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Abstract
Background: Studies on risk preferences have long been of great concern and have 
examined the neural basis underlying risk-based decision making. However, studies 
using conventional transcranial direct current stimulation (tDCS) revealed that bilat-
eral stimulation could change risk propensity with limited evidence of precisely focal-
ized unilateral high-definition transcranial direct current stimulation (HD-tDCS). The 
aim of this experiment was to investigate the effect of HD-tDCS focalizing the left 
dorsal lateral prefrontal cortex (DLPFC) on risk-taking behavior during the Balloon 
Analogue Risk Task (BART).
Methods: This study was designed as a between-subject, single-blind, sham-controlled 
experiment. University students were randomly assigned to three groups: the anodal 
group (F3 anode, AF3, F1, F5, FC3 returned), the cathodal group (F3 cathodal, AF3, F1, 
F5, FC3 returned) and the sham group. Subsequently, 1.5-mA 20-min HD-tDCS was 
applied during the BART, and the Positive Affect and Negative Affect Scale (PANAS), 
the Sensation Seeking Scale-5 (SSS-5), and the Behavioral Inhibition System and 
Behavioral Approach System scale (BIS/BAS) were measured as control variables.
Results: The cathodal group earned less total money than the sham group, and no 
significant difference was observed between the anodal group and the sham group.
Conclusions: These results showed that, to some extent, focalized unilateral cathodal 
HD-tDCS on left DLPFC could change performance during risky tasks and diminish 
risky decision making. Further studies are needed to investigate the dose effect and 
electrode distribution of HD-tDCS during risky tasks and examine synchronous brain 
activity to show the neural basis.
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1  | INTRODUCTION

Risk-based decision making is an essential advanced cognitive func-
tion in daily life and has long been a concern of researchers in different 

fields, such as economics (Kahneman & Tversky, 2000), management 
(Sitkin & Weingart, 1995), and psychology (Gardner & Steinberg, 
2005).With the development of cognitive neuroscience, a body of 
evidence for the neural correlates of risk-taking has accumulated in 
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recent years (Tom, Fox, Trepel, & Poldrack, 2007). Neuroimaging stud-
ies have shown that the dorsal lateral prefrontal cortex (DLPFC) is a 
vital region involved in neural networks of risk-taking and has been as-
sociated with risky behaviors (Brevet-Aeby, Brunelin, Iceta, Padovan, 
& Poulet, 2016; Rao, Korczykowski, Pluta, Hoang, & Detre, 2008; 
Steinberg, 2008). Risk-taking process in BART mainly included con-
flict control (anterior cingulate cortex, ACC; Rao et al., 2008), value 
calculation and reward-seeking (vmPFC; Fukunaga, Brown, & Bogg, 
2012; Schonberg et al., 2012), self-control and impulse control (dor-
solateral prefrontal cortex, DLPFC; Schonberg et al., 2012), emotional 
information process (orbital frontal cortex, OFC; Hsu, Bhatt, Adolphs, 
Tranel, & Camerer, 2005), aversive somatic regulation (anterior insula; 
Rao et al., 2008), and so on. In this dynamic and reciprocal network, 
DLPFC played an important role in producing self-control behavior 
and control the risky behavior. However, the shortcomings of neu-
roimaging research include a lack of causal relationship (Mandzia & 
Black, 2001; Miller & D’Esposito, 2005). Emerging brain stimulation 
techniques could provide compelling evidence for the causality, which 
to a certain degree, compensates for this limitation (Venkatakrishnan 
& Sandrini, 2012).

Typically, brain stimulation techniques involve invasive and non-
invasive stimulation techniques (Fox et al., 2014). Noninvasive stimu-
lation techniques are relatively safe for humans (Been, Ngo, Miller, & 
Fitzgerald, 2007), and in recent years, more studies have applied non-
invasive stimulation, such as transcranial magnetic stimulation (TMS) 
and transcranial direct current stimulation (tDCS; Dayan, Censor, 
Buch, Sandrini, & Cohen, 2013). TMS uses a pulsed magnetic field to 
induce current flows in human brain, and thus the neural activity is 
affected (Hallett, 2000). Evidence from TMS research suggests that 
low-frequency repetitive transcranial magnetic stimulation of the right 
DLPFC induces risk-taking behavior (Knoch et al., 2006). Although 
TMS has an advantage in spatial resolution, transcranial direct current 
stimulation (tDCS), as a promising noninvasive method of brain stimu-
lation that contains safe, portable, and inexpensive features, has been 
widely applied over the last decade (Gandiga, Hummel, & Cohen, 2006; 
Nitsche & Paulus, 2000; Poreisz, Boros, Antal, & Paulus, 2007). tDCS 
uses 1–2-mA direct currents via electrodes to penetrate the brain 
and modulate the cortical excitability (Fregni & Pascualleone, 2007). 
TMS and tDCS are both neuromodulatory interventions, which can 
explore the causal relationship between brain and behavior (Filmer, 
Dux, & Mattingley, 2014). Compared to TMS, tDCS has an advan-
tage in safety and cost, which has not any report of Serious Adverse 
Effect in humans (Bikson et al., 2016). Previous studies have reported 
that tDCS with the anode over the right and the cathode over the 
left DLPFC could diminish risk-taking behavior (Fecteau, Knoch, et al., 
2007). Furthermore, results that left anodal/right cathodal tDCS on 
DLPFC increases the choosing of risk items have been found in aged 
individuals (Boggio et al., 2010). Moreover, Fecteau, Pascual-Leone, 
et al. (2007) found that both right anodal/left cathodal and left an-
odal/right cathodal DLPFC tDCS could lead to risk-averse behavior in 
the Balloon Analogue Risk Task (BART). In contrast, unilateral DLPFC 
stimulation (anode left or anode right) shows no such effect. Based 
on these results, Weber, Messing, Rao, Detre, and Thompson-Schill 

(2014) examined the neural effects of tDCS during BART and applied 
right anodal/left cathodal tDCS on the DLPFC. They found that the 
number of pumps was negatively related to the brain connectivity of 
the right DLPFC.

Taken together, these results suggest that compared with uni-
lateral stimulation, bilateral frontal tDCS could reduce risk behavior. 
However, studies using transcranial alternating current stimulation 
(tACS) have demonstrated that left DLPFC stimulation enhances risk 
propensity in BART but that the propensity does not differ between 
the sham group and the right stimulation group (Sela, Kilim, & Lavidor, 
2012). Without knowing the effect of modulation when using uni-
lateral stimulation with different polarities, more evidence should be 
accumulated.

Conventional tDCS has a disadvantage of low spatial resolution 
because the stimulation position is usually based on a cortical region 
(Datta et al., 2009). Unilateral DLPFC conventional stimulation usu-
ally has a farther distance between the electrode montages than bi-
lateral stimulation, resulting in a lower current density (Faria, Hallett, 
& Miranda, 2011). Thus, the experimental effect may be diminished. 
Recently, as a novel method, high-definition transcranial direct cur-
rent stimulation (HD-tDCS) has been developed to compensate 
for the restrictions of conventional tDCS (Alam, Truong, Khadka, & 
Bikson, 2016). Having the advantage of high spatial resolution and 
focalizing, HD-tDCS typically applies a 4 × 1 ring electrode configu-
ration to focus the targeted cortical region more precisely compared 
with conventional tDCS (Hogeveen et al., 2016). Faria et al. (2011) 
noted that using four small return electrodes may be more effective 
than using the traditional large electrode. Magnetic resonance imag-
ing (MRI)-based finite element model (FEM) analysis has been used 
to simulate the current distribution (Datta, Truong, Minhas, Parra, 
& Bikson, 2014). By this method, researchers have compared the 
spatial resolution between conventional and HD-tDCS and found 
that conventional tDCS had diffuse current flows, while the high-
definition ones had current flows constrained in the ring with radius 
about 3.5 cm (Kuo et al., 2013). Previous studies using HD-tDCS 
have demonstrated the effects of modulating cortical excitability 
on working memory capacity (Tan, Ting, & Chan, 2015), using spa-
tial navigation in healthy, aged individuals (Hampstead & Hartley, 
2015), and improving treatment of aphasia (Richardson, Datta, 
Dmochowski, Parra, & Fridriksson, 2015). Nevertheless, there is 
scarce evidence on the application of HD-tDCS to study advanced 
cognitive functions, such as risk-based decision making. In addition, 
it remains unclear whether the precisely modulated activation of 
the left DLPFC affects risk-based decision making. To partially com-
pensate for this shortcoming, we used HD-tDCS to regulate the left 
DLPFC in this study.

