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Previous correlational imaging studies have implicated the dorsolateral prefrontal
cortex (DLPFC) in decision making. Using High-Definition Transcranial Direct Current
Stimulation (HD-tDCS), the present study directly investigated the causal role of the
DLPFC in performing the lowa Gambling Task (IGT) and the Inter-Temporal Choice
(ITC) task. Three experiments were conducted: Experiment 1 (N = 41) to study the
left DLPFC, Experiment 2 (N = 49) to study the right DLPFC, and Experiment 3 (N = 20,
a subset of those in Experiment 1) to switch the experimental and control conditions. All
participants were healthy male college students. For Experiments 1 and 2, participants
were randomly assigned to either the HD-tDCS or the sham stimulation condition.
For Experiment 3, participants were assigned to the condition they were not in during
Experiment 1. Results showed that HD-tDCS over the left DLPFC increased IGT score,
decreased the recency parameter in IGT, and lowered delay discounting rate (k) in the
ITC task. We discussed the potential roles of impulse control and time perception in
mediating the effect of tDCS stimulation of left DLPFC on decision making. Our results
have clinical implications for the treatment of disorders involving poor decision-making,
such as addictions.

Keywords: decision making, HD-tDCS, DLPFC, IGT, inter-temporal choice task

INTRODUCTION

Decision making requires a trade-off between gains and losses (Levin et al., 2012). Behavioral
economists have argued that good decision making is to maximize our expected utility over the
long term (Summerfield and Tsetsos, 2015). Researchers have developed laboratory tasks to assess
decision-making abilities. The Iowa Gambling Task (IGT) is probably the most commonly used
experimental paradigm in clinical settings to assess the ability to sacrifice immediate interests
in favor of long-term benefits (Bechara et al., 1994). On this task, participants choose one deck
from four and over time normal participants gradually learn to choose from the two advantageous
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decks and avoid the two disadvantageous decks. The other
commonly used task, especially among behavioral economists,
is the Inter-Temporal Choice task (ITC), on which participants
choose between a small immediate reward and a larger later
one. In this task, future outcomes are devalued as a function
of delay, which is referred to as the delay discounting (Peters
and Buchel, 2011) and is well described by a hyperbolic discount
function (Kirby and Herrnstein, 1995; Myerson and Green, 1995;
Roelofsma, 1996; Rachlin et al., 2000).

Mounting evidence has suggested that the dorsolateral
prefrontal cortex (DLPFC) plays an important role in decision
making. For example, using either block design (Li X. et al,
2009) or event-related design (He et al, 2014), functional
magnetic resonance imaging (fMRI) studies have revealed
bilateral DLPFC activation during the decision-making stage of
the IGT. Activation of the left DLPFC has also been linked to
delay discounting in the intertemporal choice task (Weber and
Huettel, 2008; Xu et al., 2009; Liu et al., 2012). Finally, DLPFC is
activated by everyday decision making such as smoking (Kober
et al., 2010) and food choice (Hare et al., 2009) as well as the
ultimatum game (Sanfey et al., 2003).

However, the above studies only showed correlational results.
Causal relationship between DLPFC and decision making still
needs to be established. In a pioneering study, Figner et al.
(2010) applied low-frequency repetitive transcranial magnetic
stimulation (rTMS) to the left DLPFC and found that disrupting
that region led to a preference for more immediate but smaller
rewards over delayed but larger rewards. To extend this line of
research, the present study used the High-definition Transcranial
Direct Current Stimulation (HD-tDCS) to investigate the role of
left and right DLPFC in decision making as assessed by the IGT
and intertemporal choice task. The tDCS is a proven method of
delivering a non-invasive brain stimulation (Gandiga et al., 2006).
In three experiments, participants of this study completed the
IGT, the ITC task, and the Barratt Impulsivity Scale (BIS) after
either real or sham stimulation over the left or right DLPFC.
We hypothesized that tDCS of the left DLPFC and/or the right
DLPFC would lead to higher scores on the IGT and lower
delay-discounting rates as compared to the sham stimulation.

