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Previous brain imaging and brain stimulation studies have suggested that the dorsolateral prefrontal
cortex may be critical in regulating risk-taking behavior, although its specific causal effect on people's
risk preference remains controversial. This paper studied the independent modulation of the activity of
the right and left dorsolateral prefrontal cortex using various configurations of transcranial direct current
stimulation. We designed a risk-measurement table and adopted a within-subject design to compare the
same participant's risk preference before and after unilateral stimulation when presented with different
frames of gain and loss. The results confirmed a hemispheric asymmetry and indicated that the right
dorsolateral prefrontal cortex has an asymmetric effect on risk preference regarding frames of gain and
loss. Enhancing the activity of the right dorsolateral prefrontal cortex significantly decreased the parti-
cipants' degree of risk aversion in the gain frame, whereas it increased the participants' degree of risk
aversion in the loss frame. Our findings provide important information regarding the impact of tran-
scranial direct current stimulation on the risk preference of healthy participants. The effects observed in
our experiment compared with those of previous studies provide further evidence of the effects of
hemispheric and frame-dependent asymmetry. These findings may be helpful in understanding the
neural basis of risk preference in humans, especially when faced with decisions involving possible gain or
loss relative to the status quo.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Risk decision making is an important part of our daily lives,
involving a delicate evaluation between benefits and possible
risks. A remarkable feature in risky choices indicated by psycho-
logical studies is that people are inclined to be risk-averse in the
gain frame while risk-seeking in the loss frame (Lichtenstein and
Slovic, 1971; Kahneman and Tversky, 1979, 1984; Tversky and
Kahneman, 1991). For example, people prefer gaining 10 dollars
with certainty to gaining 20 dollars with a probability of 50%, but
at the same time they prefer losing 20 dollars with a probability of
50% to losing 10 dollars with certainty. This reversal of risk pre-
ference seems irrational because peoples' preferences should be
consistent regardless of the frames, thus it attracts great attention
in social science such as economics and psychology (Brickman
jerry@zju.edu.cn (D. Huang),
.com (H. Zheng),
om (S. Chen).
et al., 1978; Chew and MacCrimmon, 1979; Thaler, 1985; Loomes
and Sugden, 1986; Gul, 1991; Starmer, 2000).

Cognitive neuroscientific studies have also paid much attention
to the neural basis of risk decision making. Studies using func-
tional magnetic resonance imaging, functional near-infrared
spectroscopy and positron emission tomography have revealed
evidence of a relationship between risk preference and dorso-
lateral prefrontal cortex (DLPFC) activity (Ernst et al., 2001; Bolla
et al., 2005; Rao et al., 2008; Cazzell et al., 2012; Bembich et al.,
2014; Lin et al., 2014). The activation is lateralized on the right side
of DLPFC, associated with choice risk level and peoples' degree of
risk aversion (Rao et al., 2008; Bembich et al., 2014; Holper et al.
2014). Clinically, patients with right DLPFC lesions have bad per-
formance in risk decision making tasks (Manes et al., 2002; Clark
et al., 2003; Fellows and Farah, 2005). Related studies indicated
that the right DLPFC specializes in response suppression or in-
hibition in the context of risk decision making (Verfaellie and
Heilman, 1987; De Zubicaray et al., 2000; Ersche et al., 2005;
Schonberg et al., 2012; Yamamoto et al., 2015), which is believed to
be one of the cognitive functions of right DLPFC used to mediate
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between different alternatives in risk decision making (Ernst et al.,
2001; Bembich et al., 2014; Yamamoto et al., 2015).

