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Abstract

The temporal decision model of procrastination has proposed that outcome value and task aversiveness are two separate
aspects accounting for procrastination. If true, the human brain is likely to implicate separate neural pathways to mediate
the effect of outcome value and task aversiveness on procrastination. Outcome value is plausibly constructed via a
hippocampus-based pathway because of the hippocampus’s unique role in episodic prospection. In contrast, task
aversiveness might be represented through an amygdala-involved pathway. In the current study, participants underwent
fMRI scanning when viewing both tasks and future outcomes, without any experimental instruction imposed. The results
revealed that outcome value increased activations in the caudate, and suppressed procrastination through a
hippocampus-caudate pathway. In contrast, task aversiveness increased activations in the anterior insula, and increased
procrastination via an amygdala–insula pathway. In sum, this study demonstrates that people can incorporate both
outcome value and task aversiveness into task valuation to decide whether to procrastinate or not; and it elucidates the
separate neural pathways via which this occurs.

Key words: amygdale–insula coupling, dual-process theory, hippocampus-striatum coupling, procrastination, task valuation

Procrastination is a stable harmful tendency within individuals,
a heritable trait across generations (Gustavson et al. 2014), and a
widespread problematic behavior across different cultures (Steel
and Ferrari 2013). This behavior consistently harms people’s
work efficiency, health, and psychological well-being (Sirois,
2007, 2015; Stead et al. 2010). A recent temporal decision model
suggests that procrastination results from devalued future out-
comes and overwhelming task aversiveness (Zhang and Feng
2020). Specifically, people are less likely to procrastinate a task

when finding its future outcome more valuable (Prévost et al.
2010), but more likely to procrastinate when finding the task
aversive (Onwuegbuzie and Collins 2001). This model regards
future outcomes and task aversiveness as two dissociable task
aspects producing procrastination. If this view is correct, the
human brain is likely to implicate separate neural pathways to
mediate their effects on procrastination.

The temporal decision model suggests that future outcomes
and task aversiveness play dissociable roles in leading to
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procrastination. Theoretically, driven by valuable future out-
comes along, people would complete a task as soon as possible.
On the contrary, in the face of task aversiveness only, people
would be reluctant to do this task forever. In realistic situations,
a task generally contains both valuable future outcomes and
task aversiveness. Thus, people choose not to do a task now but
to do it later (i.e., procrastination). As the temporal decision
model revealed, people choose to procrastinate because of
expecting higher outcome value but perceiving less task
aversiveness to do a task later than immediately (Zhang and
Feng 2020). Accordingly, people indeed expect the future self
to be more motivated by outcomes than the present self
(Steel et al. 2018). On the other hand, the present self also
perceives less aversiveness to do a task later than immediately
(Sirois and Pychyl 2013). Together, future outcomes and task
aversiveness act as two separate forces that jointly make people
procrastinate.

Despite a correlation in phenomenology (Krause and Freund
2016), distinct neural pathways might represent outcome value
and task aversiveness. The representation of future outcomes
likely relies on episodic prospection (Boyer 2008), whereas task
aversiveness is an emotional response (Bechara and Damasio
2005; Clore and Huntsinger 2007). Among episodic prospection
brain regions, hippocampus is the only one consistently
reported by studies replicating interaction between prospection
and decisions (Sasse et al. 2015; Hu et al. 2017). On the other
hand, various studies have revealed that amygdala mediates
emotional contributions to decision making, including brain
lesion studies (Gupta et al. 2011), neurons recording studies
(Jenison et al. 2011), and neuroimaging studies (Seymour
and Dolan 2008). Accordingly, Yonelinas and Ritchey (2015)
suggested that a hippocampus-centered cognitive system is
specialized for episodic representation, whereas an amygdala-
based affective system is specialized for quick emotional
processing. Hence, outcome value and task aversiveness
might be evaluated through a hippocampus-based and an
amygdala-based pathway, respectively.

