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Self-control allows humans the patience necessary to maximize reward attainment in the future. Yet it remains elusive when
and how the preference to self-controlled choice is formed. We measured brain activity while female and male humans per-
formed an intertemporal choice task in which they first received delayed real liquid rewards (forced-choice trial), and then
made a choice between the reward options based on the experiences (free-choice trial). We found that, while subjects were
awaiting an upcoming reward in the forced-choice trial, the anterior prefrontal cortex (aPFC) tracked a dynamic signal
reflecting the pleasure of anticipating the future reward. Importantly, this prefrontal signal was specifically observed in self-
controlled individuals, and moreover, interregional negative coupling between the prefrontal region and the ventral striatum
(VS) became stronger in those individuals. During consumption of the liquid rewards, reduced ventral striatal activity pre-
dicted self-controlled choices in the subsequent free-choice trials. These results suggest that a well-coordinated prefrontal-
striatal mechanism during the reward experience shapes preferences regarding the future self-controlled choice.
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Significance Statement

Anticipating future desirable events is a critical mental function that guides self-controlled behavior in humans. When and
how are the self-controlled choices formed in the brain? We monitored brain activity while humans awaited a real liquid
reward that became available in tens of seconds. We found that the frontal polar cortex tracked temporally evolving signals
reflecting the pleasure of anticipating the future reward, which was enhanced in self-controlled individuals. Our results high-
light the contribution of the fronto-polar cortex to the formation of self-controlled preferences, and further suggest that
future prospect in the prefrontal cortex (PFC) plays an important role in shaping future choice behavior.

Introduction
A remarkable signature of human disposition is the anticipation
of unknown events that may occur in the remote future. The
anticipation of the future underlies self-controlled behavior,
characterized as preference for a greater amount of rewards in
the future instead of a smaller amounts of reward available
sooner (Berns et al., 2007; Fig. 1A). Such behavioral situations
are well illustrated by intertemporal choice, in which a choice is

made between alternative reward options varying both in their
magnitude and time of delivery (Keeny and Raiffa, 1993; Green
and Myerson, 2004).

One reliable finding of intertemporal choice is that behavioral
agents discount the value of rewards that are delayed in time
(Mischel et al., 1989; Frederic et al., 2002; Ainslie, 2005). This
phenomenon, called delay discounting, is thought to be related
to self-controlled and impulsive choice behavior (Madden and
Bickel, 2009; Peters and Büchel, 2011). In particular, individuals
with strong self-control show smaller delay discounting (Kirby et
al., 1999; McClure et al., 2004, 2007; Luo et al., 2009; Figner et
al., 2010; Kable and Glimcher, 2007). It is natural to postulate
that preference for self-controlled or impulsive choice is depend-
ent on past experiences of reward attainment and anticipation of
unexperienced future outcomes (Loewenstein, 1987; Rachlin,
2004; Fig. 1A). However, it still remains unclear when and how
choice preference is formed through the experience of rewarding
and anticipating events.

Interestingly, non-human animals (e.g., rodent, birds and pri-
mates) also show delay discounting in intertemporal choice

Received July 1, 2020; revised Nov. 2, 2020; accepted Nov. 4, 2020.
Author contributions: D.T. and K.J. designed research; D.T., R.A., K.N., and K.J. performed research; D.T.,

S.S., and K.J. analyzed data; D.T., R.A., S.S., M.T., K.N., and K.J. wrote the paper.
This work was supported by Grants-in-Aid for Scientific Research (KAKENHI) 26350986, 26120711,

17K01989, 17H05957, and 19H04914 (to K.J.); 17H00891 (to K.N.); and 20H00521, 18H04953, 18H04953,
18H05140, and 17K07062 (to M.T.); the Uehara Memorial Foundation (K.J. and M.T.); and the Takeda Science
Foundation (K.J. and M.T.). We thank Dr. Kenji Miyamoto and Dr. Norifumi Kawakami for their technical
supports. We thank Maoko Yamanaka for administrative assistance.
The authors declare no competing financial interests.
Correspondence should be addressed to Koji Jimura at jimura@bio.keio.ac.jp.
https://doi.org/10.1523/JNEUROSCI.1702-20.2020

Copyright © 2020 the authors

9736 • The Journal of Neuroscience, December 9, 2020 • 40(50):9736–9750

https://orcid.org/0000-0002-9385-0703
https://orcid.org/0000-0003-0282-4348
https://orcid.org/0000-0002-9816-9423
https://orcid.org/0000-0002-2235-1624
https://orcid.org/0000-0001-6701-6216
https://orcid.org/0000-0003-1991-3371
mailto:jimura@bio.keio.ac.jp


(Richards et al., 1997; Freeman et al., 2009; Vanderveldt et al.,
2016; Carter and Redish, 2016), although several discrepancies
exist between human and non-human animal studies. Human
studies have suggested that the ventromedial prefrontal cortex
(PFC) represents the value of the delayed reward (Kable and
Glimcher, 2007; Ballard and Knutson, 2009; Sellitto et al., 2010),
while non-human studies have shown that the value representa-
tion is reflected in neuronal activity in the ventral striatum (VS;
Cai et al., 2011; Stott and Redish, 2014) . On the other hand, the
human VS is associated with behavioral impulsivity (Kable and
Glimcher, 2007; Jimura et al., 2013), and neuronal activity in the
non-human PFC is independent of the value representation
(Roesch et al., 2006; Cai et al., 2011; Stott and Redish, 2014). One
possible reason for the discrepancies of the prefrontal-striatum
involvements in intertemporal choice is the differences in behav-
ioral paradigms.

Behaviorally, in non-human animal
studies, animals directly experienced a
delay and were then given consumable
primary rewards (e.g., water and food
pellets) during an experimental session.
Then, they freely made a choice between
delayed and immediate reward options
based on the direct experience of the
rewards. In this procedure, because ani-
mals first learned the relationship
between the duration of the delay and
consumption of the reward through
their experiences, it is possible to assume
that choice preference is formed during
the direct experience (Fig. 1A). This is
contrasted with standard human experi-
ments assuming that choice preference
has been formed before experimental
sessions and is stable through the entire
experiment.

Common human paradigms of inter-
temporal choice have used a secondary
reward such as money, and choice
options have been provided in hypotheti-
cal situations (Green and Myerson, 2004).
Those paradigms have limited neuroimag-
ing studies to examine brain mechanisms
only when a choice was made. In some stud-
ies, however, human participants directly
experienced a delayed outcome during ex-
perimental sessions, which allowed the
examination of temporal characteristics of
brain activity while the participants were
anticipating future outcomes (Berns et al.,
2006; Jimura et al., 2009, 2011, 2013;
McGuire and Kable, 2015; Iigaya et al.,
2020). Importantly, these studies used eco-
nomic modeling to examine the dynamics
of delay period activity, in which the value
of the future reward was temporally evolved
as the reward outcome approaches (Jimura
et al., 2013; McGuire and Kable, 2015; Iigaya
et al., 2020). Nonetheless, unlike non-
human studies, participants did not learn
the association between delay and reward
amount during experimental sessions. Thus,
discrepancies still exist between human and
non-human animal paradigms in terms of

the reward type and choice preference formation.
While anticipating a delayed reward during intertemporal

choice behavior, the VS shows dynamically modulated time-dis-
counted value of the reward (Cai et al., 2011; Jimura et al., 2013),
reflecting behavioral impulsivity (weaker self-control; Hariri et
al., 2006; Jimura et al., 2013), whereas the anterior PFC (aPFC)
and orbitofrontal cortex show prolonged activity (Roesch et al.,
2006; Jimura et al., 2013), reflecting strong self-control (Shamosh
et al., 2008; Jimura et al., 2013). These temporally modulated
value-related activations and interregional functional coupling
(Diekhof and Gruber, 2010) collectively suggest a dynamic pre-
frontal-striatal mechanism during anticipation of a delayed
reward, which reflects the degree of self-control.

