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The involvement of the prefrontal cortex in intertemporal choices has been long recognized. Using
neurostimulation techniques, recent studies have indicated that the left dorsolateral prefrontal cortex
(DLPFC) influences performance on intertemporal choice tasks. The present pilot study is aimed to
explore further the DLPFC’s role in intertemporal choices by assessing the influence of individual levels of
impulsivity on modulating the stimulation’s effects. Thirteen subjects participated in a within-subjects
experiment. During the three sessions, participants received 20 minutes of transcranial direct current
stimulation (tDCS; either sham, anodal, or cathodal) and were administered the Intertemporal Choice Task.
Then, they completed the Barratt Impulsivity Scale and the Dickman Impulsivity Inventory. Using a re-
peated-measure generalized linear model, we explored the effects of stimulation on intertemporal choice
(either immediate or delayed reward) on impulsive responses, defined as quick answers. The individual
level of impulsivity was included in the model as a covariate. According to the results, participants made
a greater number of impulsive choices favoring immediate rewards after cathodal stimulation of the left
DLPFC. Additionally, a moderating role of individual impulsivity emerged. This study provides support for
the involvement of the left DLPFC in intertemporal choices. We contend that the role of individual differ-
ences should be further explored to obtain a better understanding of intertemporal choice behavior.
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Introduction

Intertemporal Choices in Neuroscience Re-
search

Intertemporal choices, that is decisions involv-
ing consequences at different points in time
(for a review, see Becker, Walker, & McCord,

2017; Berns, Laibson, & Loewenstein, 2007;
Frederick, Loewenstein, & O’Donoghue, 2002),
have been studied from various perspectives
within the fields of economics, psychology, and
neuroscience. Evidence from the research lit-
erature suggests that when asked to choose
between an immediate and a delayed reward
(and not only when economic behavior is tar-
geted; see Eikemo & Leknes, 2019), people
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tend to undervalue the postponed reward
(Lempert & Phelps, 2016; Loewenstein &
Prelec, 1992; Myerson & Green, 1995; Raineri
& Rachlin, 1993). The delayed reward is gen-
erally preferred when it is substantially higher
than the proximal one. Choosing the second
alternative depends on several factors: the
length of the delay, the amount of money, and
the devaluation rate of the postponed reward.
This last factor, known as the temporal dis-
counting effect, has become the principal
framework used in psychology to explain how
people make intertemporal choices (e.g.,
Benzion, Rapoport, & Yagil, 1989; Bickel,
Koffarnus, Moody, & Wilson, 2014; Charlton et
al., 2013; Green, Fristoe, & Myerson, 1994; Story,
Vlaev, Seymour, Darzi, & Dolan, 2014). This
paradigm assumes that delayed rewards are
discounted more as the length of delay in-
creases, and the rate at which delayed conse-
quences lose value is referred to as the dis-
count rate. Discount rates are sometimes used
as a measure of impatience (Marzilli Ericson,
White, Laibson, & Cohen, 2015).

Within the field of neuroscience, functional
magnetic resonance imaging (fMRI) studies
have shown that several interacting neural sys-
tems are involved in the process of making
intertemporal choices (McClure, Laibson,
Loewenstein, & Cohen, 2004; McClure, Marzilli
Ericson, Laibson, Loewenstein, & Cohen,
2007; Tanaka et al., 2004; Xu, Liang, Wang, Li,
& Jiang, 2009; Wittmann, Leland, & Paulus,
2007). McClure and colleagues (2004) ob-
served that the possibility of receiving imme-
diate rewards instead of deferred alternatives
elicits greater activation of some paralimbic
structures, such as the ventral striatum, orbital
frontal cortex, and medial prefrontal cortex.
Frontoparietal areas, such as the dorsolateral
prefrontal cortex (DLPFC), lateral orbitofrontal
cortex (LOFC), and posterior parietal cortex
(PPC), are activated by greater amounts of
delayed rewards. These areas also play a key
role in tasks requiring executive control (Miller
& Cohen, 2001; Platt & Glimcher, 1999).