In this study, we only recruited male subjects because of well-
documented gender differences in the performance on decision
making tasks, especially the IGT. Males are more likely than
females to choose cards from the advantageous decks (Reavis
and Overman, 2001; Overman et al., 2006; Weller et al., 2010;
van den Bos et al, 2013). Neuroimaging studies also showed
that brain regions activated by the IGT differed by gender, with
females showing more left-lateralized brain activity than males
(Bolla et al., 2004; van den Bos et al., 2009). There is also evidence
of a gender-by-5-HTTLPR genotype interaction effect on IGT
performance (He et al., 2010; Stoltenberg and Vandever, 2010).

EXPERIMENT 1

Participants
Forty-one healthy male college students volunteered to
participate in this experiment. All participants had normal

or corrected-to-normal vision. Their mean age was 20.7 years
(SD = 1.59, range = 18-25). Based on the Structured Clinical
Interview for DSM-IV (SCID), no participant met the criteria
for psychotic, anxiety, bipolar, or substance abuse disorders.
All participants gave informed consent to the experiment
procedures, which were approved by the Southwest University
Institutional Review Board. Participants were randomly assigned
to either HD-tDCS over the left DLPFC region (N = 22) or
sham stimulation to the same region (N = 19). All participants
were naive to tDCS research, and were asked not to consume
any coffee or alcoholic beverages 2 h before the experiment.
Each participant was paid 50 yuan for participation, regardless of
his/her performance on the decision-making tasks.

Design and Procedure

This study employed a single-blind between-subject design with
random assignment of the participants. Recently developed HD-
tDCS was used to deliver non-invasive anodal stimulation or
sham stimulation to the left DLPFC. HD-tDCS has higher
accuracy of current delivery by using 4 x 1 ring configuration
instead of larger pad-electrodes of conventional tDCS. The
safety and tolerability of HD-tDCS have been extensively tested
(Villamar et al, 2013). This study followed all procedures of
using HD-tDCS as demonstrated in Villamar et al. (2013).
In brief, HD-tDCS was delivered by connecting a 4 x 1
multichannel stimulation adapter and a conventional tDCS
device. A battery-driven current stimulator (Soterix Medical
Inc., New York, NY, USA) was used to deliver a constant
current. For participants receiving real HD-tDCS over the
left DLPFC, the anodal electrode was placed over F3 based
on the International 10-20 EEG System (Boggio et al., 2010;
Gill et al., 2015) and the four return (cathodal) electrodes
were placed over F5, AF3, FC3, and Fl, around the active
electrode. F3 was used as the anodal electrode location because
most previous studies have used this location to stimulate
the left DLPFC (Ambrus et al., 2011; Gill et al, 2015;
Nieratschker et al., 2015). After the modular EEG recording
cap was placed on the subjects head, five plastic casings
were fitted to their exact locations. Approximately 1.5 ml
electrically conductive gel (Sigma Gel) was introduced through
the opening of each plastic casing, beginning at the scalp
surface. One Ag/AgCl sintered ring electrode was then placed
in each HD plastic casing. The resistance impedance value of
each electrode was verified to be less than or equal to 1.5-
2.0 “quality units” (Villamar et al., 2013). The HD-tDCS was
delivered at 1.5 mA for 20 min while participants read the
instructions about the behavioral tasks. There was a ramp
up and ramp down period of 30 s at the start and end
of HD-tDCS. After the stimulation, participants completed
the following behavioral tasks and questionnaire in the same
order: (1) the IGT; (2) the ITC task; and (3) the BIS.
At the end of the experiment, participants were verified on
their tolerance of the experiment settings as well as their
knowledge of the purpose of the study. Sham stimulation was
conducted with the same montage, with 30 s of HD-tDCS
applied at onset, after which the current stimulator was de-
ramped.
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Behavioral Measures

The lowa Gambling Task (IGT)

Participants were asked to complete the IGT, a computerized
task used to test decision making under ambiguity and risk. The
detail of this task has been extensively described in previous
studies (Bechara et al., 1994, 1999). Briefly, four decks of cards
labeled A, B, C, and D were displayed on the computer screen.
Participants were asked to select one card at a time from one of
the four decks. After each selection, a message was displayed on
the screen indicating the payoff of that trial. Each card selection
could bring an immediate reward (the immediate reward was
higher in decks A and B than in decks C and D). As the game
progressed, there were also unpredictable losses associated with
each deck. The total losses were on average higher in decks
A and B relative to decks C and D, thus creating a conflict
in each choice, i.e., decks A and B are disadvantageous in the
long run (even though they bring higher immediate reward),
whereas decks C and D are advantageous in the long term
(i.e., the long-term losses are smaller than the short-term gains,
thus yielding a net profit). Net decision-making scores were
obtained by subtracting the total number of selections from
the disadvantageous decks (A and B) from the total number
selections from the advantageous decks (C and D). Thus, positive
numbers reflect good decisions, while negative numbers reflect
bad decisions.

