmela-Aro, K., & Alho, K. (2016). Media multitasking is associated with distractibility and
increased prefrontal activity in adolescents and young adults. Neurolmage, 134,113-121.

https://doi.org/10.1016/j.neuroimage.2016.04.011

Moisala, M., Salmela, V., Hietajérvi, L., Carlson, S., Vuontela, V., Lonka, K., Hakkarainen, K.,
Salmela-Aro, K., & Alho, K. (2017). Gaming is related to enhanced working memory performance
and task-related cortical activity. Brain Research, 1655,204-215.
https://doi.org/10.1016/j.brainres.2016.10.027

Moisala, M., Salmela, V., Carlson, S., Salmela-Aro, K., Lonka, K., Hakkarainen, K., & Alho, K.
(2018). Neural activity patterns between different executive tasks are more similar in adulthood

than in adolescence. Brain and Behavior, 8(9), €01063. https://doi.org/10.1002/brb3.1063

Nee, D. E., Brown, J. W., Askren, M. K., Berman, M. G., Demiralp, E., Krawitz, A., & Jonides, J.
(2013). A meta-analysis of executive components of working memory. Cerebral Cortex, 23(2),

264-282. https://doi.org/10.1093/cercor/bhs007

Oei, A. C., & Patterson, M. D. (2013). Enhancing cognition with video games: A multiple game
training study. PLoS One, 8(3), €58546. https://doi.org/10.1371/journal.pone.0058546

Ofcom (2018). The communications market 2018. London, UK: Ofcom.

https://www.ofcom.org.uk/research-and-data/multi-sector-research/cmr/cmr-2018/interactive

Ophir, E., Nass, C., & Wagner, A. D. (2009). Cognitive control in media multitaskers. Proceedings
of the National Academy of Sciences of the United States of America, 106(37), 15583—15587.
https://doi.org/10.1073/pnas.0903620106

20



Perrin, A. (2018). 5 facts about Americans and video games. Washington, DC: Pew Research
Center. Accessible online at https://www.pewresearch.org/fact-tank/2018/09/17/5-facts-about-

americans-and-video-games/

Powers, K. L., Brooks, P. J., Aldrich, N. J., Palladino, M. A., & Alfieri, L. (2013). Effects of video-
game play on information processing: a meta-analytic investigation. Psychonomic Bulletin &

Review, 20(6), 1055-1079. https://doi.org/10.3758/s13423-013-0418-z

Prensky, M. (2001). Digital natives, digital immigrants part 1. On the Horizon, 9(5), 1-6.
https://doi.org/10.1108/10748120110424816

Richlan, F., Schubert, J., Mayer, R., Hutzler, F., & Kronbichler, M. (2018). Action video gaming
and the brain: fMRI effects without behavioral effects in visual and verbal cognitive tasks. Brain

and Behavior, 8(1), e00877. https://doi.org/10.1002/brb3.877

Rothbart, M. K., & Posner, M. L. (2015). The developing brain in a multitasking world.
Developmental Review, 25, 42—63. https://doi.org/10.1016/].dr.2014.12.006

Sanbonmatsu, D. M., Strayer, D. L., Medeiros-Ward, N., & Watson, J. M. (2013). Who multitasks
and why? Multi-tasking ability, perceived multi-tasking ability, impulsivity, and sensation seeking.

PLoS One, 8(1),e54402. https://doi.org/10.1371/journal.pone.0054402

Shin, M., Webb, A., & Kemps, E. (2019). Media multitasking, impulsivity and dual task
ability. Computers in Human Behavior, 92, 160-168. https://doi.org/10.1016/j.chb.2018.11.018

Smith, A., Anderson, M., & Caiazza, T. (2018). Social media use in 2018. Washington, DC: Pew

Research Center. https://www.pewresearch.org/internet/2018/03/01/social-media-use-in-2018

Spitzer, M. (2014). Information technology in education: Risks and side effects. Trends in