These findings support the hypothesis that
the outcome of an intertemporal choice results
from an interaction between two competing

neural systems (De Martino, Kumran,
Seymour, & Dolan, 2006; McClure et al., 2004;
Sanfey, Rilling, Aronson, Nystrom, & Cohen,
2003; Sanfey, Loewenstein, McClure, & Cohen,
2006). One system is linked to limbic and
paralimbic responses and values immediate
rewards, whereas the other one relies on
frontoparietal areas and evaluates deferred
gratifications. This picture is consistent with
the data derived from studying both primates
and human patients with lesioned DLPFC and
LOFC, as they exhibited lower judgment and
temporal planning skills and more frequent
impulsive behaviors (Floden, Alexander, Kubu,
Katz, & Stuss, 2008; Kalenscher, 2006; Noonan
et al., 2010; Wallis, 2012). It also supports the
idea that the choice of immediate rewards is
associated with and can be interpreted as
impulsive behavior.

Neuroeconomic studies based on noncli-
nical samples often report an online record-
ing of cortical activity while people are making
decisions. The main limitation of this approach
is that the correlational nature of the findings
does not allow researchers to prove causal
hypotheses regarding the actual relationships
between areas and functions (Stewart &
Walsh, 2006). In recent years, neurostimu-
lation techniques have provided a method to
overcome this limitation. While brain stimula-
tion is applied, a target area is either inhibited
or activated to explore its specific influence on
intertemporal choices. More specifically,
transcranial direct current stimulation (tDCS)
produces a continuous low-intensity electric
current on the scalp to increase or decrease
cortical excitability by depolarizing or hyperpo-
larizing, respectively, cortical neurons at a sub-
threshold level (Paulus, Peterchev, & Ridding,
2013). Overall, anodal stimulation, which in-
creases the spontaneous firing frequency of
cortical neurons, has been reported to enhance
the performance of cognitive tasks (Fregni et
al., 2005; Javadi, Cheng, & Walsh, 2012; Metuki,
Sela, & Lavidor, 2012; Straube, Wolk, &
Chatterjee, 2011; Wirth et al., 2011), whereas
cathodal stimulation causes an inhibition of
cognitive processes (Boehringeretal, 2013;
Pope & Miall, 2012; Straubeetal, 2011). There-
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fore, when a variation in choices is observed,
one can presume that the stimulated area is
playing a major role within the decision-mak-
ing process (Stewart & Walsh, 2006). This hy-
pothesis has been confirmed by several stud-
ies that used brain stimulation to moderate
participants’ behavior during decision-making
tasks entailing immediate or impulsive re-
sponses (Colombo, Balzarotti, & Mazzuchelli,
2016; Iannello, Colombo, & Antonietti, 2014,
Oldrati, Patricelli, Colombo, & Antonietti, 2016).

A few studies have used this methodology
to examine intertemporal choices. For example,
Figner and colleagues (2010) showed that
repetitive transcranial magnetic stimulation
(rTMS) for 15 minutes at 1 Hz on the left PFC
led to a greater frequency of preferences for
immediate rewards. These data have been
interpreted as being driven by a lower level of
self-regulation, i.e., being unable to resist the
temptation of an immediate reward. Cho and
colleagues (2010) reported that the inhibition
of the right DLPFC using continuous theta burst
stimulation (cTBS, an rTMS protocol wherein
pulses are applied in bursts of three, deliv-
ered at a frequency of 50 Hz and with an
interburst interval of 200 ms) enhanced im-
pulsive responses. Hecht, Walsh, and Lavidor
(2013) found that individuals were more likely
to choose smaller immediate gains instead
of a larger delayed benefit when the left DLPFC
was stimulated and the right DLPFC was in-
hibited through tDCS, when compared to the
sham stimulation. In a recent study, He and
colleagues (2016) used anodal high-definition
tDCS (HD-tDCS) to investigate the causal role
of the left DLPFC in performing the intertem-
poral choice (ITC) task and showed that HD-
tDCS over the left DLPFC lowered the delay-
discounting rate (k).