The current study aimed to examine when and how self-con-
trolled choice preference was formed from direct experience of
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Figure 1. Experimental design. A, Intertemporal choice situation. Behavioral agent makes a choice between greater
amount of rewards (several kinds of fruits) available in the future (next week), or smaller amount of rewards (one banana)
available now. Self-controlled choice is characterized as a preference toward the larger later option (left). The choice is
made based on past experience of rewarding events (e.g., consuming fruits) and anticipation of future events (right). B,
Behavioral task. Two pictures were presented on the screen: one picture indicated a larger amount of a delayed reward
and the other picture indicated a smaller amount of an immediate reward. C, Task procedure. Participants directly experi-
enced two rewards in forced choice trials, and then freely made a choice between these options based on past experiences
from the forced choice trials. These three trials (a block) were performed in triplicate. Note that the picture indicating the
reward was unique for each trial block.
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delayed rewards and to elucidate underlaying neural mechanisms.
To address this issue, we applied non-human experimental proce-
dures of intertemporal choice to a human experiment (Fig. 1B,C).
During functional MRI (fMRI) scanning, participants directly
experienced delayed and immediate rewards without quantitative
verbal information (forced choice trials). Then, they freely made a
choice between the two options based on the past two trial experi-
ences (free-choice trial). These three trials (a block) were per-
formed in triplicate in an experimental session. Imaging analysis
focused on the temporal dynamics of brain activity during the ex-
perience of a delayed reward based on economic and learning
model approaches. Individual differences in activity dynamics
were then explored to identify brain regions where activity dy-
namics predicted subsequent self-controlled choices.

Materials and Methods
Participants
Human participants (N=34; age range, 18–22 years; 12 female) were
right-handed and had no history of psychiatric or neurologic disorders.
Written informed consent was obtained from all participants. All experi-
mental procedures were approved by the institutional review boards of
Keio University and Kochi University of Technology. Participants were
instructed not to drink any liquid for 4 h before the experiment. and
received 2000 yen for participation.

Reward
The current study used commercially available drinks as a reward that
could be consumed directly. Before the experiment, participants were
asked to choose one favorite drink that would serve as the reward from a
list consisting of apple, orange, grape, lychee, and mixed fruit juices, sports
drink, probiotic drinks (plain and muscat grape flavor), and water.

Apparatus
E-Prime programs (Psychology Software Tools) controlled the task as
well as the delivery of liquid rewards via a syringe pump (SP210iw;
World Precision Instruments). Liquids from two 60-ml plastic syringes
mounted on the pump were merged into one tube and then delivered to
the participant’s mouth through a silicon tube. The flow rate of each sy-
ringe was set to 0.75 ml/s, and thus the reward flowed continuously at a
flow rate of 1.5 ml/s. Participants were able to control the liquid flow.
Reward delivery continued as long as they pressed down a button on a
button box that they held in their right hand; if they released the button,
delivery paused and then resumed when they pressed the button again.

Behavioral procedures
During fMRI scanning, human participants performed an intertemporal
decision-making task of real liquid rewards delayed by seconds. At the
beginning of each trial, two pictures were presented (Fig. 1B). One pic-
ture indicated a delayed reward (12 ml; 10, 30, or 60 s), and the other
indicated an immediate reward (1.5–10.5 ml). Importantly, participants
were unfamiliar with the amount of the rewards, the duration of the
delay, and the relationships between the pictures and rewards, like in
non-human studies.

One trial block consisted of three types of trials (Fig. 1C, top). In the
first trial, participants were participants were presented with a visual
message to choose a picture, and forced to choose the picture indicating
the delayed reward (forced choice trial). Choice stimuli were presented
until the participants’ response. Participants made a response by pressing
a button (left or right) with their right thumb.When participants pressed
the corresponding button, the delay period started, and the other picture
was disappeared. After the delay finished, a visual message indicating
that the reward was ready was presented, and participants consumed the
liquid reward. After they consumed all of the liquid reward, the choice
picture was replaced by a fixation cross. Then, two identical pictures
were presented again, and participants were asked which picture they
chose in the previous choice. They then received feedback for their
choice depending on correct or incorrect response (probe test; Fig. 1C,

bottom). This probe trial was intended to ensure that participants
learned the relationships between picture choice and rewards.

The next trial started after intertrial interval. Two identical pic-
tures were presented again, and participants were presented with a
visual message to choose another picture, and forced to choose the
other picture indicating immediate reward (forced choice trial).
Immediately after participants pressed the corresponding button,
the picture indicating the delayed reward disappeared and a message
indicating that drink was ready was presented. Participants then
consumed the liquid reward, followed by another probe trial with
the immediate reward picture.

The forced choice trial of the delayed reward was always followed by
the forced choice trial of the immediate reward. Because the primary
focus of the current experiment was the brain activity dynamics during
delay period of the forced choice trial, the current task was designed
such that the delay period was unaffected by the experience of an imme-
diate reward. It should be noted that the amount of the immediate
reward was adjusted to estimate subjective value (SV) of the delayed
reward (see this section below). Thus, if the immediate reward trial had
preceded the delayed reward trial, the experience of the delay would be
affected by the variable experiences of the preceding immediate reward.
As such, by presenting the delay period of the forced choice trials first in
each block, we ensured that participants experienced the delay without
contamination from the immediate reward in the block.

One potential confounding factor of this design is that the experience
of the immediate reward might be affected by the preceding experience
of the delayed reward. Use of a constant amount of the delayed reward
(12 ml) and delay duration (10, 30, or 60 s; see also below) was intended
to minimize this confounding factor, however.

After participants experienced both of delayed and immediate
rewards, two identical pictures were presented again on the screen. In
the third trial, participants freely chose options as they preferred (free-
choice trial). Depending on their choice, participants directly received
the delayed or immediate reward, where the reward amount and delay
were identical to those in the prior two trials. After reward consumption,
participants were asked whether they chose intended choice option
(choice confirmation; Fig. 1C, bottom).

In the forced choice trials, free-choice trials, and probe tests, the posi-
tions of the pictures (left or right) indicating the delayed and immediate
rewards were randomized within a trial block to prevent participants
from learning the association of the pictures and rewards based on the
placements.

As stated above, one trial block consisted of two forced choice trials
and one free-choice trial, and participants performed a total nine blocks
during fMRI scanning. Before starting a block, a visual message was pre-
sented to inform participants of the start of the next block, and they
were required to press either button.

The duration of delay for the delayed reward was either of 10, 30, or
60 s, and the amount of the delayed reward was kept at a constant 12 ml.
Each delay condition was presented once in one scanning run. Trial
blocks with different delay conditions were presented pseudorandomly.

The amount of immediate reward was 6 ml for the first block of each
delay condition. In order to calculate the SV of the delayed reward, the
amount of the immediate reward from the second block was adjusted
according to the preceding choice (Jimura et al., 2009, 2011, 2013). If
participants had chosen the immediate reward on the preceding free-
choice trial, then the amount of the immediate reward was decreased by
half; if participants had chosen the delayed reward on the preceding trial,
then the amount of the immediate reward was increased by half. The SV
for the delayed reward was estimated to be equal to 0.75 ml more or less
than the amount of the immediate reward available on the last trial,
depending on whether the delayed reward or immediate reward had
been chosen in that trial.

