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Abstract

Studies of neural processes underlying delay of gratification usually focus on prefrontal net-
works related to curbing affective impulses. Here, we provide evidence for an alternative
mechanism that facilitates delaying gratification by mental orientation towards the future.
Combining continuous theta-burst stimulation (cTBS) with functional neuroimaging, we
tested how the right temporoparietal junction (rTPJ) facilitates processing of future events
and thereby promotes delay of gratification. Participants performed an intertemporal deci-
sion task and a mental time-travel task in the MRI scanner before and after receiving cTBS
over the rTPJ or the vertex (control site). rTPJ cTBS led to both stronger temporal discount-
ing for longer delays and reduced processing of future relative to past events in the mental
time-travel task. This finding suggests that the rTPJ contributes to the ability to delay gratifi-
cation by facilitating mental representation of outcomes in the future. On the neural level,
rTPJ cTBS led to a reduction in the extent to which connectivity of rTPJ with striatum
reflected the value of delayed rewards, indicating a role of rTPJ—striatum connectivity in con-
structing neural representations of future rewards. Together, our findings provide evidence
that the rTPJ is an integral part of a brain network that promotes delay of gratification by
facilitating mental orientation to future rewards.

Introduction

The ability to delay gratification—sometimes also described as patience or self-control—is
thought to be an important predictor for individual life success and health [1,2]. Deficits in
this ability are core symptoms of several psychiatric disorders, including addiction and obesity
[3,4]. Previous research on the neural basis of delaying gratification mainly focused on how
prefrontal networks may reduce affective impulses by modulating value signals in neural
reward circuits ([5-7]; but see [8,9]). However, such impulse control is difficult and prone to
fail [10], indicating the need for alternative ways of promoting the choice of delayed reward.
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We recently provided evidence for a causal link between delay of gratification in intertem-
poral decisions and neural excitability in the right temporoparietal junction (rTPJ) [11], a
brain region that is commonly associated with perspective taking in social cognition [12]. Our
finding converged with other demonstrations that rTPJ activity is increased during choice of
delayed reward [13,14] and that rTPJ cortical thickness relates statistically to delay of gratifica-
tion [15]. Thus, the rTPJ appears to be a core node of a network that facilitates delaying gratifi-
cation by enabling humans to take the perspective of their future selves. In analogy to how the
r'TPJ may promote prosocial actions by overcoming a focus on the self [16,17], this view sug-
gests that the r'TP] may reduce delay discounting by overcoming a focus on the present. This is
consistent with recent theoretical developments aiming to overcome the impulsiveness-ori-
ented standard model by emphasizing the contributions of future orientation and episodic
future thinking in delaying gratification [8,9,18-22]. In line with these theoretical assumptions,
previous neuroimaging studies linked making patient choices to activation in brain regions
involved in prospective future thinking (like anterior cingulate cortex and hippocampus) [23-
25]. However, it remains unknown as to how neural mechanisms related to the representation
of future events causally affect decision-related computations of subjective reward values
assigned to these events.

Here, we reveal the causal neural mechanisms underlying the role of the rTPJ in imple-
menting future-oriented intertemporal choice by testing 3 hypotheses: First, the role of the
r'TPJ in choosing delayed rewards relates to its more general function for evaluating future
events (Hypothesis 1). We derived this prediction from findings that rTP] activity is enhanced
when humans are shifting their mental focus to different time points in the future [26,27]. Sec-
ond, if the rTPJ strengthens the focus on future outcomes, we expect it to communicate with
brain regions encoding the value of delayed rewards (hypothesis 2). In other words, we
hypothesize that the rTP] increases delay of gratification by modulating neural value signals
that encode temporally delayed rewards in regions such as the striatum or ventromedial pre-
frontal cortex (VMPFC) [14,28-30]. Finally, we also consider the more canonical prediction
that the rTPJ may facilitate choice of delayed rewards by interacting with regions related to
impulse control during intertemporal choice, such as dorsolateral prefrontal cortex (DLPFC)
[6,31]. Finding little or no evidence for an interaction between rTPJ and DLPFC would sup-
port the notion that the rTPJ might contribute to delaying gratification by a different mecha-
nism than that instantiated by the DLPFC (hypothesis 3). To test these hypotheses, we
combined continuous theta-burst stimulation (cTBS) with functional magnetic resonance
imaging (fMRI). This allowed us to assess how disrupting r'TP] functioning with cTBS causally
changes delaying gratification, the ability to shift attention to future outcomes, as well as com-
munication between the r'TPJ and value-encoding-related or impulse-control-related brain
regions during intertemporal decision making.