These results can be explained by referring
to research that supports the key role of the
DLPFC in guiding executive processes (for a
review, see Tanji & Hoshi, 2008). Many neuro-
physiological studies on both animals and
humans have confirmed that the bilateral
DLPFC can be viewed as the neural correlate
of the central executive system (Osaka et al.,
2007). This information is relevant because it

has been argued that several aspects of ex-
ecutive functioning (for example, working
memory, inhibition, and task switching) may
provide the basis for successful self-regu-
lation (Blair & Ursache, 2011; Hofmann,
Schmeichel, & Baddeley, 2012). Following the
implications derived from these studies, we
can also argue that self-regulation, which in-
volves the inhibition of impulsive tendencies
(Baumeister, Bratslavsky, Muraven, & Tice,
1998), may be responsible for the preference
for greater distal (i.e., temporally delayed) re-
wards instead of smaller proximal (i.e., imme-
diate) ones (Fujita & Carnevale, 2012). This
pattern provides additional support for the
claim that choosing immediate rewards can
be interpreted as impulsive behavior because
it is associated with a lack of inhibition of im-
pulsive behavior.

Individual Differences in the Level of Impul-
sivity

Impulsivity has been considered a multifacto-
rial construct and literature provides evidence
of multiple varieties of impulsivity (Avila et al.,
2004; Dickman, 1990; Evenden, 1999), these
varieties being united by a suboptimal way to
handle time (Kim & Lee, 2011).

Impulsive decision-making can be viewed
as a failure to appropriately consider certain
types of temporal factors. Impulsivity may refer
to the tendency to weigh immediate outcomes
strongly and to discount the value of delayed
rewards precipitously (Frederick, Loewenstein,
& O’Donoghue, 2002; Kalenscher & Pennartz,
2008). In addition to temporal discounting,
impulsivity has been also defined as a lack of
inhibitory control, which implies the inability to
suppress an action and thus results in a rapid
and sometimes premature response (Kim &
Lee, 2011). Lack of inhibition of impulsive be-
havior is linked to what has historically been
called “reflection impulsivity,” that is, the ten-
dency toward rapid action before sufficient in-
formation is gathered (Kagan, Rosman, Day,
Albert, & Phillips, 1964). Framing impulsivity
according to this perspective leads to assess-
ing impulsivity levels by comparing reaction
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times; individuals who are more impulsive will
tend to choose an answer quickly and without
thinking (Moeller, Barratt, Dougherty, Schmitz,
& Swann, 2001). If considering impulsivity as
resulting from failures in successfully handling
temporal factors in decision making, it implies
that individuals may vary substantially in their
strategies to deal with time during decision
making.

Literature suggests that there are individual
differences in self-control (e.g., Paschke et
al., 2016) and this is consistent, indicating
the appropriateness of assessing self-con-
trol as a trait. For example, Tangney, Boone,
and Baumeister (2018) developed a scale to
measure trait self-control based on the sur-
vey of self-control problems and failures.
Thus, we can hence assume that individuals
have different levels of impulsivity depending
on their self-regulation skills. This inference
has been also confirmed by findings of a re-
lationship between higher impulsivity and
lower self-control, which leads to addiction
related behavior (Dahlen, Martin, Ragan, &
Kuhlman, 2005; Hair & Hampson, 2006).
Moreover, impulsive individuals tend to un-
dervalue delayed rewards more heavily
(Crean, de Wit, & Richards, 2000; Hinson,
Jameson, & Whitney, 2003; Iannello, Biassoni,
Nelli, Zugno, & Colombo, 2015; Wittman &
Paulus, 2008).

Present Study

Given the promising results of brain stimula-
tion of the left DLPFC and the interesting in-
sights gained regarding the relationship be-
tween the DLPFC and impulsivity, the present
study aimed to further explore the DLPFC’s
role in influencing intertemporal choices and
the function of individual levels of impulsivity in
modulating the effects of stimulation. We
aimed to a) investigate whether people with
low impulsivity levels respond to tDCS differ-
ently from those with high impulsivity, b) ex-
plore the DLPFC’s role in influencing intertem-
poral choices by using tDCS and comparing
the effects of anodal and cathodal stimulations
to a control (sham) condition, and c) study the

specific role of individual impulsivity in modu-
lating the tDCS effect. The data from this initial
study enable a preliminary assessment of our
hypotheses and procedure; however, the re-
sults should be confirmed by a larger study.