However, these technologies cannot demonstrate a direct
causal association between the DLPFC and risk decision making. If
the right DLPFC is associated with response inhibition and alter-
native mediation, then altering the activity of this region may
probably affect peoples' behaviors in risk decision making. Studies
using brain stimulation technologies, such as transcranial mag-
netic stimulation and transcranial direct current stimulation
(tDCS), provide the opportunity to modulate activity in the DLPFC
to detect its causal effect on risk preference in control experi-
ments. Unfortunately, these studies obtained various results. For
example, Knoch et al. (2006), using transcranial magnetic stimu-
lation, found that participants receiving stimulation over the right
DLPFC changed their risk-averse response style and displayed
significantly riskier decision making. Fecteau et al. (2007a) re-
vealed that participants receiving right anodal/left cathodal tDCS
adopted a risk-averse response style. Fecteau et al. (2007b) in-
dicated that tDCS applied over the bilateral DLPFC led to more risk-
averse behavior compared with unilateral and sham stimulations.
Weber et al. (2014) found that enhancing the activity of either
right or left DLPFC using tDCS did not change participants' risk
preferences.

These varying results may be related to the various psycholo-
gical or economic tasks, such as Rogers' Risk Task (Rogers et al.,
1999), the Balloon Analogue Risk Task and the Columbia Card Task
(Figner et al., 2009). Different frames of the risk tasks may cause
ambiguity, and different patterns of brain activity may be asso-
ciated with these processes. In addition, most experiments that
have analyzed risk preference adopted a between-subject design,
which requires a large sample to overcome the heterogeneity of
the participants. However, the methodological constrains of brain
stimulation technologies make it difficult to afford large sample
sizes, which may reduce the statistical power of the corresponding
results. More importantly, these studies do not distinguish be-
tween the gain frame and the loss frame. People may have dif-
ferent understandings of the tasks and attribute them into differ-
ent frames, thus leading to different or even reversal behaviors
and making the results much more complicated to be explained.
Furthermore, most previous studies do not distinguish the effect of
unilateral DLPFC stimulation from that of bilateral DLPFC stimu-
lation, leaving the question as to whether the impact on risk de-
cision making is solely attributable to the modulation of activity in
the unilateral DLPFC or an altered balance of activity across both
DLPFCs.

In this study, we designed a risk-measurement table with two
frames of gain and loss. The risk-measurement table consists of 35
choices in each frame and is modified from Holt and Laury (2002)
and Ye et al. (2015), which provided a simple and direct measure
of the participants' risk preferences without requiring strategy or
working memory. In each choice of the table, the participants
should choose between a safe option and a risky option. It is
supposed that the more safe options the participant chose, the
more risk-averse he/she is. We recruited a total of 100 healthy
college students to participate in our experiment and adopted the
within-subject design. The participants were required to complete
a set of choices (the first task) before receiving tDCS and another
set of equivalent choices (the second task) after the stimulation. As
hemispherical asymmetry of DLPFC is observed in previous find-
ings, we applied a unilateral stimulation montage to distinguish
the impact of the right or left DLPFC from that of changing the
balance of activity across both DLPFCs. The participants were
randomly assigned to one of five single-blind tDCS conditions,
which were defined as right anodal tDCS, right cathodal tDCS, left
anodal tDCS, left cathodal tDCS and sham stimulation.

By comparing the participants' degree of risk aversion before
and after different kinds of tDCS, we aimed to find out how
modulating the activity of unilateral DLPFC will affect the parti-
cipants' risk preference when faced with frames of gain and loss.
Based on previous studies indicating that activation is lateralized
on the right side of DLPFC in risk decision making tasks, we an-
ticipated a hemispherical asymmetry of DLPFC, and stimulation
over the right DLPFC has more effect in changing the participants'
behaviors than that over the left DLPFC. We also anticipated a
frame-dependent asymmetry, meaning that stimulation over
DLPFC had different effects in frames of gain and loss. The beha-
vioral feature indicated by psychological studies that people are
inclined to be risk-averse in the gain frame while risk-seeking in
the loss frame may be derived from the long evolutionary history
of human being and has been rooted in human psychology as in-
stinctive impulses. Thus the anodal tDCS over the right DLPFC may
have inhibitive effect on these impulses, leading the participants
being more risk-seeking in the gain frame while more risk-averse
in the loss frame. Similarly, the cathodal tDCS over the right DLPFC
may have an opposite effect, leading the participants being more
risk-averse in the gain frame while more risk-seeking in the loss
frame. Furthermore, we explored the influence of gender on par-
ticipants' risk decision making and anticipated a difference be-
tween males and females.
2. Results