Results

To test Hypothesis 1 (that r'TP] plays a causal role in choosing delayed rewards by shifting
attention of the decision maker to future outcomes), we used cTBS over either the rTP]J or the
vertex as control site in a between-group design. Before (pre-cTBS) and after (post-cTBS)
receiving cTBS, 60 participants performed an intertemporal decision task as well as a mental
time-travel task in the MRI scanner (Fig 1A). In the intertemporal decision task, participants
made choices between a smaller-sooner (SS) reward, which was fixed to 10 Swiss francs today,
and a larger-later (LL) reward, which ranged from 10 to 20 Swiss francs and was delivered
after a delay of 1 to 180 days (Fig 1B). The mental time-travel task required participants to
decide whether visually presented personal or nonpersonal events occurred in the relative
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Fig 1. Experimental design and trial structure. (A) Participants performed an intertemporal decision task and a mental time-travel task in a pre-cTBS
and a post-cTBS session in the MRI scanner. Prior to starting the post-cTBS session, participants received disruptive cTBS to either the rTPJ or the
vertex as control site (between-group design). (B) The intertemporal decision task required choices between an SS option (10 Swiss francs today) and an
LL option (10-20 Swiss francs delivered after a delay of 1-180 days). (C) In the mental time-travel task, participants judged whether personal (e.g., “my
wedding”) or nonpersonal (e.g., “first man on Mars”) events occurred in the relative past or the relative future as judged either in the present (“2017”) or
8 years in the future (“2025”). cTBS, continuous theta-burst stimulation; rTPJ, right temporoparietal junction.

https://doi.org/10.1371/journal.pbio.3000800.9001

future or relative past. In addition, participants made these judgements from the point of view
of either their current selves or their future selves in 8 years (Fig 1C). For example, the event
“submission of Master’s thesis” was in the relative future for the current self of most partici-
pants (given that we drew our sample from an undergraduate student population). By contrast,
for their future selves in 8 years, this event was likely to be in the past. If the r'TPJ promotes
delay of gratification by shifting the focus of the decision maker toward future outcomes
(hypothesis 1), we expected rTPJ disruption by cTBS to impair both delaying gratification in
intertemporal choice and judging events in the future.

Replication of rTPJ cTBS effects on intertemporal choice

Before testing Hypothesis 1, we ascertained that the new data indeed replicate our previous
findings [11] that rTP] ¢TBS increases delay discounting. We characterized the specific shape
of reward discounting across the associated temporal delay by fitting discount functions to the
choices of each participant. The generalized hyperbolic discount model (mean leave-one-out
cross-validation information criterion [LOOIC] = 75.6) explained the data better than the
one-parameter hyperbolic (mean LOOIC = 88.7) or the quasi-hyperbolic (“beta-delta”) model
(mean LOOIC = 85.9). In the winning generalized hyperbolic discount model, the steepness of
the discount function is determined by 2 parameters, a discount factor k that is more sensitive
to shorter delays, and a scaling parameter s that has been related to subjective time perception
[32] and determines the strength of discounting across time, particularly at longer delays [33].
Using nonparametric Mann-Whitney U-tests (to account for the skewed distributions of
parameters and to remove the impact of outliers), we observed no differential effects of rTP]
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Fig 2. Effects of rTPJ cTBS on intertemporal choice. (A, B) Impact of cTBS (rTP] versus vertex) on post-cTBS minus pre-cTBS differences in
parameter estimates for (A) scaling factor s and (B) discount factor k in generalized hyperbolic discounting. Boxes indicate median (in red) and
interquartile range. Black dots show individual parameter estimates. Asterisk indicates significant effect (p < 0.05, one-tailed, nonparametric Mann-
Whitney U tests. Thus, the significant difference between stimulation groups in (A) is not due to outliers). The underlying data for this Figure can be
found in S1 Data. cTBS, continuous theta-burst stimulation; rTP]J, right temporoparietal junction.