Many studies suggest that the hippocampus can provide
episodic information to shape reward-related activity in the
ventral striatum, guiding goal-directed behavior (Pennartz et al.
2011). Theoretically, both future rewards and future punish-
ments could motivate task engagement (Strunk et al. 2013).
Nevertheless, the present study focuses on the neural repre-
sentation of rewarding outcomes because few tasks are moti-
vated by future punishments in the current data set. Stria-
tum codes the subjective value of a wide range of rewards
(Balleine et al. 2007; Izuma et al. 2008), including future outcomes
(Zhang et al. 2019). The representation of outcome value thus
might involve a hippocampus-striatum circuit. In line with this
proposal, a hippocampus-striatum coupling indeed increased
when episodic memory guides decisions by impacting evaluat-
ing options (Wimmer and Shohamy 2012). On the other hand,
amygdala might constitute the emotional pathway with ante-
rior insula which responds to the aversion to various stimuli
(Sarinopoulos et al. 2010; Heeren et al. 2016). Indeed, altered
amygdala–insula connections predict emotional disorders like
anxiety disorder and posttraumatic stress disorder (Rabinak
et al. 2011; Roy et al. 2013; Bebko et al. 2015; Nicholson et al. 2016).
Amygdala–insula coupling also processed emotional stimuli like
fearful faces (Fonzo et al. 2010; Gorka et al. 2015). Therefore, we
hypothesized that outcome value and task aversiveness impact
procrastination through a hippocampal-striatal pathway and an
amygdala–insula pathway, respectively.

To test these hypotheses, we measured participants’ neural
signals while freely viewing personal tasks and correspond-
ing future outcomes. Briefly, we collected personal tasks and
future outcomes, and measured ratings of outcome value, task
aversiveness, and task procrastination individually in a prescan
interview. Two days after the prescan interview, we separately
presented personalized tasks and future outcomes indicated by
verbal cues to encourage participants to construct them spon-
taneously in a functional magnetic resonance imaging (fMRI)
scanner. Using the ratings obtained in the prescan interview, we
searched neural pathways separately mediating the effects of
outcome value and task aversiveness on task procrastination.
Of note, this study also validated and features a free view-
ing method, in which participants can spontaneously generate
thoughts related to future outcomes and task aversiveness (see
Supplementary Experiment and Fig. S1). Thus, this method guar-
antees high ecological validity and allows us to investigate the
neural mechanism in an uncontaminated manner.

Materials and Methods
Participants

A total of 41 right-handed volunteers were recruited to test our
hypotheses; none of these participants reported a history of psy-
chiatric or neurological disorder. Data collection was approved
by the Institutional Review Board of a local university. All par-
ticipants provided written informed consent. Due to excessive
head movement (>2 mm or >2◦) during the fMRI acquisition,
data from five participants were excluded, leading to 36 partici-
pants (nine males, mean age = 21.1 years, SD = 1.65) in the final
analysis. The sample size was chosen to ensure adequate power
to detect an assumed medium-size effect (effect size ρ = 0.5, type
I error α = 0.05, power 1-β = 0.90) based on a G∗Power calculation,
which resulted in a minimum sample size of 34 participants.

Prescan Interview

We collected real-life tasks and outcomes and measured ratings
on outcome value, task aversiveness, and task procrastination 2
days before scanning. We choose 2 days as the interval for two
considerations. First, a 2-day interval could serve as a buffer to
diminish the potential priming effects of a prescan interview on
fMRI scanning. Second, the measures obtained in the prescan
interview would still be representative because the tasks would
not change dramatically after 2 days (Zhang and Feng 2020).
In this prescan interview, participants were asked to list self-
planned tasks (number of tasks: M = 6.46, SD = 0.77) and future
outcomes for those tasks. All participants offered only one pri-
mary future outcome for each task, and explicitly indicated
whether this future outcome was rewarding or punishing. They
also rated frequency of procrastination on a 1–5 scale (“Do
you procrastinate on this task?”: 1 = not at all; 2 = almost no;
3 = occasionally; 4 = often; 5 = always). In the current study, only
tasks with future rewarding outcomes are modeled in fMRI anal-
ysis because the number of tasks motivated by future punishing
outcomes was too small. For example, half of the participants
offered none or only one task motivated by punishing future
outcomes. We also collected task aversiveness and outcome
value to investigate neural pathways mediating their effects
on procrastination. Specifically, outcome value refers to how
desirable a rewarding outcome is when the task is completed
(or how aversive a punishing outcome is when the task is failed).
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Participants rated outcome value for each task separately on 0–
8 scales (ranging from “not at all” to “extremely”). Participants
rated task aversiveness on the question “how aversive are you
going to feel if you have to start or complete [a certain task]
within 24 h” on a 0–8 scale (0 indicates “totally neutral”, 8 indi-
cates “extremely unpleasant”) for each task. We choose “within
24 h” instead of “immediately” since participants arrived at the
lab at a different time of the day. Besides, we collected the
deadline before which the task had to be done for each task
to control its effect on procrastination (Ariely and Wertenbroch
2002).