Based on previous studies, in this research, we attempted to in-
vestigate the effect of HD-tDCS focalizing the left DLPFC on risk-
taking behavior during the BART. We hypothesized that anodal 
HD-tDCS on the left DLPFC would increase risk-taking behavior 
but that cathodal HD-tDCS on the left DLPFC would diminish risk 
propensity according to previous studies. To our knowledge, this 
study is the first to apply unilateral HD-tDCS to the risk-taking task 
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of BART, focusing on whether focalized unilateral HD-tDCS would 
change risk-based decision making. The beneficial behavioral effects 
of HD-tDCS may have potential clinical and therapeutic applications 
(Richardson et al., 2015) for the treatment of risky problems and dys-
functions (Brunoni et al., 2012). The widely used BART was selected 
as a measurement to assess risk-taking behavior (Lejuez et al., 2002). 
Furthermore, BART is associated with a variety of real-life risk behav-
iors, such as adolescent smoking (Krishnan-Sarin et al., 2007), risky 
sexual behavior (Lejuez, Simmons, Aklin, Daughters, & Dvir, 2004), 
alcohol consumption (Fernie, Cole, Goudie, & Field, 2010), and drug 
use (Hopko et al., 2006). To control individual differences and person-
alities, emotional state, impulsiveness, and sensation seeking were 
assessed as between-subject control variables using the Positive 
Affect and Negative Affect Scale (PANAS), the Behavioral Inhibition 
System and Behavioral Approach System scale (BIS/BAS), and the 
Sensation Seeking Scale-5 (SSS), respectively. In addition, for the safe 
consideration of subjects, the level of perceived pain was rated during 
the research.

2  | METHODS

2.1 | Participants

Fifty-eight students (37 females and 21 males; mean age = 20.4 ± 
3.0 years) from Beijing Normal University participated in the study. 
All subjects were right-handed and had no history of neurologic or 
psychiatric disorders and no history of seizure or neurologic trauma 
by oral self-reports when they were recruited. All had normal or 
corrected-to-normal vision and no metal implants in the brain. 
No participant took stimulants or calming drugs prior to the ex-
periment. All subjects were naive to tDCS and BART and provided 
written informed consent after being informed of the safety and 
possible risks of HD-tDCS. The experimental design and proce-
dures were approved by the Ethical Committee of Beijing Normal 
University.

2.2 | Experimental design and procedure

This study was designed as a between-subject, single-blind, sham-
controlled experiment. The participants were randomly assigned to 
three groups: the anodal group (n = 20, F3 anode, AF3, F1, F5, FC3 
returned), the cathodal group (n = 16, F3 cathodal, AF3, F1, F5, FC3 
returned), and sham group (n = 22). Prior to the study, participants 
were asked to complete the Chinese versions of PANAS (Watson, 
Clark, & Tellegen, 1988), BIS/BAS (Carver & White, 1994), and SSS 
(Zuckerman, 1979) to, respectively, measure emotion state, impulsive-
ness, and sensation seeking. After the premeasurement, HD-tDCS 
was conducted for 5 min, and the BART began with the HD-tDCS 
continuing. The total stimulation time was approximately 20 min, and 
the task was completed in approximately 15 min. Following the task, 
the subjects were asked to rate the degree of pain on a 7-point scale. 
After completing the experiment, each participant was given some 
reward (Figure 1).

2.3 | High-definition transcranial direct current 
stimulation (HD-tDCS)

A battery-driven, constant-current DC-stimulator and a distributor 
(4 × 1-C3, Soterix Medical, New York, NY, USA) were used to deliver 
1.5-mA HD-tDCS for approximately 20 min. Each of the five Ag/AgCl 
sintered ring electrodes had an approximately 4 cm2 connection to the 
scalp (Bo et al., 2016), generating a current density under the center 
electrode of approximately 3.7 A m2. To stimulate the left DLPFC, 
the center electrode was placed in F3 according to the International 
10-10 EEG System. The other four return electrodes were placed 
over AF3, F1, F5, and FC3 (Nikolin, Loo, Bai, Dokos, & Martin, 2015; 
see Figure 2). Prior to stimulation, the hair under the electrode was 
separated to expose the scalp, and approximately 2 ml of conductive 
gel (SignaGel; Parker Laboratories, Inc, Fairfield, NJ, USA) was placed 
into the electrode casings above the scalp. The polarity of the center 
electrode determined whether the stimulation was anodal or cathodal. 
For the actual stimulation, the current was applied for approximately 
20 min (the exact length depended on the time that the subject com-
pleted the task), including an initial 30 s of ramping up and final 30 s 
of ramping down at the end. For the sham stimulation, the current was 
ramped up to 1.5 mA in 30 s and immediately ramped down to 0 in 
the following 30 s. This procedure was useful to blind the subjects to 
whether they received the sham stimulation (Garnett & Ouden, 2015). 
Previous studies have shown that 1.5-mA HD-tDCS is safe in healthy 
subjects (Gözenman & Berryhill, 2016). In our study, we asked the par-
ticipants to rate the pain on a 7-point scale ranging from 1 = no feeling 
to 7 = strongly pain after the stimulation. All participants tolerated the 
HD-tDCS well, and no one reported side effects at one day after the 
end of the experiment.

2.4 | Balloon analogue risk task (BART)

During the BART (Lejuez et al., 2002), the participants were asked 
to inflate 30 balloons by clicking the “pump” button on the com-
puter screen using a mouse. They were told that, after the experi-
ment, they would be rewarded with the final amount of money in 
the permanent bank. For each pump, the participants would receive 
one virtual coin stored in a temporary bank, and they could choose to 
continue pumping or terminate the inflation. After terminating, the 
money in the temporary bank would be transferred to the permanent 
bank. However, the balloon had a certain probability of explosion. If 
the balloon exploded, then the money stored in the temporary bank 
would be lost, and the participants would start to pump a new bal-
loon. As the balloon became larger, the probability of explosion in-
creased. The subjects were blinded to the explosion probability and 

F IGURE  1 The experimental design
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were instructed to accumulate the largest amount of money in the 
permanent bank. The balloon has an average explosion point of 16. 
For each trial, the probability that the first pump would explode was 
1/32, the second pump was 1/31, and so on. The 32nd pump’s ex-
ploding probability was 1/1. We calculated the earning, number of 
explosions, and adjusted number of pumps as dependent variables. 
The adjusted number of pumps referred to the average number of 
pumps for the unexploded balloons (Aklin, Lejuez, Zvolensky, Kahler, 
& Gwadz, 2005).

2.5 | Self-reports

2.5.1 | PANAS

Previous research has revealed that negative emotion could affect 
risk-taking behavior (Suhr & Tsanadis, 2007). Therefore, the Chinese 
version of the Positive Affect and Negative Affect Scale (PANAS, 
Watson et al., 1988) was used to measure emotional state and con-
sists of two dimensions: Positive Affect (PA) and Negative Affect (NA). 
Each dimension has 10 items. The participants were asked to respond 
on a 5-point scale ranging from 1 = never to 5 = always. This scale has 
good psychometric properties (Serafini, Malinmayor, Nich, Hunkele, 
& Carroll, 2016).

2.5.2 | BIS/BAS

Evidence suggests that impulsivity could affect the BART (Lauriola, 
Panno, Levin, & Lejuez, 2014). In the present study, impulsivity was 
measured using the Chinese version of Behavioral Inhibition System 
and Behavioral Approach System scales (BIS/BAS, Carver & White, 
1994), comprising 18 items measured on a four-point scale from 
1 = strongly disagree to 4 = strongly agree. The scale was divided into 
four subscales: Drive scale (BASD), Fun seeking scale (BASF), Reward 
responsiveness scale (BASR), and Behavioral inhibition scale (BIS). The 
Chinese version of BIS/BAS has satisfactory psychometric properties 
(Li, Zhang, Jiang, & Li, 2008).

2.5.3 | SSS

Studies have shown that sensation seeking is associated with the 
BART (Humphreys, Lee, & Tottenham, 2013). The Chinese version 
of the Sensation Seeking Scale-5 (SSS-5;Wang et al., 2000) was used 
to measure sensation seeking; it consists of 40 statements divided 
into four subscales: Thrill and Adventure Seeking (TAS), Experience 
Seeking (ES), Disinhibition (DIS), and Boredom Susceptibility (BS).The 
respondents were asked to answer yes/no, with the higher total score 
reflecting higher sensation seeking. This scale has good psychomet-
ric properties (Zhang, 1990).

2.6 | Data analysis

The data were processed and analyzed using the software package 
SPSS 20.0. The primary outcome measurements were used as the 
BART values. To investigate the effect of Group (anodal/cathodal/
sham), as a between-participant independent variable, and Time (first 
10 trials, mid 10 trials, last 10 trials), as a within-participant independ-
ent variable (Fecteau et al., 2007), mixed-design, repeated-measure 
ANOVA was used to analyze scores on BART as dependent variables. 
The interaction effect of Time and Group was aimed to test whether 
the 5-min warming up of stimulation was sufficient. If 5-min prior 
stimulation were sufficient, there would be no difference between 
three groups over different time points, and the tDCS effect would 
be stable. In addition, the effect of emotion was assessed using PA 
and NA with a one-way analysis of variance (anova) with Group as 
between-subject factors. A one-way anova was also used to compare 
the mean BIS/BAS and SSS scores of different groups. Bonferroni’s 
correction was used for post hoc analysis. p < .05 was used as the sta-
tistical significance level. All results are presented as the mean ± SD.