https://doi.org/10.1371/journal.pbio.3000800.g002

versus vertex cIBS effects on post-cTBS minus pre-cTBS changes in k (Z = 0.67, p = 0.33, one-
tailed, effect size r = 0.06). However, rTPJ ¢TBS increased the time-perception-related scaling
parameter s in the post-cTBS relative to the pre-cTBS session more than vertex cTBS did
(Z=1.80, p = 0.04, one-tailed, r = 0.23) (Fig 2). The cTBS effect on s was robust to correcting
for individual baseline differences by dividing post-cTBS minus pre-cTBS difference scores by
pre-cTBS baseline values (Z = 1.80, p = 0.04, one-tailed, r = 0.23). This replicates our previous
findings in which cTBS affected mainly parameters sensitive to longer delays. Moreover, as the
parameters k and s are potentially related, we assessed whether cTBS lowered also the area
under the curve (AUC) of the generalized hyperbolic discount function (which integrates the
influences of k and s on behavior). Post-cTBS minus pre-cTBS changes in AUC were signifi-
cantly more negative after rTP] cTBS compared with vertex ¢cTBS (Z = 1.97, p = 0.02, one-
tailed, r = 0.25). As smaller AUC indicates more impulsive choice behavior, this result supports
the assumption that r'TPJ disruption reduces patience. On the worse-fitting one-parameter
hyperbolic and quasi-hyperbolic models, there were no significant ¢cTBS effects on any param-
eter (all Z < 1.15, all p > 0.12, one-tailed, all r < 0.15). Also, a re-analysis of our old data set
(using the same estimation approach as for the current data set) provided converging evidence
that rTPJ cTBS increases the time-perception-related scaling parameter in generalized hyper-
bolic discounting (SI Text). Taken together, the current study is thus the third experiment pro-
viding evidence that disrupting rTPJ functioning increases delay discounting for longer delays
[11].

It is worth noting that ¢cTBS did not induce higher decision noise: For none of the previ-
ously described models did we observe significant cTBS effects on post-cTBS minus pre-cTBS
differences in inverse temperature parameters (all Z < 1.30, all p > 0.19, all r < 0.17). There
was also no evidence that participants experienced TPJ cTBS as more aversive than vertex
cTBS (#(58) < 1, p > 0.88). Thus, unspecific noise or mood effects cannot explain our finding
that the TPJ plays a causal role in promoting delay of gratification.
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rTP] ¢TBS impairs processing of future versus past events

We started our test of Hypothesis 1 by assessing cTBS effects on the mental time-travel task.
This task differentiates between events in the relative past versus relative future, between the
perspective from which events are evaluated (i.e., from one’s current or future perspective), as
well as between personal and nonpersonal types of events. Based on existent imaging data [27],
we assessed whether the rTPJ is causally involved in making such time-related judgements.

To test this hypothesis, we analyzed log-transformed response times (RTs) in the mental
time-travel task with a mixed generalized linear model (MGLM) that regressed RTs on predic-
tors for cTBS (rTPJ versus vertex), session (post-cTBS versus pre-cTBS), run (first versus sec-
ond run within a session), perspective (now versus future), event type (personal versus
nonpersonal), event time (relative past versus relative future), and all interactions between
these factors. Our analysis revealed significant main effects of perspective, event type, and
event time (all beta > 0.033, t > 2.70, p < 0.007), suggesting that participants were slower (1)
when judging events from a future relative to the current perspective, (2) for nonpersonal rela-
tive to personal events, and (3) for events in the relative future compared to the relative past.

In the vertex group, this RT slowing for relative future compared with relative past events was
reduced in the post-cTBS relative to the pre-cTBS session, presumably due to practice effects,
session x event time interaction (beta = —0.032, #(3746) = 1.98, p = 0.048). Importantly, the sig-
nificant cTBS X session X event time interaction (beta = 0.045, £(3705) = 1.96, p = 0.05) showed
that rTPJ versus vertex cTBS differentially changed the ability to judge future—relative to
past—events in the post-cTBS relative to the pre-cTBS session: compared with vertex cTBS,
r'TP] cTBS slowed responses to events in the relative future compared to the relative past (Fig
3A; we note, though, that a further MGLM selectively for the rTPJ group showed no significant
session x event time interaction (beta = 0.013, £(2021) = 0.81, p = 0.42). Moreover, the impact
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Fig 3. Effects of rTPJ cTBS on mental time traveling. (A) r'TPJ, relative to vertex, cTBS, increased the post-cTBS minus pre-cTBS difference in RT
(log-RT) for judging future relative to past events. Error bars indicate standard error of the mean. Black dots show individual parameter estimates
(based on random effects estimates). Asterisks indicate significant effects (p < 0.05). (B) Heatmap illustrating the correlation between cTBS-induced
post-cTBS minus pre-cTBS changes in the mental time-travel task (binned log-RT difference between events in the relative future and relative past) and
the intertemporal choice task (binned scaling parameter s from generalized hyperbolic discounting). Darker colors indicate a higher number of
participants in a given cell. Note that the darker colors locate primarily around the diagonal, illustrating the correlation between the cTBS effects in the
two tasks. The underlying data for this Figure can be found in S1 Data. CHF, Swiss francs; cTBS, continuous theta-burst stimulation; fMRI, functional
magnetic resonance imaging; RT, response time; rTP], right temporoparietal junction.

