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People have a higher preference for immediate over delayed rewards, and
it is suggested that such an impulsive tendency is governed by one’s
ability to simulate future rewards. Consistent with this view, recent studies
have shown that enforcing individuals to focus on episodic future thoughts
reduces their impulsivity. Inspired by these reports, we hypothesized that
administration of a simple cognitive task linked to future thinking might
effectively modulate individuals’ delay discounting. Specifically, we used one
associative memory task targeting intervention of context information, and
one working memory task targeting enhancement of individual’s ability to
construct a coherent future event. To measure whether each type of cognitive
task reduces individuals’ impulsivity, a classic intertemporal choice task was
used to quantify individuals’ baseline and post-intervention impulsivity. Across
two experiments and data from 216 healthy young adult participants, we
observed that the impacts of intervention tasks were inconsistent. Still, we
observed a significant task repetition effect such that the participants showed
more patient choices in the second impulsivity assessment. In conclusion,
there was no clear evidence supporting that our suggested intervention tasks
reduce individuals’ impulsivity, and that the current results call attention to
the importance of taking into account task repetition effects in studying the
impacts of cognitive training and intervention.
KEYWORDS

impulsivity, associative memory, working memory, cognitive training, task repetition
effect

Introduction
In daily decision-making, people sometimes make a choice not because it is better
now but because it will bring them a higher return in the future. One’s exaggerated
preference for temporally proximate small reward over delayed large reward has been
referred to as impulsivity (1–4), and choices that show the opposite pattern, decisions
with consideration of future consequences, are considered as outcomes of successful
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construction of hypothetical scenarios or reconstruction of real
events (26, 34), we set (i) increasing the amount of context
information and (ii) enhancing individuals’ working memory
capacity as two potential intervention targets.
Our first target for intervention design is the amount of
information regarding the simulated context. A recent study
showed that episodic future thinking has a different impact on
delay discounting depending on its content (35). Other studies
suggested that reduction in future uncertainty may account
for the mechanism of episodic future thinking (36), and that
individuals’ tendency to avoid uncertainty is associated with the
extent to which they discount delayed rewards (37). Based on
these previous studies, we speculate that the core mechanism
by which episodic future thinking reduces impulsivity (24)
might be the facilitation of delayed reward simulation by linking
information from individuals’ own past experiences to a delayed
time point (38). If so, one might expect a comparable simulation
effect from additional information that has a context helpful
for mental simulation but not necessarily linked to personal
experience. Specifically, we hypothesized that associating delays
for potential rewards with additional context information (travel
locations) may facilitate future reward simulation without being
instructed explicitly to participate in episodic future thinking
and, in turn, reduce individuals’ impulsivity.
Working memory capacity, our second target for
intervention, is known to play a pivotal role in mental
simulation. Previous studies have suggested that increased
working memory capacity may facilitate the simulation process
(39, 40). Furthermore, in a recent study, Snider et al. showed
that when combined with working memory training, the impact
of episodic future thinking on reducing individuals’ impulsivity
was elevated (41). Data from a large sample indicated that there
is no significant direct relationship between individuals’ baseline
working memory capacity and their impulsivity (42). However,
changes in individuals’ capacity had a significant impact on
their impulsivity. Bickel et al. (43) introduced multiple sessions
of working memory training to participants and showed
that the delay discounting tendency of individuals who have
stimulant use disorder can significantly be reduced. In line with
the study, working memory training in adolescents with low
socioeconomic status lowered their delay discounting tendency
(44). These results suggest that working memory training may
be a potential intervention to reduce individuals’ impulsivity.
These hypotheses were tested across two independent
experiments by examining whether modulation of each
factor indeed significantly reduced individuals’ delay
discounting, which is an indication of successful choice
impulsivity reduction. We first administered a classic ITC
task [adapted from Kable and Glimcher (4)] (Figure 1A and
Supplementary Figure 1a) and measured individuals’ baseline
delay discounting. During the ITC task, the participants
made a series of choices between a fixed immediate reward
of 10,000 KRW (around $10) and a larger delayed reward

self-control (5–7). A large body of studies examined the
tradeoffs between time of reward delivery and amount of
reward, and suggested that discounting the value of delayed
rewards explains why typical individuals often show seemingly
impulsive behaviors, i.e., choosing the small immediate reward
over the large delayed reward (8–10). This framework of
temporal discounting in valuation extends to real-life healthrisk behaviors such as substance abuse (2, 3, 11, 12), problem
gambling (13, 14), and internet addiction (15). Consistent with
the view that one discounts delayed rewards, individuals who
tend to make choices that may deliver immediate pleasure than
long-term healthiness (e.g., eating a chocolate bar instead of
an apple as dessert) also showed higher discounting rates in
decision-making tasks (16, 17).
A classic intertemporal choice (ITC) task has been used to
capture individuals’ behavioral traits across a broad range of
mental illnesses (18). Notably, behavioral traits characterized by
the task (i.e., delay discounting) were able to dissociate whether
or not individuals with psychiatric illness have comorbid
substance use problems (19–21). Building based on this
association, previous studies have suggested some methods that
could potentially be used as systematic intervention designs for
individuals who show problem behaviors (e.g., substance use).
Specifically, recent studies found evidence suggesting that one’s
ability to simulate future rewards is linked with the extent to
which one is sensitive to temporal delay of rewards (22–26).
Individuals’ preference for delayed large rewards significantly
increased when they were explicitly instructed to imagine the
reception of the reward in association with a cue selected
from their episodic future plans (e.g., trip to Paris). These
findings supported that episodic future thinking induces vivid
imagination (simulation) of future reward, and, in turn, reduces
reward delay discounting.
During the recent outbreak of the COVID-19 pandemic,
individuals’ smoking and alcohol consumption amount
increased (27). As active mitigation of such health risk
behaviors, various attempts have been made to develop digital
solutions (28–30). Based on previous laboratory-based studies,
episodic future thinking is expected to reduce individuals’
impulsive choice tendency, a typical hallmark of individuals
who suffer from substance use disorder (2, 3, 11, 12) or problem
gambling (13, 14) and considered as a feasible digital solution
for individuals with addiction. However, recent reports were
inconsistent such that not all studies were able to find significant
effects of the intervention (31, 32). Such mixed results might
be stemming from the complex nature of cognitive processes
involved during the episodic future thinking intervention and
from our lack of understanding of the mechanisms by which the
induction successfully reduces individuals’ delay discounting
(33). Here, we suggest two simple cognitive properties that are
closely related to mental simulation and examine the effects of
mediating them on reducing individuals’ impulsivity. Given the
perspective that future reward simulation requires cognitive
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FIGURE 1