To date, within economic temporal discount-
ing literature, impulsivity has been measured
as the tendency to discount the value of delayed
rewards prematurely (Frederick, Loewenstein,
& O’Donoghue, 2002; Kalenscher & Pennartz,
2008). The present study shifts the focus to a
slightly different facet of impulsivity, thus intro-
ducing in this field of research a measure of
speed responses, which correspond to the
(in)ability to suppress a premature response.

After reviewing the results reported in the lit-
erature, we hypothesized that the subjects
would be more impulsive – less able to con-
trol their impulsive behavior – and would have
faster reaction times (as discussed above)
after cathodal stimulation and less impulsive
after anodal stimulation, if compared to the
sham condition. Given the fact that, to the best
of our knowledge, no previous study has ex-
plored the moderating role of personal impul-
sivity in decision-making tasks, this part of the
study is exploratory. However, as impulsivity is
often associated with intolerance to delay and
sensitivity to immediate rewards (e.g.,
Robbins, 2007; Whiteside & Lynam, 2003), we
can hypothesize that a higher level of individual
impulsivity should enhance the effect of
cathodal stimulation and decrease the effect
of anodal stimulation.

Method

Participants

Thirteen participants (6 men and 7 women,
mean age = 24.3; SD = 5.9) joined the study. A
Power analysis aimed at assessing the
achieved power (using G*Power software),
considering the sample size, the within sub-
ject design and 24 measurements for the 3
conditions returned a power (1 – β) of .97. The
power analysis calculation dealt with the main
effects and was based on expected effect size
of Cohen’s f = .25.
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The participants included undergraduate
and graduate students recruited through ad-
vertising on university message boards. All
participants were right-handed and had no
metallic implants. Individuals affected by at-
tention deficit hyperactivity disorder (ADHD)
or neuropsychiatric disorders as well as
smokers, alcoholics, and people with sub-
stance abuse – all of whom usually display
atypical preferences for immediate gratifica-
tion (Wittman & Paulus, 2007) – were ex-
cluded.

Procedure

The IRB of the Catholic University approved
the research project. Each participant read and
signed an informed consent form prior to the
experiment. Information concerning the reward
system for participants was included in the
informed consent form.

The design procedure, a within-subjects
design, consisted of sessions lasting 40 min-
utes, which occurred once a week for three
consecutive weeks.

Each session had the same structure, which
is as follows:

1. Twenty minutes of tDCS stimulation in
three conditions and in counter-balanced se-
quence for each of the three sessions (i.e.,
sham, anodal, cathodal);

2. ITC task;
3. The third session had two additional

phases:
a. Application of the impulsivity inventories;
b. Reward (one reward among the ones

selected by the participants during the three
section was randomly sorted and awarded to
the participant)

Self-report impulsivity inventories were ad-
ministered during the last session – rather than
at the beginning of the entire experiment – to
avoid the possibility that the participants’ ex-
plicit and conscious answers about their own
level of impulsivity might affect their perfor-
mance on the subsequent behavioral task
(functioning as a prime) by causing them to
reflect on their impulsivity.

Tools

Transcranial Direct Current Stimulation. tDCS
was delivered through two saline-soaked
sponge electrodes (25 cm2) using a constant-
current stimulator (HDC Series by Newronika
S.r.l). The active electrode was placed over the
F3 position of the EEG 10-20 System (corre-
sponding to the left DLPFC), and the control
electrode was placed over the right triceps
muscle.

As part of the experiment, participants un-
derwent three different stimulation conditions
– anodal, cathodal, and sham – on three dif-
ferent days (once a week) in a counterbalanced
manner. To prevent subjects from differentiat-
ing between real and sham stimulations, the
current was slowly increased to 1.5 mA over a
period of 30 seconds. For real stimulation (i.e.,
either cathodal or anodal), after 30 seconds,
the current was maintained at 1.5 mA for 20
minutes, whereas during the sham stimula-
tion, the current was slowly decreased back to
zero over 30 seconds.

Intertemporal Choice Task (ITC). We used
the task proposed by McClure et al. (2004).
Participants were presented with a series of
24 binary choices. Each pair consisted of two
alternative monetary outcomes, which differed
in both specific amounts (5–80 €) and times
of availability (ranging from the day of the ex-
perimental session to six weeks later). Spe-
cifically, in each trial, participants had to choose
between a smaller amount of money that would
be immediately available and a larger amount
that would be received after some time delay.
The earlier rewards could be 5 € or 40 €, and
the latter could exceed the former by 15%, 25%,
30%, or 50%. The second reward could be
delayed by two, four, or six weeks.

