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Abstract 
Using resting-state fMRI, this study examined the influence of action video game 
(AVG) experience on two canonical brain functional networks – Salience Network 
(SN) and Central Executive Network (CEN). Based on the proposition that SN and 
CEN interacted with each other to support attention and working memory, we 
explored whether AVG playing, which required high load of attention and working 
memory, was related to enhancements of SN and CEN. We found that compared 
AVG amateurs, AVG experts had an enhanced functional integration between SN and 
CEN, which was further supported by results of the graph theoretical analysis. Thus, 
this study is the first to show the relation between AVG playing and the plasticity of 
SN and CEN. The results also support the cognitive benefits of AVG experience on 
attention and working memory. 
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Introduction 
 
As a major type of virtual environment for social interaction in the modern world, the 
action video game (AVG) emphasizes physical and mental challenges (Latham, 
Patston, & Tippett, 2013), and requires various cognitive functions such as hand-eye 
coordination, memory, and attention. Thus, as it becomes increasingly popular 
worldwide across different age ranges, the AVG has attracted growing research 
attention on its cognitive influences (Daphne Bavelier et al., 2011). 
 
Behavioral studies revealed that the AVG experience is related to enhancements of 
both primary (e.g., visual processing (Green & Bavelier, 2007; R. Li, Polat, Makous, 
& Bavelier, 2009; R. W. Li, Ngo, Nguyen, & Levi, 2011), eye-hand coordination 
(Jones, Burton, Saper, & Swanson, 1976), contrast sensitivity (R. Li et al., 2009), 
oculomotor performance (West, Al-Aidroos, & Pratt, 2013), body movement 
(Kennedy, Boyle, Traynor, Walsh, & Hill, 2011)) and higher-level cognitive functions 
(e.g., attention, working memory). Green et al. found that compared to amateurs, 
experienced AVG players had better selective attention; furthermore, AVG training 
improved the amateurs’ performance on attentional tasks, thereby suggesting the 
attentional effects of AVG playing (Green & Bavelier, 2003). AVG experience was 
also associated with enhancements of spatial distribution of visuospatial attention 
(Green & Bavelier, 2006), attentional capture (Chisholm, Hickey, Theeuwes, & 
Kingstone, 2010), and attention shifting at switching tasks (Cain, Landau, & 
Shimamura, 2012). Furthermore, by manipulating the visual complexity of stimuli, 
Blacker et al. found that experienced AVG players had improved visual short-term 
memory (Blacker & Curby, 2013).  

 
Researchers have also started to examine the neural basis of cognitive effects of AVG 
experience. For example, Bavelier et al. found that compared to amateurs, AVG 
experts had better early filtering of irrelevant information and selective attention as 
measured by activities in the fronto-parietal areas (D Bavelier, Achtman, Mani, & 
Föcker, 2012). Furthermore, AVG experience was associated with gray matter 
volume (GMV) in certain brain areas responsible for attention and working memory 
(e.g., dorsal striatum (Erickson et al., 2010), right posterior parietal (Tanaka et al., 
2013), entorhinal, hippocampal and occipital (Kühn & Gallinat, 2013), dorsolateral 
prefrontal cortex (Kühn, Gleich, Lorenz, Lindenberger, & Gallinat, 2013)). In 
addition, a recent study showed that AVG training improved older adults’ cognitive 
control by reducing the multi-tasking cost as measured by electrophysiological 
signatures; furthermore, the benefit of AVG training extended to untrained cognitive 
control abilities (e.g., enhanced sustained attention and working memory), thus, 
suggesting the effects of AVG experience on attention and working memory 
(Anguera et al., 2013).  
 
It, however, still remains unclear whether AVG experience is related to enhancement 
of the functional networks of attention and working memory as measured by resting-
state fMRI, a method commonly used to evaluate the interaction among different 
brain regions when subjects are not performing an explicit task (Connolly et al., 2013; 
Fox & Raichle, 2007). Since the resting-state functional network indicates the 
underlying pattern of neuronal modulations (Damoiseaux et al., 2006), it offers us a 
strong case to test the relation between AVG experience and neuroplasticity. 
 