https://doi.org/10.1371/journal.pbio.3000800.9003
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of cTBS on future event processing tended to be more pronounced for judgements that partici-
pants made from their current than their future perspective, cTBS X session x event

time X perspective interaction (beta = —0.059, £(3949) = 1.85, p = 0.06), as well as in the first
relative to the second run of a session, cTBS X session X event time X run interaction

(beta = —0.081, (6198) = 2.54, p = 0.01). The latter finding might be explained by the waning
nature of stimulation effects. Taken together, our results show that cTBS over rTP]—relative
to vertex—both increases delay discounting at longer delays in the intertemporal decision task
and impairs the ability to process future events in the mental time-travel task.

The common effect of cTBS on both tasks already suggests that delay discounting and mak-
ing temporal judgements are implemented by a common neural network. To test this more
directly, we investigated the relation between the stimulation effects on delay discounting and
mental time-travel tasks. We found that post-cTBS minus pre-cTBS changes in the ability to
judge relative future compared with relative past events were significantly correlated with
post-cTBS minus pre-cTBS changes in the scaling parameter s from the best-fitting generalized
hyperbolic discount model, Spearman’s rtho = 0.17, p = 0.03, one-tailed (Fig 3B). That is, the
more ¢TBS made participants slower in judging relative future versus relative past events, the
more it also made them impulsive for long delays in the delay-discounting task. This relation-
ship between cTBS effects on delay discounting and temporal judgements provides further
support that the rTP] is a common neural substrate for processing future events and the dis-
counting of delayed rewards in intertemporal choice.

rTPJ-striatum interactions modulate neural value signals during
intertemporal choice

The behavioral results suggest a crucial role of the rTPJ for delaying gratification in intertem-
poral choice by strengthening the mental focus on self-related future outcomes. Hypothesis 2
posits that the rTPJ might thus communicate with regions implementing neural value signals
during intertemporal choice. To test this prediction, we first computed a generalized linear
model (GLM) that examined neural representations of the subjective value of delayed rewards,
as given by the individual discount functions based on generalized hyperbolic discounting as
the best-fitting model showing significant cTBS effects. Because previous studies found dis-
counted value of LL rewards to be represented in striatum and VMPFC [14,30,31,34], we
tested whether activation in these areas correlated with the subjective value of delayed rewards.
For this purpose, we used signals extracted from regions of interest (ROIs) for striatum and
VMPEFC pre-defined based on a recent meta-analysis of brain activity during delay-discount-
ing tasks [31] (Fig 4). As a robustness check, we also employed alternative ROIs based on a
meta-analysis on general value coding [28] and a canonical study on the neural correlates of
temporally discounted reward value [14]. We interpret cTBS effects only if they are statistically
significant for all ROI definitions. Using the striatum ROI from the delay-discounting meta-
analysis, we found the expected positive correlation between subjective LL reward value and
activation in the striatum (Z = 2.06, p = 0.04, r = 0.27) (Fig 4A), replicating previous findings
[14,30]. However, there were no significant cTBS effects on post-cTBS minus the pre-cTBS
changes in value-related activation in the striatum for any of the 3 employed ROIs (see earlier)
(all Z < 1.51, all p > 0.26, Bonferroni-corrected, all r < 0.20). VMPEC activation showed no
correlation with subjective value when using the ROI from the delay-discounting meta-analy-
sis (Z=1.41, p=0.16, r = 0.18) (Fig 4B), and there was no evidence that rTPJ (relative to ver-
tex) cTBS significantly changed post-cTBS minus pre-cTBS changes in value-related signals in
the VMPFC ROI (Z = 0.95, p = 0.68, Bonferroni-corrected, r = 0.12) nor for 2 alternative
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Fig 4. Neural encoding of delayed (future) reward value in the intertemporal decision task. Illustration of ROIs for (A) striatum

