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Abstract
Intertemporal decision-making involves simultaneous evaluation of both the magnitude and delay to reward, which may
require the integrated representation and comparison of these dimensions within working memory (WM). In the current
study, neural activation associated with intertemporal decision-making was directly compared with WM load-related
activation. During functional magnetic resonance imaging, participants performed an intermixed series of WM trials and
intertemporal decision-making trials both varying in load, with the latter in terms of choice difﬁculty, via options tailored to
each participant’s subjective value function for delayed rewards. The right anterior prefrontal cortex (aPFC) and dorsolateral
prefrontal cortex (dlPFC) showed activity modulation by choice difﬁculty within WM-related brain regions. In aPFC, these 2
effects (WM, choice difﬁculty) correlated across individuals. In dlPFC, activation increased with choice difﬁculty primarily in
patient (self-controlled) individuals, and moreover was strongest when the delayed reward was chosen on the most difﬁcult
trials. Finally, the choice-difﬁculty effects in dlPFC and aPFC were correlated across individuals, suggesting a functional
relationship between the 2 regions. Together, these results suggest a more precise account of the relationship between WM
and intertemporal decision-making that is speciﬁcally tied to choice difﬁculty, and involves the coordinated activation of a
lateral PFC circuit supporting successful self-control.
Key words: cognitive control, fMRI, impulsivity, self-control, temporal discounting

Introduction
Everyday decision-making includes deciding among options that
differ along multiple dimensions like reward amount, probability
of reward, and delay to reward (Keeney and Raiffa 1993; Green
and Myerson 2004). Intertemporal decision-making—deciding
between smaller-sooner and larger-later rewards—requires the
simultaneous evaluation of reward-related information on 2
dimensions, the reward amount and delay (Mischel et al. 1989;
Rachlin 1989; Frederic et al. 2002; Green and Myerson 2004;

Ainslie 2005; Glimcher 2009). Because of the integrative nature of
these valuations, intertemporal decision-making may depend
upon actively maintained representations of choice dimensions
(delay and amount) such that these can be appropriately combined and compared across options.
Integration and active maintenance of goal-relevant information are 2 functions typically ascribed to lateral frontoparietal brain regions. In particular, the anterior prefrontal cortex
(aPFC) and dorsolateral prefrontal cortex (dlPFC) are widely
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thought to act in concert to enable the maintenance and integration of highly abstract goal-relevant information within
working memory (WM), in the service of attaining behavioral
goals (Goldman-Rakic 1987; Miller and Cohen 2001; Braver and
Bongiolatti 2002; Ramnani and Owen 2004; Botvinick 2008;
Sakai 2008; Badre et al. 2009). The prior literature has provided
consistent support for the roles of aPFC and dlPFC in intertemporal decision-making (McClure et al. 2004, 2007; Shamosh
et al. 2008; Carter et al. 2010). Nevertheless, there has been less
agreement as to exactly how these 2 regions contribute to
decision-making in this domain. In the current work, we test
the speciﬁc hypothesis that aPFC and dlPFC are centrally
important for integration of choice dimensions in intertemporal decision-making, and the speciﬁc prediction that their
recruitment during difﬁcult WM tasks anticipates intertemporal choice patterns, particularly when decisions are difﬁcult (i.e.
choice options are close in subjective value, SV).
Research on intertemporal decision-making has contrasted
self-controlled and impulsive choices, as indexed by the degree
to which a decision-maker discounts the value of a delayed
reward, and explored in a range of choice paradigms (Mischel
and Metzner 1962; Mischel et al. 1989; Rachlin et al. 1991;
Frederic et al. 2002; Ainslie 2005; Berns et al. 2007; Shamosh
and Gray 2008; Monterosso and Luo 2010; Scheres et al. 2013).
Individuals who steeply discount delayed rewards are characterized as impulsive because they tend to prefer smallersooner to larger-later rewards. By contrast, individuals who
discount delayed rewards shallowly are characterized as
patient, in that they tend to prefer larger-later rewards.
Moreover, this patient form of decision-making is thought to
depend upon self-control, which is needed to override the
impulsive tendency to choose the sooner reward, particularly
when it is available immediately (Kirby et al. 1999; Baker et al.
2003; Kable and Glimcher 2007).
A number of inﬂuential theoretical accounts have postulated a direct role for the lateral PFC in enabling self-control in
intertemporal decision-making, though they differ in emphasis.
In particular, one account posits that lateral frontoparietal
regions provide a separate mechanism for the selective evaluation of delayed (as opposed to immediate) rewards, enabling
evaluation with regard to long-term goals and future planning
(McClure et al. 2004; 2007; van den Bos and McClure, 2013). A
second account posits a uniﬁed valuation system for both
delayed and immediate rewards (Kable and Glimcher, 2007),
but suggests that lateral prefrontal control mechanisms can
intervene to override an immediate reward bias in favor of a
delayed reward, when the latter choice might satisfy a higher
order goal (Hare et al. 2014). The third account has emphasized
the WM demands of intertemporal decision-making, and posited a role in promoting preference stability, whereby lateral
PFC regions are critical for integration and related control
operations applied to actively maintained choice dimensions
(Hinson et al. 2003; Shamosh et al. 2008; Bickel et al. 2011;
Wesley and Bickel, 2014).
To date, these different theoretical accounts of the functional
role of lateral PFC regions during intertemporal decision-making
have not been reconciled. The third account, emphasizing WM
functions, is related to alternative accounts that emphasize the
role of cognitive control (e.g. Figner at al. 2010), and thus generalize to a wider variety of decision-making contexts. However, the
relationship between the role of lateral PFC in WM and intertemporal decision-making, although frequently invoked, is still
poorly understood. In part, this is because the relationship
has only been investigated indirectly (e.g. Shamosh et al. 2008;