 

This study examines whether AVG experience is related to an enhanced integration 
between the functional networks of attention and working memory, which are 
essential for AVG playing. Research on resting-state functional connectivity (FC, a 
dynamic coordinated activity for communicating information on connected brain 
regions (Freyer et al., 2011)) has revealed separate functional networks for attention 
and working memory (Beckmann, DeLuca, Devlin, & Smith, 2005; Cocchi, Zalesky, 
Fornito, & Mattingley, 2013; Seeley et al., 2007; Sridharan, Levitin, & Menon, 2008): 
i) Salience Network (SN), which typically includes anterior cingulate cortex (ACC) 
and anterior insula, supporting the detection of salient events; ii) Central Executive 
Network (CEN), which typically includes the dorsolateral prefrontal cortex (DLPFC) 
and posterior parietal cortex (PPC), supporting attentional control and working 
memory (see Table 1 for nodal information of the networks). The identification of the 
two networks is further supported by the results of the structural connectivity analysis 
(Montembeault et al., 2012; Zielinski, Gennatas, Zhou, & Seeley, 2010). 
 
Researchers have proposed that SN and CEN interact with each other to support 
attention and working memory respectively (Cocchi et al., 2013; Elton & Gao, 2013). 
SN receives and provides selective amplification of silent information, thereafter, 
generates a top-down control signal initiating CEN to respond to salient information 
for attentional shift and control execution (Menon & Uddin, 2010). More importantly, 
this proposition suggests a task-dependent functional integration between SN and 
CEN, which facilitates one’s performance on the tasks requiring a high attentional and 
working memory load (Cocchi et al., 2013). We thus would hypothesize that habitual 
AVG playing should enhance the integration between SN and CEN, which may be 
observable by comparing experienced and amateur AVG players using resting-state 
fMRI.  
 
To evaluate the hypothesis, the present study compared AVG experts and amateurs. 
We first examined the functional integration between SN and CEN using FC analysis. 
Then, we performed a quantitative analysis of the functional integration by examining 
the network and nodal characteristics based on the graph-theoretical analysis.  
 
Method 
 
There were 23 male participants (M = 23.3 ± 4.3 yrs) in the expert group, who were 
highly experienced players of real-time strategy video games (i.e., League of Legends 
[LOL] or Defense of the Ancient [DOTA]). They had received AVG training for at 
least four years and were recognized as either regional or world champions in 
international AVG competitions. Their AVG experience was quantifiable based on 
Elo’s rating scale (Elo, 1978), ranging from 1800 to 2600 ladder points. There were 
22 male participants, who did not play AVG habitually, in the amateur group (M = 
22.3 ± 3.46 yrs), whose ladder points were less than 1200. The two groups were 
matched in years of school education, Raven’s Progressive Matrices (91 ± 10.8 vs. 
91.6 ± 9.8), and the onset age of video game playing (8 years of age). All the 
participants were right-handed basing on the Edinburgh Inventory (Oldfield, 1971), 
reported normal or corrected-to-normal vision, and presented no history of 
neurological illnesses. Participants gave written consent to participate in this study, 
which was approved by the Ethics Board of the University of Electronic Science and 
Technology of China (UESTC).  



 

To allow for an examination of the relation between behavioral and fMRI data, the 
participants were administered a digital n-back task and a spatial memory task before 
the fMRI session. In the digital n-back test, they were presented with a sequence of 
digits and then were asked to indicate whether a digit matches the one from n steps 
earlier in the sequence. The difficulty of the task was adjustable according to the load 
factor –n, ranging from 0 to 2 (Jaeggi, Buschkuehl, Perrig, & Meier, 2010). The 
spatial memory task prompted the participants to memorize a sequence of blocks lit 
up and then to repeat the sequence in order. Starting with a small number of blocks 
and then increasing to fifteen blocks maximally, the task measured the longest 
sequence one could remember (Kessels, van Zandvoort, Postma, Kappelle, & de Haan, 
2000). 
 
