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In intertemporal choice (ITC), people discount future rewards in proportion to the time delay until re-
ward receipt. Despite recent non-invasive brain stimulation studies suggesting a general causal link
between dorsolateral prefrontal cortex (dlPFC) activity and ITC impulsivity, results regarding the func-
tional specificity of dlPFC are mixed. We used high-definition transcranial direct current stimulation (HD-
tDCS) to map changes in causal impulsivity through bi-directional modulation of left and right dlPFC
during ITC. Model-free and model-based analyses demonstrated that anodal and cathodal stimulation of
left dlPFC, but not right dlPFC, decreased and increased impulsivity, respectively. Critically, an individual
differences analysis revealed that modulation of impulsivity was contingent on participants' baseline
impulsivity. Overall, our results might reconcile the discrepancies in the existing literature and suggest a
baseline-dependent role for left dlPFC during ITC.
& 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

It is well known that decisions are affected by the tradeoff
between reward magnitude and time delay and, for the same re-
ward magnitude, that people prefer immediate gratification over a
time delay. Behavioral economics and psychology studies suggest
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sessions were separated by one day (�24 h) for each participant
(Nihonsugi et al., 2015).

HD-tDCS was used in Experiments 2A and 2B while partici-
pants completed the ITC task. There were three types of stimula-
tion in Exp. 2A: (1) left anodal (F3þ), (2) right anodal (F4þ), and
(3) sham stimulation. Stimulation in Exp. 2B reversed the central
electrode polarity, resulting in (1) left cathodal (F3�), (2) right
cathodal (F4�), and (3) sham stimulation. All other procedures for
Exp. 2A and 2B were the same as in Exp. 1.

Conventional tDCS

Conventional tDCS was delivered with a battery-driven stimu-
lator (SoterixMedical, Model 1300-A, New York) through a pair of
electrodes housed in 5�7 cm saline-soaked sponge covers (Sarkis
et al., 2014). Participants received three types of stimulation to
dlPFC on different days: left anodal/right cathodal, left cathodal/
right anodal, and sham stimulation. For left anodal/right cathodal
stimulation, the center of the anode was placed over F3, and the
center of the cathode was placed over F4 (F3þF4�); for left
cathodal /right anodal stimulation, the center of the anode was
placed over F4, and the center of the cathode was placed over F3
(F3�F4þ; Fig. 2A). For active stimulation, participants received a
constant current of 2.0 mA for �20 min. Stimulation started 8 min
before the task, and was delivered during the entire course of the
task (�12 min) with an additional 30 s ramp-up at the beginning
of stimulation and 30 s ramp-down at the end. Previous studies
have shown that this intensity (0.057 mA/cm2) and total charge
(�0.0063 C/cm2) are safe and well tolerated (Borckardt et al.,
2012; Minhas et al., 2010; Villamar et al., 2013a). The placement of
electrodes was the same for the sham and the active stimulation.
However, for the sham stimulation, the initial 30 s ramp-up was
immediately followed by the 30 s ramp-down, and there was no
stimulation for the rest of the session (Douglas et al., 2015; Gan-
diga et al., 2006).