Aranovich et al. 2016). To our knowledge, no study has directly
compared lateral PFC activity during WM tasks and intertemporal decision-making on a within-subject basis. A second
issue is that lateral PFC regions may be important for intertemporal decision-making primarily under conditions in
which the choice is a difﬁcult one, such as when the 2 reward
options are close in SV. For example, McClure et al. (2004)
found greater activity in lateral PFC on difﬁcult choice trials,
whereas Figner et al. (2010) found transcranial magnetic
stimulation disruption of lateral PFC reduced choice of
delayed rewards, particularly when contrasted against a
more tempting immediate (rather than a less delayed)
reward. Thus, it is critical to experimentally manipulate
choice difﬁculty during intertemporal decision-making, to
determine the importance of this factor in moderating the
relationship between lateral PFC activity and self-control.
Yet systematic manipulations, or even analyses, of choicedifﬁculty effects are rarely a central focus in studies of valuebased decision-making (Monterosso et al. 2007; Pine et al. 2009;
Kable and Glimcher 2010). However, in recent work, it has been
observed that multiple cortical and subcortical regions, including dlPFC, are engaged by intertemporal choice situations in
which the relative SV differences between choice options are
small; moreover, dlPFC activity was increased on trials in which
the delayed larger reward was chosen (Hare et al. 2014). Further,
strong functional connectivity has been observed between
dlPFC and the ventral striatum during intertemporal decisionmaking, particularly in self-controlled individuals (van den Bos
et al. 2014). These results support the idea that the lateral PFC
plays a functionally important role in intertemporal choice, in
guiding patient (i.e. self-controlled) decisions (Figner et al. 2010).
In the current study, we utilized a novel experimental
design that enabled direct, within-subject examination of the
relationship of both WM and choice difﬁculty to lateral PFC
activity during intertemporal decision-making. Speciﬁcally,
participants performed independent and intermixed WM
and intertemporal decision-making tasks, during which difﬁculty was manipulated for each condition (i.e. by load in
the WM task, and by the proximity in SVs between alternatives in the decision-making task). Thus, we were able to
directly identify lateral PFC regions engaged by intertemporal choice difﬁculty within the brain regions associated
with WM load-related difﬁculty. Restricting our analyses to
these regions meaningfully constrained inferences regarding shared mechanisms.
A second key design feature was to tailor intertemporal
choice difﬁculty to individuals’ delay discounting proﬁles, estimated prior to functional magnetic resonance imaging (fMRI)
scanning. This systematic manipulation provided effective
means of examining lateral PFC activity associated with difﬁcultyrelated WM/cognitive control processes, and to individual differences in self-control, while equating the choice-difﬁculty
manipulation across participants. Speciﬁcally, for difﬁcult
trials, because options were close in SVs, elaborated comparison
was required, placing greater demands on relevant control processes that might be engaged under such conditions, such as
integration of choice dimensions in WM, and attentional focusing/switching among choice options. Conversely, when options
were farther apart, elaborated comparison was unnecessary. Our
design thus allowed us to test the speciﬁc prediction that individual differences in self-control during intertemporal decisionmaking would speciﬁcally interact with choice difﬁculty, such
that individuals high in self-control would most effectively
increase lateral PFC activity as difﬁculty increased.

Decision-making and working memory

Materials and Methods
Participants
The sample consisted of 41 participants (21 females; 20 males;
mean age 23.2; age range 18–35). All were healthy, neurologically normal young adults, who fulﬁlled the MRI screening
criteria and provided written, informed consent in accordance
with Washington University Human Research Protection Ofﬁce.
Additionally, all had participated in a prior experiment (Jimura
et al. 2013). Of the 41 participants who completed the study, 1
was excluded from analyses due to poor WM task performance,
and 3 others were excluded because they did not exhibit any
evidence of delay discounting (i.e. choice preference did not
change depending on delay length).
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appeared in the preceding list. Participants were instructed to
respond as quickly and accurately as possible and received feedback following their response (correct, incorrect, and too slow).
Across trials, the list length was either 2 (low-load) or 5 (highload) words.
Word stimuli for the WM task were randomly selected
from a list of 1100 emotionally neutral words from the English
Lexicon Project at Washington University (Balota et al. 2007;
http://elexicon.wustl.edu/). These words included nouns,
adjectives, and verbs, but no adverbs or plural nouns. Each
word consisted of 1 or 2 syllables [1.44 ± 0.81 (mean ± SD)],
and 4–6 letters (5.0 ± 0.81). The word frequency in the corpus
was 9.62 ± 1.04 (log-transformed; mean ± SD) based on the
Hyperspace Analog to Language (Lund and Burgess 1996). No
words were presented more than once through the 2 sessions.