Images were collected on a 3T MRI scanner (GE Discovery MR750) at the MRI 
Research Center of UESTC. Resting-state fMRI data were acquired using gradient-
echo EPI sequences (repetition time [TR] = 2000 msec, echo time [TE] = 30 msec, 
flap angle [FA] = 90°, matrix = 64 × 64, 3×3×3 mm voxels, field of view [FOV] = 24 
× 24 cm2, slice thickness/gap = 4 msec/0.4 mm), with an eight channel-phased array 
head coil. All the participants underwent a 510-second resting-state scanning to yield 
255 volumes (32 slices per volume). High-resolution T1-weighted images were 
acquired using a 3-dimensional fast spoiled gradient echo (T1-3D FSPGR) sequence 
(TR = 6.008msec, TE = 1.984msec, FA = 90°, matrix = 256 × 256, FOV = 25.6 × 20 
cm2 (80 %), slice thickness (no gap) = 1 mm) to generate 152 slices. 
 
The fMRI data were processed through typical preprocessing procedures using SPM8 
software (Wellcome Department of Cognitive Neurology, London, UK) (Cauda et al., 
2011; Jenkinson, Bannister, Brady, & Smith, 2002), including the first five volumes 
of each run discarded, slice scan time correction, head motion correction, normalized 
images with a BOLD EPI template in the Montreal Neurological Institute (MNI) atlas 
space and spacial smoothing with Gaussian kernel of 8 mm full-width half-maximum 
(FWHM). Temporal filtering (band-pass) was then performed between 0.01- 0.08 Hz. 
The mean signal was removed. BOLD time courses were extracted from each ROI by 
averaging 27 voxels. The linear regression was used to reduce the effects of 
physiological processes such as fluctuations related to cardiac and respiratory cycles, 
or to motion, and 9 noise covariates included White Matter (WM), Cerebro-Spinal 
Fluid (CSF), Global Signal (GS), as well as from 6 motion parameters (3 rotations and 
3 translations as saved by the 3D motion correction). We derived the GS/WM/CSF 
nuisance signals averaging the time courses of the voxels in each subject’s whole 
brain / WM / CSF masks. These masks were produced by the segmentation process of 
each participant’s T1 image. 
 
Based on previous research (Cauda et al., 2011; Seeley et al., 2007; Spreng et al., 
2013; Sridharan et al., 2008), we selected 23 MNI coordinates as the center positions 
of functional network nodes (ROIs). Functional network edges were defined by 
Pearson’s correlation coefficients, which were computed between the extracted 
signals of ROIs for each participant. Then the correlation coefficients were performed 
with Fisher’s r-to-z transformation (Fox & Raichle, 2007). For each edge, the 
independent samples t-tests was used to analyze the difference between groups and 
corrected the multiple comparisons with False Discovery Rate (FDR, p < 0.05). To 
reveal the relation between SN and CEN, we calculated the average nodal signal 
across all the nodes within SN and CEN respectively.  



 

The quantitative metrics of SN and CEN were analyzed based on the graph-theoretical 
method for the full correlation matrix using the Brain Connectivity Toolbox 
(http://www.brainconnectivity-toolbox.net) (Rubinov & Sporns, 2010).  
 
Results 
 
The average nodal signal was calculated across all the nodes within SN and CEN 
respectively. Then, we examined the inter-network FC through the correlation 
between the average nodal signal of SN and CEN. The experts had a significantly 
enhanced inter-network FC between SN and CEN than the amateurs (t = 3.91, p < 
0.001, Fig. 1a). The enhanced inter-network FC was largely evident in bilateral 
DLPFC and SMA in CEN, while SN showed a more even spatial distribution since 
the majority of the nodes were related to the enhancement of inter-network FC. 
Furthermore, the experts also had a higher level of enhancement of intra-network FC 
in SN than in CEN (Fig. 1b). Furthermore, the experts did not have decreased FC 
compared to the amateurs.  

 

Fig. 1 - The significantly enhanced FC in the experts.  
 