Following our previous studies (He et al., 2010, 2012; Koritzky
et al., 2013), the IGT score was calculated for every 20 trials by
subtracting the total number of disadvantageous deck selection
from the total number of advantageous deck selection [i.e.,
(C 4+ D — A — B)]. Then, following He et al. (2012) and
Koritzky et al. (2013), the revised Expectancy Valence Model
(rEV; Busemeyer and Stout, 2002; Yechiam et al., 2005) was
used to model each participant’s choice on the IGT. Three
parameters were generated for each participant (for details of the
model, see Busemeyer and Stout, 2002; Yechiam et al., 2005):
(1) Reward sensitivity (W), ranging from 0 to 1, with higher
values denoting increased attention to gains over losses; (2)
Recency (¢), ranging from 0 to 1, with higher values indicating
rapid discounting of past outcomes; (3) Choice consistency (c),
ranging from —5-5, with higher values representing converging
choices toward the decks with the maximum reward expectancy.
Detailed information on how to calculate these three parameters
can be found in the Supplementary Materials. Following
Yechiam et al. (2008), the rEV model was compared with
a baseline model that simply used the average choices of
preceding trials to predict the next choice (Busemeyer and Stout,
2002).

Bayesian Information Criterion was used for model
comparison, with positive values of the difference in BIC
(or dBIC) indicating that the rEV model performed better than
the baseline model.

The Inter-temporal Choice Task (ITC)

The ITC asked participants to choose between small-but-sooner
and larger-but-later rewards. For example, participants were
asked to choose between receiving $50 now (option 1) or $54
in 2 weeks (option 2). A hyperbolic discount function provides

a good estimate of delay discounting (Mazur, 1987, 1988):
A

=17p> Where V is subjective value, A is the actual amount
of money (i.e., $50 in option 1 and $54 in option 2), D is delay
in days (i.e., 0 in option 1 and 14 in option 2), and k is the
discounting rate, a subject-specific constant that quantifies delay
discounting. k is a fit parameter that controls the steepness of the
discount function, with k = 0 indicating no delay discounting and
higher values of k indicating steeper discounting (Mazur, 1987;
Steinbeis et al., 2016).

In our task, participants were first asked to complete the
inter-temporal choice questionnaire (Kirby et al., 1999) on the
computer, which would generate an initial discount factor k.
The questionnaire had 27 items asking participants to choose
between an immediate reward and a future reward. The amount
of reward ranged from 11 Yuan to 85 Yuan, and the delay
ranged from 7 days to 186 days. Then, participants were asked to
complete an adaptive inter-temporal choice task on the computer
with the initial k-value estimated from the questionnaire as the
starting point. The task was adapted from Kirby et al. (1999) and
Luo et al. (2009, 2012). The adaptive procedure allowed for a
precise estimation of k. The delay was always 120 days, and the
magnitude of the future reward was held constant. The initial
amount of the immediate reward was generated by computing
what would be an amount of equal value to the future reward
based on the k parameter derived from the questionnaire. For
each trial, if the participant chose the immediate reward, the
k parameter was adjusted upward by a quarter step on a logio
scale, and consequently, the value of the immediate reward on
the next trial was lower. Conversely, if the participant chose the
future reward, then the k parameter was adjusted downward by
a quarter step on a logjo scale, resulting in a larger immediate
reward on the next trial. This adaptive procedure continued
until k did not deviate by more than two steps in a window of
eight trials. All participants reached this criterion. Filler trials
were inserted in the sequence to prevent participants from
noticing the adjustment. The final indifference pairs were then
generated using the geometric mean of the k-values for the eight
trials during which stabilization was achieved. Because the stable
k parameter was not normally distributed, it was natural-log
transformed for group analysis.

