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Long term video game players (VGPs) exhibit superior visual and motor skills compared
with non-video game control subjects (NVGCs). However, the neural basis underlying
the enhanced behavioral performance remains largely unknown. To clarify this issue, the
present study compared the whiter matter integrity within the corticospinal tracts (CST),
the superior longitudinal fasciculus (SLF), the inferior longitudinal fasciculus (ILF), and the
inferior fronto-occipital fasciculus (IFOF) between the VGPs and the NVGCs using diffusion
tensor imaging. Compared with the NVGCs, voxel-wise comparisons revealed significantly
higher fractional anisotropy (FA) values in some regions within the left CST, left SLF, bilateral
ILF, and IFOF in VGPs. Furthermore, higher FA values in the left CST at the level of cerebral
peduncle predicted a faster response in visual attention tasks. These results suggest that
higher white matter integrity in the motor and higher-tier visual pathways is associated with
long-term video game playing, which may contribute to the understanding on how video
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INTRODUCTION

Video game playing has become ubiquitous entertainment today
and is particularly popular among the youth. Behavioral stud-
ies have reported that video gaming may have favorable effects
on visual related skills (such as attention, memory, and spatial
discrimination; Green and Bavelier, 2003, 2006a,b, 2007; Riesen-
huber, 2004; Castel et al., 2005; Donohue et al., 2010; Bavelier et al.,
2012) and motor skills (Schlickum etal., 2009; Lynch et al., 2010).
Besides, long-term video game play can also drive extensive struc-
tural reorganization of the brain. For example, increased gray
matter volumes have been detected in the right posterior parietal
cortex (Tanaka etal., 2013), the right hippocampal formation, the
right dorsolateral prefrontal cortex, the bilateral cerebellum (Kuhn
etal., 2014a), and the left striatum (Kuhn etal., 2011) in video
game players (VGPs). Additionally, it is reported that the duration
of video game play is significantly associated with the gray mat-
ter volume of the entorhinal cortex, hippocampus occipital lobe
(Assaf and Pasternak, 2008), and the thickness of the left frontal
cortex (Kuhn etal., 2014b). In addition to these positive effects, the
duration of action-based role-playing is associated with atrophy of
the entorhinal cortex (Kuhn and Gallinat, 2013). However, studies
focused on the reorganization of white matter (WM) pathway in
VGPs remains scarce.

Motor skill training-induced experience-dependent changes
in WM microstructure have been reported in pianists (Bengts-
son etal., 2005) and jugglers (Scholz etal., 2009). These studies

game play influences motor and visual performance.
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demonstrate increased fractional anisotropy (FA) values in the
right internal capsule and the right posterior intraparietal sulcus,
respectively. In addition, increased FA values have also been
detected in the WM of frontal, cingulate and striato-thalamic
areas that are related to attentional control, working memory,
executive regulation, and problem solving in long-term trained
Baduk players (Lee etal.,, 2010). All the aforementioned studies
have demonstrated the association between specific training and
structural plasticity in related WM pathways.

It is well known that video games require intense process-
ing of visual stimuli, and complex motor demands. Participants
are required to concentrate on these stimuli rapidly process the
related information, and respond quickly by manipulating the
keyboard/mouse using their fingers. Thus, long-term video game
play can be considered intense training of visual processing and
finger skills. Sensorimotor information is primarily conveyed by
corticospinal tracts (CST) that are critically important for inde-
pendent finger movements in humans. Higher visual process (e.g.,
visual attention, visual memory, visual imagining) are associated
with WM pathways including the superior longitudinal fascicu-
lus (SLF; Umarova etal., 2010; Chechlacz etal., 2012; Klarborg
etal., 2013; Parks and Madden, 2013), inferior longitudinal fasci-
culus (ILF; Chechlacz etal., 2012; Parks and Madden, 2013), and
inferior fronto-occipital fasciculus (IFOF; Umarova etal., 20105
Chechlacz etal., 2012). Therefore, it is plausible to hypothesize
that the WM integrity of the motor and visual pathways may
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increase in VGPs as a consequence of long-term video game
play.

In the current study, diffusion tensor imaging (DTI) was per-
formed in adolescent VGPs and non-video game control subjects
(NVGCs), and voxel-based intergroup comparisons of the FA val-
ues were conducted to investigate the possible influence of the
long-term video game play on the microstructure of the CST,
SLE ILE and IFOF in adolescents. We hypothesized that the WM
integrity (represented as FA values) of both the motor and visual
pathways would be higher in VGPs compared to NVGCs. We also
predicted that higher WM integrity would predict superior visual
attentional performance in the VGP group.