Before fMRI scanning, participants received instructions for the task
using a computer display. Participants were told that the two pictures
indicated a delayed reward or immediate reward and asked to remember
the delay duration and reward amount through the experience of forced
choice trials. In order to familiarize participants with task, one block was
performed as a practice block (delayed reward: 20 s, 9 ml; immediate
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reward: 3 ml). Participants were not informed that the practice block
was a practice.

We used 18 unique pictures (six shapes� three colors) for the inter-
temporal choice task, and one picture was used in only one block.
Participants were told that pictures used in one task block are unrelated
to other task blocks. Choice pictures used in the practice block were not
used in scanning blocks.

Assessment of self-control
Individual differences in delay discounting were quantified by calculat-
ing the area under the curve (AuC) of individuals’ discounting plots
(Myerson et al., 2001; Sellitto et al., 2010; Jimura et al., 2011, 2013). The
AuC represents the area under the observed SVs. The AuC was calcu-
lated as the sum of the areas of three trapezoids under the SV points (10,
30, and 60 s) from 0 to 10, 10 to 30, and 30 to 60 s, divided by the longest
delay duration (60 s). Specifically,

AuC ¼
11 SV10ð Þ� 10

2 1 SV10 1 SV30ð Þ� 20
2 1 SV30 1 SV60ð Þ� 30

2

60
; (1)

where SV10, SV30, and SV60 denote SVs of the delayed reward standar-
dized by the reward amount (12 ml), on 10, 30, and 60 delay trials, respec-
tively. It has been argued that the AuC is a valid measure of delay
discounting to use for individual difference analyses, because it is theoreti-
cally neutral and also psychometrically reliable (Myerson et al., 2001).

Imaging procedure
fMRI scanning was conducted on a whole-body 3T MRI system
(Siemens Verio). Functional images were acquired using multiband
accelerated gradient-echo echo-planar imaging [repetition time
(TR) = 800ms; echo time (TE)=30ms; flip angle (FA)=45°; slice thick-
ness,2 mm; in-plane resolution, 3� 3 mm; multiband factor (MBF)=8;
80 slices]. Whole-brain scanning with high temporal resolution allowed
us to perform whole-brain exploratory analyses of temporal dy-
namics during the delay period with sufficient scanning frames.
Each run involved 1088 volume acquisitions (14.5 min), and three
functional runs were performed (total 3264 volumes). The initial
10 volumes of each run were excluded from imaging analysis to take
into account the equilibrium of longitudinal magnetization. High-re-
solution anatomic images were acquired using an MP-RAGE T1-
weighted sequence (TR = 2500 ms; TE = 4.32 ms; FA: 8°; 192 slices;
slice thickness, 1 mm; in-plane resolution, 0.9� 0.9 mm2).

Imaging analysis procedures
Preprocessing
Functional images were preprocessed using SPM12 (http://www.fil.ion.
ucl.ac.uk/spm/). 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 partici-
pant’s anatomic images to correct for movement between the anatomic
and function scans. Participants’ anatomic images were transformed
into standardized MNI templates. The functional images were then reg-
istered to the reference brain using the alignment parameters derived for
the anatomic scans. The data were then resampled into 2-mm isotropic
voxels, and spatially smoothed with a 6-mm full-width at half-maximum
Gaussian kernel.

In order to minimize motion-derived artifacts because of consump-
tion of liquid rewards, functional images were further preprocessed by
general linear model (GLM) estimations with motion parameters and
MRI signal time courses (CSF, white matter, and whole brain), and their
derivatives and quadratics as nuisance regressors (Ciric et al., 2017;
Keerativittayayut et al., 2018). The residual of the nuisance GLM was
used for standard GLM estimations to extract task event-related brain
activity described below, based on fsl_regfilt implemented by FSL suite
(http://www.fmrib.ox.ac.uk/fsl/; version 5.0.8).

Head motions were greater along the z-translation and x-rotation axes
during liquid consumption than the button press, but the mean magni-
tude of absolute motion was ,0.458 mm for translation and 6.33� 10�3

radian for rotation, which is consistent with our prior study (Jimura et al.,
2013). Critical image distortions or signal drop-outs were not observed,
but robust brain activity was extracted in the primary motor and gustatory
cortex during liquid consumptions, which assured us that motion derived
artifacts did not critically contaminate the current analyses, like our prior
study (Jimura et al., 2013).

GLM
Single level analysis
A GLM approach was used to estimate trial event effects. Parameter esti-
mates were performed by feat implemented in the FSL suite. Events of
particular interest were delay periods of forced choice trials for the
delayed reward, and of free-choice trials where the delayed reward was
chosen. The current analyses focused on the temporal dynamics of brain
activity during these events.

The brain activity during the delay period was represented by
two value representation models. One was the anticipatory utility
(AU) model, which reflected the utility of waiting for a future
reward (Loewenstein, 1987; Berns et al., 2006; Jimura et al., 2013),
and the other reflected the increase in the future reward value as the
delay passed (Montague and Berns, 2002; Green and Myerson, 2004;
Kalenscher and Pennartz, 2008; Jimura et al., 2013). AU showed a
peak value at the beginning of the delay and a gradual decrease
along the course of delay, while the future reward value model had
inverse temporal characteristics.

One key issue to model delay period dynamics during the forced
choice trials was that participants were unfamiliar with the upcoming
delayed reward, because they had no experience with the reward indi-
cated by the presented picture that was unique for each trial block (see
above, Behavioral procedures). Nonetheless, it was possible to expect
when a future reward would become available based on past trials they
experienced in prior blocks in which distinct pictures were used to indi-
cate the rewards. Thus, the current modeling assumed that, before the
trial, participants had an expectation of the duration of the delay, and
the expectation was updated through the experience of forced trials for
the delayed reward.

The current analysis modeled the expectation of duration and its
updates based on Bayesian inference learning approach (Behrens et
al., 2007). We assumed that the expectation was expressed by a proba-
bility density distribution of the reward outcome, and the distribution
was calculated as a function of delay time using a g function. Then,
the distribution was updated every time after participants completed
forced choice trial.

Bayesian inference was performed as:

P u jDð Þ / P uð ÞPðDju Þ; (2)

where D represents delay duration, and u is a parameter that determines
probability density. Then probability density function (PDF) was calcu-
lated as

PDF ¼ P Dð Þ ¼
ð
P Djuð ÞP uð Þdu ; (3)

where P Djuð Þ takes a g distribution. The average of the initial distribu-
tion was 20 s (i.e., the delay duration in the practice trial), and the distri-
bution became wider as the forced choice trials for the delayed rewards
were experienced (Fig. 2A).

In order to model AU dynamics during the delay period, the PDF
was first integrated from the start of the delay to time t, defined as cumu-
lative probability (CP):

CPðtÞ ¼
ðt

0

PDF tð Þdt: (4)

The idea of this integration is that, as the delay period elapsed, partic-
ipants’ expectation of reward outcome continued to increase, although
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they did not exactly know when the reward became available. The CPðtÞ
reflects an estimation of the probability that the reward is likely to become
available, like hazard rates (Janssen and Shadlen, 2005; McGuire
and Kable, 2015). As time t goes to infinity, CPðtÞ is reaching to the
upper limit:

lim
t!1

CP tð Þ ¼ 1: (5)

Then, AU was defined as:

AU ¼ 1� CP tð Þ 0, t,Dð Þ;

AU ¼ 0 t.Dð Þ (6)

where D denotes duration of the delay. Immediately after the delay
finished and the reward became available to drink, the value of
AUwas set to 0. The AU shows a temporal dynamics that peaks at
the beginning of the delay and is monotonically decreased as the
delay period elapses (Fig. 2B, top), like prior modeling (Jimura et
al., 2013).