The task was administrated using a laptop
computer, and the two alternatives were pre-
sented on the two sides of the screen. Partici-
pants indicated their responses by clicking the
mouse to select their chosen reward, and there
was no time limit. In accordance with our defi-
nition of impulsivity as discussed in the Intro-
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duction, the response time (RT) was recorded.
The lower the RT, the more impulsive the sub-
jects.

At the end of the experiment (i.e., the conclu-
sion of the third weekly session), participants
were given a reward. One of the trials from the
three sessions was randomly selected, and
the participant received the reward according
to the choice he or she had made in that trial. If
the subject had chosen the immediate reward,
the corresponding amount of money was given
before he or she left the session; if the partici-
pant had chosen the delayed reward, he or
she was asked to come back to the lab two,
four, or six weeks later (according to the time
interval specified in that delayed option) to re-
ceive the corresponding amount of money.
Participants were informed about how the re-
wards would be assigned when they signed
the informed consent form.

Barratt Impulsivity Scale. At the end of the
last session, the Italian version of the 30-item
Barratt Impulsivity Scale Version 11 (BIS-11;
Fossati, Di Ceglie, Acquarini, & Barratt, 2001)
was administered. Related to impulsivity, it
measures six primary factors (attention, mo-
tor, self-control, cognitive complexity, persever-
ance, and cognitive instability) as well as three
secondary factors (attentional, motor, and non-
planning). All items are rated on a 4-point scale
(1 = rarely or never; 2 = occasionally; 3 = often;
4 = almost always or always). The BIS-11 has
demonstrated an acceptable level of internal
consistency (Cronbach’s alpha = .79). We
computed scores for each of the three sub-
scales assessing secondary factors (at-
tentional impulsivity: Cronbach’s alpha = .73;
motor impulsivity: Cronbach’s alpha = .78; non-
planning impulsivity: Cronbach’s alpha = .70).

Dickman Impulsivity Inventory. Individual
impulsivity was also assessed by using the
short version of the Dickman Impulsivity Inven-
tory (DII-S; Claes, Vertommen, & Braspenning,
2000; Dickman, 1990). We translated the origi-
nal scale into Italian using a standardized pro-
cedure including two independent transla-
tions, followed by determination of a consen-
sus translation by an expert panel. The trans-
lated scale demonstrated good internal con-

sistency in the present study (Cronbach’s al-
pha = .75). This inventory was designed to
assess the personality trait of impulsiveness
by using 23 true-false items organized into two
subscales: functional impulsivity (the tendency
to act with relatively little forethought when do-
ing so is optimal; Cronbach’s alpha = .70) and
dysfunctional impulsivity (the tendency to act
with relatively little forethought when doing so
causes problems; Cronbach’s alpha = .71).

Results

Statistical Analyses

All statistical analyses were performed using
IBM SPSS software (IBM, Armonk, NY, USA,
version 20). The level of significance was set
at α = 0.05. We used the Kolmogorov–Smirnov
test to check for the normal distribution of data.
A repeated-measures generalized linear
model (GLM) was used to explore the within-
subjects effects of the type of stimulation on
the different dependent variables (see below).
Follow-up regressions were used to explore
the specific role of individual differences.

Main Effect of Stimulation

We first tested for possible gender differences.
As no significant difference emerged within our
sample, we did not add gender as a between-
subjects variable in the subsequent analyses.
We then ran a repeated measures ANOVA
aimed at exploring possible differences
among tDCS conditions depending on the type
of reward (immediate vs. postponed): results
(non significant but coherent with previous lit-
erature findings) are reported in the supple-
mentary materials.

Because we were interested in exploring
different impulsive behaviors, as reflected by
RTs, we used a repeated-measures GLM to
explore the effects of the type of stimulation
(independent within-subjects variable) and the
kind of reward chosen (immediate versus post-
poned reward) on the RT (faster responses
were considered as more impulsive) for the
different choices (small or big reward – we
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retained this distinction when looking at RTs
because we were interested in exploring the
differences in behavior depending on the
choice). All the BIS-11 and DII-S main
subscales were included in the model as
covariates.