MATERIALS AND METHODS

SUBJECTS

Forty-five right-handed male subjects were recruited from the
Health School of Linyi, Shandong Province. Only males under-
went testing because of the relatively small number of females
with long-term video game experience. Video game experience
was assessed via a self-report questionnaire that questioned about
the length and amount of experience across several video game
genres (the detailed information is listed in Table 1). VGPs were
defined as subjects who had played video games for more than
6 months with a frequency of at least 10 h per week. Twenty-eight
subjects (mean age = 16.9, SD = 2.2) were included in this cate-
gory (VGP mean = 19 h per week). NVGCs were defined as the
subjects who had little to no video game experience. Seventeen
subjects (mean age = 17.1, SD = 1.3) fell into this category. Thir-
teen subjects had never played video games and the other four
subjects had played video games with a frequency of 1-2 h per
week. All subjects had no experience with special motor skills,
such as piano playing or table tennis.

In addition, the exclusion criteria for all subjects were magnetic
resonance imaging (MRI) contraindications, visible abnormalities
on conventional MRI, mental disorders, neurological diseases, or
any clinically relevant abnormalities such as insomnia, migraines,
tinnitus, and substance abuse, or dependence. This study was
approved by the Ethical Committee of Tianjin Medical University
General Hospital and written informed consent was obtained
from all subjects or their guardians. All subjects received medical
reference books as compensation.

BEHAVIORAL TASK

We used a modified version of the Attention Network Test (ANT)
described by Fan etal. (2002) as our behavioral task (Figure 1).
Eprime software (Psychology Software Tools, Pittsburgh, PA, USA)
was used for visual stimulus presentation and for participant
response recording. The experiment consisted of 80 trials pre-
sented in a random order. Each trial included two stages. The
first stage was the fixed stage with a “+” in the center of the
screen, and the second stage was the test stage, which consisted
of a central target arrow symbol and four surrounding arrow sym-
bols with the same direction (congruent), or inverse direction
(non-congruent) relative to the central arrow. During each trial,
the subjects were asked to fixate on the “+” for 1000 ms. Then
the “4” was replaced by arrow symbols for 2000 ms. The sub-
jects were asked to determine the direction of the central arrow

Table 1| Game genres and duration in video game players.

Subject Age Game dura- Game time per Type of game

ID (year) tion(Month) week (hour)

1 17 24 17 Audition dance battle
online

2 23 48 23 Warcraft

3 18 8 24 Cross fire

4 14 24 19 Cross fire

5 14 5 13 Audition dance battle
online

6 16 24 23 Need for speed

7 16 24 19 Need for speed

8 16 26 23 Need for speed

9 18 60 23 Cross fire

10 15 24 23 Need for speed

Il 17 6 15 Need for speed

12 17 60 20 Need for speed

13 18 60 24 Need for speed

14 22 24 13 Need For speed

15 17 36 15 Cross fire

16 15 24 15 Audition dance battle
online

17 14 72 15 Cross fire

18 16 18 13 Audition dance battle
online

19 17 36 27 Audition dance battle
online

20 15 36 27 Cross fire

21 20 6 23 Warcraft

22 18 48 23 Cross fire

23 18 24 12 Need for speed

24 19 60 23 Warcraft

25 17 48 15 Need for speed

26 18 12 25 Warcraft

27 15 48 13 Cross fire

28 14 8 16 Warcraft

while ignoring the surrounding four arrow symbols, and respond
as fast as possible by clicking the left (left direction), or right
key (right direction) of the mouse. If the subjects reacted within
2000 ms, the presentation would go directly to the next trial; if
no response was made, the presentation would go to the next trial
after 2000 ms. The total number of central arrows towards the
left and right was equal, and the four surrounding arrows were
oriented equally in the congruent or non-congruent directions
with the central arrow. The formal experiment was performed
after the subjects have learned and practiced the task. The average
response times and accurate rates were calculated individually for
all subjects.
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FIGURE 1 | Modified version of visual attention network test (ANT).
During each trial, the “+" was presented in the center of the screen for
1000 ms first, and then the arrow symbols showed for 2000 ms. The
subjects were asked to determine the direction of the central arrow
regardless of the surrounding four arrows. The numbers of central arrow
toward the left and right were equal, and the four surrounding arrows
oriented equally in the congruent or non-congruent direction with the
central arrow.

MRI ACQUISITION

Magnetic resonance images were obtained on a 1.5 Tesla scan-
ner. DTI was performed using a single-shot spin-echo echo
planar imaging sequence with the following parameters: repeti-
tion time = 8300 ms, echo time = 80.1 ms, flip angle = 90°,
matrix = 128 x 128, field of view = 25.6 cm x 25.6 cm, number
of excitation = 2, slice thickness = 5 mm, 25 slices with no gap,
voxel size = 2 mm x 2 mm X 5 mm. The diffusion-sensitizing
gradients were applied along 13 non-collinear directions with a b
value of 1000 s/fmm?2, and one volume was also acquired without
diffusion weighting (b = 0).