CPðtÞ is also associated with a value component of a future
reward that was not yet experienced, but would become available
eventually, like prior modeling (Janssen and Shadlen, 2005; Berns
et al., 2006; Jimura et al., 2013; McGuire and Kable, 2015). Then
the current study defined the future reward value as the upcoming
unexperienced future reward (UUFR) as CPðtÞ (Fig. 2B, bottom;
Janssen and Shadlen, 2005; McGuire and Kable, 2015):

UUFR tð Þ ¼ CP tð Þ 0, t,Dð Þ;

UUFR tð Þ ¼ 0ðt.DÞ (7)

The value of UUFR was set to 0, immediately after the delay fin-
ished and the reward became available to drink, similarly to AU
value.

Then, the AU and upcoming unexperienced reward value models
were calculated for each forced choice trial for each participant, and
then convolved with a canonical hemodynamic response function
(HRF; Fig. 2C).

By definition, in the economic models, AU and UUFR are anticorre-
lated, but when convolved with the HRF, they produced dissociable
BOLD regression functions (Fig. 2C). Specifically, the correlation
between the BOLD models of AU and UUFR is 0.416 0.01 (mean 6
SD), allowing sufficient dissociation (cf. Otten et al., 2002). Additionally,
we also performed separate control GLM analyses, where only one of the
two models was coded in GLM. In those control analyses, the UUFR and
AU effects were reasonably reproduced, confirming that multicollinear-
ity of those regressors was not an issue, consistent with our previous
study (Jimura et al., 2013).

For the free-choice trial, to model temporal dynamics of value repre-
sentation during the delay period, the two components were defined
based on linear functions (Berns et al., 2006), rather than the discounting
curve to circumvent circular analysis (Kriegeskorte et al., 2009). The
delay period started after they chose the delayed reward, and participants
experienced a delayed reward identical to the one that they directly expe-
rienced immediately before they made a choice. Thus, a discounting
curve may not be optimal, because the discounting curve was estimated
based on choices in the free-choice trials, although discounting curve
was available to model delay period dynamics in our prior study (Jimura
et al., 2013), because the SVs were estimated in a separate behavioral ses-
sion before a scanning session (for more details, see Discussion). The
AU model showed the maximal value (1) at the beginning of the delay
period and a gradual decrease the minimum value (0) at the end of the
delay. We used this formulation because during the delay period of the
free-choice trial participants knew when the delay finished from the ex-
perience of the forced choice trial. Specifically,

AU ¼ 1� t
D

0, t,Dð Þ;

AU ¼ 0 t.Dð Þ: (8)

The SV model showed the inverse dynamics, formulated as the
following:
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Figure 2. Modeling value representation dynamics during delay period of the forced choice trial. A, Probability density distribution for expected delay was estimated on based on Bayesian
inference and updated through the experiences of forced choice trials for delayed reward. B, CP was then computed as an integral of the PDF from the start of the delay to time t, and the dy-
namics of AU was modeled as an inverse of the CP (top). Upcoming unexperienced reward value was modeled as the CP (bottom). The color of the line indicates trial experiences of the delayed
reward as shown in the color bar at the bottom. C, AU and upcoming unexperienced reward value models were convolved with the canonical HRF.
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SV ¼ 1� AU ¼ t=Dð0, t,DÞ;

SV ¼ 0ðt.DÞ: (9)

Then, the two dynamic value components were convolved with ca-
nonical HRF.

In order to examine brain activity during liquid consumption of the
forced choice trials, the trials were classified as reward (delayed or
immediate) and subsequent choice in free-choice trial (chosen or
unchosen), entailing a 2� 2 factorial model. The chosen/unchosen
factor classified the trials whether the reward option was chosen in
the subsequent free-choice trials in the same block, and is orthogo-
nal to the delayed/immediate factor. Thus, the 2� 2 model consisted
of (1) chosen immediate, (2) unchosen immediate, (3) chosen
delayed, and (4) unchosen delayed reward trials. Then, the con-
sumption events of the four types of forced choice trials were sepa-
rately coded in GLM as a box-car epoch starting from the onset of
consumption and lasting until completion of consumption, and
were convolved with canonical HRF.

Other events of non-interest involved choice during forced and free-
choice trials, probe tests, liquid consumption of free-choice trial, and
message presentation for the next trial block. These events were coded
separately, convolved with canonical HRF.

Group-level analysis
Parameter estimation maps were collected from all participants and sub-
jected to a group-level one-sample t tests based on permutation methods
(5000 permutations) implemented by randomize in FSL suite. Voxel
clusters were identified using a voxel-wise uncorrected threshold of
p, 0.01, and the voxel clusters were tested for a significance with a
threshold of p, 0.05 corrected by family-wise error (FWE) rate. This
non-parametric permutation procedure was validated to control false
positive rate, appropriately (Eklund et al., 2016). The peaks of significant
clusters were then identified and listed on tables. If multiple peaks were
identified within 12 mm, the most significant peak was retained. In indi-
vidual difference analyses for the forced choice trial, correlation maps
were masked by the aPFC region showing an AU effect for the free-
choice trial.

In order to evaluate Bayesian learning model, we compared the
temporal dynamics of AU models and aPFC signals during the first
and last (nineth) trials. Specifically, for each participant, we
extracted time courses of BOLD models of AU and aPFC signal
reflecting the initial 10-s delay epoch (the longest duration in which
data were available from all participants) during the first and last
trials, and then averaged them across participants. Note that the 10-
s behavioral epoch corresponds approximately to a 0- to 26-s win-
dow in BOLD models and signal time courses, given the hemody-
namic signal in the human brain.

For the analysis related to the free-choice trials, the number of the
choice for the delayed and immediate rewards varied across participants
(see Results). The effect of imbalanced trial sample was partially reduced
by the group-level mean analysis treating participants as random effect,
where only cross-subject error was considered. Nonetheless, because of
this imbalanced trial sample, for the free-choice trials, we did not per-
form individual difference analyses (i.e., correlation analysis with the dis-
counting measure), in which the number of the choice directly
contaminated the results.

Functional connectivity analysis
A hierarchical mixed-effect GLM (Raudenbush and Bryk, 2002) was
used to examine functional connectivity between the aPFC and VS.
Because this modeling is based on GLM, a causal pathway cannot be
tested between regions but rather it assumes a connectivity pattern in
which the VS receives inputs from the aPFC during anticipation of a
future reward (Jimura et al., 2013), as suggested by prior work (Koechlin
and Hyafil, 2007; Schacter et al., 2007; Rolls et al., 2008; Glimcher, 2009;
Hare et al., 2009; Peters and Büchel, 2011; Benoit et al., 2011; Daw et al.,
2011).

The model included two levels, one for within-subject trial-by-trial
effects, and the other for between-subject effects. The lower level within-
subject effect was modeled as the following:

XVS ¼ b aPFCXaPFC 1 b const 1 «VS; (10)

where XVS and XaPFC indicate MRI signal during delay period in VS and
aPFC, respectively, b -values represent regression coefficients, and «VS is
an error term. The higher level between-subject effect was modeled as
the following:

b aPFC ¼ gAuC�aPFCXAuC 1 g aPFC�const 1 « aPFC; (11)

where XAuC indicates AuC values of individual participants, g values
indicate regression coefficients, and « aPFC is an error term.

Regions of interest (ROIs) were defined independently of the tested
effects to avoid circular analysis. VS ROI was defined anatomically based
on the Harvard-Oxford Atlas. For delay effect of the forced choice trial,
aPFC ROI was based on the aPFC region showing AU effect during free-
choice trial and vice versa (i.e., to test the delay period of free-choice
trial, ROI was defined based on forced choice trials). More specifically,
peak coordinates were identified in the aPFC region, and spheres with
radios of 6 mm centered on the peaks were created.