No main effects of the stimulation (F2;14 =
1.243; p = .27; η2 = .17) or the type of reward

(F1;7 = 1.66; p = .24; η2 = .19) on RT emerged.
However, the results highlighted an interac-
tion effect of the stimulation, the kind of reward,
and functional impulsivity: F2;6 = 8.27; p < .05;
η2 = .73. An interaction effect among stimula-
tion, kind of reward, and attentional impulsivity
emerged: F2;6 = 10.95; p < .01; η2 = .78. A third
interaction effect among stimulation, kind of

 
 

Figure 1 Response Time depending on tDCS condition, the type of reward and level of impulsiv-
ity. Errors bars show Standard Errors.
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Table 1 Follow-up regressions using impulsive responses as the criterion 
Predictors  b SEb  
BIS - Motor Impulsivity     
Anodal Immediate Reward Constant 1.14 8.08  
 BIS MI   .72   .42 .46 

R2 = .46; p = .11     
Anodal Postponed Reward Constant -.13.34 9.13  
 BIS MI 1.28   .47 .64* 

R2 = .40; p = .02     
Sham Immediate Reward Constant -3.68 8.27  
 BIS MI    .89  .46 .50 

R2 = .25; p = .08     
Sham Postponed Reward Constant -8.15 10.72  
 BIS MI    .99     .55 .48 

R2 = .23; p = .09     
Cathodal Immediate Reward Constant -.82 7.45  
 BIS MI   .86  .49 .54* 

R2 = .54; p = .05     
Cathodal Postponed Reward Constant -12.94 9.09  
 BIS MI 1.31   .47 .65* 

R2 = .42; p = .02     
DII - Functional Impulsivity     

  b SEb  
Anodal Immediate Reward Constant 6.79 4.44  
 DII – FI 1.96 1.01 .51 

R2 = .26; p = .08     
Anodal Postponed Reward Constant -1.53 5.29  

 DII – FI 3.05 1.20 .61* 
R2 = .37; p = .03     

Sham Immediate Reward Constant 5.52 5.29  
 DII - FI 1.89 1.20 .43 

R2 = .18; p = .14     
Sham Postponed Reward Constant -2.35 5.44  

 DII - FI 3.18 1.23 .61* 
R2 = .38; p = .02     

Cathodal Immediate Reward Constant 6.51 4.37  
 DII - FI 2.21   .99 .56* 

R2 = .31; p = .04     
Cathodal Postponed Reward Constant    .07 5.51  

 DII - FI 2.89 1.25 .57* 
R2 = .33; p = .04     

Note. b represents unstandardized regression weights, SEb corresponds to the standard error for the 
unstandardized regression weights,  indicates the standardized regression weights.   
* indicates p <.05 
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reward, and motor impulsivity was observed:
F2;6 = 5.66; p < .05; η2 = .65. Finally, an interac-
tion effect among stimulation, kind of reward,
and non-planning impulsivity emerged: F2;6 =
7.07; p < .05; η2 = .70.

Postponed rewards tended to elicit more
impulsive (faster) answers. Whereas anodal
stimulation appeared to have levelled the dif-
ference between immediate vs. postponed re-
wards, after cathodal stimulation individuals
reported faster responses when presented
with postponed rewards, and the extent of
these differences varied depending on the type
of impulsivity (see Figure 1).

A follow-up regression (Table 1) to explore the
specific role of functional impulsivity in modu-
lating impulsive responses highlighted a sig-
nificant effect after the anodal stimulation when
the reward was delayed (b = 3.05; SEb  = 1.20;
b = .61; p < .05). The same effect emerged in the
sham condition for delayed rewards (b = 3.18;
SEb = 1.23; b = .61; p < .05). After the cathodal
stimulation, functional impulsivity appeared to
modulate impulsive answers both when the
reward was immediate (b = 2.21; SEb  = .99; b =
.56; p < .05) and when it was postponed (b  =
2.90; SEb  = 1.25; b = .57; p < .05).

To better understand the role of attentional
impulsivity in modulating impulsive re-
sponses, we ran a follow-up regression. No
significant effect emerged.