Additionally, two alternative statistic methods (Permutation test 
and Bayesian analysis) were conducted additionally to test how large 
the difference was between groups (Kruschke, 2013), particularly the 
marginal significance. Permutation test and Bayesian analysis pro-
vided evidence to learn and assess the differences between groups, 

F IGURE  2  (a) A example applying 
HD-tDCS in the study. (b) The center 
electrode was placed at F3 according to 
the International 10-10 EEG System. The 
other four return electrodes were placed 
over AF3, F1, F5, and FC3

(a) (b)
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which avoided test H0 in Null Hypothesis Significance Testing (NHST; 
Kruschke, 2014). We conducted Bayesian estimation using JAGS 
4.2.0 and R 3.4.0 following Kruschke’s methods (Kruschke, 2013, 
2014), which has been applied in HD-tDCS study for statistical anal-
ysis (Hogeveen et al., 2016). We made region of practical equivalence 
(ROPE) between −1.0 and 1.0, and for more details, see Hogeveen 
et al. (2016). Nonparametric permutation test has been used in fMRI 
and ERPs statistical analysis for solving multiple comparison problems 
(Lage-Castellanos, Martínez-Montes, Hernández-Cabrera, & Galán, 
2010; Nichols & Holmes, 2002). We conducted permutation test by 
writing statements in R 3.4.0 for comparing critical group differences, 
following Butar & Parks’ basic steps (2008): First, calculated the mean 
difference “Dobs” of the two groups and pooled the two groups into a 
new data set. Then, resampled two new groups from the data set and 
calculated the mean difference “D”. Third, repeated the step for 9999 
times and drew the probability density curve of the mean differences. 
Therefore, we could decide where the Dobs was in this probability den-
sity curve.

3  | RESULTS

All participants tolerated the HD-tDCS well and completed the entire 
study. The pain rating revealed that the main effect of Group was not 
significant [F(2,55) = 0.43, p = .65, η2 = 0.015], indicating that the sub-
jective pain level was similar among the three different groups. The side 
effects that the participants perceived included burning and itching 
sensations. For demographic data, chi-square test was conducted for 
gender, and no difference was observed [χ2(2, n = 58) = 1.28, p = .53]. 
Moreover, no significant effect of age was detected [F(2,55) = 2.19, 

p = .12, η2 = 0.074], suggesting that there was no difference in demo-
graphic composition between the groups.

For the self-report data (Table 1), one-way anova, with Group (an-
odal/ cathodal/ sham) as the independent variable, was performed 
to analyze the SSS. The result showed no significant effect of Group 
on the total score [F(2,55) = 0.78, p = .47, η2 = 0.028]. Specifically, 
the main effect of Group was not significant on the four dimensions 
[TAS, F(2,55) = 0.97, p = .38, η2 = 0.035; ES, F(2,55) = 0.71, p = .50, 
η2 = 0.025; DIS, F(2,55) = 0.38, p = .68, η2 = 0.014; BS, F(2,55) = 0.26, 
p = .77, η2 = 0.009]. Furthermore, to analyze the Behavioral Inhibition 
System and Behavioral Approach System, we used one-way anova 
with Group (anodal/ cathodal/ sham) as the independent variable and 
the BIS/BAS scores as dependent variables. There was no significant 
effect of Group in terms of BASR [F(2,55) = 0.29, p = .75, η2 = 0.010], 
BASD [F(2,55) = 0.222, p = .80, η2 = 0.008], BASF [F(2,55) = 0.95, 
p = .39, η2 = 0.034], and BIS [F(2,55) = 2.06, p = .14, η2 = 0.070]. 
Moreover, the total BIS/BAS score was not significant (p = .89). In ad-
dition, we investigated whether the groups differed in emotion state 
using one-way anova, with Group (anodal/ cathodal/ sham) as the 
independent variable and the PANAS scores as dependent variables. 
In addition, no significant effects were found for PA [F(2,55) = 0.99, 
p = .38, η2 = 0.035], or NA [F(2,55) = 0.77, p = .47, η2 = 0.027]. In sum-
mary, the participants in different groups showed no significant differ-
ences in control variables containing emotional state and personality 
trait regarding impulsivity and sensation seeking.

The goal of our study was to investigate the effect of HD-tDCS 
focalizing DLPFC on risk-taking behavior during the BART. To this end, 
as the primary measurement, three indicators of BART were analyzed 
using repeated measures anova as dependent variables: the earning, 
the number of explosions, and the adjusted number of pumps. The 

TABLE  1 Descriptive statistics of the three groups are presented as follows (M ± SD)

Anode (n = 20) Cathodal (n = 16) Sham (n = 22) F p

Age 21.30 ± 3.8 19.25 ± 0.9 20.41 ± 3.97 2.19 .12

Positive affect (PA) 15.55 ± 6.4 16.00 ± 6.4 18.14 ± 6.3 0.99 .38

Negative affect (NA) 27.70 ± 7.6 29.75 ± 7.6 26.95 ± 5.9 0.77 .47

BIS/BAS score 7.65 ± 1.0 7.80 ± 1.3 7.61 ± 1.5 0.12 .89

Drive scale (BASD) 1.94 ± 0.5 2.05 ± 0.4 2.00 ± 0.5 0.22 .80

Fun seeking scale (BASF) 1.95 ± 0.4 2.13 ± 0.4 2.08 ± 0.48 0.95 .39

Reward responsiveness scale (BASR) 1.66 ± 0.3 1.64 ± 0.4 1.73 ± 0.4 0.29 .75

Behavioral inhibition scale (BIS) 2.1 ± 0.4 1.99 ± 0.5 1.80 ± 0.5 2.06 .14

Sensation seeking scale-5 score 21 ± 6.6 18.75 ± 5.7 19.41 ± 4.7 0.78 .47

Thrill and adventure seeking (TAS) 6.75 ± 2.0 5.63 ± 3.0 6.27 ± 2.3 0.97 .38

Experience seeking (ES) 5.45 ± 2.2 4.63 ± 2.0 5.05 ± 2.0 0.71 .50

Disinhibition (DIS) 4.65 ± 2.3 4.19 ± 2.0 4.14 ± 1.8 0.38 .68

Boredom susceptibility (BS) 4.15 ± 1.9 4.31 ± 1.4 3.95 ± 1.25 0.26 .77

Pain rating 2.30 ± 1.6 2.63 ± 1.0 2.59 ± 1.0 0.43 .65

Number of explosions 11.50 ± 4.06 11.44 ± 4.53 11.05 ± 4.63 0.07 .94

Earnings 180.70 ± 38.44 154.25 ± 34.40 187.64 ± 49.67 3.10 .05

Adjusted pumps 10.24 ± 3.08 8.93 ± 3.33 10.79 ± 4.51 1.16 .32
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independent variables were Group (anodal/ cathodal/ sham) and 
Time (first 10 trials, mid 10 trials, and last 10 trials). For the earnings 
(Figure 3), the anova revealed a main effect of Group [F(2,55) = 3.10, 
p = .05, η2 = 0.101]. Furthermore, a marginal significance was de-
tected using post hoc analysis. Compared to the sham group, the 
cathodal group earned less money (p = .058). In contrast, no effect 
was found when the cathodal group was compared with the anodal 
group (p = .2). These data indicated that participants who received 
cathodal stimulation earned less money than did those who received 
sham stimulation. Neither the main effect of Time [F(2,110) = 0.98, 
p = .38, η2 = 0.018] nor the interaction between Group and Time was 
significant [F(4,110) = 0.50, p = .74, η2 = 0.018] (Figure 4). Despite the 
interaction between Group and Time was not significant, we found 
a marginal significant for the earning of 21–30 trial between three 
groups (p = .06), while for the earning of 1–10 trial we found no sig-
nificance (p = .58; See Table 2). This result implied that the difference 
of earnings between three groups became larger as the time went on.

To compare the difference on earnings between three groups, 
Bayesian estimation was conducted. The results showed that the 
cathodal group was different from sham group (Mode = −28.3, 95% 
HDI = −52.4 to 2.84, Figure 5e). The effect size distribution had 7.3% 
in ROPE (Figure 5f). The cathodal group was also different from the 
anode group to some extent (Mode = 18.2, 95% HDI = −5.67 to 
47.7, Figure 5a), and the effect size distribution had 11.4% in ROPE 
(Figure 5b). However, the anode group was equivalent to the sham 
(Mode = −1.59, 95% HDI = −30.6 to 17, Figure 5c), and the effect size 
distribution had 28% in ROPE (Figure 5d), revealing this two groups 
were almost the same.