HD-tDCS

HD stimulation was delivered using a multi-channel stimula-
tion adapter (SoterixMedical, 4�1-C3, New York) connected to
the constant current stimulator used for conventional tDCS. Five
Ag-AgCl sintered ring electrodes were held in plastic casings fil-
led with conductive gel, embedded in an EEG cap, and attached to
the adaptor device. Each electrode had �4 cm2 contact with the
skull. The electrodes were arranged on the skull in a 4�1 ring
configuration (Edwards et al., 2013; Villamar et al., 2013a). The
return electrodes were spaced �7.5 cm radially around the cen-
tral electrode and at the corners of a square suggested by motor
cortex HD-tDCS studies (Villamar et al., 2013a, 2013b). For left
dlPFC stimulation, electrode locations corresponded roughly to
C3, FT7, Fp1, and Fz, with the central electrode at F3 (Fig. 2B). For
right dlPFC stimulation, the locations corresponded roughly to
C4, FT8, Fp2, and Fz, with the central electrode at F4. The polarity
of the current on the target brain area depended on the central
electrode. We used central anodal stimulation for excitatory
modulation, and central cathodal stimulation for inhibitory
modulation suggested by motor cortex HD-tDCS studies (Filmer
et al., 2014). The current intensity was 2.0 mA which created
�0.5 mA/cm2 peak current density at the central electrode, and
�0.125 mA/cm2 peak current density at the return electrodes.
Procedures for active and sham HD-tDCS were the same as in
conventional tDCS experiment. This procedure has been shown
blindness effective for tDCS and HD-tDCS sham stimulation
(Borckardt et al., 2012; Douglas et al., 2015; Gandiga et al., 2006;
Gbadeyan et al., 2016; Heimrath et al., 2015; Nikolin et al., 2015).
Though we did not explicitly solicit subjects’ belief about
whether each session was a sham or tDCS treatment session, no
subject reported sensational difference among sessions in both
conventional tDCS and HD-tDCS manipulations. HD-tDCS gen-
erates more focused stimulation than conventional tDCS, as
shown in the simulated electrical fields (Caparelli-Daquer et al.,
2012; Datta et al., 2009; Douglas et al., 2015; Kuo et al., 2013)
(Fig. 2C and D). Although HD-tDCS is associated with stronger
scalp sensations than conventional tDCS, it has been shown to be
safe and tolerable with applications of up to 2.0 mA for 20 min
(Borckardt et al., 2012; Kuo et al., 2013; Minhas et al., 2010). All
the participants who participated in tDCS and HD-tDCS studies
tolerated the stimulation well, and no adverse effects were
reported.

Behavioral data analysis

Individual choice behavior was analyzed using the R statistical
package (R Core Team, 2014) and Rstan (Stan Development Team,
2016). We used both model-free and model-based analyses to test
for tDCS effects. For the model-free analysis, we estimated the
indifference point at each delay by fitting a logistic function to the
proportion of choices of the LL option as a function of the LL
amount

( ) β β= +logit P chooseLL LL amount1 0

At this indifference point, we predicted subjects would choose
the SS and LL option at the same frequency. This prediction also
implies that LL rewards at the indifference point had the same SV
as the SS option:

( ) β β= +logit indifference point0. 5 1 0

Thus, we calculated indifference point according to parameters
β1 and β0 that were fitted by the logistic curve:

β β= −indifference point /0 1

Higher indifference points indicate greater impulsivity since
they imply greater relative preference for SS rewards overall. We
used a linear mixed model to fit parameters β1 and β0 (“lme4”
package in R; Bates et al., 2014). For each experiment, LL amounts
and participants’ choices across the three experimental sessions
were fed into one mixed model. The fixed effects of β1 and β0, and
random effects of β1 and β0 at the subject and session levels were
estimated separately for each time delay.

For the model-based analysis, we tested two influential models
in temporal discounting literature: the standard hyperbolic model
and the “as soon as possible” (ASAP) model (Kable and Glimcher,
2010; Mazur, 1987). For the model-based analysis in the im-
mediate context, the ASAP model reduces to the standard hyper-
bolic model (Mazur, 1987), so we used the standard hyperbolic
model discount factor to index each subject's impulsivity. The SV
of the option with monetary amount A was assumed by the hy-
perbolic model

=
+

SV
A

kD1

where D is the delay of the option, A is the amount of the payment,
and k is the subject-specific hyperbolic discount rate. A larger
value of k indicates relatively greater impulsivity. For the delayed
context, we tested the standard hyperbolic model with the ASAP
model (Kable and Glimcher, 2010),

= ( )
+ ( − )

SV g D
A

k D D1ASAP ASAP
ASAP ASAP

where DASAP is the delay to the soonest currently available reward,
g(DASAP) is a gain factor that is a function of delay to the soonest



available reward. In the ASAP model, SV declines hyperbolically
relative to the soonest available reward, rather than with regard to
the present. We compared the performance of these two models
and found that the ASAP model captured subjects' behavior better
at the group level (AIC for the ASAP model: 35503; AIC for the
standard hyperbolic model: 35512). For the remainder of the text,
we use the ASAP model to indicate subjects’ impulsivity in the
delayed context.