Then in these ROIs, the fMRI signal time courses relative to the fixa-
tion baseline were extracted during the delay period for forced and free-
choice trials. Scanning frames from 5 to 10 (10-s trial), from 5 to 30 (30-
s trial), and from 5 to 60 (60-s trial) were extracted and then averaged
across time courses for each trial. These trial-by-trial signal values were
submitted to the model and all parameters were simultaneously esti-
mated using the lmer procedure in R (http://www.r-project.org/).
Statistical testing was performed using the lmerTest procedure.

Data and code availability
The datasets and codes supporting the current study are available from
the corresponding author on reasonable request.

Results
Delay discounting of a real liquid reward without
quantitative information
In the current experiment, participants first experienced delayed
and immediate rewards followed by a free-choice trial where
they chose one of the two options as they preferred based on past
experiences of the two forced choice trials (Fig. 1C). If they chose
a delayed reward, then they received the same delay and liquid
reward. If they chose an immediate reward, then they received
the liquid reward immediately. The number of trials in which
participants chose delayed reward in the free-choice trials was
3.476 1.58 (mean6 SD), ranging from 1 to 7.

In order to estimate SVs of delayed rewards, the amount of im-
mediate reward was adjusted based on prior choices in the free-
choice trials for each delay condition (10, 30, or 60 s) for each par-
ticipant (Materials and Methods; Jimura et al., 2009, 2011, 2013).
Participants showed delay discounting, with a smaller SV for a
longer delay (t(33) = 2.1, p, 0.05, planned linear contrast; Fig. 3A).
The delay discounting for real liquid rewards occurring for delays
on the order of seconds was consistent with that in previous
reports (Jimura et al., 2009, 2011, 2013). The discounting is also
consistent with non-human animal studies based on a procedure
using forced and free-choice trials without quantitative informa-
tion (Richards et al., 1997; Green and Myerson, 2004; Freeman et
al., 2009; Vanderveldt et al., 2016; Carter and Redish, 2016).

Dynamics of delay period activity during the forced choice
trial
We examined temporal dynamics of brain activity during the
delay period of the forced choice trial, where a delayed reward
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was experienced for the first time ever, and choice preference
was being formed. Importantly, before every forced choice trial,
participants were unaware of when they would be given the
upcoming future delayed reward, because they had no prior ex-
perience with the choice option indicated by a picture that was
unique for each trial block (Fig. 1B,C; see also above, Behavioral
procedures). However, it was possible to anticipate when the
future reward would become available, based on the experience
of past trial blocks using different pictures to indicate rewards.
Thus, the current analysis assumed that participants expected a
delay duration before each forced choice trial for the delayed
reward. The expectation was then updated through the experien-
ces of the forced choice trials across trial blocks.

In order to quantitatively model this idea, the current analysis
used a Bayesian inference learning approach (Behrens et al.,

2007; see Materials and Methods). The expectation of reward
outcome was modeled stochastically, based on a probability den-
sity distribution of reward outcome occurring in the future. The
probability distribution was calculated based on a g distribution
as a function of expected delay duration (Fig. 2A). The distribu-
tion was then updated every time after participants completed a
forced choice trial for the delayed reward.

Given theoretical and empirical predictions in prior work
(Berns et al., 2006, 2007; Roesch et al., 2006; Rangel et al., 2008;
Jimura et al., 2013; Iigaya et al., 2020), two temporal components
of value representation signals were modeled while the future
reward was anticipated. One component was the AU model,
reflecting the utility (or pleasure) of anticipation of a future
reward (Loewenstein, 1987), and the other component was the
value of upcoming future reward (Green and Myerson, 2004;
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Rangel et al., 2008). The AU is maximal when the delay period
started and is then gradually decreased as the reward outcome
approaches (Loewenstein, 1987), and the value of upcoming
future reward showed an inverse dynamics.

In order to model these dynamic components, the PDF
was first integrated from the start of the delay to the current
time. We integrated the PDF because participants’ expecta-
tion of reward outcome continues to increase as the delay pe-
riod is experienced (Green and Myerson, 2004; Janssen and
Shadlen, 2005; Berns et al., 2007; Jimura et al., 2013). The
accumulated expectation reflects the estimation of the proba-
bility that the reward is likely to become available, like haz-
ard rates (Janssen and Shadlen, 2005; McGuire and Kable,
2015). Since the CP is reaching to the upper limit (i.e., 1) as
time t goes to infinity, we defined the AU dynamics as 1
minus the CP (Fig. 2B, top; see Materials and Methods).

The inverse dynamics (i.e., CP) may reflect the value of
upcoming reward that was not experienced ever but would
become available eventually (Fig. 2B, bottom), similarly to prior
modeling (Janssen and Shadlen, 2005; Berns et al., 2006; Jimura
et al., 2013; McGuire and Kable, 2015). Then, the AU and
upcoming reward models were calculated for each forced choice
trial for each participant, and the models were convolved with a
canonical HRF (Fig. 2C). Parameters were estimated based on a
standard GLM approach (see Materials and Methods).

A strong AU effect was observed in multiple regions in the
PFC, including fronto-polar regions in the aPFC (Fig. 3B, top;
Table 1). On the other hand, the dynamic effect of the upcoming
unexperienced reward value is observed in distributed brain
regions including medial and lateral prefrontal regions and tem-
poral regions (Fig. 3B, bottom; Table 1).

The time courses of aPFC signals during delay demon-
strated the temporal dynamics of AU (Fig. 3C). The AU
effect in the aPFC during forced choice trials is consistent
with that during current free-choice trials and in prior work
(Jimura et al., 2013).

Table 1. Brain regions showing significant effects of AU and upcoming unex-
perienced reward value during delay period of forced choice trial

Effect Area x y z t value BA

AU Frontal 36 32 32 9.2 9
40 20 46 7.9 8/6
40 54 �14 7.7 11
28 42 �16 7.4 11/47

�44 52 �2 5.4 10
�30 60 �16 5.2 11
�26 48 �18 5.2 11/47
�44 46 �16 5.0 10
�32 28 28 5.0 9/44
�34 60 8 4.5 10/46
�26 56 �2 4.2 10
�38 26 42 4.2 8/6
�38 16 60 3.9 6
�36 14 40 3.4 9/8
�50 36 26 3.0 46/9
�36 �26 54 �12.4 4
�4 �10 52 �10.6 6

Parietal �44 �54 42 8.9 40
�50 �50 54 7.9 40
�32 �60 46 6.8 40/7
�48 �38 44 6.0 40
�50 22 42 5.5 40/7
�34 �84 38 �11.4 40

Temporal 58 �24 �18 6.0 20
64 �36 �8 5.8 21
42 �44 �4 5.2 21
54 �42 �14 4.5 20/37

�44 �78 30 �11.8 39
�58 �66 0 �10.9 21/37
�40 �22 18 �10.5 43

Occipital 16 �94 4 10.4 17
4 �72 50 10.4 7

�20 �98 8 9.3 19
8 �90 �8 8.8 18

Others �36 �72 �28 11.2 Cerebellum
�10 �76 �30 8.8 Cerebellum
�20 �8 24 9.4 Caudate
�16 4 20 8.2 Caudate

Upcoming unexpected Frontal �4 54 28 7.1 10/9
Reward value 38 28 �2 5.6 Insula

46 32 �14 5.4 47
32 16 �8 5.1 Insula
48 24 18 4.7 45/9
6 52 12 4.6 10

�46 34 �14 5.2 47
�32 22 6 4.9 Insula
�38 34 4 3.7 45/46
�44 18 �8 3.7 47
�36 �16 56 5.4 6
�46 �20 48 3.6 6/4

Parietal �40 �26 20 4.2 40
4 �72 48 �5.8 7
2 �64 62 �4.6 7
0 �52 68 �3.3 7
14 �58 40 �3.3 7/31
�6 �78 52 �3.2 7
�12 �58 30 �3.1 31
�30 �54 32 �5.8 7/39
�34 �64 54 �4.7 7/39
�36 �62 40 �4.3 7/39
�30 �54 48 �3.7 7/39/40
�26 �44 38 �2.9 7/40
36 �54 46 �5.1 39/7

(Table continues.)