2.1. Main results

For each choice of the risk-measurement table, the participants
were required to choose between the safe option and the risky
option. The participant was considered to have a higher degree of
risk aversion if he/she chose the safe option rather than the risky
option. Generally speaking, the more safe options the participant
chose, the more risk-averse he/she was. As a result, we calculated
the number of safe options the participant chose and regarded it
as a reasonable index for the participant's risk preference.

We analyzed the number of safe options the participant chose
using repeated measures ANOVA with Frame (gain vs. loss) and
Time (before vs. after stimulation) as within-subjects factors and
Stimulation type (right anodal, right cathodal, left anodal, left
cathodal or sham) as a between-subject factor. There was a sig-
nificant effect of Frame (F1,95¼11.590, p¼0.001), indicating that in
the gain frame, the participants tended to choose more safe op-
tions than in the loss frame (gain frame: mean¼22.885; loss
frame: mean¼19.535). We also found a significant interaction of
Frame and Time (F1,95¼25.833, po0.001). Tests of simple main
effect showed that in the gain frame, the participants chose less
safe options after the stimulation (po0.001), while in the loss
frame they chose more safe options after the stimulation
(p¼0.012). As for comparisons between the gain frame and the
loss frame, we found significant differences both before and after
the stimulation (before: gain frame¼23.540, loss frame¼19.160,
po0.001; after: gain frame¼22.230, loss frame¼19.910,
p¼0.021).

Crucially, a three-way interaction of Frame, Time and Stimula-
tion type was found significant (F4,95¼3.607, p¼0.009). After re-
ceiving right anodal stimulation, the participants were likely to
choose less safe options in the gain frame (before: mean¼24.800;
after: mean¼22.150; po0.001) while more safe options in the
loss frame (before: mean¼17.300; after: mean¼19.650; p¼0.001).
After receiving left cathodal stimulation, the participants were
likely to choose less safe options in the gain frame (before:
mean¼25.000; after: mean¼23.650; p¼0.037), but no contrary
tendency was found in the loss frame.

In addition, neither in the gain frame nor in the loss frame had



Fig. 1. Numbers of safe options in the gain frame before and after stimulation
across conditions. Blue columns, pre-tDCS; red columns, after-tDCS. Error bars in-
dicate standard errors. Asterisks indicate statistical significance of difference within
subjects (**: po0.01, *: po0.05).

Fig. 2. Numbers of safe options in the loss frame before and after stimulation
across conditions. Blue columns, pre-tDCS; red columns, after-tDCS. Error bars in-
dicate standard errors. Asterisks indicate statistical significance of difference within
subjects (**: po0.01, *: po0.05).
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significant difference been observed between the four active tDCS
conditions and the sham condition before the stimulation (in all
conditions: p¼1.000), which may indicate that the participants
were randomly assigned to these conditions. However, there was
also no significant difference between these active conditions and
the sham condition after the stimulation (in all conditions:
p¼1.000). The participants' choices for the different conditions are
summarised in Fig. 1 and Fig. 2.

2.2. Gender differences

To take a close look at the influence of gender on participants'
behavior, we included Gender as a between-subject factor to the
repeated measures ANOVA in 2.1. Once again we found significant
effects of Frame (F1,90¼6.140, p¼0.015), the interaction of Frame
and Time (F1,90¼22.005, po0.001) and the three-way interaction
of Frame, Time and Stimulation type (F4,90¼4.233, p¼0.003). More
importantly, we found a significant interaction of Frame and
Gender (F1,90¼7.218, p¼0.009). Tests of simple main effect
showed that in the gain frame, the male participants chose less
safe options than the female participants (male: mean¼20.917;
female: mean¼24.162; p¼0.045), while no similar tendency was
found in the loss frame.