To verify the difference between the cathodal group and sham 
group on total earnings, we further performed a permutation test. The 
results revealed the mean difference in actual sample was higher than 
98.63% mean value differences in the resampling (p = .0137, Figure 6), 
which provide evidence for confirming the difference between the 
cathodal group and sham group.

Furthermore, we investigated the effects of HD-tDCS on the 
number of explosions and adjusted number of pumps (Figure 7). 
The results showed no significant effect of Group [F(2,55) = 0.07, 
p = .94, η2 = 0.002], Time [F(2,110) = 0.13, p = .88, η2 = 0.002], or 

the interaction between Group and Time [F(4,110) = 0.74, p = .57, 
η2 = 0.026] on the number of explosions. For the adjusted number of 
pumps, anova revealed a nonsignificant effect for Group [F(2,55) = 1.16, 
p = .32, η2 = 0.041], Time [F(2,110) = 1.96, p = .15, η2 = 0.034], and 
the interaction between Group and Time [F(4,110) = 0.37, p = .83, 
η2 = 0.013]. In addition, we conducted a correlation analysis between 
the adjusted number of pumps and the total earning and observed a 
significant correlation (r = .785, p < .001). In summary, the HD-tDCS 
affected the index of the total earning, but not the adjusted number of 
pumps and the number of explosions.

4  | DISCUSSION

Prior research has found that conventional bilateral tDCS on DLPFC 
could change risky behavior, but there is a lack of evidence for using 
precisely targeted HD-tDCS focused on DLPFC. In the present study, 
we aimed to investigate the effect of HD-tDCS focalizing the left 
DLPFC on risk-taking behavior during the BART.

Self-reports showed no significant differences between the three 
groups in terms of emotional state, sensation seeking, and impulsive-
ness. Evidence suggested that the three groups of participants were 
homogeneous in personality traits, consistent with the result of previ-
ous studies showing that emotion, sensation seeking, and impulsive-
ness could influence risky behavior during BART (Humphreys et al., 
2013; Lauriola et al., 2014; Suhr & Tsanadis, 2007). In addition, the 
perceived pain did not differ between the groups, demonstrating that 
pain did not affect the BART results. Furthermore, our experiment 
supports the evidence that HD-tDCS is tolerated and safe in health 
university students. The perceived pain value was lower than that re-
ported in a previous study (Villamar et al., 2013), which is mainly due 
to the use of 1.5 mA stimulation intensity, compared with the 2 mA 
intensity used in the prior study.

The results of BART illustrated that participants receiving cathodal 
HD-tDCS significantly earned less total money than the sham group. 
However, the interaction between Group and Time was not signifi-
cant. We found a marginal significance for the earning of 21–30 trial 
between three groups (p = .06), and the simple effect was not so sig-
nificant for 1–10 trial (p = .58; See Table 2). It implied that the tDCS 
effect may not be stable, as the group effect was largest in the last 10 

F IGURE  3 The total earnings for the three groups F IGURE  4 Mean earning for each of the 10 trials
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trials. From the descriptive statistics, the difference between groups 
gradually increased over time. Therefore, the 5 min of prior stimulation 
should be lengthened in future study to make sure that the stimulation 
effect was produced completely at the beginning of task. The main 
effect of Time was not significant, which may suggest that practice 
effect and sequential effect did not have an impact on the experiment.

As the most widely used indicator, the adjusted number of pumps 
showed no significant difference. These results support the idea that 
unilateral HD-tDCS on the left DLPFC is insufficient to change the 
adjusted number of pumps but is effective to influence the total 
money earned. Fecteau, Pascual-Leone, et al. (2007) explained that 
the balance of activation across hemispheres hindered the effect of 
unilateral tDCS; to some extent, our study confirmed this view, show-
ing that unilateral HD-tDCS could not affect the adjusted number of 
pumps. However, unilateral cathodal HD-tDCS produced behavioral 
effects. As the mean-adjusted values of different groups were below 

Anode (n = 20) Cathodal (n = 16) Sham (n = 22) F p

1–10 trial 54.40 ± 28.32 52.13 ± 17.29 59.77 ± 22.09 0.55 .58

11–20 trial 65.40 ± 15.35 53.25 ± 21.52 63.32 ± 24.11 1.70 .19

21–30 trial 60.90 ± 24.49 48.88 ± 13.61 64.55 ± 19.98 2.91 .06

TABLE  2 Descriptive statistics of the 
earning for each of 10 trials in three groups 
are presented as follows (M ± SD)

F IGURE  5 Bayesian estimation was 
conducted on earning to compare the 
difference between three groups

anode
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cathodal
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−20

mode = 18.2

7% < 0 < 93%

5.7% < − 1 < 3% < 1 < 91.3%

95% HDI
−5.67 47.7

anode
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cathodal

Effect Size

−0.5 0.0 0.5 1.0 1.5

mode = 0.439

7% < 0 < 93%

2.8% < −0.1 < 11.4% < 0.1 < 85.8%

95% HDI
−0.137 1.12

anode
vs

sham

Difference

−40 −20

mode = −1.59

68.1% < 0 < 31.9%

64.6% < −1 < 7.2% < 1 < 28.3%

95% HDI
−30.6 17

anode
vs

sham

Effect Size

−1.0 −0.5 0.0 0.5 1.0

mode = −0.0398

68.1% < 0 < 31.9%

52.9% < −0.1 < 28% < 0.1 < 19.1%

95% HDI
−0.679 0.431

cathodal
vs

sham

Difference

−80 −60 −40 −200 20 40 60 80 0 20 40 0 20

mode = −28.3

96.3% < 0 < 3.7%

95.3% < −1 < 2% < 1 < 2.7%

95% HDI
−52.4 2.84

cathodal
vs

sham

Effect Size

−2.0 −1.5 −1.0 −0.5 0.0 0.5

mode = −0.581

96.3% < 0 < 3.7%

91.7% < −0.1 < 7.3% < 0.1 < 1.1%

95% HDI
−1.25 0.0586

(c)(a)

(d)(b)

(e)

(f)

F IGURE  6 The result of permutation test on the difference 
between the cathodal and the sham group for total earnings. This 
probability distribution indicated the mean difference in resampling. 
The horizontal axis represented the mean value difference. The 
vertical line showed the mean difference in the actual sample

F IGURE  7 Mean-adjusted value for each group
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the average explosion point, we propose that the total earning could 
also represent the risk preference, considering the high correlation 
between total earning and the adjusted value. Under the average ex-
plosion point, anticipated earnings increased with the number of in-
flations. As in Lejuez et al. (2002), the relationship between earned 
money and the number of pumps should be inverted “U” type. With 
highly risky behavior, the subjects would earn less money. In our 
study, the data showed all subjects’ mean-adjusted pumps were 10.09 
(SD = 3.76, Min = 4.17, Max = 19.38), which was lower than the aver-
age explosion point of 16. Therefore, in our data, with more pumps, 
the participants earned more money.

Although cathodal stimulation did not affect the common adjusted 
indicator, this stimulation technique evidently affected the task per-
formance by making participants tend to be conservative, earning less 
money (Fecteau, Pascual-Leone, et al. 2007), consistent with the re-
sults of previous studies(Fecteau, Knoch, et al., 2007). It is reasonable 
that precise and focalized unilateral HD-tDCS could diminish risky 
behavior. Notably, these changes were confined to cathodal stimula-
tion, and the anode showed no effect. Thus, the effect and strength of 
unilateral cathodal HD-tDCS in the present study were not sufficiently 
high, and further studies are necessary to investigate the dose effect 
and electrode distribution.

To date, this study is the first to show the HD-tDCS-mediated ef-
fects on risky decision in BART, and evidence has been accumulated 
for focalized brain stimulation studies. These findings supported the 
argument that focalized unilateral cathodal HD-tDCS on the left 
DLPFC could change performance in risky tasks and diminish risky de-
cision making. In addition, anodal HD-tDCS on the left DLPFC had no 
effects, consistent with previous studies. The present study may have 
certain clinical applications and can provide direction and reference for 
the treatment and intervention of impulsive disorders (Brunoni et al., 
2012). Accumulating evidence for the application of tDCS in clinical 
samples, such as depression (Nitsche, Boggio, Fregni, & Pascual-Leone, 
2009), anxiety (Shiozawa et al., 2013), and meta-analysis, revealed 
that tDCS is a promising technique for impulsive behavior therapy 
(Brevet-Aeby et al., 2016). With a higher spatial resolution compared 
to conventional tDCS (Dayan et al., 2013), HD-tDCS does not coacti-
vate near brain regions and may have an increased therapeutic effect, 
which shows promise for improved therapeutic interventions in the 
near future.