Intertemporal choice task and cognitive intervention paradigms. (A) During the intertemporal choice (ITC) task, the participants made choices
between an immediate smaller reward and a delayed larger reward. The immediate reward was fixed (10,000 Korean Won, KRW), but the
alternative delayed option was constructed using six distinct delays (1, 10, 21, 50, 90, and 180 days) and varying sizes of delayed rewards (10,
300–29, 300 KRW) determined by stepwise approach. Individuals could make a response when the crosshair turned red, and a feedback screen
followed their choices to highlight the chosen option. (B,C) Two intervention tasks and their control tasks were used to examine the impacts of
associative memory and working memory on future reward simulation and, in turn, on delay discounting. (B, left) The associative memory task
comprised the encoding and retrieval phases (not depicted here). In the encoding phase, the participants were asked to memorize associations
between the paired stimuli. Specifically, names of countries with a picture of their representative must-see sights were matched with “expected
preparation time” to go on a trip to the places. Note that the preparation time was presented in the same format as the reward delays used in
the ITC task (e.g., 10 days later). (B, right) The ControlAM was largely identical to the Associative memory task, except that the associations were
made between country names and various stationaries. (C, left) In the working memory task, the participants had to remember a random
three-digit number presented on the screen (e.g., 255), mentally subtract seven, and report the number on the subsequent screen (e.g., 248).
They were asked to repeat this mental calculation (e.g., 241, 234, 237, . . .) until a new random number was provided. (C, right) During the
ControlWM task, the participants had to maintain a sustained level of attention. Specifically, in each trial, a circle showed up on either left or right
half of the screen, and the participants were asked to press the arrow key that matches the location as soon as possible.

that varied from trial to trial (refer to section “Experimental
procedures” for detailed experimental procedures). Previous
studies have suggested that an individual’s choice between
delayed and immediate reward options can be accounted for by
comparison of the options’ subjective values (SVs) defined as
hyperbolic discount function SV = V/[1 + kD] (8, 9, 45), where
V indicates an objective reward, D indicates the delay, and k is
each individual’s delay discount rate. To quantify individuals’
impulsivity, we estimated their delay discount rates based on
participants’ choices across three sessions of the ITC task. In
addition to measuring the impacts of modulating each factor
on impulsivity reduction, we examined individuals’ impulsivity
changes across repeated task-based measures to evaluate the
potential impacts of choice monitoring.
To examine whether individuals’ impulsivity can be
modulated, we introduced one of five types of intervention
tasks (associative memory task, working memory task, and
three control tasks) after the baseline ITC task and then a
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second assessment of ITC task (Experiment 1). Furthermore, to
examine whether the results from experiment 1 are replicable,
we conducted another independent experiment where we tested
three specific types of intervention tasks among the original
five (Experiment 2).

General methods
Participants
A total of 216 healthy young adults (male/female = 124/92)
participated in the current study. None of the participants
reported a history of neurological or psychiatric illness. Two
independent studies were conducted, and there were no
overlapping participants across the two experiments. A total of
126 healthy individuals (male/female = 71/55, age = 22 ± 2.48)
participated in experiment 1 conducted between 25 March
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and 20 May 2019, and 90 individuals (male/female = 53/37,
age = 22.24 ± 3.93) were recruited for experiment 2, conducted
between 13 January and 19 July 2021. All the participants
provided written informed consent and were paid for their
participation. The study was approved by the Institutional
Review Boards of Ulsan National Institute of Science and
Technology (UNISTIRB-18-18-A). No statistical methods were
used to predetermine sample sizes, but our N for each
intervention task group was similar to those reported in
previous intervention studies (24, 41, 43, 46, 47).

delays] × [2 unique initial values for the large reward (15,000
and 20,000 KRW)] × [5 iteration staircase]). To minimize the
effect of participants remembering previous pairs of options and
their choices, the trial order was randomized for delay × initial
value with a unique order per participant. Because of the
staircase approach, the subsequent trial was randomly chosen
among 12 available pairs (6 delays × 2 initial values) including
the pair that was present in the current trial. Again, the amount
of delayed reward was determined by the aforementioned rule.
The participants completed three blocks of the ITC task, 180
trials in total [(6 delays × 2 initial values × 5 steps) × 3 blocks].

Experimental procedures

Intervention tasks
Previous studies have suggested that episodic future
thinking induces vivid imagination (simulation) of future
reward delivery and, in turn, reduces reward delay discounting
(22–24, 26). Inspired by this induction effect, we examined
the impacts of two factors that are known to be linked with
episodic future thinking (or mental stimulation) on impulsivity
reduction: acquisition of additional context information and
enhancement of individual working memory performance. Two
intervention tasks were designed and used to examine these
factors, along with three intervention tasks as controls. In
the next section, we will explain the detailed designs of each
intervention task.

The aim of the current study was to measure individuals’
impulsivity and examine whether the intervention of cognitive
factors alters their characteristics. In the beginning of each
individual’s participation, he or she was randomly assigned to
one of the five subgroups (three subgroups for Experiment 2);
each of which was paired with one type of intervention task.
All the participants completed one session of the intertemporal
choice task (ITC), one session of the assigned intervention task,
and one additional session of ITC. The participants were paid
at the end of the study based on the delay and reward of a
single random choice drawn from all the ITC task decisions
the participants made. All the experiments were performed in
accordance with relevant guidelines and regulations.