The discount rate k was fitted using the hierarchical Bayesian
modeling package “hBayesDM” in R (Ahn et al., 2011, 2016). We
assumed the logarithm of subjects' discount rates were drawn
from a normal distribution: log(k)�N(μ, s) in each session. The
probability of accepting the LL option was determined by the
softmax function:

( )( ) ( )= + − − −
P choose LL e1 b SV SV 1

LL SS

where SVSS and SVLL are the subjective value of the SS and LL op-
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Results

Immediate context
Experiment 1. In the immediate context, choices were made be-
tween immediate and delayed rewards. In Exp. 1, we used con-
ventional tDCS bilateral stimulation to test for the effects of
F3þF4� and F3�F4þ in contrast to sham stimulation. We esti-
mated each participant's indifference points and discount rates
(log(k)) in the F3þF4� , F3�F4þ , and sham sessions. In the
model-free analysis, we submitted subjects’ indifference points to
a repeated 2-way ANOVA analysis. The main effect of tDCS sti-
mulation and stimulation by time delay interval interaction effect
were not significant (Fig. 3A; main effect: F(2,76)¼0.10, η2¼0.003,
p¼0.90; interaction: F(10,380)¼0.70, η2¼0.018, p¼0.72). For the
model-based approach, we estimated each subject's delay dis-
count rate k using the standard hyperbolic model described above.
One-way ANOVA showed no differences across any of the stimu-
lation type (Fig. 3D; F(2,76)¼0.48, η2¼0.012, p¼0.62).

Experiment 2A and 2B. In Exp. 2A, all participants received an-
odal stimulation to left (F3þ) dlPFC, right (F4þ) dlPFC, and sham
dlPFC stimulation across sessions via HD-tDCS. We compared the
indifference points and the discount rates (log(k)) across stimu-
lation types. A two-way ANOVA analysis revealed a main effect of
stimulation and an interaction between stimulation and delay
interval on indifference points (Fig. 3B; main effect: F(2,76)¼3.43,
η2¼0.083, p¼ .038; interaction: F(10,380)¼4.04, η2¼0.096,
po .001). A post-hoc one-way ANOVA at each time delay interval
showed that the interaction was significant at the sixth delay in-
terval (Fig. 3B; F(2,76)¼5.77, η2¼0.13, p¼ .005). Further paired t-
tests at the sixth delay interval showed that F3þ produced lower
indifferent points (i.e. greater patience) than sham and F4þ sti-
mulations (Fig. 3B; F3þ versus sham: Δindifference point¼�1.52,
95% CI¼[�2.64, �0.40], t(38)¼�2.74, p¼0.009; F3þ versus F4þ:
Δ indifference point ¼�1.78, 95% CI¼[�3.04, �0.52], t(38)

¼�2.85, p¼0.007). There were no differences between F4þ and
sham stimulations (Δ indifference point¼0.26, 95% CI¼[�1.14,
1.66], t(38)¼0.37, p¼0.71). Individual discount rates estimated
using the model-based approach also showed that the discount
rates (log(k)) differed by stimulation type (Fig. 3E; F(2,76)¼5.77,
η2¼0.13, p¼0.004). Post-hoc paired t-tests showed that F3þ
produced lower log(k) than sham and F4þ stimulations (F3þ
versus sham: Δlog(k)¼�0.11, 95% CI¼[�0.17, �0.047], t(38)

¼�3.54, p¼0.001; F3þ versus F4þ: Δlog(k)¼�0.087, 95% CI¼
[�0.15, �0.023], t(38)¼�2.77, p¼0.009), and there was no dif-
ference between F4þ and sham stimulations (Δlog(k)¼0.024, 95%
CI¼[�0.056, 0.10], t(38)¼0.60, p¼0.55). The indifference points
were only statistically different at later delays given variance in
subjects’ actual behavioral data at each delay. Indifference points
simulated based on discount rates k and hyperbolic model also
showed the same pattern (Fig. S1). Thus, both model-free and
model-based model parameters revealed that HD-tDCS F3þ de-
creased impulsivity compared to sham and F4þ .