fMRI Experiment

In an fMRI scanner, each participant viewed personalized tasks
and outcomes obtained in the prescan interview. Data were
collected via a mixed block/event-related design (see Fig. 1),
incorporating separate blocks for tasks and future outcomes.
The present study used a total of five separate runs, each lasting
6 min 6 s. A task block alternated with a future outcome block
within each run until the run ended. We balanced block order
(i.e., task block first or future outcome block first) across runs
and participants. Each specific task (in task blocks) or future
outcome (in future outcome blocks) was presented precisely
once in each block. Within each block, a cue indicating a task
(e.g., essay writing) or future outcome (e.g., a good grade) was
separately presented for a duration of 10 s in a randomized order
without repetition. The tasks and outcomes were not repeated
only within each block but were repeated between blocks. A
fixation cross was presented during the intertrial intervals (ITIs)
for 4 s (2–6) s on average. To promote free viewing of the per-
sonalized tasks and associated future outcomes, participants
were instructed to “Just think of whatever comes to mind related
to the cued words” without further constraints. After the fMRI
scanning, participants reported how many thoughts relevant to
the cued word were evoked for each task and future outcome
(from 0, indicates none, to 8, indicates extremely abundant).
According to these post measures, both the thoughts related to
tasks and future outcomes are abundant (for thoughts related
to tasks, M = 4.37, SD = 1.67; for thoughts related to outcomes,
M = 4.58, SD = 1.85).

fMRI Data Acquisition and Preprocessing

The data were acquired on a Siemens 3 T MRI system (Siemens
Magnetom Trio TIM, Erlangen, Germany) using a T2∗-weighted
echoplanar BOLD-sensitive sequence with interleaved acquisi-
tion [64 × 64; 3 × 3 mm pixels; repetition time (TR), 2000 ms;
echo time (TE), 30 ms; flip angle 90◦]. Each volume comprised
32 axial slices (3 mm slice thickness) allowing whole brain
coverage. A total of 183 volumes were acquired for each of
the five runs. Before preprocessing, the first three volumes
were discarded to allow for T1 equilibration effects. Addition-
ally, MPRAGE (magnetization-prepared rapid-acquisition gradi-
ent echo) structural images were acquired (250 × 250; 1 mm3

cubic voxels; 176 slices; TR, 1900 ms; TE, 2.52 ms; flip angle 9◦).
fMRI data were analyzed using SPM12 (http://www.fil.io

n.ucl.ac.uk/spm/software/spm12/). Preprocessing included
correction for differences in slice acquisition time, realignment,
and coregistration with the structural image. Next, the structural
images were spatially normalized to the Montreal Neurological

Institute (MNI) space and the resulting normalization param-
eters were applied to the functional images using fourth-
degree B-spline interpolation and a resolution of 3 × 3 × 3 mm
3. The images were finally smoothed using an isotropic 8 mm
full-width half-maximal Gaussian kernel.

ROI Selection

This study adopted small volume correction with predefined
spherical ROIs (radium = 10 mm) based on previous studies. We
selected a striatal ROI (MNI coordinates: x = −8, y = 10, z = 14)
coding outcome value and an insular (MNI coordinates: x = −24,
y = 22, z = 10) ROI coding task cost from (Treadway et al. 2012)
because their paradigm meets the following three conditions.
Their paradigm is sensitive to individual differences in both
negative affect and motivation for future rewards (Treadway
et al. 2009). Second, their paradigm can predict real-life indi-
vidual differences in exerting effort to pursue long-run out-
comes (a weight-loss treatment) (Mata et al. 2017). Third, their
work revealed potentially separate brain regions for coding task
aversiveness and outcome value, respectively (Treadway et al.
2012). We also selected a meta-analysis hippocampal ROI (MNI
coordinates: x = −26, y = −38, z = −10) responsible for episodic
prospection (Stawarczyk and D’Argembeau 2015), and a meta-
analysis amygdala ROI (MNI coordinates: x = −22, y = −6, z = −12)
responsible for emotional memory processing (Murty et al. 2010).
The hippocampal ROI will assist the search of the hypothesized
hippocampus-striatum pathway, while the amygdala ROI will
help the search of the amygdala–insula pathway of interest.

