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SUMMARY:
We present a protocol and a feasibility study for applying transcranial direct current stimulation (tDCS) and neuroimaging assessment in online gamers. 

ABSTRACT:
Transcranial direct current stimulation (tDCS) is a noninvasive brain stimulation technique that applies a weak electric current to the scalp to modulate neuronal membrane potentials. Compared to other brain stimulation methods, tDCS is relatively safe, simple, and inexpensive to administer.

Since excessive online gaming can negatively affect mental health and daily functioning, developing treatment options for gamers is necessary. Although tDCS over the dorsolateral prefrontal cortex (DLPFC) has demonstrated promising results for various addictions, it has not been tested in gamers. This paper describes a protocol and a feasibility study for applying repeated tDCS over the DLPFC and neuroimaging to examine the underlying neural correlates in gamers.

At baseline, individuals who play online games report average weekly hours spent on games, complete questionnaires on addiction symptoms and self-control, and undergo brain 18F-ﬂuoro-2-deoxyglucose positron emission tomography (FDG-PET). The tDCS protocol consists of 12 sessions over the DLPFC for 4 weeks (anode F3/cathode F4, 2 mA for 30 min per session). Then, a follow-up is conducted using the same protocol as the baseline. Individuals who do not play online games receive only baseline FDG-PET scans without tDCS. Changes of clinical characteristics and asymmetry of regional cerebral metabolic rate of glucose (rCMRglu) in the DLPFC are examined in gamers. In addition, asymmetry of rCMRglu is compared between gamers and non-gamers at baseline.

In our experiment, 15 gamers received tDCS sessions and completed baseline and follow-up scans. Ten non-gamers underwent FDG-PET scans at the baseline. The tDCS reduced addiction symptoms, time spent on games, and increased self-control. Moreover, abnormal asymmetry of rCMRglu in the DLPFC at baseline was alleviated after tDCS.

The current protocol may be useful for assessing treatment efficacy of tDCS and its underlying brain changes in gamers. Further randomized sham-controlled studies are warranted. Moreover, the protocol can be applied to other neurological and psychiatric disorders.

INTRODUCTION: 
In recent years, increasing attention has been paid to excessive online game use since its association with negative impact on mental health and daily functioning as well as with internet gaming disorder (IGD) have been reported1-3. Although several treatment strategies including pharmacotherapy and cognitive-behavioral therapy have been evaluated, evidence for their effectiveness is limited4.

Previous studies have suggested that IGD may share clinical and neurobiological similarities with other behavioral addictions and substance use disorders5,6. It has been reported that the dorsolateral prefrontal cortex (DLPFC) is closely involved in the pathophysiology of substance and behavioral addiction such as craving7, impulse control8, decision making9, and cognitive flexibility10. Several neuroimaging studies on IGD have reported structural and functional impairments in the DLPFC6. In particular, structural neuroimaging studies revealed a reduction in gray matter density in the DLPFC11,12 and a functional magnetic resonance imaging (fMRI) study found an altered cued-induced activity in the DLPFC of patients with IGD13. In addition, functional asymmetry of the brain may contribute to impulsivity and craving in addictions including IGD. For instance, cue-induced craving for online gaming could be related to right prefrontal activations14. However, alterations of regional cerebral metabolic rate of glucose (rCMRglu) associated with excessive online game use or IGD remain to be further investigated compared to other brain deficits15.

Transcranial direct current stimulation (tDCS) is a noninvasive brain stimulation technique that applies a weak electric current (1-2 mA) through electrodes attached to the scalp to modulate neuronal membrane potentials. Generally, the cortical excitability is increased under the anode electrode and decreased under the cathode electrode16. tDCS has become a popular method because it is simple, cheap, and safe to administer compared to other brain stimulation techniques such as transcranial magnetic stimulation (TMS) that uses a magnetic pulse to generate an electrical current in the brain tissue under the coil. According to a recent review, the use of conventional tDCS protocols has not produced any serious adverse effects or irreversible injury and is associated with only mild and transient itching or tingling sensation under the stimulation area17.