Intervention task: Associative memory task
During the associative memory task, the participants were
asked to memorize the associations between temporal delays
and names of countries, which were introduced as pairs
of information about the most wanted places to visit and
the average duration people spend planning for the trip
(Figure 1B and Supplementary Figure 1bi). This intervention
was designed to implicitly provide additional information
about delayed reward options. If additional context information
benefits simulating delayed rewards, the intervention should
decrease individuals’ delay discounting in the subsequent ITC
task.
The associative memory task comprised two phases: the
encoding and retrieval phases. Names of 30 different countries
and 30 unique temporal delays (preparation time for the trip)
were used as pairs (Supplementary Table 1). Among the pairs,
only six levels of delays were shared with the delays in the
ITC task (1, 10, 21, 50, 90, and 180 days; “target delays”), and
the other 24 levels of delays (“non-target delays”) were never
used in the ITC task. The names of the countries were sorted
by their geographical distances from South Korea in ascending
order, and they were matched with delays accordingly; examples
include [Japan, 1 day], [Vietnam, 10 days], [Taiwan, 21 days],
[The Philippines, 50 days], [New Zealand, 90 days], and [Brazil,
180 days]. During the encoding phase, there were 60 trials
where 30 pairs that should be memorized were presented
twice. In each trial, after the presentation of the association,
the participants had to report whether they could successfully

Intertemporal choice task
During the ITC task, the participants made a series of
choices between a fixed immediate reward of 10,000 KRW
(around $10) and a larger delayed reward that varied from trial
to trial (Figure 1A and Supplementary Figure 1a). Six distinct
delays (1, 10, 21, 50, 90, and 180 days) were used for the delayed
reward option, and the value of the option was determined
following the staircase approach. There were two unique initial
values for the large delayed reward (15,000 and 20,000 KRW),
and the staircase approach was used for each pair of [delay,
initial value]. Specifically, if a participant chose the immediate
option at the nth step, the reward of the delayed option was
set to [delayed reward at the nth step + 10,000 × (1/2)n−1 ]
(n = 1, 2, 3, 4, 5) for the next trial where the same pair of [delay,
initial value] was used. On the contrary, if a participant chose
the delayed option, the reward of the delayed option was set
to [delayed reward at the nth step − 10,000 × (1/2)n−1 ] for the
next trial where the same pair of [delay, initial value] was used.
There was one exception. To avoid the delayed reward being
equal to or smaller than the immediate reward (10,000 KRW),
choices of the delayed option on the trials under the initial
value of 15,000 KRW led to the next trial with the delayed
reward of [delayed reward at the nth step – (delayed reward at
the nth step – 10,000) × (1/2)n−1 ]. This “titration” procedure
is repeated in five iterations (steps) for each distinct pair of
delay and initial value. Each block comprised 60 trials ([6
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Intervention task: Control for the working
memory task (ControlWM )

remember and vividly imagine the association between the
paired pieces of information.
During the retrieval phase, the participants were asked to
retrieve previously memorized association pairs and verbally
report answers. Specifically, each retrieval trial was cued by
one of the 30 delays, and participants’ verbal answers on
the associated country names were recorded for the accuracy
assessment. In each trial, the participants used a key press
to notify that they finished providing the answer, and then
they reported the extent to which they were confident about
the answers on a 5-Likert scale (1 = not confident and
5 = very confident). The target delays were tested thrice,
while the non-target delays were tested only once. In total,
there were 42 trials (6 × 3 target cue trials + 24 non-target
cue trials = 42) where the target and non-target delay cues
were intermixed.

The ControlWM task was designed to require continuous
attention from participants but not working memory (Figure 1C
and Supplementary Figure 1cii). In each trial, a circle-shaped
stimulus showed up on either the left or right half of the screen,
and the participants were instructed to press the left or right
arrow key that matches the side of the screen. Stimulus color
changed to yellow immediately after key press only if the key
press was correct, and the color changed to gray when no
answers were entered within 1.5 s, but no change happened
when the submitted answer was incorrect. The next trial started
after a short presentation of a feedback screen (0.5 s) and an
inter-trial interval sampled from a uniform distribution [U(0.3;
0.7s)]. The participants completed two blocks of task where each
block lasted for 10 min.

Intervention task: Control for the associative
memory task (ControlAM )

Intervention task: Resting
To examine the impacts of intervention tasks, all the
participants went through two sessions of ITC tasks, one before
and one after the corresponding intervention. To control for
the possibility that impulsivity change may be induced by
repeated participation in the ITC task, we introduced a resting
phase for one of the five subgroups. The length of the resting
phase was set to 20 min, matching the average length of other
intervention tasks.

The procedures of the ControlAM task were largely identical
to those of the associative memory task (Figure 1B and
Supplementary Figure 1bii). The only difference was that for
this control task, participants were asked to memorize the
pairs of [country name, office supply item] instead of [country
name, preparation time] (e.g., [Spain, Mouse controller]).
Moreover, to match cognitive workload with the Associative
memory task, office supplies items were used in a manner
that word length of which names (in Korean) matched the
number of digits of the delay it is replacing. We chose office
supply items instead of delays so no cues during the ITC
task may trigger retrieval of information regarding the learned
association.

Behavioral analyses
For each subgroup, participants’ tendency to choose the
delayed option over the immediate option was calculated across
three blocks of the ITC task separately for the task before and
after an intervention task. As a model agnostic measure, the
impact of each intervention was calculated as a difference in
the choice ratio between the two ratio measures of choosing
the immediate reward option over the delayed reward option.
In addition, we estimated individuals’ delay discounting rate (k)
based on participants’ choices across three blocks of the ITC
task, separately for the task before and after an intervention.
As noted above, we used the hyperbolic discount function
SV = V/[1 + kD] (8–10, 45) and a softmax choice rule to explain
the link between subjective valuation and choices as below:

Intervention task: Working memory task
During the working memory task, the participants were
asked to conduct a series of mental calculations (Figure 1C
and Supplementary Figure 1ci). Specifically, the participants
performed a task, the so-called “Serial 7s subtraction” (48) where
they had to subtract seven from the answer in the previous
trial. For example, if the answer in the previous trial was
200, the next answer that should be entered is 193. In the
beginning, an initial number was randomly chosen between
107 and 999 and presented on the screen. The participants
had to remember the most recently entered answer so they
could use the information for the subsequent trial. Such
need for reservation of information for a short duration is
known to recruit participants’ working memory (49). There
were three conditions where the task reset with a new initial
number: when participants entered the wrong answer, when
the answer for the subsequent trial was smaller than 100, or
when participants did not enter an answer within 20 s. The
participants completed two blocks of task where each block
lasted for 10 min.