Furthermore, we applied the same tests in 2.1 to the male and
female participants separately. For the male participants, we found
no significant effect of Frame but a significant interaction of Frame
and Time (F1,31¼8.058, p¼0.008). Simple main effect tests
showed that in the gain frame, the participants chose less safe
options after the stimulation (before: mean¼21.433; after:
mean¼20.401; p¼0.009). The three-way interaction of Frame,
Time and Stimulation type was also found significant
(F4,31¼4.930, p¼0.003). Analyses showed that after receiving
right anodal stimulation, the male participants were likely to
choose less safe options in the gain frame (before: mean¼22.500;
after: mean¼20.000; p¼0.003) while more safe options in the
loss frame (before: mean¼17.250; after: mean¼21.250;
po0.001).

For the female participants, on the other hand, we found a
significant effect of Frame (F1,59¼22.508, po0.001). This means
that in the gain frame, the female participants tended to choose
more safe options than in the loss frame (gain frame:
mean¼24.162; loss frame: mean¼18.868). There was also a sig-
nificant interaction of Frame and Time (F1,59¼17.785, po0.001).
Simple main effect tests showed that in the gain frame, the par-
ticipants chose less safe options after the stimulation (before:
mean¼24.909; after: mean¼23.414; po0.001). As for compar-
isons between the gain frame and the loss frame, we found sig-
nificant differences both before (po0.001) and after (po0.001)
the stimulation. Furthermore, the female participants were likely
to choose less safe options in the gain frame after receiving right
anodal stimulation (before: mean¼22.500; after: mean¼20.000;
p¼0.003) and to choose less safe options in the gain frame after
receiving left cathodal stimulation (before: mean¼25.133; after:
mean¼23.600; p¼0.068), while no significant changes were
found in the loss frame.

2.3. Awareness of risk preference

After finishing the second task, the participants were asked to
complete a questionnaire containing questions about personal
information and the participants' self-assessment of risk pre-
ference. The participants were asked how they evaluated their risk
preferences according to their behaviors in the experiment, given
a scale from 1 to 6 with 1 meaning “very risk averse” and
6 meaning “very risk-seeking”. This was a supplementary test
aiming to check whether the participants had realized that their
risk preferences were changed. However, there was no significant
difference in self-assessment of risk preference between the five
different tDCS conditions (one-way ANOVA, p¼0.662). As the
questionnaire was completed after the stimulation, this may in-
dicate that participants receiving right anodal tDCS were unaware
that their risk preferences had been changed.
3. Discussion

This paper studied the independent modulation of the activity
of the right and left DLPFC using various configurations of tDCS.
We designed a risk-measurement table and adopted a within-
subject design to compare the same participant's risk preference
before and after unilateral stimulation when presented with dif-
ferent frames of gain and loss. Our results indicated both a
hemispheric asymmetry and a frame-dependent asymmetry. En-
hancing the activity of the right DLPFC decreased the participants'
degree of risk aversion in the gain frame, whereas it increased the
participants' degree of risk aversion in the loss frame. Left cathodal
tDCS also decreased the participants' degree of risk aversion in the
gain frame, but no contrary effect was found in the loss frame.