Sub-Fig (a) indicates enhanced FC between SN and CEN based on the correlational 
analysis between the average nodal signal of SN and CEN (yellow lines indicate p < 
0.001). Sub-Fig (b) indicates enhanced FC at the nodal level (FDR, p < 0.05). Red 
dots are the nodes of SN; red lines are the edges of SN; green dots are the nodes of 
CEN; green lines are the edges of CEN, yellow lines are edges of inter-network. 
 
For quantitative metric of the integration between SN and CEN, we constituted the 
nodes of both SN and CEN into a multi-system network. At different threshold levels 
as shown in Figure 2a, the graph-theoretical analysis showed significant increases in 
the three global characteristics (i.e., global efficiency, connection cost, and the mean 
clustering coefficients in the multi-system network) in the experts compared to the 
amateurs (see Fig. 2). 
 

 



 

Fig. 2 - Increased global characteristics in AVG experts over amateurs.  
 

Sub-Fig. (a), (b) and (c) indicate global efficiency, connection cost and mean 
clustering coefficient respectively. The abscissa indicated step-by-step thresholds 
(correlation coefficient) to establish network. 
 
In the new network, we found significantly enhanced nodal characteristics in the 
experts compared to the amateurs (Fig. 3). Fig. 3a showed that DLPFC.L of CEN and 
four nodes of SN had increased nodal clustering coefficient (bilateral aIns, pIns.L and 
SMG.L.). Fig. 3b showed a significantly increased nodal degree in most of the SN and 
CEN nodes. Fig. 3c revealed a pattern of results similar to Fig. 3a except IPCL and 
SMA of CEN in nodal efficiency.  
 
 

 
Fig. 3 - Increased nodal characteristics in the experts over the amateurs.  
Sub-Fig. (a), (b) and (c) indicate significantly increased nodal clustering coefficient, 
degree and efficiency, respectively. Green dots are the nodes of CEN, while red dots 
are the nodes of SN 
 
The experts outperformed the amateurs at the spatial memory task (t = 4.07, p < 
0.001) and the response time of 2-back task (t = - 2.08, p = 0.04). We found that the 
performance on the spatial memory task was positively correlated to the global 
efficiency (r = 0.47, p = 0.04) and the connection cost (r = 0.48, p = 0.03), 
respectively. Furthermore, results showed that the response time at the 2-back task 
was negatively correlated to the nodal efficiency of DLPFC.L (r = - 0.51, p = 0.02). 
However, results did not reveal significant correlations between behavioral data and 
graph theoretical characteristics in the amateurs. 



 

Discussion 
 
This study examined the relation between AVG experience and the functional 
integration between SN and CEN using resting-state FC analysis. We also explored 
the graph theoretical characteristics of the integration between SN and CEN. Results 
showed that compared to the amateurs, the AVG experts had significantly enhanced 
FC, global characteristics, and nodal characteristics both within and between the 
networks. 
 
We found significantly enhanced intra-network and inter-network FC in the experts 
compared to the amateurs (Fig. 1). The finding that there was a higher level of 
enhancement in SN than in CEN suggested that SN might be more sensitive to AVG 
experience than CEN. The stronger sensitivity of SN to adaptive environment may be 
related to its role in the cognitive processes (Menon & Uddin, 2010). SN receives and 
selectively amplifies the salient information, thereafter, generates a top-down control 
signal prompting CEN to respond to salient information through more advanced 
cognitive activities, such as decision-making, planning, and action execution (Cocchi 
et al., 2013). Thus, SN appears to be responsible for more primary cognitions than 
CEN. Perhaps, the network responsible for more primary cognitions (i.e., SN) has a 
higher level of plasticity than the network responsible for more advanced cognitions 
(i.e., CEN). However, this conjecture needs a further examination by future studies.  
 
Furthermore, the enhanced FC between the nodes of SN and CEN (e.g., dACC, iPL_L, 
bilateral AI, PI, DLPFC and MFG) suggests an enhanced functional integration 
between SN and CEN, which in turn may facilitate attention and working memory at 
a cognitively demanding task (Seeley et al., 2007; Spreng, Sepulcre, Turner, Stevens, 
& Schacter, 2013). The enhanced functional integration between SN and CEN 
observed in the experts might serve as the neural basis supporting their advanced 
attention and working memory during an AVG session (Colzato, van den Wildenberg, 
Zmigrod, & Hommel, 2012; Green & Bavelier, 2003; Powers, Brooks, Aldrich, 
Palladino, & Alfieri, 2013). This study is the first to show that long-term AVG 
playing is related to enhanced functional integration that is observable even under the 
resting-state. 
 