DTI DATA PROCESSING

All diffusion-weighted images were visually inspected by two
radiologists for apparent artifacts due to subject motion and
instrument malfunction. Eddy current distortions and head
motion artifacts in the DTI dataset were corrected by applying
affine alignment of each diffusion-weighted image to the non-
diffusion image, using the FMRIB’s diffusion toolbox (FSL').
The robust brain extraction tool (BET) was used to extract
the brain for each participant’s DTI images. Following brain
extraction, all eigenvalues, and FA maps were calculated using a
DTIFit within the FMRIB diffusion toolbox in FSL. Each subject’s
FA map was normalized to the Montreal Neurological Institute
(MNI) space? with a resolution of 3 mm x 3 mm x 3 mm, by
utilizing the Statistical Parametric Mapping software (SPM8).
Further, all normalized FA images were spatially smoothed by
an isotropic full-width at the half maximum Gaussian kernel of
6 mm X 6 mm X 6 mm.

STATISTICAL ANALYSES.
Intergroup differences in age, education, and behavioral perfor-
mance (including response times and accurate rates) were com-
pared using a two-sample ¢-test with SPSS (SPSS18.0, Chicago, IL,
USA). The significance level was set at P < 0.05.

Voxel-wise intergroup comparisons of the FA values were per-
formed using two-sample ¢-test within the two masks of the WM

Lwww.fmrib.ox.ac.uk/fsl

Zhttp://www.mni.mcgill.ca/

Shttp://www.fil.ion.ucl.ac.uk/spm/software/spm8

pathways, namely the motor pathway including the bilateral CST
(Figure 2), and the visual pathway including the bilateral SLE, ILF,
and IFOF (Figure 3). Each mask contained equivalent anatomi-
cal areas in the bilateral hemispheres and was derived from the
Johns Hopkins University (JHU) WM tractography atlas pro-
vided by the FSL software distribution (Wakana etal., 2004). A
threshold of 10% was applied to exclude low probability vox-
els. Because age may be associated with the WM integrity during
development, age was treated as a covariate of no interest in the
voxel-wise statistical analysis. A correction for multiple compar-
isons was performed using the Monte Carlo simulation, resulting

FIGURE 2 | Brain regions with higher fractional anisotropy (FA) in the
motor pathway in VGPs. The area in green is the WM mask of bilateral
CST. Areas in red to yellow at midbrain (A) and ventricular body level (B) of
the left CST are regions where FA values were significantly higher in VGPs
relative to NVGCs (P < 0.01, corrected).

FIGURE 3 | Brain regions with higher FA in the higher-tier visual
pathway in VGPs. Area in green is the WM mask of highertier visual
pathway including the bilateral SLF, ILF, and IFOF. Areas in red to yellow are
regions where FA values were significantly higher in VGPs relative to
NVGCs (P < 0.01, corrected). R, right hemisphere.
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in a corrected threshold of P < 0.05 (AlphaSim program, param-
eters including: single voxel P = 0.01, 1000 simulations, full width
at half maximum = 6 mm, cluster connection radius r = 5 mm,
and the mask of CST and combined SLF, ILF, and IFOF, respec-
tively). The cluster threshold was 8 and 15 voxels for CST and the
combined SLF, ILF, and IFOF, respectively.

The regions with significant intergroup differences in FA val-
ues detected with the voxel-wise analysis were defined as ROIs.
Partial correlation analyses controlling for age were performed
between the averaged FA values within the ROIs and the video
gaming duration and the behavioral performance in VGPs. The
significance level was set at P < 0.05.

RESULT

DEMOGRAPHIC AND BEHAVIORAL STATISTICS

There were no significant intergroup differences in age, education,
and accuracy rate of the behavioral task. The response times of
the visual attention task were significantly faster in VGPs than
NVGCs (P < 0.05). The intergroup comparisons of demographic
and behavioral performance are listed in Table 2.

INTERGROUP DIFFERENCES IN FA VALUES

Compared with NVGCs, the FA values at the lateral ventricle
body and cerebral peduncle level of the left CST were signifi-
cantly higher in VGPs (P < 0.01, corrected; Figure 2). There
were four clusters within the visual pathway that demonstrated
significantly higher FA values in VGPs than in NVGCs (P < 0.01,
corrected; Figure 3), including one cluster located in the frontal
region of the left SLE, two clusters located in the temporal and
occipital region of the left ILF/IFOF; and one cluster located
in the temporal region of the right ILF/IFOF. The MNI coordi-
nates of the aforementioned six clusters are Isited in Table 3. No
region exhibited significantly lower FA values in VGPs than in
NVGCs.