Tasks
Intertemporal decision-making and WM tasks were performed in
the same experimental session with a previously reported task
involving intertemporal decision-making for liquid rewards
(Jimura et al. 2013). We exclude data from the liquid task here.
The 3 tasks were interleaved, with the WM and intertemporal
decision-making presented pseudo-randomly during the intertrial interval (ITI) of the liquid task (Jimura et al. 2011, 2013). Each
ITI involved 2 intertemporal decision-making trials and 2 WM
trials, with the task precued by a visual instruction (“MONEY” or
“MEMORY”; 2 s) followed by a ﬁxation cross (1 s ISI).
Intertemporal decision-making task
On each trial, 2 alternatives were simultaneously presented on
the screen: a larger reward available after a speciﬁed delay, and
a smaller reward available immediately (Fig. 1A). Participants
were instructed to think of the alternatives as if they were real
and to choose the alternative they preferred. Alternatives were
presented on left and right sides of a central ﬁxation point, and
their positions varied randomly from trial to trial. Participants
indicated their preference by corresponding button press.
Across trials, the delayed reward was varied in both amount
and delay, and the immediate reward amount was varied systematically in relation to the delayed reward, as described further below.
WM task
Participants also performed a Sternberg-type WM task (Sternberg
1966; Beck et al. 2010; Jimura et al. 2010; Fig. 1B). At the beginning
of each trial, a list of words was presented for memorization followed by a retention interval. After this interval, a probe word
was presented, prompting participants to decide whether it
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Procedure
The study consisted of 2 experimental sessions, behavioral and
fMRI scanning, administered at least 1 week apart. The tasks
were identical in these 2 sessions, except in terms of trial timing, and for intertemporal decision-making, which delay durations were used and how immediate reward amounts were
varied. The purpose of the ﬁrst behavioral session was to characterize individual differences, by estimating each participant’s
monetary delay discounting rate. Prior work has demonstrated
that discounting behavior in this task is stable across sessions,
suggesting a potential trait-like characteristic (Kable and
Glimcher 2007; Kirby 2009; Jimura et al. 2011). The results of the
behavioral session were used to compute individual delay discounting to optimize the amount of immediate reward in the
fMRI session. This allowed us to systematically manipulate
choice difﬁculty during the intertemporal decision-making task
performed during fMRI scanning (see below).

Behavioral Session
The behavioral procedure was identical to that of our prior
experiments and is described in greater detail elsewhere
(Jimura et al. 2009, 2011, 2013). Five different delay conditions
(1 week, 1 month, 6 months, 1 year, and 3 years) were used,
and participants completed a total of 30 decision-making trials
(5 delays × 2 amounts × 3 choices). The order of the delay and
amount conditions was pseudorandom, with the constraint
that participants made their ﬁrst choice at each of the 5 delays
before going on to make their second choice at each delay.
On the ﬁrst trial of each delay/amount condition, all participants chose between an immediate $400 reward and a delayed
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Figure 1. Behavioral tasks. (A) Participants made intertemporal choice between delayed large and immediate small monetary rewards. (B) They also performed a
Sternberg-type WM task.
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$800 reward in the large reward condition (or between a $20
immediate reward and a $40 delayed reward in the small
reward condition). The reward amounts in subsequent trials
were adjusted depending on the alternative the participant had
selected. Speciﬁcally, on the second trial in a delay-amount
condition, the immediate reward was increased or decreased
by $200 in large ($10 in small) amount and on the third trial by
$100 in large ($5 in small) amount. For each delay, the SV of the
delayed reward (i.e. the amount of immediate reward equal in
value to the delayed reward) was estimated to be equal to $50
in the large ($2.5 in the small) amount more than the amount
of immediate reward available on the fourth trial if the delayed
reward had been chosen on that trial, and $50 less in the larger
($2.5 in the smaller) than the amount of immediate reward
available on the fourth trial if the immediate reward had been
chosen on that trial.
WM task trials (both high = 5 and low = 2 loads) were also
intermixed during this behavioral session, to allow participants
to gain familiarity with the intermixed trial structure, which
was also employed during the fMRI scanning session (see
below). The WM task during the behavioral session was identical to that performed during the fMRI session, with the exception that 2 different word sets were used. Data from WM task
performance in the behavioral session were not analyzed.

Imaging Session
During fMRI scanning of the intertemporal decision-making
task, 3 delay conditions (1 month, 6 months, and 1 year), and
2 delayed amount conditions ($40 and $800) were used. Only the
3 middle duration delay conditions from the behavioral session
were selected, because for the shortest and longest delay conditions (1 week and 3 years), the estimated SV of the delayed
reward was either too small or too large on average to be easily
included in the choice-difﬁculty manipulations described next.
The choice-difﬁculty manipulation was the most critical
aspect of the task procedure during the imaging session.
Choice difﬁculty was systematically manipulated across trials,
by adjusting the amount of immediate reward presented during
each trial. The adjustment was based on the SV of the delayed
reward for each participant, as estimated from the behavioral
session. More speciﬁcally, the amount of immediate reward
was set by adding or subtracting 2.5%, 5.0%, or 10.0% from the
SV of the delayed reward. It was assumed that individuals
would experience greater difﬁculty when choosing an alternative in trials where the choices were close in SV (i.e. within
2.5% of each other) relative to trials in which one option was
considerably more lucrative (i.e. one is 10% greater than the
other). Therefore, trials were labeled as easy (ESY; ±10%),
medium (MED; ±5.0%), or difﬁcult (DIF; ±2.5%), creating 3 difﬁculty conditions based on the difference in SV between the 2
alternatives. Critically, difﬁculty and immediate reward
amount were crossed orthogonally, so that difﬁculty effects
could be isolated from the affective consequences of reward
amount, and therefore trials in which the participant was
biased to select the larger-later versus the smaller-sooner
reward (cf. Jimura et al. 2013). Each scanning run involved 12
decision-making trials and a total of 3 or 4 scanning runs (yielding at least 2 trials of the 3 delay × 2 amount × 3 difﬁculty conditions of the study), which were administered based on satiety
from the liquid reward consumed during the session (cf. Jimura
et al. 2013). The trial started after a 2-s warning cue and 1-s
cue-trial interval, and the choices were presented until participant’s response.