HD-tDCS has been used in surrounding brain areas near DLPFC. 
HD-tDCS is considered a more focalized stimulation than conven-
tional tDCS when targeted on motor cortex (Kuo et al., 2013). HD-
tDCS proved the casual relationship between the right lateral orbito 
frontal cortex and intention-based cooperation (Zhang, Yu, Yin, & 
Zhou, 2016). Alam et al. (2016) investigated the spatial distribution 
of HD-tDCS and found that, with wider stimulation radius, intensity 
at the center increased and spatial focality was lost. In our study, we 
chose a small stimulation radius, while the peak intensity was sacri-
ficed. Chua, Ahmed, and Garcia (2017) used HD-tDCS to separate the 
dissociable roles of prefrontal cortex and temporal lobe in memory 
tasks. For risk-taking, future study may systematically compare the left 
and right frontal stimulation with different peak intensity and spatial 

resolution, which may help separate and understand the cortex func-
tion in risk-taking.

There are several restrictions in the present study. One of the 
main limitations of the present study is the nonsignificance of the ad-
justed value, although the cathodal group had a lower adjusted num-
ber of pumps than did the sham group. This limitation likely reflects 
the lack of HD-tDCS intensity and the length of prior stimulation. In 
conventional tDCS, 4-mA stimulation has been considered (Nitsche & 
Bikson, 2017). For safe considerations, 1.5 mA was used in the present 
study; in future research, the dose effect and electrode distribution of 
HD-tDCS require further clarification (Alam et al., 2016).

Furthermore, the left DLPFC has been associated with other 
functions, such as plan ability, working memory, and emotion regu-
lation (Fecteau, Pascual-Leone, et al. 2007). The activation of DLPFC 
involves modulating these advanced cognitive functions, which may 
be involved in the BART (Capone et al., 2016). Control tasks should 
be added in future to verify the stimulation indeed changed the risk-
taking behavior, rather than other cognitive functions (Maréchal, 
Cohn, Ugazio, & Ruff, 2017). For example, stimulating the left DLPFC 
could increase working memory capacity (Fregni et al., 2005), which 
was involved in the BART. Future studies will clarify and control the 
related variables and effects (Fecteau, Pascual-Leone, et al. 2007).

There is increasing evidence supporting the argument that tDCS 
affects perception speed, attention, memory, and other relatively basic 
cognitive processing (Andrews, Hoy, Enticott, Daskalakis, & Fitzgerald, 
2011; Fregni et al., 2005; Ohn et al., 2008; Zaehle, Sandmann, Thorne, 
Jancke, & Herrmann, 2011). However, only a few studies have applied 
tDCS for decision making or other advanced cognitive processing 
(Coffman, Clark, & Parasuraman, 2013). In the present study, BART was 
used as the risk task. Although BART has been associated with risky be-
havior in the real world, it cannot represent all risk scenarios. Therefore, 
further research is needed to use a wide variety of decision making 
tasks to test external validity (Pripfl, Neumann, Köhler, & Lamm, 2013).

Moreover, the neural mechanism by which HD-tDCS affects risk-
based decision making is still not fully understood. Despite the grow-
ing body of studies using HD-tDCS to examine behavioral effects, the 
neural mechanisms and processes of HD-tDCS are currently unclear. 
The acquisition of brain activity signals concurrent with HD-tDCS/ 
tDCS (Dayan et al., 2013), such as EEG-tDCS (Cunillera, Brignani, 
Cucurell, Fuentemilla, & Miniussi, 2015; Roy, Baxter, & He, 2014), will 
help to uncover the “black box.”

In conclusion, in this study, we investigated the effect of HD-tDCS 
focalizing the left DLPFC on risk-taking behavior during the BART. 
We found that 1.5-mA 20-min HD-tDCS could change risk-taking be-
havior, suggesting that the left DLPFC is linked to risky propensity. 
Furthermore, this study has the advantage of high spatial resolution 
stimulation and appropriate control of between-group differences. 
Our study possesses potential clinical and therapeutic applications 
for impulsive and risky behavior. However, the effect of HD-tDCS 
is limited to a certain degree, and these results should be replicated 
and extended with larger current intensity. Follow-up studies are en-
couraged to explore the dose effect and electrode distribution of HD-
tDCS during risky tasks. In addition, neuroimaging concurrent with 
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HD-tDCS will provide new insights into the neural basis of the tDCS 
effect.

ORCID

Heng Guo   http://orcid.org/0000-0002-9732-4604 

Xiaotian Sheng   http://orcid.org/0000-0002-8839-4678 

Xichao Zhang   http://orcid.org/0000-0001-9630-0988  

REFERENCES

Aklin, W. M., Lejuez, C. W., Zvolensky, M. J., Kahler, C. W., & Gwadz, M. 
(2005). Evaluation of behavioral measures of risk taking propensity 
with inner city adolescents. Behaviour Research and Therapy, 43(2), 
215–228. https://doi.org/10.1016/j.brat.2003.12.007

Alam, M., Truong, D. Q., Khadka, N., & Bikson, M. (2016). Spatial and po-
larity precision of concentric high-definition transcranial direct current 
stimulation (HD-tDCS). Physics in Medicine and Biology, 61(12), 4506. 
https://doi.org/10.1088/0031-9155/61/12/4506

Andrews, S. C., Hoy, K. E., Enticott, P. G., Daskalakis, Z. J., & Fitzgerald, P. B. 
(2011). Improving working memory: The effect of combining cognitive 
activity and anodal transcranial direct current stimulation to the left 
dorsolateral prefrontal cortex. Brain Stimulation, 4(2), 84–89. https://
doi.org/10.1016/j.brs.2010.06.004

Been, G., Ngo, T. T., Miller, S. M., & Fitzgerald, P. B. (2007). The use 
of tdcs and cvs as methods of non-invasive brain stimulation. 
Brain Research Reviews, 56(2), 346–361. https://doi.org/10.1016/ 
j.brainresrev.2007.08.001

Bikson, M., Grossman, P., Thomas, C., Zannou, A. L., Jiang, J., Adnan, T., … 
Brunoni, A. R. (2016). Safety of transcranial direct current stimulation: 
Evidence based update 2016. Brain Stimulation, 9(5), 641–661. https://
doi.org/10.1016/j.brs.2016.06.004

Bo, S., Yin, Y., Wang, J., Zhou, X., Mcclure, S. M., & Jian, L. (2016). High-
definition tdcs alters impulsivity in a baseline-dependent manner. 
NeuroImage, 143, 343–352.

Boggio, P. S., Campanhã, C., Valasek, C. A., Fecteau, S., Pascual-Leone, 
A., & Fregni, F. (2010). Modulation of decision-making in a gam-
bling task in older adults with transcranial direct current stimu-
lation. European Journal of Neuroscience, 31(3), 593–597. https:// 
doi.org/10.1111/j.1460-9568.2010.07080.x

Brevet-Aeby, C., Brunelin, J., Iceta, S., Padovan, C., & Poulet, E. (2016). 
Prefrontal cortex and impulsivity: Interest of noninvasive brain stim-
ulation. Neuroscience and Biobehavioral Reviews, 71, 112. https:// 
doi.org/10.1016/j.neubiorev.2016.08.028

Brunoni, A. R., Nitsche, M. A., Bolognini, N., Bikson, M., Wagner, T., 
Merabet, L., … Ferrucci, R. (2012). Clinical research with transcra-
nial direct current stimulation (tdcs): Challenges and future direc-
tions. Brain Stimulation, 5(3), 175–195. https://doi.org/10.1016/ 
j.brs.2011.03.002

Butar, F. B., & Park, J. W. (2008). Permutation tests for comparing two pop-
ulations. Journal of Mathematical Science and Mathematics Education, 
3(2), 19–30.

Capone, F., Capone, G., Pino, G. D., Florio, L., Oricchio, G., & Lazzaro, V. 
D. (2016). Linking cognitive abilities with the propensity for risk-
taking: The balloon analogue risk task. Neurological Sciences, 37(12),  
2003–2007. https://doi.org/10.1007/s10072-016-2721-8

Carver, C. S., & White, T. L. (1994). Behavioral inhibition, behavioral acti-
vation, and affective responses to impending reward and punishment: 
The BIS/BAS Scales. Journal of Personality and Social Psychology, 67(2), 
319. https://doi.org/10.1037/0022-3514.67.2.319

Chua, E. F., Ahmed, R., & Garcia, S. M. (2017). Effects of hd-tdcs on mem-
ory and metamemory for general knowledge questions that vary 

by difficulty. Brain Stimulation, 10(2), 231. https://doi.org/10.1016/ 
j.brs.2016.10.013

Coffman, B. A., Clark, V. P., & Parasuraman, R. (2013). Battery powered thought: 
Enhancement of attention, learning, and memory in healthy adults using 
transcranial direct current stimulation. NeuroImage, 85, 895–908.