The current study performed small volume correction on
both cluster level and peak (voxel) level in SPM12. The cluster-
level correction controls the family-wise error (FWE) rate by
defining minimum contiguous voxel size under an initial height
threshold at some uncorrected P-value. This study chooses
P = 0.005 as the initial height threshold as many researchers
and software tools have recommended this P-value. The peak-
level correction controls the FWE rate of an ROI by imposing
a height threshold. Any voxels with a T-value higher than the
height threshold can be considered significant on the peak level.

Behavioral Data Analysis

We intend to test whether the model with both task aversiveness
and outcome value best predict task procrastination than alter-
native models. To this aim, this study implemented mixed linear
models and compared those models using the likelihood ratio
test via the lme4 package. The mixed linear model is well suited
to investigate relationships between variables (fixed effects) by
controlling higher-level group factors (random effects). Specif-
ically, we compared two models with either task aversiveness
or outcome value as a predictor with another model with both
of them as predictors. In those models, outcome value and
task aversiveness were involved as the fixed factors, while par-
ticipants and outcome type (rewards or punishments) were
involved as the random factor to control for their intraclass
differences (i.e., random intercept models).

Neuroimaging Data Analysis

We have two aims in neuroimaging data analysis. First, we
searched for striatal activations that respond to outcome value
and insular activations that respond to task aversiveness.
Second, we tested whether there are hippocampus-striatal
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Figure 1. Experimental design enabling free viewing of personalized tasks and outcomes during fMRI scanning. Free viewing encourages thinking whatever related to
cues. Verbal cues of tasks and outcomes were separately presented in a task block and a future outcome block. The order of a task block and a future outcome block

was balanced across runs and participants. Within each run, a task block and a future outcome block were presented in alternating order. In each block, tasks or future
outcomes were presented one at a time in a random order without repetition. The abundance of thoughts related to cues was measured right after scanning.

couplings and amygdala–insula couplings that support our
hypotheses.

To search for striatal (or insular) activation, we first
generated neural-contrast signals related to the presentation
of future outcomes (or aversive tasks) at a within-subject
level. Then, we looked for neural-contrast signals that are
positively associated with outcome value (or task aversiveness)
in the striatal (or insular) ROI at a between-subject level.
Specifically, we performed a mean-split on each participant’s
tasks and outcomes according to personal mean procrastination
frequency, yielding high- and low-procrastination groups. The
first-level neural-contrast signals were generated by comparing
neural signals that respond to future outcomes (or aversive
tasks) between high- and low-procrastination groups within
each participant. Then, we regressed those contrasts responding
to future outcomes (or aversive tasks) across participants
with corresponding outcome value (or task aversiveness)
difference.

To search for the hypothesized hippocampus-striatum (or
amygdala–insula) couplings, we first generated couplings with
striatum (or insula) using PPI analysis (Friston et al. 1997)
at a within-subject level. Then, we tested whether there
are hippocampus-striatum (or amygdala–insula) couplings
that support our hypothesis at a between-subject level.
Specifically, the PPI analysis revealed differences in functional
coupling with striatum (or insula) for each participant when
viewing future outcomes (or aversive tasks) between high-
and low-procrastination groups. Then, we regressed those
hippocampus-striatum (or amygdala–insula) couplings with
corresponding outcome value (or task aversiveness) difference
across participants. Next, we looked for hippocampus-striatum
(or amygdala–insula) couplings that are positively associated

with outcome value (or task aversiveness) within our hippocam-
pal (or amygdala) ROI. Finally, we examined our hypothesis
by testing the mediating role of the identified hippocampus-
striatum (or amygdala–insula) couplings between outcome
value (or task aversiveness) and procrastination.