Frontiers in Psychiatry

P(immediate option) =
(1 + exp[−µ(SVimmediate − SVdelayed )])−1
where SVimmediate (SVdelayed ) is the subjective value of the
immediate (delayed) reward option and µ is the inverse
temperature, capturing the extent to which the individuals
were sensitive to subjective value differences between the
options. Note that the use of the hyperbolic value function
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between intervention task performances and ITC behavioral
patterns. In all the statistical tests, we used the delay discounting
rate in log transformed form (log k), which is a commonly used
method in statistical analyses of discounting rates due to their
skewed distribution.

has been shown useful in characterizing individuals’ impulsive
(or patient) choice behaviors across a wide range of clinical
populations including smokers, alcohol users, substance users,
and pathological gamblers (2, 11, 13, 14, 19, 21, 41). We did
not use alternative models and methods to quantify individual
impulsivity (e.g., area under the empirically observed value
function); it is out of the scope of this study to discuss the
choice of valuation function and can be found elsewhere (20,
43, 47, 50). The delay discount rate k (0 < k < 1) and the
inverse temperature µ (> 0) were set as individual-level free
parameters such that best explaining parameter sets for each
participant’s choice behaviors could be estimated. Individual
parameter estimations were conducted with custom MATLAB
R2017a scripts by maximum log-likelihood estimation (MLE)
at the individual subject level. That is, based on the choice
probability noted above, we maximized 6 i=[1 ,2 ,... ,180] log(Pi ),
the sum of log probability of each participant’s choice in
each trial. The fminsearch function in MATLAB with different
initial values for each parameter estimation was used. After the
parameter estimation, changes in delay discounting rates in each
subgroup were used as model-based measures of the impact of
the intervention tasks.
To examine whether the extent to which the individuals
successfully completed their assigned intervention task was
associated with change in behavioral choice patterns in the ITC
task, the performance in the intervention tasks was measured
accordingly. First, mean accuracies were calculated for each
task. Second, for the working memory task and ControlWM
task, temporal evolution in individuals’ performance was also
examined. To do this, the tasks were binned into equal sizes
(10 trials per bin) using a sliding window (5-trial overlap).
We examined whether the participants showed increasing
performance across bins, which would be an indication of
successful training of the corresponding cognitive function.
Furthermore, to better illustrate the impacts of intervention
tasks on the changes in individuals’ impulsivity (i.e., delay
discount rate), we divided each intervention task into five larger
bins (each bin size was 1/3 of the entire task length where a
sliding window was used with overlapping 1/6 of task length),
and the association in each bin was calculated.

Data and study material availability
The analytic scripts and data are available on GitHub.1

Experiment 1
Methods
In experiment 1, a total of 126 healthy individuals
(male/female = 71/55, age = 22 ± 2.48) were recruited and
randomly assigned to one of the five intervention tasks:
two hypothesis-driven tasks, i) association memory task and
ii) working memory task, and three control tasks (refer to
section “Experimental procedures” for details). The associative
memory task was designed to implicitly provide additional
context information about delayed rewards (Figure 1B and
Supplementary Figure 1b), and the working memory task
was designed to boost individuals’ working memory capacity
(Figure 1C and Supplementary Figure 1c). Specifically,
by associative memory task intervention, we examined the
possibility that the memorized association would be retrieved
during the ITC task because of the use of common cues (i.e.,
delays for reward delivery vs. delays for planned trips; refer
to section “Experimental procedures” for details), and that
this additional information (i.e., planned trip locations) would
provide contexts facilitating the simulation of future rewards
(24). Using the working memory task, we tested the hypothesis
of whether or not increase in working memory capacity would
reduce one’s delay discounting. This hypothesis was constructed
based on previous reports suggesting that mental calculation
shares the same cognitive resources with time perception (51),
which provides a crucial piece of information in future planning.
Moreover, it is known that working memory serves to integrate
information across multiple dimensions in mental simulation
(38, 39). Thus, we expect that enhancing one’s working memory
capacity may facilitate one’s future reward simulation.
Three control tasks comprised (i) another association task
(ControlAM ) where the participants learned association about
information irrelevant to delays (Figure 1B and Supplementary
Figure 1b), (ii) a spatial attention task (ControlWM ) where
participants were required of using continuous attention but not
working memory (Figure 1C and Supplementary Figure 1c),

Statistical analyses
The size of each intervention task group was relatively small;
thus, any descriptive measures may be sensitive to a particular
outlier. To prevent such biases, we used a bootstrapping method
with 10,000 resampling iterations for within- and betweengroup mean comparisons. The P-value for each statistical
analysis was calculated as the proportion of extreme samples
(based on t-values) out of the entire resample estimates relative
to the statistics estimated from the original data set. The
same bootstrapping approach was used for regression analyses
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k = log (kpre−intervention )–log (kpost−intervention ) for model-based
analyses where k indicates an individual’s estimated discount
rate (larger k refers to more impulsive behavioral choices).
In the measure 1log k, positive numbers indicate a positive
intervention effect on enhancing preference for the delayed
reward option (i.e., reducing impulsivity).
As explained above, choices from individuals who were
assigned to the associative memory task and to the working
memory task were used to test the impacts of the context
information and the working memory capacity on reducing
impulsivity, respectively (Figure 2). The mixed-design ANOVA
setting “Time” (pre- and post- intervention) as a within-group
factor and “Type”(associative memory, working memory, and
rest) as a between-group factor revealed a significant main
effect of time [F(1, 64) = 5.79, P = 0.019]. However, the main
effect of type and the interaction of time × type were not
significant [type: F(2, 64) = 0.28, P = 0.75; interaction: F(2,
64) = 1.39, P = 0.26], suggesting that neither intervention
task had superior efficiency in reducing individuals’ impulsivity
compared to simple repetition of the ITC (i.e., the rest group).
We suspected a possibility that the impact of each intervention
may be tightly intertwined with their performances in the
cognitive intervention task and further examined this possibility
to explore the impacts of potential intervention mechanisms.
Within each intervention group, the working memory task
was the only intervention that had a significant impact on two
ITC measures such that the individuals showed a significantly
reduced temporal discounting rate after the intervention [paired
t-test, t(20) = 3.44, P = 0.0026, Cohen’s d = 0.75, bootstrapping
P = 0.0031; Figure 2]. The individuals who took part in the
associative memory task as an intervention and who rested
between two measures of ITC all did not show a difference in
their estimated temporal discounting rate [associative memory:
t(22) = 0.34, P = 0.74, Cohen’s d = 0.07, bootstrapping P = 0.74;
Rest: t(22) = 1.049, P = 0.31, Cohen’s d = 0.22, bootstrapping
P = 0.31; Figure 2]. Note that neither of the two additional
tasks (ControlWM and ControlAM ), each of which was examined
as a control for the working memory and associative memory
interventions, respectively, was effective in reducing individuals’
delay discounting rates [ControlWM : t(20) = 1.4, P = 0.18,
Cohen’s d = 0.31, bootstrapping P = 0.19; ControlAM : t(21) = –
0.25, P = 0.8, Cohen’s d = –0.054, bootstrapping P = 0.81].