Compared to previous studies about risk preference and DLPFC
using brain stimulation technologies, this study may have im-
provements in some aspects. We extended the sample to 100
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participants and adopted the within-subject design to prevent
interference due to the heterogeneity of the participants. We de-
signed a risk-measurement table based on Holt and Laury (2002)
and Ye et al. (2015). The risk-measurement table proposed by Ye
et al. (2015) consists of 16 choices. For each choice, participants
must choose between a safe option and a risky option. However,
for some of the choices, the risky option has a much higher ex-
pected value than the safe option but is only slightly riskier. As a
result, most participants will choose the risky option both before
and after the tDCS of limited intensity. These choices minimally
contribute to interference in the participants' risk preferences and
may influence the significance of the difference before and after
the stimulation. Therefore, we modified the risk-measurement
table, adjusting the expected values of the two options to be equal
or nearly equal to capture mild changes in participants' risk pre-
ferences. This modification also allowed for a simpler measure-
ment of the participants' risk preferences without the use of an
assumed utility function or an index of weighted risk aversion. In
addition, we extended the choice quantity to 35 choices not only
to enhance the statistical power but also to reduce the learning
effect, which may be mixed with the stimulation effect. The
questionnaire revealed that the participants were not aware of the
homogeneity of the two tasks, and the participants reported that
they would reconsider the choices without recalling previous
ones.

More importantly, we distinguished between the effect of the
unilateral DLPFC and the effect due to changing the balance of
activity across both DLPFCs. Neuroscientific studies have suggested
that the right DLPFC is engaged in response inhibition, especially
the inhibitory cognitive control of affective impulses (Ernst et al.,
2001; Schonberg et al., 2012; Pripfl et al., 2013), and the right side
of DLPFC is much more intensively activated during risk decision
making tasks (Rao et al., 2008; Bembich et al., 2014; Holper et al.
2014). As a result, it is crucial to independently test the effect of
unilateral DLPFC in risk decision making. This montage of uni-
lateral stimulation is widely used in tDCS studies (Fecteau et al.,
2007a; Jacobson et al., 2011; Hasan et al., 2013; Sellaro et al., 2015).
We chose the parietal cortex to place the return electrode so as to
complete the current circuit because of its reasonable spatial and
functional distance from the DLPFC, thus decreasing the possibility
of stimulation or task interferences. The parietal cortex is believed
to be related with attention (including visual, auditory and haptic
attention), the development of human language as well as calcu-
lation abilities (Pugh et al., 1996; Burton et al., 1999; Colby and
Goldberg, 1999; Kanwisher and Wojciulik, 2000; Culham and
Kanwisher, 2001; Simon et al., 2002). In addition, all the four ac-
tive tDCS conditions have used the parietal cortex to place the
return electrode. If the significant effect of right anodal (left
cathodal) on the participants' behaviors was due to the effect of
parietal cortex, there should be significant difference in condition
of right cathodal (left anodal) as well, but we didn't find any sig-
nificant difference in the latter condition. Nevertheless, it's still
possible that this montage may have some effects on risk decision
making. This is a trade off as we aimed to distinguish between the
effect of the unilateral DLPFC and that of changing the balance of
activity across both DLPFCs.

Furthermore, we distinguished between gain and loss frames in
the risk decision making task. Psychological studies indicated that
people are inclined to be risk-averse in the gain frame while risk-
seeking in the loss frame (Lichtenstein and Slovic, 1971; Kahneman
and Tversky, 1979, 1984; Tversky and Kahneman, 1991). This be-
havioral feature may be derived from the long evolutionary history
of human being and has been rooted in human psychology as in-
stinctive impulses (McFarlane and Pliner, 1997; Wilkinson and
Klaes, 2012). Moreover, previous studies indicated that the right
DLPFC appears to be involved in impulsive choice inhibition during
decision making (Ersche et al., 2005; Schonberg et al., 2012; Ya-
mamoto et al., 2015). In our experiment, the anodal tDCS over the
right DLPFC may have increased the inhibition of the participants'
instinctive affective impulses for being risk-averse in the gain
frame while being relatively risk-seeking in the loss frame. As a
result, the primal instinct may be partly inhibited, thus leading the
participants to be less risk-averse in the gain frame while less risk-
seeking in the loss frame. However, we didn't find an opposite
effect of right cathodal tDCS on risk behavior. Most previous stu-
dies about the effect of tDCS on risk behavior also didn't find
significant effects of cathodal stimulations over the right DLPFC,
and the anodal-excitation and cathodal-inhibition effect was
found to occur rarely in cognitive studies (Jacobson et al., 2012).
These phenomena were supposed to be related with the initial
neuronal activation state, the susceptibility of the cognitive task or
the effect of contralateral compensation (Silvanto et al., 2008; Fox
et al., 2006; Jacobson et al., 2012).