Cunillera, T., Brignani, D., Cucurell, D., Fuentemilla, L., & Miniussi, C. (2015). 
The right inferior frontal cortex in response inhibition: A tdcs-erp co-
registration study. NeuroImage, 140, 66–75.

Datta, A., Bansal, V., Diaz, J., Patel, J., Reato, D., & Bikson, M. (2009). Gyri-
precise head model of transcranial direct current stimulation: Improved 
spatial focality using a ring electrode versus conventional rectangu-
lar pad. Brain Stimulation, 2(4), 201–207. https://doi.org/10.1016/ 
j.brs.2009.03.005

Datta, A., Truong, D., Minhas, P., Parra, L. C., & Bikson, M. (2014). Inter-
individual variation during transcranial direct current stimulation 
and normalization of dose using mri-derived computational models. 
Frontiers in Psychiatry, 7(2), 91.

Dayan, E., Censor, N., Buch, E. R., Sandrini, M., & Cohen, L. G. (2013). 
Noninvasive brain stimulation: From physiology to network dy-
namics and back. Nature Neuroscience, 16(7), 838–844. https:// 
doi.org/10.1038/nn.3422

Faria, P., Hallett, M., & Miranda, P. C. (2011). A finite element analysis of the 
effect of electrode area and inter-electrode distance on the spatial dis-
tribution of the current density in tDCS. Journal of Neural Engineering, 
8(6), 066017. https://doi.org/10.1088/1741-2560/8/6/066017

Fecteau, S., Knoch, D., Fregni, F., Sultani, N., Boggio, P., & Pascual-Leone, 
A. (2007). Diminishing risk-taking behavior by modulating activity in 
the prefrontal cortex: A direct current stimulation study. The Journal 
of Neuroscience, 27(46), 12500–12505. https://doi.org/10.1523/
JNEUROSCI.3283-07.2007

Fecteau, S., Pascual-Leone, A., Zald, D. H., Liguori, P., Théoret, H., Boggio, P. 
S., & Fregni, F. (2007). Activation of prefrontal cortex by transcranial di-
rect current stimulation reduces appetite for risk during ambiguous de-
cision making. The Journal of Neuroscience, 27(23), 6212–6218. https://
doi.org/10.1523/JNEUROSCI.0314-07.2007

Fernie, G., Cole, J. C., Goudie, A. J., & Field, M. (2010). Risk-taking but not 
response inhibition or delay discounting predict alcohol consumption 
in social drinkers. Drug and Alcohol Dependence, 112(1–2), 54. https:// 
doi.org/10.1016/j.drugalcdep.2010.05.011

Filmer, H. L., Dux, P. E., & Mattingley, J. B. (2014). Applications of tran-
scranial direct current stimulation for understanding brain function. 
Trends in Neurosciences, 37(12), 742–753. https://doi.org/10.1016/ 
j.tins.2014.08.003

Fox, M. D., Buckner, R. L., Liu, H., Chakravarty, M. M., Lozano, A. M., & 
Pascualleone, A. (2014). Resting-state networks link invasive and non-
invasive brain stimulation across diverse psychiatric and neurological 
diseases. Proceedings of the National Academy of Sciences, 111(41), 
E4367. https://doi.org/10.1073/pnas.1405003111

Fregni, F., Boggio, P. S., Nitsche, M., Bermpohl, F., Antal, A., Feredoes, E., 
… Pascual-Leone, A. (2005). Anodal transcranial direct current stimula-
tion of prefrontal cortex enhances working memory. Experimental Brain 
Research, 166(1), 23–30. https://doi.org/10.1007/s00221-005-2334-6

Fregni, F., & Pascualleone, A. (2007). Technology insight: Noninvasive brain 
stimulation in neurology-perspectives on the therapeutic potential of 
rtms and tdcs. Nature Clinical Practice Neurology, 3(7), 383–393. https://
doi.org/10.1038/ncpneuro0530

Fukunaga, R., Brown, J. W., & Bogg, T. (2012). Decision making in the 
Balloon Analogue Risk Task (BART): Anterior cingulate cortex sig-
nals loss aversion but not the infrequency of risky choices. Cognitive, 
Affective, and Behavioral Neuroscience, 12(3), 479–490. https:// 
doi.org/10.3758/s13415-012-0102-1

Gandiga, P. C., Hummel, F. C., & Cohen, L. G. (2006). Transcranial DC stim-
ulation (tDCS): A tool for double-blind sham-controlled clinical studies 
in brain stimulation. Clinical Neurophysiology, 117(4), 845–850. https://
doi.org/10.1016/j.clinph.2005.12.003

http://orcid.org/0000-0002-9732-4604
http://orcid.org/0000-0002-9732-4604
http://orcid.org/0000-0002-8839-4678
http://orcid.org/0000-0002-8839-4678
http://orcid.org/0000-0001-9630-0988
http://orcid.org/0000-0001-9630-0988
https://doi.org/10.1016/j.brat.2003.12.007
https://doi.org/10.1088/0031-9155/61/12/4506
https://doi.org/10.1016/j.brs.2010.06.004
https://doi.org/10.1016/j.brs.2010.06.004
https://doi.org/10.1016/j.brainresrev.2007.08.001
https://doi.org/10.1016/j.brainresrev.2007.08.001
https://doi.org/10.1016/j.brs.2016.06.004
https://doi.org/10.1016/j.brs.2016.06.004
https://doi.org/10.1111/j.1460-9568.2010.07080.x
https://doi.org/10.1111/j.1460-9568.2010.07080.x
https://doi.org/10.1016/j.neubiorev.2016.08.028
https://doi.org/10.1016/j.neubiorev.2016.08.028
https://doi.org/10.1016/j.brs.2011.03.002
https://doi.org/10.1016/j.brs.2011.03.002
https://doi.org/10.1007/s10072-016-2721-8
https://doi.org/10.1037/0022-3514.67.2.319
https://doi.org/10.1016/j.brs.2016.10.013
https://doi.org/10.1016/j.brs.2016.10.013
https://doi.org/10.1016/j.brs.2009.03.005
https://doi.org/10.1016/j.brs.2009.03.005
https://doi.org/10.1038/nn.3422
https://doi.org/10.1038/nn.3422
https://doi.org/10.1088/1741-2560/8/6/066017
https://doi.org/10.1523/JNEUROSCI.3283-07.2007
https://doi.org/10.1523/JNEUROSCI.3283-07.2007
https://doi.org/10.1523/JNEUROSCI.0314-07.2007
https://doi.org/10.1523/JNEUROSCI.0314-07.2007
https://doi.org/10.1016/j.drugalcdep.2010.05.011
https://doi.org/10.1016/j.drugalcdep.2010.05.011
https://doi.org/10.1016/j.tins.2014.08.003
https://doi.org/10.1016/j.tins.2014.08.003
https://doi.org/10.1073/pnas.1405003111
https://doi.org/10.1007/s00221-005-2334-6
https://doi.org/10.1038/ncpneuro0530
https://doi.org/10.1038/ncpneuro0530
https://doi.org/10.3758/s13415-012-0102-1
https://doi.org/10.3758/s13415-012-0102-1
https://doi.org/10.1016/j.clinph.2005.12.003
https://doi.org/10.1016/j.clinph.2005.12.003


10 of 11  |     GUO et al.

Gardner, M., & Steinberg, L. (2005). Peer influence on risk taking, risk 
preference, and risky decision making in adolescence and adulthood: 
An experimental study. Developmental Psychology, 41(4), 625. https:// 
doi.org/10.1037/0012-1649.41.4.625

Garnett, E. O., & Ouden, D. B. D. (2015). Validating a sham condition for 
use in high definition transcranial direct current stimulation. Brain 
Stimulation, 8(3), 551–554. https://doi.org/10.1016/j.brs.2015.01.399

Gözenman, F., & Berryhill, M. E. (2016). Working memory capacity dif-
ferentially influences responses to tdcs and hd-tdcs in a retro-cue 
task. Neuroscience Letters, 629, 105–109. https://doi.org/10.1016/ 
j.neulet.2016.06.056

Hallett, M. (2000). Transcranial magnetic stimulation and the human brain. 
Nature, 406(6792), 147–150. https://doi.org/10.1038/35018000

Hampstead, B. M., & Hartley, J. F. (2015). High-definition tdcs modu-
lates activation during spatial navigation in healthy older adults. Brain 
Stimulation, 8(2), 314. https://doi.org/10.1016/j.brs.2015.01.021

Hogeveen, J., Grafman, J., Aboseria, M., David, A., Bikson, M., & Hauner, 
K. K. (2016). Effects of high-definition and conventional tdcs on re-
sponse inhibition. Brain Stimulation, 9(5), 720. https://doi.org/10.1016/ 
j.brs.2016.04.015

Hopko, D. R., Lejuez, C. W., Daughters, S. B., Aklin, W. M., Osborne, A., 
Simmons, B. L., & Strong, D. R. (2006). Construct validity of the bal-
loon analogue risk task (bart): Relationship with mdma use by inner-
city drug users in residential treatment. Journal of Psychopathology 
and Behavioral Assessment, 28(2), 95–101. https://doi.org/10.1007/
s10862-006-7487-5

Hsu, M., Bhatt, M., Adolphs, R., Tranel, D., & Camerer, C. F. (2005). Neural 
systems responding to degrees of uncertainty in human decision-
making. Science, 310(5754), 1680–1683. https://doi.org/10.1126/
science.1115327

Humphreys, K. L., Lee, S. S., & Tottenham, N. (2013). Not all risk taking 
behavior is bad: Associative sensitivity predicts learning during risk tak-
ing among high sensation seekers. Personality and Individual Differences, 
54(6), 709–715. https://doi.org/10.1016/j.paid.2012.11.031

Kahneman, D., & Tversky, A. (2000). Choices, values, and frames. New York, 
NY, USA: Russell Sage Foundation.