A follow-up regression to explore the specific
role of motor impulsivity in moderating impul-
sive responses showed a significant effect af-
ter anodal stimulation when the reward was
delayed (b = 1.28; SEb = .47; b = .64; p < .01).
After cathodal stimulation, motor impulsivity
appeared to moderate impulsive answers both
when the reward was immediate (b = .86;
SEb = .40; b = .54; p = .05) and when it was post-
poned (b = 1.31; SEb = .47; b = .65; p < .01). No
effect emerged under the sham condition.

A follow-up regression focusing on non-plan-
ning impulsivity found no significant effect.

Discussion

The within-subjects pilot study presented in
this paper explored the effect of tDCS on the

left DLPFC in moderating impulsive intertem-
poral choice by considering a possible mod-
erating effect of individual levels of impulsivity.

Findings previously reported in the literature
(Hecht, Walsh, & Lavidor, 2013) indicated that
a greater number of choices favoring immedi-
ate rewards occurred after cathodal stimula-
tion of the left DLPFC. Our results are in line
with these findings, even if we focused on a
different facet of impulsivity, as measured
through response speed (reaction time). Spe-
cifically, even if a main effect of the stimulation
did not emerge – possibly because of our
small sample size – we noted the participants’
tendency to report more impulsive (faster) re-
sponses after cathodal stimulation when pre-
sented with immediate rewards.

Our study added a further level of complexity
by including the role of individual impulsivity in
the model. We found significant interaction ef-
fects, thereby supporting the notion of a mod-
erating role played by individual differences in
impulsivity. Especially, we found that motor
impulsivity (the tendency to act without think-
ing) and functional impulsivity (the tendency to
act with little forethought in situations where
such behavior is beneficial) moderated the
effect of cathodal stimulation (by way of in-
creasing its effect), both when the reward was
immediate and when it was postponed. The
same two types of impulsivity also moderated
the effect of anodal stimulation (again increas-
ing the effect of stimulation), but only for de-
layed rewards. These data suggest that when
the DLPFC is inhibited, people become more
impulsive, favor immediate rewards, and make
faster and less mediated decisions; moreover,
this effect is enhanced for individuals who al-
ready tend to act without thinking.

By contrast, when the activity of the DLPFC
was enhanced, people tended to ponder their
decision longer and chose delayed rewards
more often. The fact that being more impul-
sive increased the effect of anodal stimulation
for delayed rewards implies that people, who
are more impulsive, tend to change their be-
havior significantly and become more reflec-
tive after anodal stimulation but only in case of
delayed rewards. In other words, the tendency
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to delay discounting per se is not affected, but
if an impulsive person considers the delayed
rewards, then he or she is more likely to give
more thought to the decision and eventually
choose the delayed reward option after anodal
stimulation. These results confirm previous
findings suggesting that impulsive people tend
to have an altered sense of time (Wittman &
Paulus, 2007), implying that they opt for smaller
and immediate rewards because they over-
estimate the duration of time intervals. This
finding explains these individuals’ tendency to
discount the value of delayed rewards and pre-
fer immediate benefits. In short, time seems
to take longer for them and is thus perceived
as a higher cost, leading them to choose the
immediate reward. The fact that after anodal
stimulation people are more likely to choose
the delayed rewards and spend a longer time
making their decision could be explained as a
possible effect of the anodal stimulation, which
leads individuals to consider more carefully
the exact weight of time when evaluating the
value of the rewards.

An additional consideration related to these
results, which should be addressed further in
future studies, concerns the age of our sub-
jects. Steinberg and colleagues (2009) re-
ported that teenagers tend to be less oriented
toward the future and prefer to focus on the
immediate present. This perspective would
lead to a stronger preference for immediate
rewards, regardless of any other consider-
ation. Although our participants were older than
teenagers, the mean age of 24 could justify
the possibility that a stronger-than-average
cognitive focus on the present might still play
a role in their reasoning strategies.