For the WM task, high- and low-load trials were randomly
intermixed with equal frequency. The trial started after a 2-s
warning cue and 1-s cue-trial interval, with each trial lasting
12-s and consisting of the following events: 2-s presentation of
a word list, 4-s delay, 0.5-s probe presentation, 2.5-s probefeedback interval, and 2.0-s feedback presentation (Fig. 1B).
Each scanning run involved 12 WM trials (6 trials for each of
the 2 load conditions).

fMRI Procedures
Scanning was conducted on a whole-body Siemens 3 T Trio
System (Erlangen, Germany). A pillow and tape were used to
minimize head movement in the head coil. Headphones dampened scanner noise and enabled communication with participants. Both anatomical and functional images were acquired
from each participant. High-resolution anatomical images were
acquired using an MP-RAGE T1-weighted sequence [repetition
time (TR) = 9.7 s; echo time (TE) = 4.0 ms, ﬂip angle (FA) = 10°,
slice thickness = 1 mm; in-plane resolution = 1 × 1 mm2].
Functional (BOLD, blood oxygen level dependent) images were
acquired using an asymmetric spin-echo echo-planar imaging
(TR = 2.0 s; TE = 27 ms; FA = 90°; slice thickness = 4 mm; inplane resolution = 4 × 4 mm2; 34 slices) in parallel to the
anterior–posterior commissure line, allowing complete brain
coverage at a high signal-to-noise ratio. Each functional run
involved 512 volume acquisitions.

Behavioral Analysis
Individual differences in delay discounting rates were quantiﬁed by the Area under the Curve (AuC) of the discounting function obtained for each participant (Myerson et al. 2001; Sellitto
et al. 2010; Jimura et al. 2011, 2013), using the large reward
amount condition. The AuC reﬂects the average SVs of reward,
calculated across all delays for a given participant. More specifically, the AuC is calculated as the sum of the trapezoidal areas
under the indifference points normalized by the amount and
delay (Myerson et al. 2001).
The AuC was normalized by the amount of the delayed
reward (standard amount) and the longest delay length.
Theoretically, AuC values range between 1.0 (reﬂecting maximally shallow, i.e. no discounting) and 0.0 (reﬂecting maximally steep discounting; i.e. SV dropping to zero with any
delay), though in practice, the latter value is almost never
obtained. It has been argued that the AuC is the best measure
of delay discounting to use for individual difference analyses
because it is theoretically neutral (i.e. assumption free) and
psychometrically reliable (Myerson et al. 2001). The AuC was
calculated solely based on choices made during the behavioral
session.
WM performance was assessed separately for the 2-item
and 5-item load conditions, by calculating mean accuracy and
reaction time for each participant.

Imaging Analysis
All functional images were ﬁrst temporally aligned across the
brain volume, corrected for movement using a rigid-body rotation and translation correction, and then registered to the participant’s anatomical images in order to correct for movement
between the anatomical and function scans. The data were
then intensity normalized to a ﬁxed value, resampled into
3-mm isotropic voxels, and spatially smoothed with a 9-mm
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full width, half maximum Gaussian kernel. Participants’ anatomical images were transformed into standardized Talairach
atlas space (Talairach and Tournoux 1988) using a 12-dimensional
afﬁne transformation. The functional images were then registered
to the reference brain using the alignment parameters derived for
the anatomical scans.
A general-linear model (GLM) approach was used to estimate task events and parametric effects. For intertemporal
decision-making trials, the trial event was time-locked to initiate with offer presentation and lasted until the participants’
response. Trial events were then convolved with a doublegamma hemodynamic response function. Parametric trial
effects were also modeled, including 1) choice-difﬁculty (ESY,
MED, and DIF); 2) SV of the delayed reward (estimated for each
subject at each delay and amount from their behavioral session, as in our prior work; Jimura et al. 2011); and 3) relative
adjusted amount of the immediate reward. The ﬁrst regressor
was encoded as the absolute adjusted amount, that is, difﬁculty, whereas the third regressor was encoded as the signed
version of the same values, ensuring that these 2 regressors
(ﬁrst and third) are orthogonal. The current study focuses on
the choice-difﬁculty effect. The intertemporal choice trials for
liquid rewards were also coded in GLMs similar to our prior
reports (Jimura et al. 2013) as a nuisance effect. In a separate
GLM, the choice (delayed and immediate) was also encoded as
a ﬁnal regressor.
For the WM task, trial-related activation was estimated with
a ﬁnite impulse response approach (i.e. unassumed eventrelated hemodynamic response shape; Ollinger et al. 2001;
Serences 2004) because of the more complex trial structure and
long-duration (12 s). Trials were estimated as 28-s epochs starting at the instruction cue onset (i.e. “MEMORY”) and coded by
15 time points (event-related regressors; see also Beck et al.
2010 and Jimura et al. 2010 for a similar approach) in order to
cover the WM-trial-related hemodynamic epoch (as well as any
post-trial recovery period). These 15 time points that covered
the trial-related epoch were statistically independent and individually estimated in the GLM. The 2 WM-load conditions were
estimated with separate sets of regressors. The WM-load effect
was then deﬁned as the difference in averaged parameter estimates across the 7–9th time points (i.e. 9–13 s after the word
onset), which roughly corresponded to peak BOLD responses
for the delay and probe period of the WM trials (after accounting for the hemodynamic lag; Beck et al. 2010; Jimura et al.
2010), contrasting between the high (5 word) and low (2 word)
conditions.
The current experiment also included intertemporal choice
trials for real liquid reward (Jimura et al. 2013). This condition
was encoded as in the previous report. The ITI of the current
WM and money discounting task was variable, and ranged
from 8 to 20 s (Jimura et al. 2011) providing sufﬁcient data to
estimate a baseline state.
The difﬁculty effect of the intertemporal choice task and the
load effect of the WM task were then submitted to voxel-wise
random-effects models for group analyses. We hypothesized
that WM-related regions would also be involved in intertemporal choice, particularly for more difﬁcult decisions. In order
to test this hypothesis, a whole-brain exploratory analysis was
ﬁrst performed to extract brain regions that revealed the WMload effect. Whole-brain beta contrasts map (high WM vs. low
WM) were collected from individual subjects’ single-level GLM
estimation, and then statistical testing was performed based
on nonparametric permutation testing (5000 permutations)
(Eklund et al. 2016) implemented in “randomize” in FSL suite
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(Winkler et al. 2014; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
Randomise). Clusterwise statistical correction was performed
for voxel clusters deﬁned by a threshold (P < 0.001, uncorrected). Clusters showing signiﬁcance level above P < 0.05 corrected for multiple comparisons were used as a functional
mask associated with WM load in the subsequent analyses for
the intertemporal choice data.
For intertemporal decision-making task, voxel clusters
showing a choice-difﬁculty effect (P < 0.01, uncorrected) were
ﬁrst identiﬁed within the WM region-of-interest (ROI) mask created above. The use of the functional mask restricted the identiﬁcation of choice-difﬁculty effects to voxel clusters located
within WM ROIs. Then, these voxel clusters were assessed for
signiﬁcance at a threshold of P < 0.05, corrected for multiple
comparisons within the WM ROI mask based on nonparametric
permutation testing (Winkler et al. 2014; Eklund et al. 2016).
A number of individual difference analyses (i.e. crosssubject correlations) were conducted. The ﬁrst examined the
correlation between the WM-load effect and the choicedifﬁculty effect in identiﬁed ROIs. A second analysis explored
the correlation between individual delay discounting rates and
the choice-difﬁculty effect within WM-related regions. For this
analysis, voxel-wise correlation coefﬁcients between the AuC
parameter and choice-difﬁculty effect were computed across
participants. The signiﬁcance of this correlation was then
assessed using a threshold P < 0.05 corrected for multiple comparisons based on nonparametric permutation testing (Winkler
et al. 2014; Eklund et al. 2016) within WM-related brain regions
across the whole brain. Because AuC was estimated in the
behavioral session, biases due to individual differences in
choice behavior during the scanning session were minimized.