Table 1. Continued

Effect Area x y z t value BA

36 �66 58 �4.1 7/39
Temporal �62 �36 10 5.9 22

�60 �18 6 4.8 22
�48 �40 18 4.3 22
�36 �40 6 4.2 22/21
�54 �52 10 4.2 39/21
64 �34 6 6.2 22/21
52 �12 �8 5.1 22
66 �14 �6 3.9 22/21
68 �24 12 3.8 21/40
56 �28 �4 3.7 22/21
60 �18 4 3.6 22

�38 18 �22 4.6 38
Others 28 �70 �48 �5.9 Cerebellum

16 �74 �48 �5.1 Cerebellum
�6 �72 �28 �4.3 Cerebellum
28 �48 �42 �4.3 Cerebellum
18 �66 �34 �4.2 Cerebellum
8 �94 2 �4.2 Cerebellum

�18 �48 �32 �4.5 Cerebellum
�30 �54 �36 �4.4 Cerebellum
�32 �66 �48 �3.9 Cerebellum
�42 �54 �30 �3.7 Cerebellum
�42 �66 �32 �3.5 Cerebellum

Coordinates are listed in MNI space. BA indicates the Brodmann area near the coordinates and is
approximate.
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To evaluate Bayesian learning model reflecting update of
reward expectation across trial blocks, we compared temporal
dynamics of BOLD models for AU and aPFC signals during the
first and last trials (see Materials and Methods). Compared with
the last trial, the AUmodel in the first trial shows a more gradual
decrease after the peak (Fig. 3D, left), which is consistent with
the economic model during initial 10-s epoch (Fig. 2B, top). The
aPFC signals showed similar temporal characteristics, more
gradual decrease in the first relative to the last trials after the
peak (Fig. 3E, left). The disparity of the models (Fig. 3D, right)
and signals (Fig. 3E, right) showed similar temporal characteris-
tics (r= 0.76, p, 0.001), demonstrating that the current BOLD

model based on Bayesian learning successfully tracked the tem-
poral dynamics of aPFC activity modulated by the experiences of
the delayed reward across trial blocks.

Anticipatory aPFC dynamics and self-controlled choice
Prior studies of intertemporal choice have suggested that strong
self-control is reflected in less delay discounting (Madden and
Bickel, 2009) and the utility of anticipation of future reward
(Loewenstein, 1987). We next examined relationships between
delay discounting and the AU effect in the aPFC during forced
choice trials for the delayed reward, in which choice preference
was formed.
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For each participant, the degree of delay discounting was
indexed by the AuC of an individual’s discounting pattern
reflecting the degree of self-control, with greater AuC indicating
stronger self-control (Myerson et al., 2001; Sellitto et al., 2010;
Jimura et al., 2011, 2013; see Materials and Methods). In order to
explore aPFC regions where AU effect was modulated by self-con-
trol, voxel-wise intersubject correlations were calculated between
parameter estimates of AU dynamics and the AuC measure. We
observed significant positive correlation within the aPFC [peak
coordinate: (32, 50, �8), 20 voxels, t(33) = 3.4, r=0.61; Fig. 4A]. A
scatter diagram for this aPFC cluster shows a greater AU effect in
individuals with greater AuC (Fig. 4B).

In order to characterize this correlation more specifically,
time courses of MRI signals in this aPFC region were extracted
for the participants with the highest and lowest tertiles of AuC
values (high and low AuC; Fig. 4B). In the high-AuC group,
the SVs for 10-, 30-, and 60-s trials were 0.646 0.25, 0.636
0.14, and 0.546 0.25 (mean 6 SD; standardized by its
amount: 12 ml), respectively. In the low-AuC group, the val-
ues were 0.316 0.24, 0.166 0.11, and 0.206 0.18, respec-
tively. In the high-AuC group, the AU effect was evident in all
delay period conditions (Fig. 4C), whereas the low-AuC group
showed attenuated dynamics (Fig. 4D). These results suggest
that more self-controlled choice preferences were formed in
individuals showing a stronger AU effect in the aPFC during
forced choice trial of delayed reward where participants were
anticipating an unexperienced future reward.

Delay-period functional connectivity between the aPFC and
VS
Prior studies of value-based decision-making have suggested
major roles for the VS in behavioral impulsivity (Tanaka et al.,
2004; McClure et al., 2004, 2007; Hariri et al., 2006; Jimura et al.,
2013), and the current study demonstrated that the aPFC dy-
namics during the anticipation of future rewards is associated
with the formation of self-controlled choice preferences. We
then hypothesized that aPFC dynamics modulated VS activity
during the delay period of the forced choice trials in association
with the degree of delay discounting. In order to test this hypoth-
esis, we performed a trial-based functional connectivity analysis
implemented with a multilevel mixed effect GLM, where the VS

signal was explained by the aPFC signal during the delay period
on a trial-by-trial basis, which was further modulated by individ-
uals’ AuC values (see Materials and Methods).

In forced choice trials, the aPFC signal and AuC value was neg-
atively associated (interaction effect: t(16.8) = �3.2; p, 0.01), sug-
gesting that the VS signal was attenuated by a greater aPFC signal,
which was specifically enhanced in strongly self-controlled indi-
viduals (aPFC signal. baseline: t(305) = 8.6; p, 0.001; Fig. 4E).

Reward consumption in the forced choice trial: preference
formation effect in VS
Participants directly consumed liquid rewards after the delay pe-
riod in a delayed reward trial or immediately after the button
press in an immediate reward trial. Because the experience of
delayed and immediate rewards in the forced choice trials was
completed by reward consumption, it is possible that subsequent
choices in the free-choice trials were predicted by brain mecha-
nisms involved in reward consumption during the forced choice
trials. On the other hand, as shown above, VS activation was
reduced by the greater aPFC signal in self-controlled individuals
during the delay period of the forced choice trials. Additionally,
a number of neurophysiological and neuroimaging studies
reported the involvement of VS during intertemporal choice
(Tanaka et al., 2004; Kable and Glimcher, 2007; Ballard and
Knutson, 2009; Cai et al., 2011; Jimura et al., 2013), reward
attainment (Schultz et al., 1992; O’Doherty, 2004), and behav-
ioral impulsivity (Tanaka et al., 2004; McClure et al., 2004, 2007;
Hariri et al., 2006; Jimura et al., 2013). This collective evidence
suggests the VS region is involved in formation of choice prefer-
ence during reward consumption.

In order to test this hypothesis, the forced choice trials were
classified as a delay (i.e., delayed and immediate rewards) and
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Table 2. VS regions showing significant delay effect, subsequent choice effect,
and their interaction effect

Effect x y z t value

Delay �14 20 �6 4.0
Choice �12 20 �2 3.6
Delay � choice �12 20 �4 3.5

10 14 �2 3.2

Coordinates are listed in MNI space.
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subsequent choice in the free-choice trials (i.e., chosen and
unchosen rewards), entailing a 2� 2 factorial model, and then
activated regions were explored in VS. A main effect of delay was
observed in the left anterior VS, with greater activity for delayed
reward (Fig. 5A, left; Table 2), and a main effect of subsequent
choice was observed in the same region, with greater activity for
chosen reward (Fig. 5A, middle). More interestingly, the VS
region also showed an interaction effect of delay and subsequent
choice (Fig. 5A, right).