Results
More Procrastinated Tasks Are Associated with Lower
Outcome Value but Higher Task Aversiveness

Using ratings collected in the prescan interview, we found
that increasing task procrastination was associated with
decreasing outcome value (t = −3.64, P < 0.001, CI = [−0.20, −0.06],
N = 232) and increasing task aversiveness (t = 8.47, P < 0.001,
CI = [0.21, 0.33], N = 232) (see Fig. S2). This result also survived
when the deadline was included as a covariate (for outcome
value: t = −3.50, P < 0.001, CI = [−0.17, −0.05], N = 232; for task
aversiveness: t = 6.11, P < 0.001, CI = [0.13, 0.26], N = 232). Model
comparisons also revealed that the model that involves
both outcome value and task aversiveness outperformed the
models that involve only outcome value or task aversiveness
(see Table 1), indicating that people evaluate both outcome
value and task aversiveness to form the subjective value of
a task.

We included both rewarding outcomes and punishing
outcomes in the behavioral analysis because they did not
impact procrastination differently (t = 0.50, P > 0.25, CI = [−0.13,
0.21], N = 232). Of note, the tasks motivated by punishing
outcomes were not included in fMRI analysis because few
participants reported enough tasks motivated by punishing
outcomes.
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Table 1 Model comparisons against the model which predicts procrastination with both outcome value and task aversiveness

Model �AIC �BIC R2 χ2
(1) Sig.

Outcome value + Task aversiveness 0 0 0.41 - -
Outcome value 53.67 50.54 0.09 −55.67 <0.001
Task aversiveness 10.32 7.19 0.34 −12.32 <0.001

Note: The �AIC (�BIC) is the difference in AIC (BIC) obtained by subtracting those of the model involves both outcome value and task aversiveness. Smaller AIC or BIC
indicates better performance of a model. The χ2

(1) and statistical significance (Sig.) were obtained from model comparisons against the model which involves both
outcome value and task aversiveness by the likelihood ratio test. AIC: Akaike information criterion, BIC: Bayesian information criterion.

Outcome Value Suppresses Procrastination
through a Hippocampus-Caudate Pathway

To focus on activations in the striatum, we adopted small
volume correction with the predefined striatal ROI (see ROI
selection). As we expected, a caudate cluster of striatum showed
increasing neural signals with the increase of outcome value
difference across participants (cluster level PFWE-SVC < 0.05,
peak level PFWE-SVC < 0.05, see Fig. 2a). This result supports our
hypothesis that striatum codes outcome value.

Next, we generated functional couplings with caudate
using PPI analysis (Friston et al. 1997) with the caudate as a
seed (centered at x = 6, y = 9, z = 21; with 6 mm as radius). As
expected, there were hippocampus-caudate couplings that
were positively associated with outcome value difference
across participants (cluster level PFWE-SVC = 0.05, peak level
PFWE-SVC = 0.06, see Fig. 2b). More interestingly, a mediation
analysis (Preacher & Hayes, 2008) at between-subject level
revealed the hippocampus-caudate coupling (ROI centered
at x = 26, y = −38, z = −10; with 6 mm as radius) significantly
mediated the effect of the outcome value on procrastination
(bias corrected CI = [−0.54, −0.09], N = 36; see Fig. 2c). Of note, this
mediating effect still holds up after involving task aversiveness
as a covariable (bias-corrected CI = [−0.55, −0.07]), ruling out
potential confounds of task aversiveness in the mediation
analysis. Together, these results indicated that outcome value
suppresses procrastination through a hippocampal-caudate
pathway.

Task Aversiveness Drives Procrastination through an
Amygdala–Insula Pathway

The results showed that insular signals indeed increased with
the increase of task aversiveness difference across participants
(cluster level PFWE-SVC < 0.05, peak level PFWE-SVC < 0.05, see
Fig. 3a), suggesting that task aversiveness is represented in
the anterior insula. Furthermore, we found amygdala–insula
couplings were positively associated with task aversiveness
difference across participants (cluster level PFWE-SVC = 0.08,
peak level PFWE-SVC < 0.01, see Fig. 3b). More interestingly, the
amygdala–insula coupling (ROI centered at x = −30, y = 0, z = −18;
with 6 mm as radius) indeed significantly mediated the effect of
task aversiveness on procrastination (bias-corrected CI = [0.00,
0.47], N = 36, see Fig. 3c). This mediating effect also remains after
controlling potential confounds of outcome value by involving
it as a covariable (bias-corrected CI = [0.03, 0.50]).