Several studies have demonstrated favorable results of tDCS18-20 and repetitive TMS21,22 over the DLPFC for treating behavioral and substance addiction. However, further studies are needed to investigate the effects of brain stimulation techniques on online game use and the underlying brain changes.

The aim of this study is to present a protocol for applying repeated sessions of tDCS over the DLPFC and neuroimaging to examine the underlying neural correlates in gamers, as well as to assess its feasibility. Specifically, we focused on changes in addiction symptoms, average time spent on games, self-control, and asymmetry of rCMRglu in the DLPFC using 18F-ﬂuoro-2-deoxyglucose positron emission tomography (FDG-PET).

PROTOCOL: 

All experimental procedures presented in this protocol have been approved by the Institutional Review Board and are in accordance with the Declaration of Helsinki.

1. Research participants

1.1. Recruit individuals who report that they play online games (the gamer group) and those who report that they do not play online games (the non-gamer group). 

NOTE: Here, we included individuals with two or more IGD symptoms according to the Diagnostic and Statistical Manual of Mental Disorders-523 or those who play games at least one hour per day on average in the gamer group. The non-gamer group undergoes only baseline brain FDG-PET scans to compare rCMRglu with the gamer group and does not receive tDCS sessions.

1.2. For both groups, exclude individuals with (a) major medical, psychiatric, or neurological disorders, (b) history of traumatic brain injury, (c) history of alcohol or other substance abuse or dependence, (d) use of psychotropic medications, or (e) any contraindications for tDCS such as severe headache, metal in the head, history of seizure, epilepsy, or brain surgery, or any lesions or other medical problems on the skin where tDCS electrodes will be attached.

1.3. Explain to each participant the aim of the study, the main experimental procedures, and any potential risks associated with participating in the study. After answering any questions, obtain written consent.

2. Baseline assessment

2.1. Evaluate clinical characteristics using the following questionnaires: Internet Addiction Test (IAT)24 and Brief Self Control Scale (BSCS)25. In addition, ask participants to report average weekly hours spent playing games.

NOTE: The word "Internet" in the IAT is replaced with "online games" to assess severity of online game addiction.

2.2. Perform brain FDG-PET scans.

2.2.1. Inject participants with 185 - 222 MBq of FDG and have participants rest for 45 min of an uptake period during which they are awake and resting in supine position in a dark and quiet room with their eyes closed. 

2.2.2. Conduct brain FDG-PET scans using a PET-CT scanner. Acquire 47 transaxial emission images (pixel size = 1.95 × 1.95 mm, slice thickness = 3.27 mm) and 16 slices of CT images in about 15 minutes. Apply attenuation correction, standard filtering, and standard reconstruction techniques.


3. Application of tDCS

3.1. Within a week after the baseline assessment, apply tDCS to participants. Prepare tDCS sessions with following materials: a tDCS device, wet wipes, saline solution, two sponge electrodes (6 cm in diameter), a cable, a headcap, and a headband.

3.2. Have the participant sit on a chair.

3.3. Set the stimulation parameters for the tDCS device: 2 mA for 30 min (current density = 0.07 mA/cm2). Set the current so it ramps up to 2.0 mA over 30 s, remains at 2.0 mA for 29 min, and ramps down to 0 mA over the last 30 s.

3.4. Put the headcap (the International 10-20 system) on the participant’s head and mark the left dorsolateral prefrontal cortex (F3) and the right dorsolateral prefrontal cortex (F4). Then, remove the headcap from the participant's head.

3.45. Place two sponge electrodes in the rubber holders of the headband and soak them with saline solution.

3.56. Use wet wipes to rRemove any makeup, dirt, or sweat on the skinscalp where the electrodes will be applied.

3.67. Putlace the headband on the participant's head to place over the marking points by putting the anodal electrode over the left DLPFC (F3; 10 - 20 EEG system) and the cathodal electrode over the right DLPFC (F4).