and (B) VMPFC based on [31]. We observed no cTBS effects on value-related striatum or VMPEFC activation. Boxes indicate median
(in red) and interquartile range. Black dots show individual parameter estimates. The underlying data for this Figure can be found in
S1 Data. cTBS, continuous theta-burst stimulation; LL, larger-later; ROI, region of interest; VMPFC, ventromedial prefrontal cortex.

https://doi.org/10.1371/journal.pbio.3000800.9004

definitions of the VMPFC ROI (both Z < 0.92, both p > 0.70, Bonferroni-corrected, both
r <0.12).

In addition to the ROI-based approach, we also performed exploratory whole-brain analy-
ses testing for neural correlates of discounted LL reward value in the pre-cTBS session and for
cTBS effects on post-cTBS minus pre-cTBS differences. In the pre-cTBS session, discounted
LL reward value correlated with activation in the left and right posterior parietal cortex, left
middle frontal gyrus, and left fusiform gyrus (whole-brain family-wise error corrected at
the cluster level; S1 Table). However, when testing for effects of rTP] versus vertex cTBS on
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post-cTBS minus pre-cTBS changes, there were no significant differences between rTPJ and
vertex ¢cTBS groups in any brain region, even at lenient exploratory statistical thresholds (no
significant clusters at p < 0.005, uncorrected, minimum cluster size k > 10). Thus, there was
no evidence that rTPJ ¢cTBS changed neural activation related to computations of delayed
reward values.

We next investigated the neural mechanism through which the rTPJ-mediated focus on
future outcomes may increase the value of these future events. We did so by testing whether
r'TPJ cTBS affected the communication between rTP] and areas computing value during inter-
temporal choice (Hypothesis 2), in general concordance with previous demonstrations of deci-
sion-specific changes in functional coupling of rTP] with value-related areas [17,35-37]. In a
psycho-physiological interaction (PPI) analysis, we identified areas showing rTPJ-cTBS-
induced changes in LL-value-related functional coupling with the stimulated rTPJ (using a
16-mm-diameter sphere around the rTPJ stimulation site as seed region) (PPI-1). For this
analysis, we again extracted parameter estimates from striatum and VMPFC ROIs for the PPI
interaction term (rTPJ activation multiplied with subjective LL reward value). In the striatum
ROI based on the delay-discounting meta-analysis (Fig 5A), we found that post-cTBS minus
pre-cTBS changes in LL-value-related coupling with the r'TP] were differentially affected by
r'TPJ- versus vertex-cTBS (Z = 2.47, p = 0.03, Bonferroni-corrected, r = 0.32). This interaction
arose from significantly reduced LL-value-dependent connectivity in the post-cTBS relative to
the pre-cTBS session in the r'TPJ cTBS group (Z = 2.60, p = 0.009, r = 0.34), whereas no such
difference was found for the vertex ¢cTBS group (Z < 1, p = 0.56, r = 0.08). We note that the
cTBS effects on post-cTBS minus pre-cTBS changes in TPJ-striatum connectivity were also
present in more ventral striatum ROIs coding specifically the value of delayed rewards
(Z=2.29, p = 0.04, Bonferroni-corrected, r = 0.30), and showed a trend-level effect for the gen-
eral value-coding striatum ROI [14,28] (Z = 2.12, p = 0.07, Bonferroni-corrected, r = 0.27).
Thus, rTPJ-cTBS disrupted value-related connectivity between rTPJ and striatum during inter-
temporal decisions.