Of note, we also tested whether the chosen neural pathways
play a selective mediating role as hypothesized. The results
revealed that the amygdala–insula coupling cannot significantly
mediate the effects of outcome value on procrastination as the
hippocampus-caudate couplings do (bias-corrected CI = [−0.27,
0.05]). Accordingly, the hippocampus-striatum couplings cannot

take the place of the mediating role of amygdala–insula coupling
between task aversiveness and procrastination neither (bias-
corrected CI = [−0.06, 0.27]). To sum, our findings revealed two
separate neural pathways mediating the opposite effects of
outcome value and task aversiveness on procrastination.

Discussion
The present study specified the neural mechanism underlying
the representation of outcome value and task aversiveness.
Specifically, outcome value was represented in the caudate, and
it suppressed procrastination through a hippocampus-caudate
pathway. In contrast, task aversiveness was coded in the ante-
rior insula and drove procrastination through an amygdala–
insula pathway. Together, these results demonstrate that people
evaluate outcome value and task aversiveness through separate
neural pathways.

It is noteworthy that the current study adopted a free view-
ing method to reveal the neural mechanism underlying task
valuation. The free viewing method (Frankort et al. 2012) gives
no instruction on how tasks or future outcome should be eval-
uated, thus allows participants to evaluate tasks and future
outcomes in their own way (Ferguson and Bargh 2004; Papies
et al. 2007). Because the free viewing method allows partici-
pants to evaluate tasks as they prefer, it is also unbiased in
testing theories on procrastination. Supporting the temporal
decision model (Zhang and Feng 2020), the current study indi-
cates that participants spontaneously incorporated outcome
value and task aversiveness into task valuation (see Figs S1
and S2).

The current study revealed that outcome value was coded
in the caudate, and suppressed procrastination through an
increased hippocampus-caudate coupling. In line with the
role of the caudate in representing outcome value, it has been
reported that caudate is responsible for anticipation of a wide
range of rewarding outcomes (Schultz 2000; Preuschoff et al.
2006; Mizuno et al. 2008), and is also implicated in representing
outcomes with different valence (Hariri et al. 2006). Of note,
human decision-makers showed increased hippocampus-
caudate coupling when retrieving relevant memories to
simulate and evaluate future outcomes (Johnson et al. 2007;
Shadlen and Shohamy 2016). However, rats with a disrupted
hippocampal–striatum interaction were strongly biased to make
shorted-sighted choices (Abela et al. 2015). Thus, these results
suggest that the abnormalities in the parahippocampal cortex
in high procrastinators might also be related to deficits in
evaluating future outcomes (Zhang et al. 2016; Hu et al. 2018;
Liu and Feng 2018). Supporting this possibility, many studies
have confirmed that hippocampus facilitates the evaluation of
future outcomes through its role in episodic simulation (Peters
and Büchel 2010; Benoit et al. 2011; Barron et al. 2013; Lebreton
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Figure 2. Outcome value was coded in the caudate and impacted procrastination through a hippocampal-caudate pathway. a Interindividual differences in caudate

signals were positively associated with the corresponding outcome value. b The hippocampal area whose coupling with caudate is positively associated with
outcome value across participants. c The interindividual variabilities in hippocampus-caudate coupling mediated the effect of the corresponding outcome value
on procrastination. HIP = hippocampus, CAU = caudate. ∗ indicates P < 0.05, ∗∗ indicates P < 0.01, ∗∗∗ indicates P < 0.001.

et al. 2013). On the contrary, the dysfunction of hippocampus
reduced the choice of the delayed high reward in favor of the
immediately available low reward (McHugh et al. 2008; Abela
and Chudasama 2013).