CORRELATIONS BETWEEN FA VALUE AND BEHAVIORAL PERFORMANCE
In the VGPs, there was a significant negative correlation between
the response time of the visual attention task and the FA value
in the ROI at the midbrain level of the left CST after controlling
for age (r = —0.388, P = 0.046; Figure 4). There were no signifi-
cant associations between the FA values in the other ROIs and the
behavioral performance or between the FA values in all ROIs, and
video gaming duration in the VGPs.

Table 2 | Demographic characteristics and behavioral performance of
subjects.

VGPs (n=28) NVGCs(n=17) t P
Age (years) 16.9+2.2 171 4+£13 0.361 0.720
Education (years) 9.9 + 1.8 10.0 £ 0.4 0.235 0.815
RT (ms) 619.2 +84.8 690.3 + 119.9 2351 0.023*
ACC (%) 971 +3.0 982+ 2.2 1.364 0.180

*Two-sample two-tailed t-tests. Significant level is set as P < 0.05. ACC, accurate
of attention network test;, NVGCs, non-video-game controls; RT response time;
VGPs, video-game players.

Table 3 | The regions with higher FA values in VGPs than in NVGCs.

Fiber tracts Regions Cluster MNI coordinates t
size -
(voxel) X Y z
Left CST Cerebral 36 -12 =24 -9 -3.137
peduncle level
Left CST Ventricular body 11 -24 12 21 —-1.042
level
Left SLF Frontal region 25 -30 -15 24 —1.957
Left ILF/IFOF Temporal region 17 —-48 -36 -3 —5.421
Left ILF/IFOF Occipital region 20 24 -75 0 —5.421
Right ILF/IFOF  Temporal region 74 33 -51 -9 —5.881

IFOF, inferior fronto-occipito fasciculus, ILF, inferior longitudinal fascicle; MNI,
Montreal Neurological Institute; NVGCs, non-video-game controls; SLF, superior
longitudinal fascicle; VVGPs, video-game players.

DISCUSSION

In the present study, DTI-derived FA values were used to investi-
gate the reorganization of WM integrity in the motor and visual
pathways in adolescent VGPs. We found higher WM integrity in
the CST, SLE, ILE, and IFOF in VGPs compared to the age- and
education-matched NVGCs. We also found that higher FA values
in the left CST at the level of the cerebral peduncle predicted faster
respond speeds for the visual attentional task. This study may be
helpful for understanding the mechanism through which extensive
video game play influences motor and visual performance.

FA AND WM PLASTICITY

The FA index is the most widely used parameter of DTIL. The FA
value represents the motional anisotropy of water molecules, and
is sensitive to the presence and integrity of WM fibers (Assaf and
Pasternak, 2008). Changes in several features of the WM, such
as axon myelination, axon diameter, the axon membrane, axon
transport, neurofibrils, and packing density, could have an effect
on the WM integrity and is represented as the FA value (Beaulieu,
2002).

Long-term exposure to special stimulation may induce plastic-
ity that provides the nervous system with the capacity to modify its
organization and structure to adapt to the environment (Nathan
etal,, 2011). Plasticity in WM mainly encompasses myelination
of previously unmyelinated axons and the remodeling of exist-
ing myelin sheaths (Boulanger and Messier, 2014). Training can
induce WM plasticity if it occurs during a period when the involved
fiber tracts are still maturing (Bengtsson etal., 2005). WM mat-
uration is a process of continuous myelination, and continues
at least until the young adulthood. In the present study, all the
VGPs enrolled were adolescents with myelin sheaths still under
maturation. It is plausible to believe that developing WM fiber
tracts in adolescent VGPs may be more susceptible to long-term
video game stimuli and more prone to plasticity. An experiment
in mice has demonstrated that myelination can be stimulated
by electrical activity in pre-myelinated axons (Demerens etal.,
1996).
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FIGURE 4 | Correlation between FA and response time within the VGPs. FA values in the left CST at cerebral peduncle level correlates negatively with the
response time of visual attentional task within the VGPs after controlling for age (r = —0.388, P = 0.046).

FA value

In addition to the degree of myelination, other mechanisms
including the number of myelinated axons in a tract, axon diam-
eters have been reported to contribute to increased functional
performance with learning (Zatorre etal., 2012). Long-term expo-
sure to video games could be considered receiving intense training
of the finger-motor and visual skills. As a result, integrity in these
WM fiber tracks might be promoted leading to higher FA values
in VGPs.