To examine the interaction effect more specifically, brain ac-
tivity during the forced choice trial was extracted from an ana-
tomically defined VS region for (1) chosen delayed reward, (2)
chosen immediate reward, (3) unchosen delayed reward, and (4)
unchosen immediate reward trials, and compared between trials
(Fig. 5B; see Materials and Methods). Prominent activity was
observed during consumption of chosen immediate reward and
unchosen delayed reward (chosen immediate: t(33) =3.2, p, 0.005;
unchosen delayed: t(33) =4.3, p, 0.001). The choice effect (chosen
vs unchosen) and reward delay effect (delayed vs immediate) also
showed a significant interaction effect (t(33) = 3.0, p, 0.005). The
source of the interaction effect was attributable to reduced VS activ-
ity during consumption of chosen delayed reward and unchosen
immediate reward, where a self-controlled choice was made (i.e.,
delayed larger amount of reward was chosen) in the free-choice trial
(chosen delayed vs unchosen delayed: t(33) = �2.8; p, 0.01;
unchosen immediate vs chosen immediate: t(33) = �2.7; p, 0.05).
These results suggested that self-controlled choice preference was
formed with decreased VS activity during reward consumption.

Dynamics of delay period activity during the free-choice trial
We also examined delay period dynamics in the free-choice trial
while participants were waiting for a future reward after they
made a choice for a delayed reward. Similarly to the forced
choice trials, the two dynamic value components were explored
in a whole-brain analysis based on a standard GLM approach. A
region in the aPFC showed a strong AU effect (Fig. 6A; Table 3)
and several occipital areas showing a SV effect (Fig. 6B; Table 3),
which is consistent with the prior study (Jimura et al., 2013).
Notably, the analyses for the free and forced choice trials identi-
fied aPFC regions located closely (Fig. 3B; Table 1).

Discussion
The current study applied an intertemporal choice paradigm for
non-human animals to a human experiment, allowing the exam-
ination of neural mechanisms associated with the formation of
self-controlled choice preference. In the current intertemporal
choice task, the association of reward and picture was unfamiliar
at the beginning of each trial block, although approximation of
the rewards was possible through the experiences of task blocks.
While participants were experiencing a delayed reward for the
first time, the aPFC had temporal dynamics reflecting utility of
future anticipation, and the aPFC dynamics were enhanced in
self-controlled individuals, further reducing VS activity. On the
other hand, during consumption of a liquid reward in the forced
choice trial, attenuated VS activity predicted self-control choice
in the subsequent free-choice trial. These results suggest that
aPFC-VS mechanisms during rewarding experience may under-
lie the formation of self-controlled choice preference.

Dynamic value models while anticipating unexperienced
future rewards
In the forced choice trials, while participants were experienc-
ing the delay period, they did not know exactly when the
delayed reward would become available, although they were
able to expect it to become available in the near future. The
current study modeled this expectation based on Bayesian
inference learning, assuming that participants’ expectation
can be explained by a PDF, and the expectation was updated
through the experiences of delayed rewards over the entire
experiment. The basic idea of this modeling is compatible
prior modeling (Behrens et al., 2007), which may also be ap-
plicable to animal studies.

In our previous study, while fMRI studies were administered,
human participants directly experienced all events occurring in
intertemporal choice for real liquid rewards delayed by seconds
(Jimura et al., 2013), like the current study. In this previous
study, however, quantitative verbal information was used to
present reward options, and participants did not experience or
learn about the reward options to make a choice, unlike non-
human animal studies and the current study. Nonetheless, the
AU effect in the aPFC during forced choice trials in the current

t = 2.7 t = 5.0 t = -2.7 t = -5.0

Anticipatory utility effect Subjective value effect

R

B CA

Start 10 30 60 sec

: Anticipatory utility
: Subjective value
: Economic model
: BOLD model

: 10-sec delay
: 30-sec delay
: 60-sec delay

Figure 6. A, Dynamic models of AU and SV during delay period of the free-choice trial. B, C, Brain region showing AU and SV effects. B, AU effect. C, SV effect. Formats are similar to those
in Figure 3B.
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study is consistent with that during current free-choice trials and
in the prior work (Jimura et al., 2013), yet extends those findings
in that the aPFC shows AU dynamics in a situation where the
participants were experiencing the delayed reward for the first
time and unfamiliar about when a future reward would become
available.

In order to model the temporal dynamics of UUFR value dur-
ing the delay period of forced choice trials, we used CP until the
present time, whereas prior modeling used delay discounting
curve (Jimura et al., 2013). In the prior study, participants were
explicitly told when reward became available with quantitative
information, which was not the case in the current study. Thus,
the prior modeling was not applicable to the forced choice trials
of the current study.

The dynamics of brain activity during the delay period
may reflect retrospective signals of the visually presented pic-
ture indicating the delayed reward, which may gradually
decrease through the delay period. Additionally, because par-
ticipants were instructed to memorize the picture-reward
association, it is possible that they actively maintained the
picture during the delay period, which may be associated with
sustained activity dynamics. The current experimental design
does not allow us to dissociate those dynamics and AU dy-
namics methodologically. However, the visual information of
the choice stimulus itself, which reflected the retrospective
signal, is unlikely to be associated with the degree of self-con-
trol dominantly, because the learning of stimulus-reward
association was not completed during the delay period of the
forced choice trial. Additionally, the anticipatory dynamics
shows a gradual decrease in signal magnitude, which is in-
compatible with the sustained dynamics derived from the
active maintenance of the visual stimulus.

On the other hand, in the free-choice trial, when subject
made a choice for a delayed reward, they knew when they
received the reward from the prior experience of the forced
choice trial although quantitative information was unavailable.
To model the temporal dynamics of value components during
the delay period of the free-choice trial, we used a linear model
rather than a hyperbolic function that was fitted to SV as we did
in our prior study (Jimura et al., 2013). In the prior study, this
modeling was possible because SV was estimated in a separate
behavioral session before a scanning session. In contrast, in the
current study, SV was estimated by adjusting the amount of im-
mediate reward throughout the scanning session. Thus, to avoid
circular analysis (Kriegeskorte et al., 2009), we used the linear
modeling similarly to a prior study (Berns et al., 2006).

aPFC as a region critical for future anticipation and self-
controlled preference formation
The aPFC showed temporal dynamics of AU effects during the
delay period of free-choice trials, as observed in a prior study
(Jimura et al., 2013). However, these two consistent observations

Table 3. Brain regions showing significant effects of AU and SV during delay
period of free-choice trial

Effect Area x y z t value BA

AU Frontal 16 30 56 7.3 8/6
38 24 50 7.3 8/6
30 54 �14 6.5 47/11
16 50 36 6.4 9
24 56 26 6.2 46/9

�36 46 �4 5.7 10/47
42 52 0 5.3 10/47

�34 58 �10 5.0 10/11
�38 50 16 4.6 10/46
�24 44 0 4.4 10
�26 44 �18 3.9 11
�36 58 6 3.5 10
�4 �6 46 �7.3 24
�42 �6 54 �7.0 4/6
�66 �26 12 �5.2 6

Parietal 48 �52 46 6.6 40
56 �40 54 4.1 40
58 �42 24 3.5 40
46 �44 60 2.9 7
2 �30 28 5.9 23
6 �74 38 5.7 19/7
12 �56 34 4.8 31/7
6 �74 54 3.6 7