and (iii) resting (refer to section “Experimental procedures”
for task details). A second ITC task was administered to
all the participants after each type of intervention, and the
discount rate changes were calculated to examine the impacts
of modulating each factor on reducing individuals’ delay
discounting. The participants were paid at the end of the study
based on the delay and reward of a single random choice drawn
from all the ITC task decisions the participants made.
Twenty-six students participated in the associative memory
task, and 24 students participated in the working memory
task. For the control tasks, a comparable number of students
were assigned who were age-, sex-, and education-matched
[control for associative memory task (ControlAM ): N = 25;
control for working memory task (ControlWM ): N = 24; resting:
N = 26]. From the entire participant pool, we excluded six
participants from the analyses because they explicitly expressed
that they would rather like to receive class credits than monetary
rewards as compensation for participation; we considered this
as an indication of different, subjective incentive structure and
thus excluded these participants. One additional participant
was excluded from the analyses because he showed up at
the laboratory under the influence (drunk). Additional eight
participants were excluded for whom the individual-level
computational model (refer to section “Behavioral analyses”)
did not come up with a unique solution by maximum
likelihood estimation (MLE). After the exclusion, data from 111
participants (male/female = 60/51, age = 22.07 ± 2.54) were used
for the analyses (see Table 1 for demographic information for
each subgroup).

Results
All the participants completed the first assessment of the
ITC task to have their individual baseline discount rates
estimated (log-transformed k; refer to section “Behavioral
analyses” for parameter estimation procedures). In the first
assessment, the five subgroups showed comparable baseline
delay discount rates [F(4, 105) = 0.43, P = 0.78, oneway ANOVA; Figure 2]. This allowed us to define the
impact of each intervention as the behavioral differences
between pre- and post- intervention tasks; we calculated 1log
TABLE 1 Demographic data for experiment 1.

Associative
memory (N = 23)

ControlAM
(N = 22)

Working memory
(N = 22)

ControlWM
(N = 21)

Resting
(N = 23)

Age (years)a

22.22 ± 2.71

21.45 ± 2.15

22.32 ± 2.44

22.57 ± 2.96

21.83 ± 2.46

Male/femaleb

11/12

12/10

17/5

11/10

9/14

Some college

17

19

19

15

18

Finished college

6

3

3

6

5

Education levelc

Five subgroups were of comparable agea [F(4, 106) = 0.64, P = 0.63], genderb [χ2 (4) = 5.08, P = 0.28], and educationc [χ2 (4) = 2.55, P = 0.64].
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Cohen’s d = 0.11, bootstrapping P = 0.48; Figure 2]. The impact
of the associative memory intervention was also comparable
with that of its corresponding control tasks [associative memory
vs. ControlAM : t(43) = 0.35, P = 0.73, Cohen’s d = 0.052,
bootstrapping P = 0.76; vs. Rest: t(44) = –0.78, P = 0.44, Cohen’s
d = –0.12, bootstrapping P = 0.45; Figure 2]. These results all
together suggest that individuals’ working memory capacity, but
not abundance of context information or individuals’ attention
level, is linked with their preference for delayed rewards.
Yet again, given the statistically comparable impacts of the
intervention tasks, one should be careful not to overinterpret
the involvement of working memory in the simulation of future
rewards.
For completeness, we also compared the impacts of
each intervention design using model-agnostic measures;
1P(immediate option) = P(immediate optionpre−intervention )–
P(immediate optionpost−intervention ) was calculated as a modelagnostic measure where P(immediate option) refers to the
probability of choosing the immediate over the delayed
reward option. Note that the model-based measure, delay
discounting rate k, is more appropriate in quantifying
individuals’ characteristics of future reward simulation, because
the model-agnostic measure cannot tease apart the character of
interest (i.e., delay discounting rate) from a confounding factor
(e.g., value sensitivity, denoted as µ; refer to 2.3. Behavioral
analyses). Nevertheless, the statistical results were largely the
same as model-based results (refer to Supplementary Figure 2
for statistical results).
We further examined whether or not individuals’
performance in the working memory task is associated
with the level of impulsivity reduction. Repetition of working
memory tasks typically results in improvement of individuals’
task performance, which is considered a signature of cognitive
training (41, 43). Although our working memory task as a
type of intervention task was only in the order of tens of
minutes rather than days as in other cognitive training studies,
we also observed such a performance enhancement across
time (Figure 3A). Specifically, 91% of the participants showed
performance increase along the task and across individuals,
the proportion of correct answers significantly increased along
the course of the task (r = 0.64, P = 2.97e-5). To examine the
impact of this intervention task on individuals’ impulsivity, we
examined whether or not the average accuracy and/or the speed
of performance improvement was associated with the change in
delay discount rate.
There was a positive but statistically non-significant
trend between average working memory performance and
reduction in delay discounting (Pearson correlation, r = 0.32,
P = 0.16, bootstrapping P = 0.16; Figure 3B). On the contrary,
participants who had steeper improvement in the working
memory performance showed a significantly larger reduction
in their impulsivity (r = 0.46, P = 0.036, bootstrapping
P = 0.034; Figure 3C). This result was corroborated by the

FIGURE 2

Impacts of the intervention tasks on reducing individuals’
impulsivity (experiment 1). Each participant group was given a
different type of intervention task. To examine whether each
intervention had an impact on individuals’ impulsivity, we
calculated changes in individuals’ delay discount rates (k) by
comparing their behavioral patterns during the intertemporal
choice (ITC) task conducted before and after the intervention
task. The individuals showed significantly reduced impulsivity
after participating in the working memory task [paired t-test,
t(20) = 3.44, P = 0.0026, Cohen’s d = 0.75, bootstrapping
P = 0.0031]. On the contrary, the individuals who participated in
other intervention tasks did not show the same pattern (i.e.,
reduced impulsivity) (all bootstrapping ps > 0.05). The mean
discount rate change in the individuals who participated in the
working memory task was larger compared with that in the
individuals who were assigned to the associative memory task in
between two ITC tasks [independent-sample t-test,
t(42) = –2.31, P = 0.026, Cohen’s d = –0.35, bootstrapping
P = 0.026]. The impact of the working memory task was not
statistically different from that of the corresponding control task
(ControlWM ; bootstrapping P = 0.11) or the resting
(bootstrapping P = 0.48). Each dot represents an individual
participant, and error bars indicate s.e.m.; *P < 0.05.