HIGHER FA VALUES OF THE MOTOR PATHWAYS IN VGPS

The CST contains descending fibers from the primary sensori-
motor and premotor cortices; conveys sensorimotor information,
and is critically important for independent finger movements
(Phillips and Porter, 1977; Porter, 1985). In this study, FA val-
ues of the left CST were higher in VGPs than in NVGCs. All the
VGPs recruited in this study were right-handed and their right
hands were used more frequently than their left hands when play-
ing video games. The stronger sensorimotor demand for the right
hand made the left sensorimotor pathway obtain more activity
and lead to higher integrity of the left CST in VGPs. This type
of long-term motor-training related plasticity of the CST has also
been reported in other motor-training related studies [demon-
strating increased FA values of CST in jugglers (Scholz et al., 2009)
and pianists (Bengtsson etal., 2005)]. Furthermore, the results of
a correlation analysis demonstrated that FA values in the mid-
brain level of the left CST were negatively correlated with RT.
These results might suggest a close relationship between long-
term video game play and the higher integrity of the left CST in
VGPs.

HIGHER FA VALUES OF THE VISUAL PATHWAYS IN VGPS

The SLF is the primary and direct pathway providing bidirectional
information transfer between the frontal and parietal cortices
(Petrides and Pandya, 1984; Schmahmann and Pandya, 2009). It is
related to the higher visual processing, especially for visuospatial
attention ( Umarova etal., 2010; Chechlacz etal., 2012; Klarborg

etal., 2013; Parks and Madden, 2013). The ILF reciprocally con-
nects the temporal and occipital cortices and it appears to mediate
the fast transfer of visual signals to the anterior temporal regions
and neuromodulatory back-projections from the amygdala to pri-
mary visual areas (Catani etal., 2003). The ILF is involved in the
face recognition (Fox et al., 2008) and visual memory (Ross, 2008).
The IFOF connects the frontal and the occipital cortices (Koch
etal., 2014) and is likely to play an important role in visual pro-
cessing (Fox etal., 2008), attention (Doricchi etal., 2008), and
facial emotion recognition (Philippi etal., 2009).

The SLE ILE, and IFOF are common WM pathways sup-
porting interactions across different cortical regions related to
higher visual processing. The association between the integrity
of SLF, ILE, and IFOF and visual behavioral performance has
already been demonstrated in many studies ( Umarova etal,
2010; de Schotten etal.,, 2011; Chechlacz etal., 2012; Klar-
borg etal., 2013; Mayer and Vuong, 2013; Parks and Madden,
2013). Decreased integrity in the SLF (Shinoura etal., 2009), ILF
(Konrad etal., 2012), and IFOF (Aralasmak et al., 2006) is asso-
ciated with a variety of visual cognitive functional deficits. In
a study on simultanagnosia, Chechlacz etal. (2012) proposed
that extensive disconnection within the visuospatial attention
related WM pathways (SLE, ILE, and IFOF) partially contributed
to the slowed processing and poor awareness of multiple stim-
uli. As for the VGPs in our study, long-term training with
complex visual scenes in the video games might enhance their
visual skills related to visual processing and their awareness of
multiple stimuli. Previous studies have already demonstrated
that action games can modify visual processing (see a review
of Riesenhuber, 2004). The experiments performed by Green
and Bavelier (2003, 2006a,b, 2007) have also suggested that
video game experience could enhance the capacity of players’
visual attention. Thus, it is plausible to presume that the higher
integrity of the SLE ILF, and IFOF in our VGPs might be
derived from the plasticity induced by long-term video game

play.
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The response times in our behavioral task were shorter in VGPs
than in NVGCs and were negatively correlated to the FA value
of the left CST at the midbrain level, but were not correlated to
the FA values of all ROIs in the SLE ILF and IFOF in VGPs. A
possible explanation might be that the increased behavioral ability
was primarily attributed to the fast finger responses rather than
increased visual processing capacity. Another possible explana-
tion is that higher FA values of SLF, ILF, and IFOF derived from
multiple aspects of video game related visual training might not
present with significant correlations with any single aspect of visual
capacity, such as visual attention capacity tested in our study.

There are several limitations in our study that should be men-
tioned. First, the sample size in this study was relatively small,
which might reduce the power. Second, only the visual attention
capacity was tested in this study, which cannot cover all aspects
of video game related behavioral performance. Third, only male
adolescents were recruited in the present study. We cannot deter-
mine whether these results could extend to females or other age
groups. Finally, it should be noted that, with this cross-sectional
study, we cannot determine whether higher FA values are a conse-
quence of video game playing or represent a priori characteristics
thatlead to better performance (and therefore more willingness to
play video games). In addition, if the higher FA values were video
game playing-induced, the possibility of long-term adverse effects
of video game play on the WM integrity cannot be excluded. A lon-
gitudinal study may be helpful to determine the causal relationship
between higher FA values and video game play, and to evaluate the
long-term effects of video game playing on WM integrity.