The Barratt Impulsivity Scale (BIS)

Participants were also asked to complete the BIS (Jollant et al.,
2005; Zermatten et al., 2005; Franken et al., 2008; Wittmann
and Paulus, 2008), which is a 30-item questionnaire assessing
three components of impulsivity: attentional impulsivity, motor
impulsivity, and non-planning impulsivity. Participants rated
each item on a 4-point scale (Rarely/Never = 1; Occasionally = 2;
Often = 3; Almost Always/Always = 4). The scale had good
reliability in this study (Cronbach’s Alpha = 0.783 for the whole
scale and >0.717 for each subscale).

Results

The mean ages of the two groups of subjects were
comparable [HD-tDCS group = 20.5 £ 1.63 years, Sham
group = 20.8 £ 1.57 years, £(39) = 0.68, p = 0.50]. Their scores
of attention impulsivity [HD-tDCS group = 3.7 & 0.29, Sham
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group = 3.8 £ 041, £(39) = 0.36, p = 0.72], motor impulsivity
[HD-tDCS group = 2.3 £ 0.46, Sham group = 2.2 £ 0.43,
£(39) = 0.07, p = 0.94], and non-planning impulsivity [HD-tDCS
group = 3.7 £ 0.46, Sham group = 3.7 £ 0.59, #(39) = 0.06,
p = 0.95] were also comparable.

Iowa Gambling Task scores were first analyzed by five blocks
of 20 trials following the procedure used in previous studies
(Bechara et al,, 1994). A 5 (blocks of IGT, a within-subject
factor) x 2 (group: HD-tDCS vs. Sham, a between-subject
factor) ANOVA revealed a significant main effect of IGT block
[F(4,156) = 7.65, p = 0.0001, nf, = 0.16], suggesting that
participants were more likely to select from the advantageous
decks as the task progressed. Although there was no main effect
of group [F(1,39) = 1.22, p = 0.28], there was a significant
interaction between IGT block and group [F(4,156) = 3.27,
p = 0.01, 71123 = 0.08]. As illustrated in Figure 1, the HD-
tDCS group showed faster learning than the sham group,
and the biggest difference was for the IGT scores in the
trials 41-60 [t(39) = 2.68, p = 0.01, Cohen’s d = 0.86]
(Figure 1).

The rEV model provided a better fit than the baseline model
to the IGT performance (HD-tDCS group dBIC = 18.39 £ 4.67,
Sham group dBIC = 18.58 =+ 4.83), and there was no
difference in dBIC between the two groups [t(39) = 0.13,
p = 0.55]. Three parameters estimated from the rEV model
were compared between the two groups using independent-
samples f-test. Results suggested a significant group difference
in the recency parameter [t(39) = 3.02, p = 0.004, Cohen’s
d = 0.97] (Figure 2) but no group differences in the other
two parameters (both ts < 0.37, ps > 0.71). The HD-tDCS
group (0.05 £ 0.08) had a smaller recency parameter than
the sham group (0.32 % 0.40), suggesting that the HD-tDCS
group relied more on the past information and learned faster
than did the sham group. Because the recency parameter had
a skewed distribution, we re-analyzed the data after a natural
log transformation and found similar results, [£(39) = 3.44,
p =0.001, Cohen’s d = 1.10].

The k-value from the ITC task also showed a skewed
distribution. After a natural log transformation of the final
k-value, independent-samples t-test showed a significant group
difference [#(39) = 2.34, p = 0.02, Cohen’s d = 0.75] (Figure 2),
with the HD-tDCS group (0.01 & 0.01) having a smaller k-value
than the sham group (0.07 £ 0.05).

EXPERIMENT 2

Experimental Settings

Participants were 49 healthy male college students (mean
age = 20.5 years, SD = 1.63, range = 18-25) who did not
participate in Experiment 1. These participants met all the
inclusion criteria described in Experiment 1. The design and
procedure were exactly the same as Experiment 1 except that
the location of the anodal/sham stimulation was the right
DLPEC region (23 participants received anodal stimulation and
26 received sham stimulation). The BIS scale also had good
reliability in this experiment (Cronbachs Alpha = 0.832 for the
whole scale and >0.753 for each subscale).