Past research showed that both SN and CEN were positively activated at certain 
cognitive tasks, and thus considered as task-positive network (Cocchi et al., 2013). 
Using graph-theoretical analysis, we examined the multi-system network (SN and 
CEN combined) and we found significantly increased global characteristics in the 
AVG experts compared to the amateurs, including global efficiency, mean clustering 
coefficient, and connections cost (Fig. 2). Global efficiency reflects the ability to 
integrate the nodal information; mean clustering coefficient indicates nodal 
information processing; connection cost denotes the resource consumption in 
maintaining the function of the network (Rubinov & Sporns, 2010; Xue et al., 2014). 
Thus, the results suggested that the experts might be advanced at integrating nodal 
information and nodal information processing.  
 
Furthermore, these enhancements were realized at the cost of increased resource 
consumption in maintaining the function of networks, which was consistent with the 
previous findings on the neural network (van den Heuvel, Kahn, Goñi, & Sporns, 
2012). The correlation between behavioral data (performance of the spatial memory) 



 

and global efficiency (global efficiency, connection cost) further supported the 
relation between AVG experience and the functional enhancements of SN and CEN. 
The increased efficiency of global network might improve one’s performance on an 
AVG session. 
 
Increased nodal characteristics were also observed in the AVG experts. We evaluated 
three nodal characteristics: clustering coefficient, degree, and efficiency. Nodal 
clustering coefficient indicates the ability of information processing of a node; nodal 
degree reflects the number of connections of a node, a basic nodal characteristic to 
which other nodal characteristics are related; nodal efficiency reflects the ability of a 
node to integrate specialized information from other nodes (Rubinov & Sporns, 2010; 
Zhang et al., 2011). Thus, the increased nodal characteristics in the experts suggested 
that they had enhanced information processing ability at local regions of CEN and SN. 
These regions shown in Fig. 3, especially nodes with enhancement in all of three 
characteristics (i.e. DLPFC, Insula and SMG) might have a close relation to AVG 
experience. As an important node in CEN, DLPFC.L is related to attentional control 
and working memory (Cocchi et al., 2013; Seeley et al., 2007). 
 
Similar to a recent study on the effect of AVG experience (increased GMV in 
DLPFC), the present study showed an enhanced DLPFC.L (Kühn et al., 2013). 
Furthermore, the nodal efficiency of DLPFC.L was correlated to the response time at 
the 2-back task in the AVG experts but not in the amateurs. Furthermore, the AVG 
experts also showed better work memory than amateurs. Therefore, the left DLPFC 
might play an important role in the cognitive effects of AVG experience. Moreover, 
we also found that the bilateral DLPFC, which were also main nodes in CEN, had 
more enhanced FC between CEN and SN than other nodes, thus suggesting that 
DLPFC might be associated with the integration of both CEN and SN. 
 
In addition, bilateral aIns receives salient information and initiating CEN. According 
to recent resting-state studies, bilateral pIns and SMG.L are related to the 
sensorimotor network (Cauda et al., 2011) which charge input and output information 
to support attentional and working memory. Thus, these enhanced nodal 
characteristics support the behavioral finding that AVG playing is related to advanced 
attention and working memory (Colzato et al., 2012; Green & Bavelier, 2003; Powers 
et al., 2013). 
 
Conclusion 
 
In general, by comparing AVG experts with amateurs, this study investigated AVG 
experience-related functional improvement in human brain. Results showed that AVG 
experts had significantly enhanced FC between SN and CEN, increased global 
characteristics and nodal characteristics in SN and CEN. Thus, frequent AVG playing 
might integrate AVG players’ SN and CEN, which implicated the plasticity of brain 
responded to AVG. The integration may is related to the experts’ advanced attention 
and working memory in a game session, which need a longitudinal study for further 
examination.  
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