CONCLUSION

In conclusion, we used DTI to investigate WM integrity among
male adolescent VGPs. VGPs had significantly higher FA values in
the left CST, SLE, bilateral ILFs, and IFOFs. Faster responses were
associated with higher FA values in the left CST in the VGPs inde-
pendent of age. These observations demonstrated that higher WM
integrity in the motor and higher-tier visual pathways is associated
with long-term video game playing, which may contribute to the
understanding of how extensive video game play may alter motor
and visual performance.

AUTHOR CONTRIBUTIONS

YZ, XL, and QZ designed research; YZ, GD, YY, WQ, and QZ
performed research; GD, YY and XL were involved in the clinical
assessment; YZ, QZ, GD, and WQ analyzed data; YZ, QZ, GD, and
XL wrote the paper.

ACKNOWLEDGMENT
The authors wish to thank all the subjects for their participation
in the study.

REFERENCES

Aralasmak, A., Ulmer, J. L., Kocak, M., Salvan, C. V., Hillis, A. E., and Yousem,
D. M. (2006). Association, commissural, and projection pathways and their func-
tional deficit reported in literature. J. Comput. Assist. Tomogr. 30, 695-715. doi:
10.1097/01.rct.0000226397.43235.8b

Assaf, Y., and Pasternak, O. (2008). Diffusion tensor imaging (DTI)-based white
matter mapping in brain research: a review. J. Mol. Neurosci. 34, 51-61. doi:
10.1007/s12031-007-0029-0

Bavelier, D., Green, C. S., Pouget, A., and Schrater, P. (2012). Brain plasticity through
the life span: learning to learn and action video games. Annu. Rev. Neurosci. 35,
391-416. doi: 10.1146/annurev-neuro-060909-152832

Beaulieu, C. (2002). The basis of anisotropic water diffusion in the nervous
system — a technical review. NMR Biomed. 15, 435-455. doi: 10.1002/n
bm.782

Bengtsson, S. L., Nagy, Z., Skare, S., Forsman, L., Forssberg, H., and Ullen, F.
(2005). Extensive piano practicing has regionally specific effects on white matter
development. Nat. Neurosci. 8, 1148-1150. doi: 10.1038/nn1516

Boulanger, J. J., and Messier, C. (2014). From precursors to myelinating
oligodendrocytes: contribution of intrinsic and extrinsic factors to white
matter plasticity in the adult brain. Neuroscience 269C, 343-366. doi:
10.1016/j.neuroscience.2014.03.063

Castel, A. D., Pratt, J., and Drummond, E. (2005). The effects of action video
game experience on the time course of inhibition of return and the effi-
ciency of visual search. Acta Psychol. 119, 217-230. doi: 10.1016/j.actpsy.2005.
02.004

Catani, M., Jones, D. K., and Donato, R. (2003). Occipito-temporal connections in
the human brain. Brain 126, 2093-2107. doi: 10.1093/brain/awg203

Chechlacz, M., Rotshtein, P., Hansen, P. C., Riddoch, J. M., Deb, S., and
Humphreys, G. W. (2012). The neural underpinings of simultanagnosia: dis-
connecting the visuospatial attention network. J. Cogn. Neurosci. 24, 718-735.
doi: 10.1162/jocn_a_00159

Demerens, C., Stankoff, B., Logak, M., Anglade, P., Allinquant, B., Couraud, E,
etal. (1996). Induction of myelination in the central nervous system by electri-
cal activity. Proc. Natl. Acad. Sci. U.S.A. 93, 9887-9892. doi: 10.1073/pnas.93.1
8.9887

de Schotten, M. T., Dell’Acqua, E, Forkel, S. J., Simmons, A., Vergani, ., Murphy,
D. G. M., etal. (2011). A lateralized brain network for visuospatial attention. Nat.
Neurosci. 14, 1245-1246. doi: 10.1038/nn.2905

Donohue, S. E., Woldorff, M. G., and Mitroff, S. R. (2010). Video game players
show more precise multisensory temporal processing abilities. Atten. Percept.
Psychophys. 72, 1120-1129. doi: 10.3758/APP.72.4.1120

Doricchi, F., Thiebaut de Schotten, M., Tomaiuolo, E, and Bartolomeo, P. (2008).
White matter (dis)connections and gray matter (dys)functions in visual neglect:
gaining insights into the brain networks of spatial awareness. Cortex 44, 983-995.
doi: 10.1016/j.cortex.2008.03.006