Results
Behavioral Results
We ﬁrst analyzed participants’ choice behavior during the
intertemporal decision-making task in the scanning session. In
order to examine choice-difﬁculty effects, choice biases were
deﬁned as the choice probability percentage deviation from
chance level toward the option with greater SV. Participants
showed signiﬁcant choice biases in all conditions (Fig. 2A) [ESY:
t(36) = 13.4, P < 0.001; MED: t(36) = 9.15, P < 0.001; DIF: t(36) =
7.38; P < 0.001, (binomial test)], indicating that choices were all
biased toward the alternative with the greater SV. More importantly, a simple regression analysis of difﬁculty and bias
revealed a signiﬁcant trend, such that the bias was decreased
during more difﬁcult trials [t(36) = −7.39, P < 0.001 (binomial
test)], indicating that participants chose the option with greater
SV to a greater degree in easy trials. Or, conversely, as difﬁculty
increased, subjects became more equivocal, exhibiting weaker
choice preferences.
Accordingly, reaction times showed opposite effect, with
longer reaction times in more difﬁcult trials (Fig. 2B). The slope
of increase in reaction times is also statistically signiﬁcant
[t(36) = 2.3, P < 0.05], reliably indicating that, in difﬁcult trials,
participant were slower to make a choice; conversely, on easy
trials, participants made their decision more quickly.
In WM trials, participants showed load effects in both accuracy (Fig. 2C) and reaction times (Fig. 2D), consistent with prior
work (e.g. Sternberg 1966) [HIGH vs. LOW: accuracy: t(36) = −3.0,
P < 0.01; reaction times: t(36) = 7.3, P < 0.001]. In this sample, WM
behavioral effects did not signiﬁcantly correlate with delay discounting, as indexed by AuC (accuracy: r = 0.11; RT: r = −0.17),

6

Cerebral Cortex

B

0.3

Reaction times

Choice Bias

A

|

0.2

0.1

ESY

MED

2.4

DIF

ESY

D

1.0

MED

DIF

msec
850

Reaction times

Accuracy

2.6

2.2

0.0

C

sec
2.8

0.9

800
750
700
650

0.0
LOW

HIGH

LOW

HIGH

Figure 2. Behavioral results. (A) Choice biases in intertemporal decision task in
fMRI session. The choice biases are as deﬁned as percentage deviation of choice
probability from the chance level toward the choice with greater reward value.
(B) Reaction times of intertemporal choice trial. ESY: easy; MED: middle; DIF:
difﬁcult. (C) Accuracy and (D) reaction times in WM trials. LOW: low load; HIGH:
high load.

although such effects have been observed in prior studies (e.g.
Hinson et al. 2003; Shamosh et al. 2008).

Imaging Results
We ﬁrst explored brain regions showing a WM-load effect (HIGH
vs. LOW; see Methods for deﬁnition). The WM-load effect was
observed bilaterally (Fig. 3A) in several broad areas including
dorsolateral and aPFC, inferior frontal junctions, presupplementary motor area, anterior insula, temporo-parietal junction, and posterior parietal cortex, consistent with metaanalyses of fMRI WM studies (Owen et al. 2005; Rottschy et al.
2012; Nee et al. 2013).
Next, these WM ROIs were explored to examine whether
they were also involved in the monetary intertemporal decisionmaking task, in order to test the current hypothesis that WMrelated regions are also related to decision choice difﬁculty.
We ﬁrst investigated whether choice difﬁculty would differentially recruit WM regions. A voxel cluster in the right aPFC
showed greater activation in difﬁcult trials [(25, 51, and 6),
42 voxels, P < 0.05 corrected within WM ROIs across the whole
brain; Fig. 3B], suggesting that this aPFC region is commonly
involved in both high-WM load trials and more difﬁcult intertemporal decision-making trials. The BOLD signal amplitude
parameters clearly demonstrate increased activations in both
high-load WM trials and difﬁcult intertemporal decisionmaking trials (Fig. 3C).
Importantly, individuals who exhibited greater choicedifﬁculty effects in the aPFC also demonstrated a higher WMload effect in this region, as evidenced by a positive correlation
between WM-load and choice-difﬁculty effects [r = 0.50, t(36) = 3.4,
P < 0.01; Fig. 3D]. The WM-load effects and choice-difﬁculty
effects are statistically independent, since they were estimated
from separate tasks; as such, the between-subjects correlation