Interestingly enough, no effect of individual
levels of impulsivity was found when we con-
sidered impulsive responses under the sham
condition. This result partially contradicts pre-
vious findings indicating that personal impul-
sivity was associated with a preference for
proximal reward in temporal discounting tasks
(Kirby & Hernstein, 1995; Pine, Shiner,
Seymour & Dolan, 2010). One possible expla-
nation could lie in the nature of self-report
scales, which assess what individuals believe

about their own behavior. Specifically, individu-
als’ beliefs about their tendency to behave in
certain ways have been formed through nu-
merous experiences over time. When partici-
pants are asked to complete a questionnaire
about their level of impulsivity, they refer to these
consolidated and established beliefs about
their own impulsivity. Apparently, the manner
in which individuals tended to rate their own
behavior was affected by the stimulation, lead-
ing them to be more focused on actual behav-
ioral performance beyond the immediate task-
related experience, whereas the same pattern
did not arise in the sham condition. This is an
interesting discovery that should be explored
in depth in future studies.

Another possible explanation of this con-
flict between our results and previous find-
ings could be due to the different scales used
to assess impulsivity. We used fine scales
that were probably able to discriminate quite
extensively among different kinds of impul-
sivity, thus providing more sophisticated re-
sults. This fact highlights an interesting inter-
action effect that should be investigated in
depth in future studies. Overall, our data sug-
gest that the effect of brain stimulation alone
cannot explain individuals’ behavior; rather,
we must consider individual differences as
well to acquire a better understanding of the
complicated mechanisms underlying
intertemporal choices.

Limitations

The present study, which constitutes a first
promising step toward understanding the role
of individual differences in modulating the ef-
fect of brain stimulation on specific cognitive
tasks, has some limitations that should be
addressed in future studies. First, the small
sample size of the pilot study represents an
obvious limitation and may limit the general-
izability of the results. This study, however,
should be considered an initial exploratory in-
quiry; we recognize that replication with a larger
sample would be needed to further corrobo-
rate these preliminary, though encouraging,
findings. Replication should also occur with
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different age cohorts to examine the possible
effect of age.

A second limitation concerns the exclusive
reliance on self-reported rating scales to mea-
sure individual impulsivity. Although literature
on individual differences has relied mainly on
self-reported measures, integrating other
types of measures (such as direct observa-
tions or behavioral measures) could provide a
more comprehensive and multifaceted picture
of the construct. Future research could address
this issue by combining different methods of
measuring individual impulsivity.

Conclusion

The findings of the present study, although they
will have to be confirmed in follow-up studies,
offer several interesting implications. Low be-
havioral inhibition and high reward sensitivity
are generally considered major predictors of
risk-taking behavior (Gullo & Dawe, 2008).
Conversely, there is a positive correlation be-
tween the ability to resist impulsive reactions
and the achievement of positive life outcomes
(Keough et al., 1999). Taken together, these
findings suggest that delay-discounting behav-
ior is influenced by brain stimulation, but not
in a direct and deterministic manner. What
seems crucial is the interaction between stim-
ulation and individuals’ impulsivity levels, which
indicates that behavior is affected by different
factors that pertain to distinct domains. Our
data, by highlighting how the tDCS affected
behavior differently depending on the individual
level of impulsivity, suggest an important role
of individual impulsivity that should be further
explored to better understand the effect of tDCS
itself. Our results suggest that a tDCS-based
protocol could potentially be used both in re-
search activity and as a form of support for
populations prone to risk-taking behavior. How-
ever, the protocol and the expected outcomes
should be calibrated according to individual
levels of impulsivity. This recommendation is
in line with a growing body of research within
the tDCS literature that emphasizes consider-
ing individual differences, such as gender,
physiological differences, and cognitive abili-

ties (Jones & Berryhill, 2012; Krause & Kadosh,
2014), to thoroughly understand the differen-
tial effects of stimulation on participants.
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Appendix

We ran a repeated measures ANOVA aimed at exploring possible differences among tDCS
conditions depending on the type of reward (immediate vs. postponed). No effect of the tDCS
condition emerged (F2; 24 = 2.41; p = .11). This could be due to our small sample size. If we
consider the trend of answers, people tended to choose the immediate reward more often. This
was enhanced by anodal stimulation – confirming the general trend previously reported in
literature (see table below).

Preference for Postponed vs. Immediate reward according to tDSC condition

  Mean SD 
Cathodal Postponed 11.31 6.97 
 Immediate 14.77 6.88 
Sham Postponed 10.23 7.53 
 Immediate 14.00 7.33 
Anodal Postponed 12.08 7.34 
 Immediate 15.69 6.45 
 