Direct comparisons between the intervention groups
showed that the reduction in delay discounting rate in the
working memory group was significantly larger than that in
the associative memory group [two-sample t-test, t(42) = 2.31,
P = 0.026, Cohen’s d = 0.35, bootstrapping P = 0.026; Figure 2].
Although trending toward the superior impact, the impact of
the working memory intervention was comparable with that
of ControlWM [t(40) = 1.65, P = 0.11, Cohen’s d = 0.25,
bootstrapping P = 0.11]and that of rest [t(42) = 0.73, P = 0.47,
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FIGURE 3

Individual performance enhancement in working memory training is associated with level of impulsivity reduction (experiment 1). (A) Change
over time in working memory task accuracy was measured to examine whether or not the individuals showed performance enhancement.
Average accuracy within each 10-trial sliding window (with 5-trial overlap) was calculated per participant. Indeed, the participants showed a
significant performance improvement over time (Pearson’s correlation r = 0.64, P = 2.97e-5). Each dot represents mean accuracy within each
window across participants, and error bars indicate s.e.m. (B) Although statistically not significant, individuals’ overall performance (i.e.,
accuracy) in the working memory task had a trend of positive correlation with the changes in their delay discounting rates (r = 0.32, P = 0.16,
bootstrapping P = 0.16). Specifically, individuals who had the highest (lowest) accuracy in the working memory task showed a relatively larger
(smaller) reduction in their estimated impulsivity (positive 1log k indicates one’s impulsivity reduction). (C) Independent of individuals’ initial
accuracy level, individuals’ speed of working memory performance enhancement (performance slope) was significantly correlated with level of
impulsivity reduction (r = 0.46, P = 0.036, bootstrapping P = 0.034). Each dot represents an individual, and solid red lines are robust regression
lines. (D) By dividing the working memory task into five bins (bin size = 1/3 of the entire task length, sliding window with 1/6 overlap), a stark
difference was observed between bins in the association between individuals’ working memory accuracy and their impulsivity reduction levels.
Particularly, individuals’ working memory task performance in the later period (fourth and fifth bins) showed strong associations with the extent
to which they make less impulsive choices in the post-intervention ITC task. *P < 0.05.

evidence suggesting that participating in a continuous attention
task has an effect on reducing individuals’ impulsivity.

association between impulsivity reduction and average working
memory performance in each quintile of the entire task
such that only the last two phases showed their significant
association (bin 1: r = 0.081, P = 0.73; bin2: r = 0.22,
P = 0.33; bin 3: r = 0.32, P = 0.16; bin 4, r = 0.57,
P = 0.0074; bin 5, r = 0.43, P = 0.051; Figure 3D). These
results suggest that independent of individuals’ initial working
memory capacity, how fast and to what extent individuals get
trained for their working memory capacity may be associated
with their behavioral preference for delayed rewards. Refer to
Supplementary Figure 3 for the correlation results between
performances in the other intervention tasks and individuals’
impulsivity changes.
There was a stark difference in individuals’ behavioral
patterns during the ControlWM task (i.e., spatial attention
task). Across the task, individuals’ task performance (accuracy)
gradually decreased (Pearson correlation, r = –0.36, P = 0.0011,
Supplementary Figure 4D); 66.67% of the participants showed
decreasing task performance over time. Given this pattern, it is
tempting to interpret the results as evidence that participants
experienced more mental fatigue over an easy and laborious
task (52) than being trained for a specific type of executive
function (e.g., selective attention). However, we cannot neglect
the alternative possible explanation that participants’ task
performance reflects a ceiling effect due to low task difficulty,
which introduces a potential bias toward finding a decrement
effect. Nevertheless, we directly examined the impact of the task
on individuals’ impulsivity and found that neither the mean
task accuracy nor the performance slope (estimated speed of
task performance change) of ControlWM was correlated with
the extent to which individuals’ delay discounting decreased
(Supplementary Figures 3d, 4e,f). Together, there was no clear
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Experiment 2
Methods
Experiment 2 was a follow-up study that was designed
to test whether or not the results from the first experiment
could be replicated. The participants were randomly assigned
to one of the three intervention tasks: the working memory
task and two control tasks. Thirty students participated in the
working memory task. For the control tasks, a comparable
number of students, whose age, sex, and education were
matched, were assigned (ControlWM : N = 30; Resting: N = 30).
Eleven participants were excluded from the analysis because
the individual-level computational model did come up with
a unique solution by MLE (refer to 2.3. Behavioral analyses).
In addition, nine participants who had discount rate estimates
larger or smaller than 3 median absolute deviations (MAD)
were excluded as outliers. After the exclusion, data from 70
participants (male/female = 41/29, age = 22.17 ± 4.08) were used
for the analyses (refer to Table 2 for demographic information
on each subgroup).

Results
In experiment 1, we observed partial evidence suggesting
that working memory enhancement may reduce individuals’
impulsivity. To further examine whether the results regarding
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TABLE 2 Demographic data for experiment 2.