We also found significant effect of left cathodal tDCS. Partici-
pants receiving left cathodal tDCS turned more risk-seeking in the
gain frame, but no contrary effect was found in the loss frame.
Literature has shown the involvement of left DLPFC in response
inhibition, self control and working memory in some other cog-
nitive domains (Menon et al., 2001; Shafritz et al., 2006; Andrews
et al., 2011; Hollmann et al., 2012; Steinbeis et al., 2012). However,
it is hard to conclude whether left DLPFC had a real effect on
participants' risk preferences because no significant effect was
found in left anodal tDCS condition and the effect found in left
cathodal tDCS condition was only slightly significant in the gain
frame. Investigating the effect of tDCS via a cognitive task is highly
susceptible to external noise (Jacobson et al., 2012), and the slight
significance may be attributed to the effect of contralateral com-
pensation or the participants' heterogeneities. In this context,
further studies are needed to reveal the real effect of left DLPFC on
risk decision making.

Gender also played a role in the participants' decisions in our
experiment. The right anodal tDCS significantly changed the male
participants' risk preferences in the loss frame but not the female
ones'. Although it is believed that prefrontal cortex maturity oc-
curs earlier in females than males (Powell, 2006; Cazzell et al.,
2012), gender difference are rarely reported in neuroscientific
studies due to small sample sizes. Cazzell et al. (2012) conducted
strong bilateral brain activations on DLPFC in both gain and loss
frames for female subjects and in gain frame for male subjects,
while Lin et al. (2014) found that brain behaved similarly for both
genders in risk decision making and Fecteau et al. (2007a) found
no significant impact of gender on risk decision making after tDCS.
It is hard to conclude whether the gender difference observed in
this study is attributed to the heterogeneity of participants or
some cognitive neural differences between the male and the fe-
male, which undoubtedly deserves further studies.

In our study, we found significant differences in right anodal
and left cathodal tDCS conditions before and after the stimulation
while no significant difference in the sham condition. However,
there was no significant difference between right anodal or left
cathodal tDCS condition and the sham condition either before or
after the stimulation. This may be attributed to the fact that al-
though the effect of tDCS significantly changed the participants'
behaviors in a single condition, it was not strong enough to cause
significant differences across conditions given the heterogeneity of
participants. Nevertheless, the reliability of the results obtained in
our study was toned down a bit in the context of this point and
further evidences are needed to confirm these findings. Moreover,
the clinical features of the participants were only requested as a
self-declaration, which was insufficient for excluding any patho-
logical profile of the sample. These should be the limitations of our
study.
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To conclude, our findings provide important information re-
garding the impact of tDCS on the risk preferences of healthy
participants. The effects observed in our experiments compared
with those of previous studies provide increased evidence of
hemispheric and frame-dependent asymmetric effects. These
findings may be helpful in elucidating the neural basis of risk
preference in humans, especially regarding decisions making that
may lead to gain or loss relative to the status quo. Future studies
are needed to explore the neural changes associated with these
neuromodulations using neuroimaging technologies.
4. Experimental procedures