Results

The mean ages of the two groups were comparable [HD-tDCS
group = 20.3 £ 1.68 years, Sham group = 20.7 & 1.55 years,
t(47) = 0.52, p = 0.61]. Their scores of attentional impulsivity
[HD-tDCS group = 3.8 + 0.49, Sham group = 3.9 £ 0.29,
t(47) = 0.62, p = 0.54], motor impulsivity [HD-tDCS
group = 2.2 %+ 0.61, Sham group = 2.3 £ 0.43, #(47) = 1.01,
p = 032], and non-planning impulsivity [HD-tDCS
group = 3.8 & 0.55, Sham group = 3.6 £ 0.37, t(47) = 1.24,
p = 0.22] were also comparable.

Iowa Gambling Task scores were first analyzed by five blocks
of 20 trials as described in Experiment 1. A 5 (blocks of IGT,
a within-subject factor) x 2 (group: HD-tDCS vs. Sham, a
between-subject factor) ANOVA revealed a significant main
effect of IGT block [F(4,188) = 4.51, p = 0.002, nlz, = 0.09],
but no main effect of group [F(1,47) = 0.01, p = 0.99] or
interaction between IGT block and group [F(4,188) = 2.16,
p = 0.15] (Figure 1). The rEV model provided a better fit than
the baseline model to the IGT performance (HD-tDCS group
dBIC = 16.68 £ 4.77, Sham group dBIC = 16.53 £ 4.29),
and there was no difference in dBIC between the two groups
[t(47) = 0.12, p = 0.55]. There was also no effect of HD-tDCS
on either IGT parameters estimated from the rEV model (all
ts < 1.47, ps > 0.15) or k-value from the ITC task [t(47) = 0.01,
p =0.99] (Figure 2).

Finally, the sham conditions across two experiments were
compared. A 5 (blocks of IGT, a within-subject factor) x 2
(experiments, a between-subject factor) ANOVA revealed no
main effect of experiment on IGT scores [F(1,43) = 0.002,

—tDCS —Sham —tDCS —Sham

IGT Score

IGT3 IGT4 IGTS IGTI IGT2 IGT3 IGT4 IGTS5

A — 10
—=tDCS —Sham
8
6 6
! £ 4
S 2 S
1] @ 2
= 0 =
S, 20
4 2
-6 -4
-8 -6
IGT1 IGT2 IGT3 IGT4 IGTS IGT1 IGT2
FIGURE 1 | IGT scores by block and condition for the (A) experiment 1, (B) experiment 2, and (C) experiment 3.
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p = 0.96] and no interaction between IGT block and experiment
[F(1,172) = 0.56, p = 0.70]. There was also no difference between
the two experiments’ sham conditions in the recency parameter
[t(43) =1.57, p = 0.13], k [t(43) = 0.97, p = 0.92], and BIS scores
(all ts < 1.21, all ps > 0.23).

EXPERIMENT 3

Experimental Settings

Twenty participants (mean age = 19.7 & 0.92 years, ranging from
18 to 21) who participated in Experiment 1 were recruited for
this experiment. If they had their HD-tDCS over the left DLPFC
in Experiment 1, they were assigned to the sham condition for
Experiment 3 (N = 11); if they were in the sham group in
Experiment 1, they were assigned to the HD-tDCS condition
in Experiment 3 (N = 9). The BIS scale had a good reliability
for the second administration to this subgroup (Cronbach’s
alpha = 0.865 for the whole scale and >0.763 for each subscale).
The correlations between the first (Experiment 1) and the second
(Experiment 3) administrations (test-retest reliability) were high
for the whole scale (r = 0.63, p = 0.002) and the three subscales
(attentional impulsivity: r = 0.65, p = 0.001; motor impulsivity:
r = 0.64, p = 0.001; and non-planning impulsivity: r = 0.67,
p = 0.0007).

Results

The two groups did not differ significantly in their second
assessment of attentional impulsivity [HD-tDCS group (labeled
based on their condition in Experiment 3) = 3.7 &£ 0.33, Sham
group = 3.8 £ 0.29, £(19) = 1.47, p = 0.16], motor impulsivity
[HD-tDCS group = 2.2 £ 0.41, Sham group = 2.3 £ 0.50,
t(19) = 0.73, p = 0.48], and non-planning impulsivity [HD-tDCS
group = 3.7 £ 0.33, Sham group = 3.6 £ 0.47, £(19) = 1.48,
p=0.17].