Fan, J., McCandliss, B. D., Sommer, T., Raz, A., and Posner, M. 1. (2002). Testing
the efficiency and independence of attentional networks. J. Cogn. Neurosci. 14,
340-347. doi: 10.1162/089892902317361886

Fox, C. J.,, Iaria, G., and Barton, J. J. (2008). Disconnection in prosopagnosia and
face processing. Cortex 44, 996-1009. doi: 10.1016/j.cortex.2008.04.003

Green, C. S., and Bavelier, D. (2003). Action video game modifies visual selective
attention. Nature 423, 534-537. doi: 10.1038/nature01647

Green, C., and Bavelier, D. (2006a). Enumeration versus multiple object track-
ing: the case of action video game players. Cognition 101, 217-245. doi:
10.1016/j.cognition.2005.10.004

Green, C. S., and Bavelier, D. (2006b). Effect of action video games on the spatial
distribution of visuospatial attention. J. Exp. Psychol. Hum. Percept. Perform. 32,
1465-1478. doi: 10.1037/0096-1523.32.6.1465

Green, C. S., and Bavelier, D. (2007). Action-video-game experience alters the
spatial resolution of vision. Psychol. Sci. 18, 88-94. doi: 10.1111/j.1467-
9280.2007.01853.x

Klarborg, B., Skak Madsen, K., Vestergaard, M., Skimminge, A., Jernigan, T. L., and
Baare, W. F. (2013). Sustained attention is associated with right superior longi-
tudinal fasciculus and superior parietal white matter microstructure in children.
Hum. Brain Mapp. 34, 3216-3232. doi: 10.1002/hbm.22139

Koch, K., Wagner, G., Schachtzabel, C., Schultz, C. C., Gullmar, D., Reichenbach,
J. R, etal. (2014). Association between white matter fiber structure and reward-
related reactivity of the ventral striatum. Hum. Brain Mapp. 35, 1469-1476. doi:
10.1002/hbm.22284

Konrad, A., Dielentheis, T. E, El Masri, D., Dellani, P. R, Stoeter, P,
Vucurevic, G., etal. (2012). White matter abnormalities and their impact
on attentional performance in adult attention-deficit/hyperactivity disorder.
Eur. Arch. Psychiatry Clin. Neurosci. 262, 351-360. doi: 10.1007/s00406-011-
0251-1

Kuhn, S., and Gallinat, J. (2013). Amount of lifetime video gaming is positively
associated with entorhinal, hippocampal and occipital volume. Mol. Psychiatry
19, 842-847. doi: 10.1038/mp.2013.100

Frontiers in Human Neuroscience

www.frontiersin.org

March 2015 | Volume 9 | Article 98 | 6


http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

Zhang etal.

Video game affect WM integrity

Kuhn, S., Gleich, T., Lorenz, R. C., Lindenberger, U., and Gallinat, J. (2014a). Playing
Super Mario induces structural brain plasticity: gray matter changes resulting
from training with a commercial video game. Mol. Psychiatry 19, 265-271. doi:
10.1038/mp.2013.120

Kuhn, S., Lorenz, R., Banaschewski, T., Barker, G. J., Buchel, C., Conrod, P. J.,
etal. (2014b). Positive association of video game playing with left frontal corti-
cal thickness in adolescents. PLoS ONE 9:¢91506. doi: 10.1371/journal.pone.00
91506

Kuhn, S., Romanowski, A., Schilling, C., Lorenz, R., Morsen, C., Seiferth, N.,
etal. (2011). The neural basis of video gaming. Transl. Psychiatry 1:e53. doi:
10.1038/tp.2011.53

Lee, B., Park, J. Y., Jung, W. H., Kim, H. S., Oh, J. S, Choi, C. H., et al. (2010). White
matter neuroplastic changes in long-term trained players of the game of “Baduk”
(GO): a voxel-based diffusion-tensor imaging study. Neuroimage 52, 9-19. doi:
10.1016/j.neuroimage.2010.04.014

Lynch, J., Aughwane, P, and Hammond, T. M. (2010). Video games and surgical
ability: a literature review. J. Surg. Educ. 67, 184-189. doi: 10.1016/j.jsurg.2010.
02.010

Mayer, K. M., and Vuong, Q. C. (2013). TBSS and probabilistic tractography reveal
white matter connections for attention to object features. Brain Struct. Funct. 219,
2159-2171. doi: 10.1007/s00429-013-0631-6

Nathan, P. J., Cobb, S. R., Lu, B., Bullmore, E. T., and Davies, C. H. (2011). Studying
synaptic plasticity in the human brain and opportunities for drug discovery. Curr.
Opin. Pharmacol. 11, 540-548. doi: 10.1016/j.coph.2011.06.008