Knoch, D., Gianotti, L. R., Pascual-Leone, A., Treyer, V., Regard, M., 
Hohmann, M., & Brugger, P. (2006). Disruption of right prefrontal 
cortex by low-frequency repetitive transcranial magnetic stimula-
tion induces risk-taking behavior. Journal of Neuroscience, 26(24),  
6469–6472. https://doi.org/10.1523/JNEUROSCI.0804-06.2006

Krishnan-Sarin, S., Reynolds, B., Duhig, A. M., Smith, A., Liss, T., Mcfetridge, 
A., … Potenza, M. N. (2007). Behavioral impulsivity predicts treat-
ment outcome in a smoking cessation program for adolescent smok-
ers. Drug and Alcohol Dependence, 88(1), 79. https://doi.org/10.1016/ 
j.drugalcdep.2006.09.006

Kruschke, J. K. (2013). Bayesian estimation supersedes the t test. Journal of 
Experimental Psychology: General, 142(2), 573. https://doi.org/10.1037/
a0029146

Kruschke, J. (2014). Doing Bayesian data analysis: A tutorial with R, JAGS, and 
Stan. Cambridge, MA, USA: Academic Press.

Kuo, H. I., Bikson, M., Datta, A., Minhas, P., Paulus, W., Kuo, M. F., & 
Nitsche, M. A. (2013). Comparing cortical plasticity induced by conven-
tional and; high-definition 4 x 1 ring tdcs: A neurophysiological study. 
Brain Stimulation, 6(4), 644–648. https://doi.org/10.1016/j.brs.2012. 
09.010

Lage-Castellanos, A., Martínez-Montes, E., Hernández-Cabrera, J. A., & 
Galán, L. (2010). False discovery rate and permutation test: An evalua-
tion in erp data analysis. Statistics in Medicine, 29(1), 63.

Lauriola, M., Panno, A., Levin, I. P., & Lejuez, C. W. (2014). Individual dif-
ferences in risky decision making: A meta-analysis of sensation seek-
ing and impulsivity with the balloon analogue risk task. Journal of 
Behavioral Decision Making, 27(1), 20–36. https://doi.org/10.1002/ 
bdm.1784

Lejuez, C. W., Read, J. P., Kahler, C. W., Richards, J. B., Ramsey, S. 
E., Stuart, G. L., … Brown, R. A. (2002). Evaluation of a behav-
ioral measure of risk taking: The balloon analogue risk task (bart). 
Journal of Experimental Psychology Applied, 8(2), 75–84. https:// 
doi.org/10.1037/1076-898X.8.2.75

Lejuez, C. W., Simmons, B. L., Aklin, W. M., Daughters, S. B., & Dvir, S. 
(2004). Risk-taking propensity and risky sexual behavior of individu-
als in residential substance use treatment. Addictive Behaviors, 29(8), 
1643–1647. https://doi.org/10.1016/j.addbeh.2004.02.035

Li, Y. Z., Zhang, Y., Jiang, Y., & Li, H. (2008). The Chinese version of the bis/
bas scale: Reliability and validity. Chinese Mental Health Journal, 22(8), 
613–616.

Mandzia, J., & Black, S. E. (2001). Neuroimaging and behavior: Probing 
brain behavior relationships in the 21st century. Current Neurology 
and Neuroscience Reports, 1(6), 553–561. https://doi.org/10.1007/
s11910-001-0061-3

Maréchal, M. A., Cohn, A., Ugazio, G., & Ruff, C. C. (2017). Increasing 
honesty in humans with noninvasive brain stimulation. Proceedings 
of the National Academy of Sciences, 114(17), 4360–4364. https:// 
doi.org/10.1073/pnas.1614912114

Miller, B. T., & D’Esposito, M. (2005). Searching for “the top” in top-
down control. Neuron, 48(4), 535–538. https://doi.org/10.1016/ 
j.neuron.2005.11.002

Nichols, T. E., & Holmes, A. P. (2002). Nonparametric permutation tests 
for functional neuroimaging: A primer with examples. Human Brain 
Mapping, 15(1), 1–25. https://doi.org/10.1002/(ISSN)1097-0193

Nikolin, S., Loo, C. K., Bai, S., Dokos, S., & Martin, D. M. (2015). Focalised 
stimulation using high definition transcranial direct current stimu-
lation (hd-tdcs) to investigate declarative verbal learning and mem-
ory functioning. NeuroImage, 117, 11–19. https://doi.org/10.1016/ 
j.neuroimage.2015.05.019

Nitsche, M. A., & Bikson, M. (2017). Extending the parameter range for 
tdcs: Safety and tolerability of 4 ma stimulation. Brain Stimulation, 
10(3), 541–542. https://doi.org/10.1016/j.brs.2017.03.002

Nitsche, M. A., Boggio, P. S., Fregni, F., & Pascual-Leone, A. (2009). 
Treatment of depression with transcranial direct current stimula-
tion (tdcs): A review. Experimental Neurology, 219(1), 14–19. https:// 
doi.org/10.1016/j.expneurol.2009.03.038

Nitsche, M. A., & Paulus, W. (2000). Excitability changes induced 
in the human motor cortex by weak transcranial direct current 
stimulation. The Journal of Physiology, 527(3), 633–639. https:// 
doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x

Ohn, S. H., Park, C. I., Yoo, W. K., Ko, M. H., Choi, K. P., Kim, G. M., … Kim, 
Y. H. (2008). Time-dependent effect of transcranial direct current stim-
ulation on the enhancement of working memory. NeuroReport, 19(1), 
43–47. https://doi.org/10.1097/WNR.0b013e3282f2adfd

Poreisz, C., Boros, K., Antal, A., & Paulus, W. (2007). Safety aspects 
of transcranial direct current stimulation concerning healthy sub-
jects and patients. Brain Research Bulletin, 72(4), 208–214. https:// 
doi.org/10.1016/j.brainresbull.2007.01.004

Pripfl, J., Neumann, R., Köhler, U., & Lamm, C. (2013). Effects of transcra-
nial direct current stimulation on risky decision making are mediated 
by ‘hot’ and ‘cold’ decisions, personality, and hemisphere. European 
Journal of Neuroscience, 38(12), 3778–3785. https://doi.org/10.1111/
ejn.12375

Rao, H., Korczykowski, M., Pluta, J., Hoang, A., & Detre, J. A. (2008). 
Neural correlates of voluntary and involuntary risk taking in the 
human brain: An fMRI Study of the Balloon Analog Risk Task 
(BART). NeuroImage, 42(2), 902–910. https://doi.org/10.1016/ 
j.neuroimage.2008.05.046

Richardson, J., Datta, A., Dmochowski, J., Parra, L. C., & Fridriksson, J. 
(2015). Feasibility of using high-definition transcranial direct current 
stimulation (hd-tdcs) to enhance treatment outcomes in persons with 
aphasia. NeuroRehabilitation, 36(1), 115–126.