Because all participants in Experiment 3 came from
Experiment 1, we analyzed the data as a within-subject design.
A 5 (blocks of IGT, a within-subject factor) x 2 (condition:
HD-tDCS vs. Sham, a within-subject factor) x 2 (order: HD-
tDCS condition first vs. Sham condition first, a between-subject

factor) ANOVA revealed a significant main effect of IGT block
[F(4,72) = 14.33, p = 0.0001, nf) = 0.44] and a significant
main effect of condition [F(1,18) = 6.89, p = 0.017, nf, = 0.28]
(Figure 1), but no main effect of order [F(1,18) = 0.72,
p = 0.41], no interaction between IGT block and condition
[F(4,72) = 0.97, p = 0.43], no interaction between IGT block
and order [F(4,72) = 0.77, p = 0.55], no interaction between
condition and order [F(1,18) = 0.41, p = 0.53], and no three-way
interaction [F(4,72) = 1.01, p = 0.41].

Because the order of the conditions was not a significant
factor in the above analysis, the rEV model was fitted to the two
conditions with data pooled from both Experiments 1 and 3.
The rEV model provided a better fit than the baseline model to
the IGT performance in both conditions (HD-tDCS condition
dBIC = 18.83 4 4.32, Sham condition dBIC = 18.68 =+ 4.52),
and there was no difference in dBIC between the two conditions
[£(19) = 0.16, p = 0.56]. Three parameters estimated from rEV
model were compared between the two conditions using paired-
samples t-test. Results showed a significant condition difference
in the recency parameter [t(19) = 2.57, p = 0.02, Cohen’s
d = 1.28] (Figure 2), but no differences were found in the
other two parameters (both ts < 0.23, ps > 0.80). The HD-
tDCS condition (0.11 % 0.03) had a smaller recency parameter
than the sham condition (0.39 % 0.09), suggesting that after HD-
tDCS, subjects relied more on the past information and learned
faster as compared to after the sham stimulation. Because the
recency parameter had a skewed distribution, we re-analyzed the
data after a natural log transformation and found similar results,
[£(19) = 2.83, p = 0.01, Cohen’s d = 1.42].

The k-value from the ITC task also showed a skewed
distribution. After a natural log transformation of the final
k-value, paired-samples ¢-test showed a significant condition
difference [¢(19) = 2.35, p = 0.03, Cohen’s d = 0.89], with the
HD-tDCS condition (0.02 £ 0.02) having a smaller k-value than
the sham condition (0.07 & 0.06) (Figure 2).

DISCUSSION

The objective of this study was to investigate the role of DLPFC
in decision making as assessed by the IGT and the ITC task.
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Using high-definition anodal tDCS stimulation over the left or
right DLPFC, we found that stimulation over the left, but not
that over the right DLPFC led to higher IGT score (especially for
the middle 20 trials), lower recency parameter based on the rEV
model, and lower delay-discounting rate (k). The stimulation did
not influence the personality trait of impulsivity as measured by
the BIS.

Our results are consistent with three lines of evidence
suggesting that the left DLPFC is essential for decision making.
First, lesion studies have suggested that damage to the left
DLPFC would compromise decision making (Bechara et al,
1998; Manes et al., 2002; Fellows and Farah, 2005). For example,
Manes et al. (2002) found that patients with left DLPFC
damage showed pronounced impairment on the IGT, as well as
on working memory, planning, and attentional shifting tasks.
Second, neuroimaging studies have indicated that the left DLPFC
is involved in the decision making process (Rorie and Newsome,
2005; Heekeren et al.,, 2006). fMRI studies have revealed left
DLPFC activation during the decision making stage of the IGT
(Li X. et al., 2009; Lin et al., 2012; He et al., 2014). The activation
of DLPFC during the execution stage of the IGT was associated
with choice risk level in an functional near-infrared spectroscopy
(fNIRS) study (Bembich et al., 2014). Moreover, later fMRI
studies even showed that the activity of DLPFC was inversely
correlated with future reward delay (McClure et al., 2004; Kable
and Glimcher, 2007; Ballard and Knutson, 2009). Third, using
brain stimulation techniques, preliminary studies have shown a
causal role of left DLPFC in decision making (Figner et al., 2010;
Philiastides et al., 2011). For example, Philiastides et al. (2011)
showed that disruption of the left DLPFC with low-frequency
rTMS influenced perceptual decision making. In the present
study, non-invasive brain stimulation with HD-tDCS was applied
to increase cortical excitability in DLPFC. For the first time, we
found a causal role of left DLPFC in both risky decision making
and inter-temporal choice.