Parks, E. L., and Madden, D. J. (2013). Brain connectivity and visual attention. Brain
Connect. 3,317-338. doi: 10.1089/brain.2012.0139

Petrides, M., and Pandya, D. N. (1984). Projections to the frontal cortex from the
posterior parietal region in the rhesus monkey. J. Comp. Neurol. 228, 105-116.
doi: 10.1002/cne.902280110

Philippi, C. L., Mehta, S., Grabowski, T., Adolphs, R., and Rudrauf, D. (2009).
Damage to association fiber tracts impairs recognition of the facial expres-
sion of emotion. J. Neurosci. 29, 15089-15099. doi: 10.1523/jneurosci.0796-
09.2009

Phillips, C. G., and Porter, R. (1977). Corticospinal neurones. Their role in
movement. Monogr. Physiol. Soc. 34, 1-450.

Porter, R. (1985). The corticomotoneuronal component of the pyramidal tract:
corticomotoneuronal connections and functions in primates. Brain Res. Rev. 10,
1-26. doi: 10.1016/0165-0173(85)90005-0

Riesenhuber, M. (2004). An action video game modifies visual processing. Trends
Neurosci. 27, 72-74. doi: 10.1016/j.tins.2003.11.004

Ross, E. D. (2008). Sensory-specific amnesia and hypoemotionality in humans and
monkeys: gateway for developing a hodology of memory. Cortex 44, 1010-1022.
doi: 10.1016/j.cortex.2008.02.002

Schlickum, M. K., Hedman, L., Enochsson, L., Kjellin, A., and Fellinder-Tsai, L.
(2009). Systematic video game training in surgical novices improves performance
in virtual reality endoscopic surgical simulators: a prospective randomized study.
World J. Surg. 33, 2360-2367. doi: 10.1007/s00268-009-0151-y

Schmahmann, J. D., and Pandya, D. (2009). Fiber Pathways of the Brain. Oxford:
Oxford University Press.

Scholz, J., Klein, M. C., Behrens, T. E., and Johansen-Berg, H. (2009). Training
induces changes in white-matter architecture. Nat. Neurosci. 12, 1370-1371. doi:
10.1038/nn.2412

Shinoura, N., Suzuki, Y., Yamada, R., Tabei, Y., Saito, K., and Yagi, K. (2009).
Damage to the right superior longitudinal fasciculus in the inferior parietal
lobe plays a role in spatial neglect. Neuropsychologia 47, 2600-2603. doi:
10.1016/j.neuropsychologia.2009.05.010

Tanaka, S., Ikeda, H., Kasahara, K., Kato, R., Tsubomi, H., Sugawara, S. K., etal.
(2013). Larger right posterior parietal volume in action video game experts: a
behavioral and voxel-based morphometry (VBM) study. PLoS ONE 8:e66998.
doi: 10.1371/journal.pone.0066998

Umarova, R. M., Saur, D., Schnell, S., Kaller, C. P,, Vry, M. S., Glauche, V., etal.
(2010). Structural connectivity for visuospatial attention: significance of ventral
pathways. Cereb. Cortex 20, 121-129. doi: 10.1093/cercor/bhp086

Wakana, S., Jiang, H., Nagae-Poetscher, L. M., van Zijl, P. C., and Mori, S. (2004).
Fiber tract-based atlas of human white matter anatomy. Radiology 230, 77-87.
doi: 10.1148/radiol.2301021640

Zatorre, R. J., Fields, R. D., and Johansen-Berg, H. (2012). Plasticity in gray and
white: neuroimaging changes in brain structure during learning. Nat. Neurosci.
15, 528-536. doi: 10.1038/nn.3045

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 13 September 2014; accepted: 07 February 2015; published online: 10 March
2015.

Citation: Zhang Y, Du G, Yang Y, Qin W, Li X and Zhang Q (2015) Higher integrity of
the motor and visual pathways in long-term video game players. Front. Hum. Neurosci.
9:98. doi: 10.3389/fnhum.2015.00098

This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2015 Zhang, Du, Yang, Qin, Li and Zhang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal s cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Human Neuroscience

www.frontiersin.org

March 2015 | Volume 9 | Article 98 | 7


http://dx.doi.org/10.3389/fnhum.2015.00098
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

	Higher integrity of the motor and visual pathways in long-term video game players
	Introduction
	Materials and methods
	Subjects
	Behavioral task
	MRI acquisition
	DTI data processing
	Statistical analyses.

	Result
	Demographic and behavioral statistics
	Intergroup differences in FA values
	Correlations between FA value and behavioral performance

	Discussion
	FA and WM plasticity
	Higher FA values of the motor pathways in VGPS
	Higher FA values of the visual pathways in VGPS

	Conclusion
	Author contributions
	Acknowledgment
	References