https://doi.org/10.1037/0012-1649.41.4.625
https://doi.org/10.1037/0012-1649.41.4.625
https://doi.org/10.1016/j.brs.2015.01.399
https://doi.org/10.1016/j.neulet.2016.06.056
https://doi.org/10.1016/j.neulet.2016.06.056
https://doi.org/10.1038/35018000
https://doi.org/10.1016/j.brs.2015.01.021
https://doi.org/10.1016/j.brs.2016.04.015
https://doi.org/10.1016/j.brs.2016.04.015
https://doi.org/10.1007/s10862-006-7487-5
https://doi.org/10.1007/s10862-006-7487-5
https://doi.org/10.1126/science.1115327
https://doi.org/10.1126/science.1115327
https://doi.org/10.1016/j.paid.2012.11.031
https://doi.org/10.1523/JNEUROSCI.0804-06.2006
https://doi.org/10.1016/j.drugalcdep.2006.09.006
https://doi.org/10.1016/j.drugalcdep.2006.09.006
https://doi.org/10.1037/a0029146
https://doi.org/10.1037/a0029146
https://doi.org/10.1016/j.brs.2012.09.010
https://doi.org/10.1016/j.brs.2012.09.010
https://doi.org/10.1002/bdm.1784
https://doi.org/10.1002/bdm.1784
https://doi.org/10.1037/1076-898X.8.2.75
https://doi.org/10.1037/1076-898X.8.2.75
https://doi.org/10.1016/j.addbeh.2004.02.035
https://doi.org/10.1007/s11910-001-0061-3
https://doi.org/10.1007/s11910-001-0061-3
https://doi.org/10.1073/pnas.1614912114
https://doi.org/10.1073/pnas.1614912114
https://doi.org/10.1016/j.neuron.2005.11.002
https://doi.org/10.1016/j.neuron.2005.11.002
https://doi.org/10.1002/(ISSN)1097-0193
https://doi.org/10.1016/j.neuroimage.2015.05.019
https://doi.org/10.1016/j.neuroimage.2015.05.019
https://doi.org/10.1016/j.brs.2017.03.002
https://doi.org/10.1016/j.expneurol.2009.03.038
https://doi.org/10.1016/j.expneurol.2009.03.038
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.1097/WNR.0b013e3282f2adfd
https://doi.org/10.1016/j.brainresbull.2007.01.004
https://doi.org/10.1016/j.brainresbull.2007.01.004
https://doi.org/10.1111/ejn.12375
https://doi.org/10.1111/ejn.12375
https://doi.org/10.1016/j.neuroimage.2008.05.046
https://doi.org/10.1016/j.neuroimage.2008.05.046


     |  11 of 11GUO et al.

Roy, A., Baxter, B., & He, B. (2014). High-definition transcranial direct cur-
rent stimulation induces both acute and persistent changes in broad-
band cortical synchronization: A simultaneous tdcs-eeg study. IEEE 
Transactions on Biomedical Engineering, 61(7), 1967–1978. https:// 
doi.org/10.1109/TBME.2014.2311071

Schonberg, T., Fox, C. R., Mumford, J. A., Congdon, E., Trepel, C., & Poldrack, 
R. A. (2012). Decreasing ventromedial prefrontal cortex activity during 
sequential risk-taking: An fMRI investigation of the balloon ana-
log risk task. Frontiers in Neuroscience, 6, 80. http://doi.org/10.3389/
fnins.2012.00080.

Sela, T., Kilim, A., & Lavidor, M. (2012). Transcranial alternating cur-
rent stimulation increases risk-taking behavior in the balloon ana-
log risk task. Frontiers in Neuroscience, 6, 22. http://doi.org/10.3389/
fnins.2012.00022.

Serafini, K., Malinmayor, B., Nich, C., Hunkele, K., & Carroll, K. M. (2016). 
Psychometric properties of the positive and negative affect schedule 
(panas) in a heterogeneous sample of substance users. American Journal 
of Drug and Alcohol Abuse, 42(2), 1.

Shiozawa, P., Leiva, A. P., Castro, C. D., Da, S. M., Cordeiro, Q., Fregni, F., & 
Brunoni, A. R. (2013). Transcranial direct current stimulation for general-
ized anxiety disorder: A case study. Biological Psychiatry, 75(11), 17–18.

Sitkin, S. B., & Weingart, L. R. (1995). Determinants of risky decision-making 
behavior: A test of the mediating role of risk perceptions and pro-
pensity. Academy of Management Journal, 38(6), 1573–1592. https:// 
doi.org/10.2307/256844

Steinberg, L. (2008). A social neuroscience perspective on adolescent risk-
taking. Developmental Review, 28(1), 78–106. https://doi.org/10.1016/ 
j.dr.2007.08.002

Suhr, J. A., & Tsanadis, J. (2007). Affect and personality correlates of the 
Iowa Gambling Task. Personality and Individual Differences, 43(1),  
27–36. https://doi.org/10.1016/j.paid.2006.11.004

Tan, D. G. H., Ting, K. H., & Chan, C. C. H. (2015). High-definition tran-
scranial direct current stimulation effect and its time-course on 2-back 
task: An event-related potential (erp) study. Brain Stimulation, 8(2), 345. 
https://doi.org/10.1016/j.brs.2015.01.114

Tom, S. M., Fox, C. R., Trepel, C., & Poldrack, R. A. (2007). The neural basis 
of loss aversion in decision-making under risk. Science, 315(5811), 515. 
https://doi.org/10.1126/science.1134239

Venkatakrishnan, A., & Sandrini, M. (2012). Combining transcranial direct 
current stimulation and neuroimaging: Novel insights in understanding 

neuroplasticity. Journal of Neurophysiology, 107(1), 1–4. https:// 
doi.org/10.1152/jn.00557.2011

Villamar, M. F., Volz, M. S., Bikson, M., Datta, A., DaSilva, A. F., & Fregni, 
F. (2013). Technique and Considerations in the Use of 4x1 Ring High-
definition Transcranial Direct Current Stimulation (HD-tDCS). Journal of 
Visualized Experiments: JoVE, 77, 50309. http://doi.org/10.3791/50309.

Wang, W., Wu, Y. X., Peng, Z. G., Lu, S. W., Yu, L., Wang, G. P., … Wang, Y. 
H. (2000). Test of sensation seeking in a Chinese sample. Personality 
and Individual Differences, 28(1), 169–179. https://doi.org/10.1016/
S0191-8869(99)00092-6

Watson, D., Clark, L. A., & Tellegen, A. (1988). Development and validation 
of brief measures of positive and negative affect - the PANAS scales. 
Journal of Personality and Social Psychology, 54, 1063–1070. https:// 
doi.org/10.1037/0022-3514.54.6.1063

Weber, M. J., Messing, S. B., Rao, H., Detre, J. A., & Thompson-Schill, S. L. (2014). 
Prefrontal transcranial direct current stimulation alters activation and con-
nectivity in cortical and subcortical reward systems: A tdcs-fmri study. Human 
Brain Mapping, 35(8), 3673–3686. https://doi.org/10.1002/hbm.22429

Zaehle, T., Sandmann, P., Thorne, J., Jancke, L., & Herrmann, C. (2011). Transcranial 
direct current stimulation of the prefrontal cortex modulates working memory 
performance: Combined behavioural and electrophysiological evidence. BMC 
Neuroscience, 12, 2–12. https://doi.org/10.1186/1471-2202-12-2

Zhang, Y. (1990). Test of sensation seeking scale in Chinese subjects and its 
factor analysis. Psychological Science, 4, 3–8.

Zhang, Y., Yu, H., Yin, Y., & Zhou, X. X. (2016). Intention modulates the 
effect of punishment threat in norm enforcement via the lateral orbi-
tofrontal cortex. Journal of Neuroscience, 36(35), 9217–9226. https:// 
doi.org/10.1523/JNEUROSCI.0595-16.2016

Zuckerman, M. (1979). Sensation seeking: Beyond the optimal level of arousal. 
Hillsdale, MI, USA: Taylor & Francis Limited.

How to cite this article: Guo H, Zhang Z, Da S, Sheng X, Zhang 
X. High-definition transcranial direct current stimulation 
(HD-tDCS) of left dorsolateral prefrontal cortex affects 
performance in Balloon Analogue Risk Task (BART). Brain Behav. 
2018;8:e00884. https://doi.org/10.1002/brb3.884

https://doi.org/10.1109/TBME.2014.2311071
https://doi.org/10.1109/TBME.2014.2311071
http://doi.org/10.3389/fnins.2012.00080
http://doi.org/10.3389/fnins.2012.00080
http://doi.org/10.3389/fnins.2012.00022
http://doi.org/10.3389/fnins.2012.00022
https://doi.org/10.2307/256844
https://doi.org/10.2307/256844
https://doi.org/10.1016/j.dr.2007.08.002
https://doi.org/10.1016/j.dr.2007.08.002
https://doi.org/10.1016/j.paid.2006.11.004
https://doi.org/10.1016/j.brs.2015.01.114
https://doi.org/10.1126/science.1134239
https://doi.org/10.1152/jn.00557.2011
https://doi.org/10.1152/jn.00557.2011
http://doi.org/10.3791/50309
https://doi.org/10.1016/S0191-8869(99)00092-6
https://doi.org/10.1016/S0191-8869(99)00092-6
https://doi.org/10.1037/0022-3514.54.6.1063
https://doi.org/10.1037/0022-3514.54.6.1063
https://doi.org/10.1002/hbm.22429
https://doi.org/10.1186/1471-2202-12-2
https://doi.org/10.1523/JNEUROSCI.0595-16.2016
https://doi.org/10.1523/JNEUROSCI.0595-16.2016
https://doi.org/10.1002/brb3.884