In contrast, the current study suggested that task aversive-
ness was represented in the anterior insula and exacerbated
procrastination through an amygdala–insula pathway. The
amygdala–insula coupling is likely to promote procrastination
by constructing negative emotions. The anterior insular cortex
involves processing different aversive stimuli, such as disgust,
aversion, and pain (Ploghaus et al. 1999; Wicker et al. 2003;
Huettel et al. 2006). Similarly, it is suggested that amygdala
facilitates judgment and decision making by autonomically
triggering emotional responses (Bechara and Damasio, 2005;
Gupta et al. 2011). The negative emotions triggered by amygdala
enable animals to avoid threatening and aversive stimuli
(Vazdarjanova et al. 2001; Machado et al. 2009), and help humans
avoid disadvantageous options and potential money losses
(Bechara and Damasio 2005; Schlund and Cataldo 2010). Of note,
the insula and amygdala have anatomical and functional con-
nections (Baur et al. 2013). Furthermore, the amygdala–insula
coupling becomes stronger after repeated negative stimuli
(Denny et al. 2014).

This result strengthens the temporal decision model’s
emphasis that outcome value and task aversiveness act
independently to impact procrastination (Zhang and Feng 2020).
Similarly, dual-process theorists also agree that there is one
neural system responsible for rapid, parallel, and automatic
processes, whereas another relatively separate system enables
uniquely human facilities, such as hypothetical thinking, mental
simulation, and consequential decision making (Evans 2003;
Frankish 2010). In dual-process theories, task aversiveness might
be represented through the former system because emotions are
responsible for faster evaluation (Bechara and Damasio 2005;
Clore and Huntsinger 2007). In contrast, representation of future
outcome is believed to involve mental simulation, thus depends
on the latter system (Evans and Stanovich 2013; McClure and
Bickel 2014). Thus, it is reasonable for the temporal decision
model to take both outcome value and task aversiveness into
consideration when linking task value to procrastination.

One thing needs to be stressed. The present study only
revealed some possible neural pathways selectively instead of
exclusively. For example, episodic prospection involves many
brain regions, including hippocampus, media prefrontal cortex
(mPFC), para-hippocampus (PHC), medial temporal gyrus (MTG),
and posterior cingulate cortex (PCC) (Benoit and Schacter 2015;
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Figure 3. Task aversiveness was represented in the anterior insula and had an effect on procrastination through an amygdala–insula pathway. a Interindividual
differences in anterior insula signal were positively associated with corresponding task aversiveness. b The amygdala whose coupling with the insular seed is associated
with task aversiveness across participants. c The interindividual variabilities in amygdala–insula coupling mediated the effect of corresponding task aversiveness on

procrastination. AMY = amygdala, INS = insula. ∗∗ indicates P < 0.01, ∗∗∗ indicates P < 0.001.

Stawarczyk and D’Argembeau 2015). Thus, some other neu-
ral pathways might also participate in mediating the effects
of outcome value on procrastination. To test those alterna-
tive pathways, we also separately tested the mediating role of
striatal couplings with other episodic prospection brain ROIs
defined according to the same meta-analysis study (Stawar-
czyk and D’Argembeau 2015). The result showed that none
of those alternative neural pathways significantly mediate the
effect of outcome value on procrastination (see Fig. S3). These
results imply that the hippocampus might play a unique role in
the prospection-decision interaction. In line with this proposal,
many researchers believe hippocampus can provide episodic
information for evaluation and decision making (Peters and
Büchel 2011; Palombo et al. 2015; Shadlen and Shohamy 2016).
Empirical studies also confirmed that hippocampal firing rate
encodes information of delayed rewards and expected outcomes
independent sensory features (Lee et al. 2012; Wikenheiser and
Redish 2015; Masuda et al. 2020). Thus, it is worthwhile for future
studies to test the unique role of hippocampus in prospec-
tion and decision interactions, perhaps with different neural
modalities. For example, recent studies revealed that white-
matter functional connectomes could provide extra information
on cognitive abilities (Sacco et al. 2015; Li et al. 2020a) and mental

disorders besides functional coupling in brain gray-matter (Fan
et al. 2020; Li et al. 2020b).

In summary, the current study revealed that outcome value
was represented in the caudate and can suppress procrastina-
tion through a hippocampus-caudate pathway. In contrast, task
aversiveness was coded in the anterior insula and can drive pro-
crastination via an amygdala–insula pathway. Together, these
results demonstrate that people can incorporate both outcome
value and task aversiveness into task valuation through distinct
neural pathways. Thus, people should ignore neither outcome
value nor task aversiveness when intervening procrastination.
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