3.78. Connect the electrodes to the tDCS device using the cable and turn on the device.

3.89. Ask the participant to report any adverse effects during or after the tDCS session.

3.910. At the end of the 30 minutes of stimulation, turn off the device and remove the electrodes from the participant.

3.110. Administer a total of 12 tDCS sessions (3 times per week for 4 weeks).

4. Follow-up assessment

4.1. Perform the follow-up assessment within a week after the last tDCS session using the same protocol as the baseline assessment.

5. Data analysis

5.1. Use an appropriate software package to preprocess the PET images (e.g., Statistical Parametric Mapping 12).

5.1.1. Convert DICOM files to NIFTI files.

5.1.2. Spatially normalize all PET images to the standard PET template.

5.2. Create binary masks for the left and right DLPFC (e.g., WFU PickAtlas toolbox). The DLPFC is defined by the middle frontal gyrus in the Automated Anatomical Labeling atlas.

5.3. Extract rCMRglu of the left and right DLPFC using the masks (e.g., MarsBaR toolbox). The rCMRglu is normalized to global mean uptake using proportional scaling.

5.4. Calculate asymmetry index (AI) of rCMRglu in the DLPFC as (rCMRglu right - rCMRglu left) / [(rCMRglu right + rCMRglu left) / 2] × 100. Positive AI indicates right-greater-than-left asymmetry of glucose metabolism.

REPRESENTATIVE RESULTS:
A total of 15 gamers (Table 1) and 10 non-gamers were recruited. The mean age of the gamer group (21.3 ± 1.4) was significantly lower than that of the non-gamer group (28.8 ± 7.5) (t = -3.81, p < 0.001). There were 8 men in the gamer group and 6 men in the non-gamer group (χ2 = 0.11, p = 0.74). In the gamer group, 7 out of 15 were diagnosed with IGD.

Behavioral results using linear mixed models indicate that the tDCS sessions successfully lowered the IAT score (z = -4.29, p < 0.001), weekly hours spent playing games (z = -2.41, p = 0.02), and improved the BSCS score (z = 2.80, p = 0.01) in the gamer group (Table 1 and Figure 1). No adverse events were reported during the tDCS sessions. 

A significant negative correlation was found between changes in the IAT score and those in the BSCS score in gamers (r = -0.77, p < 0.001) (Figure 2). In addition, a decrease of the time spent on games was associated with an increase of the BSCS score in the gamer group at a marginal level (r = -0.50, p = 0.06).

PET analysis revealed that the AI of the DLPFC was significantly different between the gamer group and the non-gamer group (t = 3.53, p = 0.002) at baseline (Figure 3). Despite the significant difference in age between the two groups, rCMRglu may not be affected by aging in young adults26. Following the tDCS sessions, the AI of the DLPFC in the gamer group was significantly decreased (z = -2.11, p = 0.04) (Figure 3). 

FIGURE AND TABLE LEGENDS:
Figure 1: Changes in clinical characteristics of the gamer group. Scores of (A) Internet Addiction Test, (B) weekly hours spent playing games, and (C) Brief Self Control Scale before and after transcranial direct current stimulation (tDCS). Error bars indicate standard errors.

Figure 2: A correlation between changes in the Brief Self Control Scale and those in the Internet Addiction Test in the gamer group.

Figure 3: Asymmetry index of regional cerebral metabolic rate of glucose (rCMRglu) in the dorsolateral prefrontal cortex. Asymmetry index was defined as (rCMRglu right - rCMRglu left) / [(rCMRglu right + rCMRglu left) / 2] × 100. Error bars indicate standard errors. This figure has been modified from Lee et al27. tDCS, transcranial direct current stimulation.

Table 1: Demographic and clinical characteristics of gamers. The gamers received a total of 12 tDCS sessions over the dorsolateral prefrontal cortex (2 mA for 30 min per session, 3 times per week for 4 weeks). 