Working memory
(N = 25)

ControlWM
(N = 26)

Resting
(N = 19)

Age (years)a

22.64 ± 5.53

20.77 ± 2.47

22.16 ± 2.95

Male/femaleb

13/12

15/11

13/6

Some college

16

23

14

Finished college

9

3

5

Education levelc

Five subgroups were of comparable agea [F(2, 67) = 3.37, P = 0.04], genderb [χ2 (2) = 1.21,
P = 0.55], and educationc [χ2 (2) = 4.21, P = 0.12].

the effect of working memory training on impulsivity reduction
are replicable, we conducted an additional independent
experiment where 70 participants (male/female = 41/29,
age = 22.17 ± 4.08; no overlap with experiment 1) were asked
to perform either the working memory or the spatial attention
task (ControlWM ), or to rest between two assessments of their
impulsivity. As in experiment 1, the three sub-groups showed
comparable delay discount rates [F(2, 67) = 0.35, P = 0.71,
one-way ANOVA; Figure 4], which indicates that individuals’
baseline impulsivity levels were matched across groups.
We analyzed participants’ choice data following the same
protocol used in experiment 1. Individuals’ discount rates (k)
were estimated from their behavioral choices as their impulsivity
measure, and we used 1log k as an indication of the impacts of
intervention task. First, we tested the impacts of intervention
tasks on individuals’ impulsivity reduction. Consistent with
experiment 1, we observed a significant main effect of time
[pre- vs. post- intervention; F(1, 67) = 6.81, P = 0.011], but
no significant effect of type [working memory, ControlWM , and
Rest; F(2, 67) = 0.22, P = 0.81] or interaction of time × type [F(2,
67) = 0.59, P = 0.56]. The model agnostic analyses of individuals’
choices were largely the same as the model-based results (refer
to Supplementary Figure 5 for statistical results). The results of
both experiments indicate that there is a significant repetition
effect on reducing individuals’ impulsivity, and that there is no
evidence to support the impact of intervention tasks.
Examining individuals’ impulsivity changes (changes
in discount rates) between two assessments within each
intervention group showed inconsistent patterns compared
with experiment 1. Specifically, the group who took part in
the working memory task or rested did not show a significant
effect of the intervention task [working memory: paired t-test,
t(25) = 1.37, P = 0.18, Cohen’s d = 0.27, bootstrapping P = 0.18;
rest: t(19) = 0.86, P = 0.39, Cohen’s d = 0.2, bootstrapping
P = 0.4], while the ControlWM group showed a significant
reduction in their impulsivity [t(26) = 2.07, P = 0.047, Cohen’s
d = 0.41, bootstrapping P = 0.048]. Given these inconsistencies,
one may suspect that our null results regarding the type of
intervention task are due to a lack of power. However, this
is unlikely given that the results hold consistent even when
we collapsed the data from both experiments [time: F(1,
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FIGURE 4

Impacts of the intervention tasks on reducing individuals’
impulsivity (experiment 2). In experiment 2, three types of
intervention task (working memory, ControlWM , and rest) were
tested. To examine whether each intervention had an impact on
individuals’ impulsivity, we calculated changes in individuals’
delay discount rates (k) by comparing their behavioral patterns
during the ITC task conducted before and after the intervention
task. The individuals showed significantly reduced impulsivity
after participating in the ControlWM task [paired t-test,
t(20) = 2.07, P = 0.049, Cohen’s d = 0.41, bootstrapping
P = 0.051]. On the contrary, the individuals who participated in
the other intervention tasks including the working memory task
did not show the same pattern (all bootstrapping ps > 0.05). The
mean discount rate change in individuals who participated in the
ControlWM task was not larger compared with that in individuals
with any intervention task (all bootstrapping ps > 0.05). Each dot
represents an individual participant, and error bars indicate
s.e.m.; *P < 0.05.

125) = 13.11, P = 4.25e-04; type: F(2, 125) = 0.27, P = 0.77;
time × type: F(2, 125) = 0.15, P = 0.86].
Second, we examined the association between individuals’
working memory task performances and their levels of
impulsivity reduction. Note that consistent with experiment
1, the individuals showed performance increases along the
course of the working memory task (r = 0.5, P = 0.0017;
Figure 5A). In contrast to the association observed in the
first experiment, neither the average accuracy in the working
memory task (r = –0.18, P = 0.38; Figure 5B) nor the
speed of performance improvement (r = –0.19, P = 0.35;
Figure 5C) showed a significant correlation with the change
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FIGURE 5

Individual performance enhancement in working memory training is not associated with level of impulsivity reduction (experiment 2). (A) The
participants showed a significant performance improvement in the working memory task over time (Pearson’s correlation r = 0.50, P = 0.0017).
Each dot represents mean accuracy within each window across participants, and error bars indicate s.e.m. (B) Individuals’ overall working
memory performance was not associated with changes in their delay discounting rates (r = –0.18, P = 0.38, bootstrapping P = 0.36).
(C) Individuals’ speed of working memory performance enhancement (performance slope) was not correlated with level of impulsivity reduction
(r = –0.19, P = 0.35, bootstrapping P = 0.35). Each dot represents an individual, and solid red lines are robust regression lines. (D) Over the
course of the working memory task, no significant association was observed between individuals’ working memory task accuracy and their
impulsivity reduction level; if any, there were negative trends that showed that the individuals tended to show more impulsive choices in the
post-intervention ITC task. † < 0.1.

rewards more than they used to after being enforced to
focus on episodic future thoughts (24). Given the well-known
close relationship between individuals’ health risk behaviors in
life and their impulsive choice behaviors in laboratory tasks,
we examined two potential factors that may underlie or be
related to episodic future thinking to explore and evaluate
the impacts of simple cognitive training tasks as potential
interventions in reducing individuals’ impulsivity. By training
and enhancing cognitive abilities related to each mechanism,
we expected individuals’ mental simulation to become more
fluent and, in turn, contribute to impulsivity reduction.
In contrast to our expectation, across two independent
tasks, we did not find any specific modulation effects from
either of the targeted cognitive intervention tasks. These
results may be due to the complex nature of the futureoriented thinking process that cannot be separated into
independent components. Thus, each type of intervention tested
in the current study, without being paired up with other
complementary tasks, did not have either strong or reliable
modulatory effects.
In previous studies, the impacts of working memory training
on reducing individuals’ impulsivity have been inconclusive.
Although the intervention task we tested in the current study
(i.e., Serial 7s subtraction) is not a conventional working
memory training task, it was selected to maximize the active
engagement of participants in our gamified intervention
task (60). Indeed, as we expected, most of the participants
successfully showed an increased performance across the brief
training session. However, our two independent experiments
showed mixed results regarding impulsivity reduction. Given
the short training period that our study implemented, we do not
claim that all types of working memory training are ineffective
in impulsivity reduction. Future studies may systematically
examine the dose effects of working memory enhancement on
individuals’ impulsivity reduction.

in individuals’ discount rate. Moreover, the gradual increase
in the association between task improvement and impulsivity
reduction, which we interpreted as evidence of the impact
of the intervention task, disappeared in the replication data
(Figure 5D). The association between individuals’ performances
in the ControlWM task and their impulsivity changes was also
examined, albeit the results did not provide any clear evidence
suggesting its impact on impulsivity reduction as reported in
experiment 1 (Supplementary Figures 6b, 7e,f).