Several cognitive mechanisms might have been involved in the
positive effect of left DLPFC stimulation on decision making. One
is impulse control, which may be temporarily elevated. Mounting
evidence has suggested that in addition to its role in decision
making as mentioned earlier, DLPFC also plays an important
role in impulse control (Li C.S. et al., 2009; Boggio et al., 2010;
Weygandt et al., 2013). For example, higher DLPFC activity has
been linked to greater inhibition control in a study of successful
dietary restraints (Weygandt et al., 2013). Loss of DLPFC
function has been linked to a lower level of inhibition control
in research on addictions (Crews and Boettiger, 2009). Our
study measured the personality trait of impulse control, which
did not seem to be affected by HD-tDCS over the left DLPFC,
perhaps because it was a relatively stable personality trait. Future
studies should directly measure the inhibition control ability and
examine its potential mediating role in the effect of HD-tDCS
on decision making. If such a mediating role is confirmed, HD-
tDCS over the left DLPFC can have potential clinical applications
because a deficit in inhibition control underlies most types of
addictions (Noél et al., 2013).

Another possible mechanism involved in left DLPFC’s role
in decision making is time perception. Previous research has

shown that left DLPFC is activated by the processing of temporal
information (Hinton et al., 1996; Rao et al., 2001; Basso et al.,
2003; Nenadic et al., 2003). Perhaps HD-tDCS over this brain
region helped the participants gain a more appropriate time
perspective, and consequently reducing their temporal discount.
Indeed, previous studies have already shown that activity in left
DLPFC was positively associated with a preference for delayed
rewards (McClure et al., 2007; Christakou et al., 2011; Civai et al.,
2016) and lower delay discounting rates (Hayashi et al., 2013;
Sheffer et al., 2013). Although previous discussions about time
perspective in decision making focused on future discounting,
it also seems appropriate to consider time perspective when
examining decision making based on past events (e.g., IGT). To
some extent, the recency parameter of IGT reflects participants’
relative attention to the more recent as compared to more distant
past outcomes. Future studies should test the above conjecture by
directly measuring temporal perception after stimulating the left
DLPEC.

Three limitations of this study should be noted. First, the
sample used for our study included only males. Our results
may or may not generalize to females because there are well-
documented gender differences in decision making. Second, we
failed to replicate the finding from previous studies that right
DLPEC also plays an important role in decision making (Essex
et al., 2012). Perhaps the right DLPFC is normally involved in
response inhibition (Aron et al., 2003, 2004, 2014), rather than
impulse control in decision making (Miller and Cohen, 2001;
Steinbeis et al., 2012). Third, it is not clear how long the effect of
the HD-tDCS would last, which is an important issue in clinical
applications. Some studies reported that the effect of tDCS was
relatively short (Goldman et al, 2011), but others found that
the effect could last for a longer time (Nitsche and Paulus, 2000,
2001).

CONCLUSION

The present study investigated the role of DLPFC in decision
making as assessed by the IGT and the ITC task. Using high-
definition anodal tDCS stimulation over the DLPFC, we found
that stimulation over the left but not that over the right DLPFC
led to higher IGT scores, lower recency parameter based on the
rEV model, and lower delay discounting rate. The stimulation
did not influence the personality trait of impulsivity as measured
by the BIS. Based on our results as well as previous research, we
speculated that impulse control and/or time perspective might be
the mediating processes between the stimulation of left DLPFC
and decision making. If future research confirms the role of
HD-tDCS over left DLPFC in impulse control, such stimulation
may have potential clinical implications for the treatment of
addictions.
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