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a b s t r a c t

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
that choosing between immediate and delayed rewards depends
on the discounted subjective value (SV) of the delayed rewards.
Popular models such as hyperbolic or quasi-hyperbolic have been
proposed to explain and quantify individual differences in the
degree to which people discount future rewards relative to im-
mediate ones (i.e. impulsivity; Ainslie, 1975; Frederick et al., 2002;
Kable and Glimcher, 2009; Rubinstein, 2003). Recently, nonhuman
primate electrophysiology and human neuroimaging studies have
started to probe the underlying neural correlates involved in the
delay discounting process. More specifically, the SV of delayed
rewards was recently shown to be encoded in the activity of value-
related brain regions, particularly the ventral striatum and the
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ventromedial prefrontal cortex (vmPFC) (Ballard and Knutson,
2009; Cai et al., 2011; Kable and Glimcher, 2007, 2009; Peters and
Buchel, 2009). The dorsolateral prefrontal cortex (dlPFC) is another
brain area known to be involved in valuation tasks, and has been
studied extensively in tasks that involve inhibitory control (Ballard
and Knutson, 2009; Bickel et al., 2009; Hare et al., 2014; Jacobson
et al., 2011; Juan and Muggleton, 2012; Kim et al., 2008; McClure
et al., 2004; van den Bos et al., 2014). The dlPFC has been argued to
be particularly important for evaluating delayed rewards (McClure
et al., 2004); these two roles suggest the dlPFC might participate in
separate neural networks for representing and processing im-
mediate and delayed rewards. Alternatively, dlPFC might be in-
volved more specifically in choice implementation. Evidence from
fMRI (Hare et al., 2009; Luo et al., 2009) and repetitive transcranial
magnetic stimulation (rTMS; Figner et al., 2010) suggests that
dlPFC may override the temptation of immediate gratification and
thus underlie the exertion of self-control during intertemporal
decision-making.

It is now clear that dlPFC plays a pivotal role in intertemporal
choice, though causal evidence from recent brain stimulation
studies has painted a rather mixed picture in terms of its func-
tional specificity (Cho et al., 2010, 2012; Essex et al., 2012; Figner
et al., 2010; Hecht et al., 2013). For example, TMS of dlPFC has
opposing effects on intertemporal preferences across studies, and
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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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
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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-
lation, which is suggested to inhibit neural activity, possibly due to
floor effects (Fig. 3H). This baseline-dependent effect holds true
even after correcting for regression to the mean (RTM), suggesting
the efficacy of inhibiting left dlPFC is greater on more patient
subjects who might have better self-control capability to start with
(Hare et al., 2010; McClure et al., 2004). Due to the large individual
variability in delay discounting impulsivity, previous research has
adopted certain standards to filter out participants who deviate
significantly from sample means (Essex et al., 2012; Peters and
Buchel, 2009). This practice may limit the ability to detect the
baseline-dependent correlation we identified.

The adaptive algorithm we used in the ITC task enabled us to
characterize impulsivity across a wider range of discount rates
than other approaches (hyperbolic k range from 3.0�10�5 to
0.076). Indeed, closer examination of our HD-anodal group
showed a similar trend to the baseline-dependent effect (Fig. 3G).
This effect was statistically insignificant, perhaps due to the low
variance in baseline impulsivity levels (var.¼0.17) compared to a
more diverse distribution of impulsivity in the HD-cathodal group
(var.¼0.40). As our results indicate, subjects who were on the end
of the impulsivity spectrum were the most influenced by the HD-
tDCS stimulation. Particularly for studies with moderate to small
sample sizes, this observed baseline dependence would be ex-
pected to produce the discrepancies that exist in the literature on
brain stimulation and impulsivity change in ITC (e.g., Cho et al.,
2012; Essex et al., 2012; Figner et al., 2010).

Interestingly, a recent study showed that the more automatic,
model-free learning component was spared after a subject com-
pleted a cold pressor task (CPT) while the goal-directed, model-
based learning component was dampened after induced stress,
possibly mediated by working memory capacity (Otto et al., 2013).
Taken together with our findings, these baseline-dependent stu-
dies might point to a general neural mechanism capable of ac-
counting for vast individual variances in perception and valuation
tasks (Otto et al., 2013; Weber et al., 2004). Previous imaging
studies that focus on individual differences in delay discounting
show that greater structural and functional connectivity between
dlPFC and striatum is associated with increased patience (van den
Bos et al., 2014), and that effective connectivity between dlPFC and
vmPFC predicts between-subject differences in discount rates
(Hare et al., 2014). Given that tDCS modulation can alter PFC ac-
tivity and its connectivity with other subcortical regions (Weber
et al., 2014), it is possible that the behavioral changes induced by
HD-tDCS depend on the baseline activity of dlPFC and its con-
nectivity with vmPFC and striatum.

Previous work has also shown that an individual's inter-
temporal choice behavior in the immediate and delayed contexts
can be parsimoniously approximated by the ASAP model (Kable
and Glimcher, 2010). Our choice data in the delayed context sup-
ports this idea. Model comparison showed that the ASAP model
better accounted for our data than the standard hyperbolic model.
We then specifically tested the ASAP model in our study. The
manipulation of dlPFC activity via conventional or HD-tDCS did
not have any significant impact on the ASAP discount rates or the
model-free indifference points in the delayed context. While it still
might be possible that the impulsivity change induced by tDCS
and HD-tDCS was no different between immediate and delayed
contexts (see Results), we stress that caution must be exerted
while interpreting such null results. Discount rates in the con-
ventional hyperbolic and ASAP models depict related yet different
cognitive processes in the ITC task, thus rendering the direct
comparison of discount rates between contexts less appropriate
(Kable and Glimcher, 2010).

Though future research needs to be conducted about the role of
dlPFC in ITC, the simplest interpretation given our data is that left
dlPFC might be differentially involved in immediate and delayed
contexts. Indeed, such an interpretation agrees with recent studies
that examined the exact neural mechanisms at play in the im-
mediate and delayed contexts; for example, subjective value re-
presentation of immediate and delayed rewards might be encoded
in different brain areas (McClure et al., 2004; van den Bos and
McClure, 2013). Excitation or inhibition of dlPFC may increase or
decrease the SV of the delayed reward to a greater extent than the
effects dlPFC modulation have on the immediate reward. However,
in the delayed context, the SVs of the two delayed rewards may
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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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