is not biased from the identiﬁcation procedure. Consequently,
these results suggest a close functional relationship between
intertemporal decision-making and WM, supporting the
hypothesis that this aPFC region is engaged during both WM
and intertemporal choice tasks to support the associated
cognitive control processes linked to increased task difﬁculty
in each condition.
Next, we examined the relationship between individual differences in delay discounting and the choice-difﬁculty effect.
Individual differences in delay discounting were indexed
by AuC, a reliable measure of self-control in intertemporal
decision-making (see Methods; Myerson et al. 2001; Shamosh
et al. 2008; Sellitto et al. 2010; Jimura et al. 2011, 2013).
Importantly, AuC was calculated on the basis of discounting
behavior in the out-of-scanner behavioral session, and thus
was independent of in-scanner behavior and brain activity. A
between-subjects correlation was calculated between participants’ AuC and their average, voxel-wise choice-difﬁculty
effects within the WM ROIs. A signiﬁcant cluster was identiﬁed
in the right dlPFC [(25, 30, 21), 58 voxels, P < 0.05 corrected
within the WM-related ROIs across the whole brain; Fig. 4A]. A
scatter plot demonstrates this correlation (Fig. 4B). The positive
correlation indicates that self-controlled individuals activate
dlPFC to a greater degree in difﬁcult versus easy intertemporal
choice trials.
Prior work has demonstrated that increasing dlPFC activity
predicts delayed reward selection in intertemporal decisionmaking (Tanaka et al. 2004; McClure et al. 2004, 2007; Hare et al.
2014). Building on these ﬁndings, we examined whether the
dlPFC region identiﬁed here also showed choice-related activation in a separate voxel-wise GLM that additionally coded participants’ choices during individual trials [DEL: delayed; IMM:
immediate]. The main effect of the choice (DEL vs. IMM) failed to
reveal signiﬁcance in the dlPFC region. However, analysis of the
correlation between the choice effect and AuC identiﬁed a voxel
subcluster within the dlPFC region showing a positive correlation, indicating greater activity in high-AuC individuals during
DEL trials. The size of the subcluster was found to be statistically
signiﬁcant [(29, 30, 25); 7 voxels based on a threshold P < 0.05
uncorrected; P < 0.05 corrected for multiple comparisons within
a small volume in the dlPFC region; Fig. 4C], conﬁrming a reliable
correlation in the dlPFC subregion. Note that choice behavior
(percentage of choice for delayed/immediate reward) in the scanning session did not correlate with AuC (|r|s < 0.10), ensuring that
the choice-related correlation with AuC in imaging data was not
contaminated by the pattern of behavioral choices.
These collective ﬁndings in the dlPFC indicate that individuals with higher AuC showed increased dlPFC activity during
difﬁcult trials, particularly when choosing the delayed reward.
To visualize this relationship, participants were divided into
3 groups based on delay discounting: shallow (SHL: less discounting; N = 12), steep (STP: greater discounting; N = 12), and
intermediate (middle of them; N = 13) (see Jimura et al. 2013 for
a similar approach). Then, activation magnitudes for each group
were calculated for each level of difﬁculty (ESY, MID, and DIF)
and participants’ choice (DEL and IMM) for the dlPFC subcluster.
As shown in Figure 4D, this pattern reveals how individual differences in delay discounting interact with both choice difﬁculty
and choice outcome, with shallow discounters (SHL) showing a
tendency toward greater dlPFC activation (relative to steep [STP]
discounters), but primarily during difﬁcult choice trials (DIF) and
when the delayed reward was selected (DEL).
Together, the results reveal 2 prefrontal areas within WMrelated brain regions that yielded 2 types of choice-related
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vertical axes indicate trial conditions and signal magnitude, respectively. Labels are identical as in Figure 2. (D) Scatter plot between WM-load and choice-difﬁculty
effects in aPFC. The vertical and horizontal axes indicate percentage signals between WM effect and difﬁculty effect, respectively.

effects: an aPFC region showing an overall choice-difﬁculty
effect, and a dlPFC region showing a positive correlation
between AuC and the difﬁculty effect (i.e. and AuC × choicedifﬁculty interaction). The fact that these 2 regions show similar task proﬁles despite being anatomically separated (25.8 mm)
suggests that they may exhibit functional relationships during
intertemporal choice. To test this, we calculated the taskrelated cross-subject functional correlation of choice-difﬁculty
effect between these 2 regions. As shown in Figure 5, the correlation was signiﬁcant [r = 0.36, t(35) = 2.3, P < 0.05], supporting
the hypothesis that the aPFC and dlPFC regions are functionally
related, in terms of choice difﬁculty and individual differences
patterns.