DISCUSSION:
We have presented a tDCS and neuroimaging protocol for online gamers and assessed its feasibility. The results demonstrated that repeated sessions of tDCS over the DLPFC reduced online game addiction symptoms and average time spent on games and increased self-control. An increase in self-control was correlated with a decrease in addiction symptoms. Moreover, the abnormal asymmetry of rCMRglu in the DLPFC where the right side was greater than the left side was improved after the tDCS sessions in the gamer group. These results may suggest the feasibility of tDCS for reducing online game use. However, since our experiment did not have a sham control group and the participants were aware of the aim of the study at the time of recruitment, further randomized sham-controlled studies are warranted to evaluate the efficacy of tDCS in online gamers. In addition, the long-term effects of tDCS should also be investigated.

Although we defined our inclusion criteria broadly to include both normal gamers and individuals with IGD, it may also be informative to only include IGD patients as study participants in future studies. Otherwise, the effects of tDCS can be compared between normal gamers and IGD patients in larger samples. In addition, any contraindications for tDCS such as severe headache, metal in the head, history of seizure or epilepsy, and lesions on the scalp should be carefully screened for safety.

Using appropriate tDCS parameters is also a critical step for the current protocol. In general, higher current intensity (or current density) and longer stimulation duration are associated with stronger and longer-lasting effects. In most studies, a current intensity and a stimulation duration range from 1 to 2 mA and from 10 to 30 min, respectively28. Although a single session of tDCS with current up to 4 mA was safe and tolerable in stroke patients29, 2 mA is recommended as a safety threshold for human studies30. In addition, some studies reported that an increase in stimulation duration alters the effects of polarity, suggesting that the effects of current intensity and stimulation duration may not be necessarily linear30.

Electrode size influences the current density and the spatial focality. Since smaller electrodes may be associated with not only larger current density but also shunting effect31, electrode sizes between 25 and 35 cm2 are commonly used30. With regard to the stimulation polarity, a previous tDCS study in alcohol dependence reported that both anodal F3/cathodal F4 and anodal F4/cathodal F3 montages significantly reduced alcohol craving18. Thus, the effects of these two montages may also be compared in future tDCS studies in gamers.

For cumulative and long-lasting effects, we applied a total of 12 tDCS sessions over 4 weeks. This schedule consists of a relatively large number of sessions over long period compared to previous tDCS studies32. Recently, remotely supervised portable tDCS has been developed for repeated self-administration at home and would be convenient and time-saving for participants33,34. Since anatomical variability including the head size, skull thickness, and morphologies of cortical gyri and sulci may influence the current distribution, computational models of tDCS can be applied to predict the current flow and to optimize and individualize the electrode montages35.

For the sham tDCS protocol, the current may be set to ramp up to 2 mA over 30 s and ramp down to 0 mA over next 30 s. With this sham protocol, participants have difficulties distinguishing between active and sham stimulation because they feel the same sensations under the electrodes as in active tDCS sessions in the beginning. This initial and short stimulation has been proven to be a reliable technique for sham tDCS36 and to be one of the advantages of tDCS over other noninvasive neuromodulation techniques. Further research is warranted to optimize and standardize various tDCS parameters for gamers.

Regarding the protocol for assessing addiction severity for games, other scales have been developed and validated37, and therefore can be used instead of IAT. In the imaging analysis, although we focused on asymmetry of rCMRglu in the target site, analyzing whole-brain voxel-wise changes in rCMRglu may also be informative. Furthermore, other imaging modalities such as fMRI can be used to investigate changes of the brain induced by tDCS. For instance, an fMRI study reported that bupropion treatment decreased cue-induced activity in the DLPFC in patients with Internet video game addiction38. 

Our protocol showed the feasibility and safety for reducing addiction severity and online game use using tDCS and for evaluating the underlying neural correlates. With appropriate modifications, it could be applicable for other neurological and psychiatric disorders.
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