Neuroscience and Education, 3(3—4), 81-85. https://doi.org/10.1016/j.tine.2014.09.002

Strobach, T., Frensch, P. A., & Schubert, T. (2012). Video game practice optimizes executive
control skills in dual-task and task switching situations. Acta Psychologica, 140(1), 13-24.
https://doi.org/10.1016/]j.actpsy.2012.02.001

21



Stuss, D., & Alexander, M. (2000). Executive functions and the frontal lobes: a conceptual
view. Psychological Research, 63(3), 289—-298. https://doi.org/10.1007/s004269900007

Uncapher, M. R., & Wagner, A. D. (2018). Minds and brains of media multitaskers: current
findings and future directions. Proceedings of the National Academy of Sciences of the United
States of America, 115(40), 9889—9896. https://doi.org/10.1073/pnas.1611612115

Uncapher, M. R., K Thieu, M., & Wagner, A. D. (2016). Media multitasking and memory:
differences in working memory and long-term memory. Psychonomic Bulletin & Review, 23(2),

483-490. https://doi.org/10.3758/s13423-015-0907-3

van der Schuur, W. A., Baumgartner, S. E., Sumter, S. R., & Valkenburg, P. M. (2015).
The consequences of media multitasking for youth: A review. Computers in Human Behavior, 53,

204-215. https://doi.org/10.1016/].chb.2015.06.035

van der Schuur, W. A., Baumgartner, S. E., Sumter, S. R., & Valkenburg, P. M. (2020). Exploring
the long-term relationship between academic-media multitasking and adolescents’ academic

achievement. New Media & Society, 22(1), 140-158. https://doi.org/10.1177/1461444819861956

Wang, H., He, W., Wu, J., Zhang, J., Jin, Z., & Li, L. (2019). A coordinate-based meta-analysis of
the n-back working memory paradigm using activation likelihood estimation. Brain and Cognition,

132, 1-12. https://doi.org/10.1016/j.bandc.2019.01.002

Yap,J. Y., & Lim,S. W. H. (2013). Media multitasking predicts unitary versus splitting visual focal
attention. Journal of Cognitive Psychology, 25(7), 889-902.
https://doi.org/10.1080/20445911.2013.835315

Zhang, T., Sun, X., Chai, Y., & Aghajan, H. (2015). A look at task-switching and multi-tasking
behaviors: From the perspective of the computer usage among a large number of people. Computers

in Human Behavior, 49, 237-244. https://doi.org/10.1016/j.chb.2015.03.012

Zhou, F., Montag, C., Sariyska, R., Lachmann, B., Reuter, M., Weber, B., Trautner, P., Kendrick,
K. M., Markett, S., & Becker, B. (2019). Orbitofrontal gray matter deficits as marker of Internet

22



gaming disorder: converging evidence from a cross-sectional and prospective longitudinal

design. Addiction Biology, 24(1), 100-109. https://doi.org/10.1111/adb.12570

23



Figure 1. The colored dorsolateral and dorsomedial prefrontal cortical regions in the right
hemisphere (top: lateral view; bottom: medial view) showed a significant positive association
between the self-reported amount of media multitasking in everyday life and brain activity
measured with fMRI during classification of written sentences as congruent or incongruent in the
presence of distracting speech or music or during similar classification of spoken sentences in the

presence of distracting written text. Data from 147 13-24-year-olds (Moisala et al. 2016).

24



Figure 2. The colored prefrontal and parietal cortical regions showed significantly stronger activity
during 1-back and 2-back working-memory tasks involving spoken and written vowels than in a 0-
back control task. Top: Lateral views of the left and right hemisphere. Bottom: The respective
medial views. fMRI data from 167 13—24-year-olds (Moisala et al. 2017). MFG: middle frontal
gyrus, SFG: superior frontal gyrus, SPL: superior parietal lobule, PreC: precuneus, SMA:

supplementary motor area.
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