Discussion
The current study explored potential self-control mechanisms
involved in intertemporal decision-making. The aPFC and dlPFC
were identiﬁed as demonstrating choice-difﬁculty effects present
in the same regions and individuals who also exhibited WM-load
effects. In the aPFC, the 2 effects were further found to be functionally associated across participants, such that individuals
with greater aPFC WM-related activation also showed greater
choice-difﬁculty effects. In the dlPFC, greater choice-difﬁculty
effects were primarily associated with self-control, such that

they were strongest in shallow discounters. Moreover, dlPFC activation in shallow discounters was primarily enhanced when
they chose a larger, delayed reward under difﬁcult choice conditions, consistent with the hypothesis that the dlPFC plays a role
in promoting self-control. Finally, the 2 anatomically separated
regions were functionally associated in terms of choice difﬁculty
and individual difference effects. We next discuss further the
functional implications of these ﬁndings.
The ﬁndings of the current study extend prior work suggesting that aPFC mediates the relationship between WM-related
activity and delay discounting behavior (Shamosh et al. 2008).
In this prior work, the mediating role of aPFC activity in both
WM and delay discounting was suggested, but not directly
tested in both domains. Here, we use both within-subject
activity conjunction as well as between-subjects correlation to
support this hypothesis. Moreover, by showing that the aPFC
co-activation patterns occur in relationship to choice-difﬁculty
effects, the current results more speciﬁcally link this region to
intertemporal decision-making conditions in which self-control
demands are high.
The increased activation of aPFC with high WM load is
expected from the prior literature, as meta-analyses have identiﬁed aPFC regions to be consistently engaged during WM task
performance (Owen et al. 2005; Rottschy et al. 2012; Nee et al.
2013). However, this region has also been associated with the
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integration of task-relevant information and goal–subgoal
coordination in a broader range of cognitive contexts (Koechlin
et al. 1999, 2003; Braver et al. 2003; Sakai and Passingham 2003;