4.1. Subjects

We recruited 100 healthy college students (64 females; mean
age 21.3 years, ranging from 18 to 27 years) to participate in our
experiment. All participants were right-handed and naïve to both
tDCS and risk tasks. No history of psychiatric illness, neurological
disorders or clinical impairments was reported by the participants.
The participants were randomly assigned to one of five different
tDCS conditions, which were defined as right anodal tDCS (n¼20,
12 females), right cathodal tDCS (n¼20, 11 females), left anodal
tDCS (n¼20, 13 females), left cathodal tDCS (n¼20, 15 females)
and sham stimulation (n¼20, 13 females). The final payoff was a
fixed show-up fee of 50 RMB Yuan (approximately 7.99 US dollars)
plus the reward (or penalty) gained from the tasks. On average, the
participants received 52.82 RMB Yuan (approximately 8.44 US
dollars). Participants gave informed written consent before en-
tering the experiment, which was approved by the Zhejiang Uni-
versity ethics committee. No participants reported adverse side
effects related to pain on the scalp or headaches after the
experiment.

4.2. Transcranial direct current stimulation (tDCS)

Transcranial direct current stimulation (tDCS) applied a weak
direct current to the scalp via two rounded, saline-soaked surface
Fig. 3. Schematic of the electrode positions based on the EEG 10–20 system (A) and locat
(B).
sponge electrodes (35 cm2). The current was constant, delivered
using a battery-driven stimulator (Multichannel non-invasive
wireless tDCS neurostimulator, Starlab, Barcelona, Spain), and
controlled via a Bluetooth signal. It was adjusted to induce cortical
excitability of the target area without causing any physiological
damage to the participants. Various configurations of the current
induced various effects on cortical excitability. Generally speaking,
anodal stimulation enhances cortical excitability and cathodal
stimulation inhibits cortical excitability (Nitsche and Paulus,
2000).

Participants were randomly assigned to one of the five single-
blind tDCS conditions. The target site was the right DLPFC or the
left DLPFC, and the control site was the parietal cortex because of
its reasonable spatial and functional distance from the DLPFC, thus
decreasing the possibility of stimulation or task interferences. For
the right anodal stimulation, the anodal electrode was centered
over the right F4 according to the international EEG 10–20 system,
and the cathodal electrode was centered over the Pz. For the left
anodal stimulation, the anodal electrode was centered over the left
F3, and the cathodal electrode was also centered over the Pz
(Fig. 3). For the right cathodal or left cathodal stimulation, the
placements were reversed. The anodal electrode was centered
over the Pz, and the cathodal electrode was centered over the F4
or F3 (Fig. 4). For the sham stimulation, the placements were
chosen randomly from the above four modes. Table 1 provides the
detailed description of each stimulation condition.

In the sham stimulation, the current stimulation duration was
only 30 s. No current was delivered for the rest of the stimulation
period, although the participants may have felt the initial itching
and believed that they were receiving the stimulation. This
method of sham stimulation is wildly used and has been shown to
be reliable (Gandiga et al., 2006). The current was a constant 2 mA
intensity with a 15-s of ramp up and down. The safety and effi-
ciency of these stimulation parameters have been shown in pre-
vious studies.

4.3. Task and procedure

The risk-measurement table consisted of 35 choices (Table 2).
ions of the dorsolateral prefrontal cortex and the parietal cortex of the human brain



Fig. 4. The simulational activated patterns of human brain for the four active stimulations. The axis represents the range of voltage from �18.476 V to 14.463 V.

Table 1
The detailed description of each stimulation condition.

Stimulation
condition

Sample size Position of anodal
electrode

Position of cathodal
electrode

right anodal tDCS n¼20, 12
females

right F4 Pz

right cathodal tDCS n¼20, 11
females

Pz right F4

left anodal tDCS n¼20, 13
females

left F3 Pz

left cathodal tDCS n¼20, 15
females

Pz left F3

sham stimulation n¼20, 13
females

randomly chosen from the four
configurations

Table 2
The risk-measurement table.