�42 �50 36 6.2 40
�54 �50 40 5.7 40
�46 �56 56 5.1 40/7
�48 �42 56 3.1 40
44 �34 20 �7.2 40/42

�34 �38 52 �6.3 40/7
Temporal 58 �24 �20 6.9 20

66 �36 �8 5.0 21
54 �38 �10 4.3 21/20
56 �12 �24 2.9 21
38 �58 �26 5.6 20/36

�52 �74 20 �6.2 39/22
�56 �64 �2 �6.1 19/37
�34 �26 20 �5.9 22/40
�52 �74 6 �7.6 37/19
�60 �22 0 �5.1 21/22

Occipital 10 �98 �4 5.4 18
Others �22 �72 �28 6.3 Cerebellum

�46 �68 �30 6.1 Cerebellum
�14 �84 �24 5.9 Cerebellum
�40 �60 �48 5.9 Cerebellum
�34 �62 �26 5.4 Cerebellum
38 �72 �24 4.7 Cerebellum
10 �82 �24 4.2 Cerebellum
50 �54 �32 4.2 Cerebellum
32 �84 �24 3.8 Cerebellum
50 �68 �26 3.4 Cerebellum

�24 �16 �16 �6.9 Hippocampus
�2 12 �2 �6.3 Striatum

SV Temporal 26 �42 �8 3.7 36/37
�38 �62 �18 3.2 37/19

Occipital 24 �90 18 6.1 19
26 �72 32 4.2 19/39
34 �94 10 4.1 18/19
14 �104 10 3.6 18

�28 �96 12 4.7 18/19
�26 �84 10 4.1 18/19
�10 �90 30 3.7 19
�16 �90 14 3.6 18/19
�38 �76 �2 3.2 19

(Table continues.)

Table 3. Continued

Effect Area x y z t value BA

24 �76 �12 4.5 19/37
30 �64 �10 4.5 19
16 �86 �6 3.4 18/19

�28 �66 �8 4.7 19/37
�26 �78 �12 3.8 19

Others �26 �66 �20 4.0 Cerebellum

Formats are similar to those in Table 1.
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are considered a postchoice effect. The aPFC also showed delay-
period dynamics of AU in the forced choice trials before the
free-choice trial, which was correlated with the degree of self-
control. Although it is still unclear whether this self-control
strength is formed during experimental session or before experi-
ment as an intrinsic trait of self-control, the current study dem-
onstrated that the stronger AU effect predicts choice preference
toward a larger amount of delayed reward.

VSmechanisms involved in intertemporal choice
The greater aPFC signal specifically observed in self-con-
trolled individuals attenuated the VS signal during the delay
period of the forced choice trial, which is consistent with pre-
vious findings showing negative functional connectivity from
this same aPFC region to VS, with the connectivity predicting
weaker trait impulsivity (Diekhof and Gruber, 2010; Jimura et
al., 2013). Additionally, greater VS activity during consump-
tion of the reward in the forced choice trials predicted impul-
sive choice in the free-choice trial, which is also consistent
with previous studies suggesting that the VS is associated with
behavioral impulsivity (McClure et al., 2004; Hariri et al.,
2006). The current VS involvement further extended those
previous findings in that the VS is associated with the forma-
tion of impulsive choice, and VS function attenuated by
enhanced aPFC activity while experiencing a delayed reward
for the first time.

Experimental paradigms for human and non-human animals
Standard non-human animal experiments have used the direct
experience of primary rewards, and subjects learned reward
options before free-choice trials during experimental session
(Richards et al., 1997; Green and Myerson, 2004; Freeman et al.,
2009; Carter and Redish, 2016; Vanderveldt et al., 2016). On the
other hand, standard human experiments have used choices for
secondary rewards presented in hypothetical situations, assum-
ing that valuation of the reward was unchanged throughout the
entire experiment, and that participants made choices in the
same way as they make in the real world (McClure et al., 2004,
2007; Tanaka et al., 2004; Hariri et al., 2006; Kable and Glimcher,
2007; Shamosh et al., 2008; Hare et al., 2009).

Aiming to bridge the gap between non-human and human
experiments, prior studies have demonstrated that humans dis-
count delayed reward for real liquid reward delayed by seconds
(Jimura et al., 2009, 2011, 2013). However, these studies still pre-
sented quantitative information about rewards, the reward
amount and duration of delay, which allowed participants to
make choices by evaluating options based on the presented
quantitative information. In contrast, such decision-making was
impossible in the current study, as choice options were presented
without quantitative information. Thus, the current experiment
is more compatible with non-human animal experiment than
prior studies (Jimura et al., 2009, 2011, 2013).

Another compatibility between the current experiment and
prior non-human animal experiments is the behavioral proce-
dure to learn choice options. In standard animal experiments,
the subjects directly experienced delayed and immediate rewards
during forced choice trials, immediately followed by free-choice
trials (Green and Myerson, 2004; Freeman et al., 2009; Carter
and Redish, 2016; Vanderveldt et al., 2016). The current study
applied this procedure, which aligned the human behavioral pro-
cedure with the animal experiments, and demonstrated that
humans discount delayed rewards to a greater degree with a lon-
ger delay.

In prior human studies of liquid reward (Jimura et al., 2009,
2011, 2013), the discounting curve looks less steep than that in
the current study, especially for short delay. Such steep discount-
ing in short delays has also been observed in animal studies (cf.
Green and Myerson, 2004; Vanderveldt et al., 2016). In both of
the human and non-human animal experiments, subjects
directly experienced delay without quantitative information,
and choice was made based only on preceding experiences.
Thus, one possibility for the greater discounting that occurs in
short delay is the discrepancy between subjectively experi-
enced and quantitatively exact duration; this discrepancy
became greater or smaller depending on the actual duration.
The steep discounting in short delay may be attributable to
the absence of quantitative information.

Evolution, aPFC, and future anticipation
The current aPFC region is located in the lateral part of
Brodmann area 10, a polar region in the frontal cortex.
Compared with other prefrontal regions, this region is dispro-
portionately developed in humans (Semendeferi et al., 2001;
Petrides et al., 2012). Its thickened supragranular layer enables
the area to connect to other higher-level association cortices
(Semendeferi et al., 2001), pointing to a possibility that this area
produces high-level mental functions that are most evolved in
humans. Indeed, this area is associated with integrative reasoning
(Christoff et al., 2001; Bunge et al., 2005) and high-level goal rep-
resentation (Koechlin et al., 2003).

The aPFC is also involved in imagination and/or simula-
tion of events that may occur in the future (episodic future
thinking: Atance and O’Neill, 2001; Schacter et al., 2007;
Peters and Büchel, 2010; Benoit et al., 2011; for further discus-
sion, see also Jimura et al., 2013). It is presumed that acquisi-
tion of the ability of future prospection is one of the
remarkable evolutionary changes (Gilbert and Wilson, 2007),
and self-controlled behavior involves such future prospection,
enabling decision-makers to maximize reward attainment in
the future (Madden and Bickel, 2009; Peters and Büchel,
2011). Not surprisingly, the aPFC shows greater engagement
in computing prospective value (Doll et al., 2015), restricting
current options (Crockett et al., 2013), and choosing an alter-
native option (Boorman et al., 2011), which are decision strat-
egies that maximize future reward attainments.

Taken together, our findings suggest that the human
aPFC plays a critical role in the formation of self-controlled
choice preference while humans anticipate a future reward;
this was revealed by the application of a standard behavioral
paradigm for non-human animals to a human experiment.
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