Bunge et al. 2005; de Pisapia et al. 2007; Sakai, 2008). Likewise,
increased aPFC activity has not only been associated with delay
discounting in intertemporal decision-making, but also with
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general ﬂuid intelligence (Shamosh et al. 2008). Although speciﬁc functional interpretations of aPFC engagement during
intertemporal decision-making remain speculative, the existing
data suggest an integrative role that may be preferentially
engaged during difﬁcult choice trials, such as the direct integration and comparison of choice item information (i.e. reward
magnitude and delay) when this is critical for successful decisions (i.e. the choices are close in SV). Similarly, this region
might be involved in broader goal–subgoal coordinative activities (e.g. coordinating higher order decision goals with attentional focusing/switching operations to enable more elaborated
and extended comparisons among options).
A subregion of the dlPFC was also found to exhibit both
WM-load and intertemporal choice-difﬁculty effects. This
region further predicted self-controlled (larger-later rather than
smaller-sooner) choices for high-AuC participants, replicating a
number of reports of greater dlPFC recruitment predicting
greater self-control in intertemporal choice (Tanaka et al. 2004;
McClure et al. 2004, 2007; Kable and Glimcher 2007; Peters and
Buchel 2010; Jimura et al. 2013; Aranovich et al. 2016). Likewise,
more recent studies have suggested a speciﬁc modulatory role
for dlPFC in regulating the engagement of value-related ventromedial prefrontal cortex and striatum regions (Hare et al. 2014;
van den Bos et al. 2014). Our results are consistent with these
ﬁndings, but also suggest a speciﬁc form of modulation in
which dlPFC “may” boost self-controlled choices, but that its
primary role is to enable integration among, and elaborated
comparisons between, choice features during decision-making.
These processes can promote self-controlled choices in case
those reﬂect the decision-maker’s goals. This conclusion is
drawn from the fact that, like the aPFC ROI, the dlPFC subregion
was identiﬁed in terms of showing both WM-load and choicedifﬁculty effects and thus ﬁts the proﬁle for decision feature integration and elaborated comparison. Furthermore, the choice
effect was only apparent among the most self-controlled participants (those with higher AuC), and either absent, or potentially
even trending in the opposite direction for the least selfcontrolled participants (those with the lowest AuC; see Fig. 4D).
Although strong inference about individual differences is limited
by the fact that we did not independently assess self-control, it
is possible that self-controlled participants selectively recruited
the dlPFC under difﬁcult choice situations so as to more accurately estimate and compare the relative SV of the delayed
reward to the immediate one.
This latter interpretation of dlPFC activity points to a fact
about cognitive control that is underappreciated in theoretical
accounts of intertemporal decision-making. Though cognitive
control is typically assumed to promote delayed choices, it can
be used ﬂexibly to support any behavioral outcome, including
those that involve selection of immediate rewards. Indeed in
shallow discounters, dlPFC activity was not only increased on
difﬁcult trials (relative to easier ones) that resulted in selection
of the delayed reward, but also in trials for which the immediate reward was chosen. This pattern indicates that higher
dlPFC activity on a trial does not automatically translate into
patient (i.e. self-controlled) decision-making.
It is worth noting that such patterns of dlPFC activity were
not observed when analyzing the discounting trials involving
real liquid rewards (which were interleaved in the current task
and reported in a prior publication; Jimura et al. 2013). This is
partly because, in the liquid discounting trials, choice difﬁculty
(i.e. difference in SV between choices) was strongly correlated
with SV of immediate reward, as the SV of the immediate
reward was always lower than that of delayed reward.
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Consequently, this feature of the design (which was only present for the liquid trials) may compromise analyses of the
choice-difﬁculty effect. Another possibility is the differential
characteristics of 2 tasks with regard to discounting mechanism, as we previously reported that individual differences in
delay discounting of the 2 tasks was relatively independent
(Jimura et al. 2011).
The observation of joint activation in aPFC and dlPFC during
WM and intertemporal choice, along with functional associations between the 2 tasks and the 2 regions in terms of individual differences, supports the suggestion that the WM-load and
choice-difﬁculty contrasts might be revealing common functional processes engaged by the 2 tasks. Indeed, the suggestion
of functional overlap between WM and intertemporal decisionmaking is not new (Hinson et al. 2003; Shamosh et al. 2008), and
is supported by recent meta-analysis (Wesley and Bickel, 2014).
However, it does raise the question of what these common WM
and decision-making processes might be.
Although interpretations must be speculative, it does not
seem likely that simple active maintenance describes the commonalities between the 2 tasks, for a number of reasons. First,
in the intertemporal decision-making task, the explicit WM
demands are low, given that all information is continuously
displayed; further, this does not change across choice-difﬁculty
conditions. Conversely, in the WM task, activation is revealed
via a high (5-item) versus low (2-item) load contrast during the
delay and probe periods, which reveal not just active maintenance processes, but also additional control processes that
enable successful target decisions to present probe items.
Indeed, current WM theorizing suggests that under high-load
(>3–4 items) conditions, additional control operations are
needed for goal-directed target decisions, such as to enable
attentional switching and refreshing among items that cannot
be directly accessed within the severely capacity-limited focus
of attention (Nee and Jonides, 2011; Cowan et al. 2012;
LaRocque et al. 2014; Oberauer 2013).
Our preferred interpretation is thus that the common functional processes isolated by the WM-load and choice-difﬁculty
contrasts relate primarily to cognitive control, and in particular
to hierarchical goal–subgoal coordinative processes that enable
integration and comparison among items maintained in WM. In
high-load WM conditions, these processes may drive attentional
control operations that support successful target decisions,
whereas in difﬁcult choice intertemporal decision-making conditions, the processes may support decision feature integration
and elaborated comparisons among choice options. On easy
trials, such decision feature integration and elaborated comparison may not be needed, as option evaluation and selection could
potentially proceed via rapid attribute-wise comparison (e.g. Dai
and Busemeyer 2014; Scholten et al. 2014). In this respect, our
interpretation is consistent with other recent work suggesting
that self-control during intertemporal decision-making could be
a special case of cognitive control operations that support goaldirected behavior (Rudorf and Hare 2014). Further consistent
with such work, we suggest that these operations might be
implemented in the lateral PFC, more speciﬁcally via functional
interactions between aPFC and dlPFC subregions.
The aPFC and dlPFC subregions identiﬁed in our analyses
showed functional association with respect to choice-difﬁculty
effects. Speciﬁcally, participants with a larger aPFC choicedifﬁculty effect also showed a larger dlPFC choice-difﬁculty
effect. The coordinative interaction of aPFC and dlPFC during
intertemporal decision-making is consistent with the hypothesis of hierarchical anterior-to-posterior mapping of contextual
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information with higher order goals maintained in anterior
regions (i.e. compare SVs), in order to support subgoals (i.e.
choice selection) maintained in posterior prefrontal regions
(Braver and Bongiolatti 2002; Koechlin et al. 2003; Nee and
Brown 2012; Kriet et al. 2013; Chatham and Badre 2015).
Anatomically, the location of the identiﬁed aPFC and dlPFC
regions is partially, but not fully consistent with the prior literature. For example, the aPFC and dlPFC regions are relatively
closely located (within 16 mm) to foci identiﬁed in some WM
meta-analyses (Owen et al. 2005; Rottschy et al. 2012; Nee et al.
2013). On the other hand, the lateral PFC regions involved in
meta-analyses of intertemporal choice (Carter et al. 2010) are
somewhat separated in anatomical location from the ones
reported here (>20 mm). Likewise, a recent meta-analysis
examining the conjunction of WM and delay discounting
effects identiﬁed both midlateral and anterior PFC regions
(Wesley and Bickel 2014). However, these were selectively in
the left hemisphere. Nevertheless, these meta-analyses of
intertemporal decision-making have not tended to focus on
contrasts of choice-difﬁculty effects, which was the primary
focus of the current study. Indeed, one of the few other papers
that did report a high > low difﬁculty contrast (Monterosso
et al. 2007), also observed right-hemisphere aPFC activity, consistent with the current ﬁndings. Likewise, a recent study found
that engaging in a high-load WM condition (4-back load of the
N-back task) selectively decreased right, but not left dlPFC
activity in a subsequent delay discounting block (Aranovich
et al. 2016). Thus, further work is needed to better understand
the anatomic speciﬁcity and hemispheric pattern of common
WM and intertemporal choice PFC activation.
One limitation regarding interpretations of the current ﬁndings relates to the speciﬁc analytic approach we employed. This
analysis strategy aligned well with our theoretical interests, by
identifying regions related to choice difﬁculty that were constrained to be located within regions previously deﬁned as showing WM-load effects. Nevertheless, this approach leaves open
the possibility other brain regions unrelated to WM load may
play important roles in choice difﬁculty and intertemporal
decision-making. Another limitation relates to statistical power,
caused by the relatively small number of choice-difﬁculty trials
collected in the current study, as these were constrained by the
demands of intermixing intertemporal decision-making trials
with WM trials. This constraint may have also contributed to a
failure to detect potentially important regions associated with
choice difﬁculty. As an example of this, we did not observe signiﬁcant intertemporal choice effects in the dorsal anterior cingulate cortex (although WM-load effects were present in this
region), a brain region that has also been frequently invoked as
responding particularly to decision difﬁculty (Pine et al. 2009;
Shenhav et al. 2014).
When taken together, the observed ﬁndings provide a
potential resolution between different theoretical accounts
regarding the role of lateral PFC in intertemporal decisionmaking. In particular, our results support an account in which
the dlPFC (along with aPFC) is involved in the integration and
elaborated comparison of choice features during decisionmaking, and may, but does not necessarily, promote preference
for delayed (over immediate) alternatives. We suggest that both
dlPFC and aPFC might be jointly engaged to support cognitive
control operations during the decision process, rather than directly biasing choice of the delayed reward per se. Our data suggest that such operations occur preferentially when options are
close in SV, such that more accurate internal representation is
required for evaluation. Further, the results suggest that it is

primarily the self-controlled individuals who recruit dlPFC in
such a manner, which may provide these individuals with a
more accurate basis on which to make intertemporal choices.
Thus, our data also provide a more precise account of the particular relationship between WM and intertemporal decisionmaking than prior work, by suggesting that this relationship
might be speciﬁcally tied to choice difﬁculty, and preferentially
observed in self-controlled individuals.
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