In Exp. 2B, participants received cathodal stimulations to left
(F3�) and right (F4�) dlPFC and sham stimulations across ses-
sions via HD-tDCS. We performed a similar analysis as in Exp. 2A,
and also found a main effect of stimulation and an interaction
between stimulation and delay interval on indifference points
(Fig. 3C; main effect: F(2,76)¼3.73, η2¼0.089, p¼ .028; interaction:
F(10,380)¼5.05, η2¼0.12, po0.001). This interaction effect, as
shown by the post-hoc ANOVA analysis, was significant at the
sixth delay interval (Fig. 3C; F(2,76)¼6.26, η2¼0.14, p¼0.003).
Paired t-tests showed that F3� produced a higher indifference
points (e.g. reduced patience) than sham and F4� stimulations
(Fig. 3C; F3� versus sham: Δindifference point¼1.18, 95% CI



Delayed context

Previous research using TMS suggests that dlPFC influences
intertemporal decision-making only for choices involving im-
mediate rewards (Figner et al., 2010). To systematically test for
such an effect with tDCS, we included choice tasks under the de-
layed context in the experiments, in which both the SS and LL
outcomes were delayed at least 30 days. We estimated each sub-
ject's indifference points at each delay interval, and we also esti-
mated each participant's discount rate using the ASAP model
(Kable and Glimcher, 2010) in the delayed context. Additionally,
we compared subjects’ indifference points and discount rates
under different types of tDCS stimulations as we did for the im-
mediate context. In the model-free indifference point testing, we
did not find a main effect of stimulation or an interaction between
stimulation and delay interval in Exp. 1, 2 A or 2B (Fig. 4A–C; main
effect: F(2,76)¼0.91, η2¼0.02, p¼0.41 (Exp. 1); F(2,76)¼1.35,
η2¼0.03, p¼0.26 (Exp. 2A); F(2,76)¼2.60, η2¼0.06, p¼0.08 (Exp.
2B); interaction: F(10,380)¼0.51, η2¼0.013, p¼0.89 (Exp. 1);
F(10,380)¼1.05, η2¼0.027, p¼0.40 (Exp. 2A); F(10,380)¼1.72,
η2¼0.043, p¼0.07 (Exp. 2B)). Differences of discount rates log(k)
across stimulation types were not significant in Exp. 1 and 2A, or
2B (Fig. 4D–F; Exp. 1: F(2,76)¼ .70, η2¼0.018, p¼0.50; Exp. 2A:
F(2,76)¼2.72, η2¼0.067, p¼0.072; Exp. 2B: F(2,76)¼2.86, η2¼0.070,
p¼0.063). To compare tDCS effects under immediate and delayed
contexts, we tested context and stimulation interactions on
model-free and model-based parameters. A 2�3�6 ANOVA
(immediate & delay contexts, F3, F4 & sham stimulations, 6 time
delay intervals) on indifference points showed no significant
context and stimulation interaction in any experiment (Exp. 1:
p¼0.88; Exp. 2A: p¼0.88; Exp. 2B: p¼0.98). A 2�3 ANOVA on
discount rates (log(k)) also failed to show significant difference of
tDCS effect between immediate and delayed contexts (Exp. 1:
p¼0.63; Exp. 2A: p¼0.38; Exp. 2B: p¼0.37).
Discussion

We demonstrated that electric stimulation of left dlPFC causally
influenced subject impulsivity for choices involving immediate
rewards. We applied HD-tDCS while subjects completed an inter-
temporal choice task with both immediate and delayed contexts.
Our findings were corroborated in three separate participant co-
horts who underwent different types of stimulation (anodal,
cathodal, and sham) across dlPFC sites (F3–F4, F3 only, and F4
only). In the immediate context, anodal HD-tDCS stimulation of
left dlPFC reduced subjects’ impulsivity while cathodal stimulation
increased impulsivity. Furthermore, left dlPFC stimulation exerted
its influence in a baseline-dependent manner, such that the effect
of cathodal dlPFC stimulation was largest in subjects with low
baseline discount rates (e.g. most patient, Fig. 3H).

Recent research in nonhuman primate electrophysiology and
human neuroimaging studies suggests that brain valuation struc-
tures (vmPFC, ventral striatum, and posterior cingulate cortex) and
brain areas involved in cognitive control and self-regulation (such
as dlPFC) are critical to intertemporal decision-making processes
(Ballard and Knutson, 2009; Cai et al., 2011; Kable and Glimcher,
2009; McClure, 2007; McClure et al., 2004; Peters and Buchel,
2009; van den Bos and McClure, 2013; van den Bos et al., 2014).
Although the exact functional roles subserved by these brain re-
gions are still under investigation, intact function of dlPFC is ne-
cessary for normal intertemporal decision-making (Kable and
Glimcher, 2010; McClure, 2007; Sellitto et al., 2010; van den Bos
and McClure, 2013; Wang et al., 2014). Recently, non-invasive TMS



and tDCS studies in humans have begun to unravel the causal link
between dlPFC activity and intertemporal decision-making (Cho
et al., 2010; Essex et al., 2012; Figner et al., 2010; Hecht et al., 2013;
Kekic et al., 2014). However, results from these studies are mixed
in terms of laterality of dlPFC function and the effects of different
types of stimulation.