Row No. Option A Option B

A1 A2 expected
value

B1 B2 expected
value

Prob. 1/2 Prob. 1/2 Prob. 1/2 Prob. 1/2

1 6 14 10 5 15 10
2 7 13 10 5 14 9.5
3 7 13 10 5 15 10
4 7 13 10 6 14 10
5 7 13 10 6 15 10.5
6 8 12 10 5 14 9.5
7 8 12 10 5 15 10
8 8 12 10 5 16 10.5
9 8 12 10 6 13 9.5
10 8 12 10 6 14 10
11 8 12 10 6 15 10.5
12 8 12 10 7 13 10
13 8 12 10 7 14 10.5
14 9 11 10 5 14 9.5
15 9 11 10 5 15 10
16 9 11 10 5 16 10.5
17 9 11 10 6 13 9.5
18 9 11 10 6 14 10
19 9 11 10 6 15 10.5
20 9 11 10 7 12 9.5
21 9 11 10 7 13 10
22 9 11 10 7 14 10.5
23 9 11 10 8 12 10
24 10 10 10 5 14 9.5
25 10 10 10 5 15 10
26 10 10 10 5 16 10.5
27 10 10 10 6 13 9.5
28 10 10 10 6 14 10
29 10 10 10 6 15 10.5
30 10 10 10 7 12 9.5
31 10 10 10 7 13 10
32 10 10 10 8 11 9.5
33 10 10 10 8 12 10
34 10 10 10 9 11 10
35 10 10 10 9 12 10.5
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In each choice, participants chose between two options. Each op-
tion could have two realisations (A1 or A2 and B1 or B2) with an
equal probability of 1/2. The expected values of the two options
are the same or nearly the same over the 35 choices with different
degrees of risk, which was designed to capture any mild change of
the participants' risk preferences. Option A is safer (denoted as the
“safe” option) with a constant expected value, whereas option B is
riskier (denoted as the “risky” option) with expected values equal
or close to Option A. The table was applied in two frames, gain and
loss, thus there were a total of 70 choices in a task. For example, in
the gain frame, if the participant chose option A in the first choice,
then he/she was rewarded 6 or 14 RMB Yuan at a probability of 1/
2. If he/she chose option B, then he/she was rewarded 5 or 15 RMB
Yuan at the same probability. In the loss frame, the reward was
translated into a penalty. Both rewards and penalties were in-
cluded in the final payoff, so the participants were encouraged to
earn as much as possible.

The task was run using the experimental software z-Tree
(Fischbacher, 2007). The 70 choices of the two frames (gain and
loss) were randomized and presented one by one. The computer
calculated the rewards and penalties of the participant using a
random program according to his/her choices. The experiment
involved two tasks. After the participant finished the first task, the
laboratory assistant placed a tDCS device on his/her head for sti-
mulation and told him/her to rest and remain calm. After 15 min of
stimulation, the participant was asked to complete the second task
while the stimulation was continued for another 3 min (Fig. 5).
Stimulation applied for 9–13 min is able to produce lasting effect
for about an hour (Nitsche et al., 2008). However, as our task lasts
for about 20–30 min, we started the tDCS before the task and
performed it during the task like previous studies in order to in-
sure the intensity and stability of the stimulation effect (Fecteau
et al., 2007a, 2007b; Boggio et al., 2010).

The two tasks were made up of equivalent content, but the
order of the choices was altered, and the positions of the two



Fig. 5. Schematic representation of the experimental design. After 15 min of stimulation, each participant was asked to complete the second task while the stimulation was
continued for another 3 min.
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options were exchanged for some of the choices. After completing
the second task, the participants were asked to complete a ques-
tionnaire before receiving their payment.

4.4. Data analysis

We used repeated measures ANOVA to analyze the number of
safe options the participant chose and one-way ANOVA to analyze
the self-assessment of risk preference of the participants. Post hoc
tests were adjusted by Bonferroni correction. The critical level of
significance was set at po0.05. All statistical tests were performed
using SPSS 20 (SPSS Inc., Chicago, Illinois, USA).
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