Discussion
Impulsive behavioral tendency is a typical hallmark of
individuals who show health risk behaviors such as substance
use and cigarette smoking, and has been a plausible target
for interventions (12). The current study focused on two
potential cognitive factors that are closely linked to successful
future simulation and examined their impacts on modulating
individuals’ impulsivity. By conducting two independent
experiments, we found a significant reduction in individuals’
impulsivity in the second assessment compared to their
original impulsivity regardless of the type of intervention task
administered between two ITC tasks. However, there was no
consistent evidence supporting that either of the cognitive
intervention tasks has a specific and reliable impact on reducing
individuals’ impulsivity.
Mental simulation is suggested as one of the four modes of
future thinking (53), and it is broadly defined as the cognitive
construction of hypothetical scenarios or the reconstruction of
real events. As a high-level cognitive function, future thinking
is known to be crucial in planning, decision-making, and
learning (46, 54–59). Recent studies showed that future thinking
also plays an important role in evaluating temporally delayed
rewards (22, 24). Specifically, individuals preferred delayed
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results regarding the impact of working memory training did
not hold when both data sets from the two experiments
were pooled together. Second, there is a possibility that the
individuals are able to access and use a mental number line
in memorizing the place-time association. If that is the case,
it means that the associated place information is irrelevant
to the “future thinking” process required during the delay
discounting task, and this could be why the association task
did not have an impact on individuals’ impulsivity. Third, we
only examined the impacts of fixed doses of intervention tasks;
thus, we cannot completely rule out that a larger dose (longer
training and repetition) would induce significant impulsivity
reduction effects. Fourth, in contrast to the first experiment,
the second experiment was conducted during the COVID19 pandemic (experiment 1: 25 March 2019–20 May 2019;
experiment 2: 13 January 2021–19 July 2021), and individuals,
in general, are expected to be in negative mental states (e.g.,
high stress, depression, and anxiety) (71, 72). Given the close
relationship between the ongoing pandemic and health risk
behaviors (73–75), we cannot overlook the possibility that the
null effect of intervention training in the second experiment
is associated with environmental changes and accompanying
changes in mental states.
Nevertheless, the current study taps into two possible
cognitive mechanisms that are linked to future reward
simulation and evaluates their potential effectiveness in
intervening in individuals’ delay discounting behavior. Based
on the two independent experiments, no specific task among
the examined intervention tasks showed a reliable impact
on reducing individuals’ impulsivity. Although our results
do not directly inform why other previous studies using
episodic future thinking as an intervention method reported
mixed results (31, 32), our negative findings again call
attention to the importance of mechanistic understanding of
suggested cognitive training and intervention designs (76).
Rather unexpectedly, we observed a type-general impulsivity
reduction effect, which could not be explained as a simple task
learning effect. It is tempting to conclude that a simple repetition
of ITC may have “nudged” people to think (and simulate) more
about future anticipated rewards. If so, recurring examination
of individuals’ impulsivity could be the only and simplest
intervention design one needs to achieve impulsivity reduction.
However, future studies should explore more on this possibility;
how many times should the task be repeated (i.e., dose-effect)?
How long would an individual’s reduced impulsivity last? Would
this change in impulsivity being transferred to individuals’ reallife health risk behavior?
The current study leaves an open question on how to
design cognitive training paradigms that target more specific
cognitive functions for effective and efficient intervention for
individuals who have health risk problems such as obesity (77–
79), substance addiction (12, 80, 81), and pathological gambling
(13, 82). Still, the results point out once more that an individual’s

Taking two independent experimental data together,
individuals’ the reduced impulsivity observed in the current
study was not linked to a specific type of intervention task but
rather appeared as a general phenomenon. The results suggest
that our study design may be triggering cognitive and affective
mechanisms over the repeated applications of ITC tasks. Such
malleability of intertemporal choice has been documented
across various contexts (61). For example, attending to a
particular type of information (e.g., magnitude of rewards)
or updating one’s expectations based on recent experiences
are known to affect individuals’ impulsivity (62–64). In the
current study, the participants already went through entire
series of choices between delayed and immediate options before
the intervention tasks, which could have affected individuals’
expectations about the reward delays. The participants perceived
reward delays as less distant when expecting non-zero days
of delay as a new “reference” delay (64–66) in the beginning
of the second assessment and, in turn, made less impulsive
choices. We unfortunately did not collect a direct measure of
individuals’ expected delays; thus, our suggested interpretation
needs further investigation.
There are a few alternative explanations for why the
individuals showed reduced impulsivity in the second
assessment independent of the type of intervention task. First,
because the individuals already tried simulating future rewards
once, simulation of the value of delayed rewards might have
been facilitated. Previously, it has been shown that individuals
who could vividly project their previous experience into the
future showed a particularly large impulsivity reduction from
episodic future thinking (24). Our intervention tasks between
two ITC tasks lasted around 20 min, and we cannot fully rule
out the possibility that the individuals remembered their first
choices and viewed options, albeit the choice sequences were
randomized. Note that this possibility should be considered
apart from a simple practice effect, because there was no
evidence of impulsivity reduction along three repeated blocks
within each experiment [experiment 1: F(2, 581) = 1.78, P = 0.17;
experiment 2: F(2, 415) = 0.52, P = 0.6]. Second, the participants
might have felt bored or stressed out in the later stage of
the experiment. Besides cognitive context manipulations,
being under specific emotional states is also known to make
individuals more or less impulsive (67, 68). Third, letting the
individuals spend a period of time participating in the other
types of cognitive tasks (or mind wondering) might have led
them to think about thoughts unrelated to delayed rewards
and had an impact on reducing delay discounting (69, 70).
Future studies can be tailored to directly test each hypothesis
and disambiguate the mechanisms explaining why individuals’
impulsivity decreases in a repeat assessment.
The current study has some limitations that need further
investigation. First, the null results from the second experiment
might be due to the small sample size and lack of statistical
power. This is unlikely to be the main factor, because the
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tendency to act impulsively may not be a trait-like attribute that
does not change but a malleable feature that can be changed
differently depending on situated contexts [e.g., education, and
socioeconomic status of the family (83)].
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