In the current study, we adopted a conventional tDCS protocol
in Exp. 1, but we did not replicate the results of Hecht D et al.,
(2013). This difference could potentially be explained by task de-
sign differences, such as self-adaptive versus fixed choice sets
Current intensity should also considered when interpreting the
ineffectiveness of our conventional tDCS experiment, which used a
relatively large current intensity, 2 mA, compared to previous re-
search, which used �1 mA (Bogdanov et al., 2015; Hecht et al.,
2013; Mengarelli et al., 2015). Recent evidence suggests that the
enhancement of conventional tDCS current intensity does not
necessarily increase the efficacy of stimulation, but instead it
might shift the direction of excitability alterations (Batsikadze
et al., 2013). Additionally, stimulation laterality in our conventional
tDCS protocol, which stimulated both hemispheres with opposite
polarity, may also contribute to the discrepancy between our
current results and findings from previous tDCS research, in which
unilateral stimulation was used (Fecteau et al., 2007; Mengarelli
et al., 2015; Nihonsugi et al., 2015). To examine the effects of sti-
mulation laterality, we thus conducted two additional studies
(Exp. 2A and 2B) using high-definition unilateral stimulation in
which the current stimulation was constrained within each
hemisphere. This experimental design would also be expected to
minimize the potential diffusive electric field created by conven-
tional tDCS. Such a diffuse electrical effect may contaminate ac-
tivity in vmPFC, a critical brain structure in evaluation and deci-
sion-making (Fig. 2C).

Results from Experiments 2A and 2B suggest the importance
of left, but not right, dlPFC in intertemporal decision-making.
These results help to resolve the debate over the laterality of
dlPFC in intertemporal decision-making (Cho et al., 2010, 2012;
Essex et al., 2012; Figner et al., 2010). Anodal and cathodal sti-
mulation exhibited opposite modulation effect in the current
study. As suggested by previous tDCS studies, anodal stimula-
tion may excite activity of dlPFC thereby decreased the delay
discounting impulsivity; cathodal stimulation may inhibit ac-
tivity of dlPFC thereby increased the impulsivity (Filmer et al.,
2014; Jacobson et al., 2012). However, we note that the task
design did not allow us to delineate competing hypotheses as to
whether dlPFC represents the value of delayed rewards or acts
to suppress the temptation of immediate rewards (i.e., self-
control; Hare et al., 2010; van den Bos and McClure, 2013). Fu-
ture studies that combine functional imaging with HD-tDCS or
TMS will be needed to investigate the functional consequences
induced by modulating dlPFC activity on brain valuation struc-
tures such as vmPFC, ventral striatum, and posterior cingulate
cortex.

In-depth investigation of subjects who received left dlPFC HD-
tDCS stimulation revealed that the change of impulsivity levels
depended on the individual subject's baseline impulsivity level.
Participants with lower baseline discount rates (i.e. more patient)
in ITC tasks were more affected by the cathodal HD-tDCS stimu-



change equivalently, resulting in invariant relative value differ-
ences and hence no change in preference. Another possibility is
that dlPFC may carry out a self-control function that is not re-
quired for decisions involving two delayed rewards (Figner et al.,
2010; Hare et al., 2010).
Conclusion

We provide direct evidence in establishing a causal link be-
tween HD-tDCS manipulated left dlPFC activity and significant
behavioral change in intertemporal decision-making where im-
mediate reward was involved. Anodal and cathodal HD-tDCS in-
duced decreased and increased intertemporal discount rates, re-
spectively. These mirroring effects depended on subjects’ baseline
impulsivity, such that participants with lower baseline impulsivity
experienced greater relative change during left dlPFC inhibition.
Our results might inform future neural models of ITC by providing
a clear demonstration of the causal role of left dlPFC. The baseline
dependent manner of the dlPFC manipulation effect also yields
insight into why dlPFC manipulation biases behaviors in some
cases but not in others (Otto et al., 2013; Weber et al., 2004).
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