A different picture emerged for connectivity between rTP] and VMPEC: we found no cTBS
effects on post-cTBS minus pre-cTBS changes in the VMPFC ROI based on the delay-dis-
counting meta-analysis (Z = 0.16, p = 1, Bonferroni-corrected, r = 0.02) nor for 2 alternative
definitions of the VMPFC ROI (both Z < 1.04, both p > 0.60, Bonferroni-corrected, both
r < 0.14) (Fig 5B). Additional exploratory whole-brain analyses provided no evidence that
other brain regions may have shown enhanced functional connectivity with rTPJ in the pre-
cTBS session (thresholded at p < 0.001, minimum cluster size k > 10, uncorrected), or that
post-cTBS minus pre-cTBS changes in rTPJ connectivity significantly differed between r'TP]
and vertex cTBS groups (52 Table). Taken together, our results support Hypothesis 2 in that
the rTP] promotes delay of gratification by communicating with brain regions that encode the
subjective value of future rewards during intertemporal choice.

rTPJ cTBS reduces value-related DLPFC activation

Next, we tested whether the rTPJ promotes delay of gratification independently of the prefron-
tal control network (Hypothesis 3). GLM-1 revealed that subjective discounted reward value
correlated with enhanced DLPFC activation in the pre-cTBS session (S1 Table), replicating
previous findings [14]. Next, we assessed cTBS effects on value-related DLPFC activation by
extracting parameter estimates of GLM-1 from a pre-defined region in DLPFC, based on the
same meta-analysis of temporal discounting [31] used for definition of all ROIs. We observed
a significant cTBS effect on post-cTBS minus pre-cTBS changes in value-related DLPFC acti-
vation (Z = 2.20, p = 0.03, r = 0.28) (Fig 6A). DLPFC activation was reduced in the post-cTBS
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relative to the pre-cTBS session after rTP] ¢TBS (Z = 1.94, p = 0.05, r = 0.35), in contrast to
after vertex cTBS (Z = 1.10, p = 0.20, r = 0.20). Similar results emerged in analyses using ROIs
based on other studies relating DLPFC to impulse control in intertemporal choice [6,38] (all
Z>1.99,all p <0.05, all r > 0.25). These findings suggest that the rTPJ implements delay of
gratification in interaction with the prefrontal control system, contrary to Hypothesis 3.
Finally, we tested for potential coupling of rTPJ with DLPFC by extracting parameter esti-
mates for the DLPFC ROI from the pre-cTBS and post-cTBS sessions of the PPI analysis
reported above (PPI-1). The two cTBS groups did not differ with regard to the changes in
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r'TPJ-DLPFC coupling between pre-cTBS and post-cTBS session for all DLPFC ROIs (all
Z < 0.70, all p > 0.48, all r < 0.07) (Fig 6B). Thus, our connectivity analyses provided little evi-
dence that rTPJ ¢TBS changed rTPJ-DLPFC connectivity.

Discussion

Forgoing short-term gratification for the sake of long-term rewards is crucial for goal-directed
behavior, a process that is commonly thought to be implemented by a prefrontal control
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network [6]. Here, we provide functional and neural evidence for a causal role of the rTPJ and
its interactions with value-coding areas in delaying gratification. Our results suggest a neural
link between delaying gratification and shifting the mental focus of decision makers to the
future: disrupting rTPJ functioning impaired both the ability to evaluate future events in the
mental time-travel task and the capacity to delay gratification (though only in the best-fitting
generalized hyperbolic discount model in which c¢TBS affected the scaling parameter related to
time perception [32]). This suggests that the rTP] might implement delay of gratification in
intertemporal choice by enabling decision makers to focus on future events. Our findings thus
reveal the causal brain networks involved in computing the subjective value of future rewards,
providing neural evidence for theoretical accounts incorporating the role of future perception
in intertemporal choices [8,9,18-22]. Previous imaging studies provided correlative evidence
for a role of anterior cingulate cortex and its interactions with hippocampus and amygdala for
future orientation in delay of gratification [23-25]. However, the link between these activa-
tions and the computation of subjective reward values remained unclear. The current results
indicate that the rTPJ may play a crucial role in this respect, by causally influencing the com-
putation of future reward values in the striatum to promote future-oriented behavior.

Our findings expand the role of the rTPJ in perspective taking, which previously has been
mainly studied in social situations [12,16,17]. By contrast, we show that the rTP] also causally
contributes to processing future events. In analogy to encoding the mental states of others in
social interactions, the rTPJ appears to be a key part of a network enabling humans to encode
future goals and desires, an essential precondition for future-oriented behavior [26,27]. More-
over, our results are at variance with imaging findings reporting no significant differences in
r'TPJ activation between processing of relative future and relative past events [26,27]. Thus, the
mental time-travel task data provide first causal evidence that shifting mental focus to the
future might in fact rely more strongly on rTPJ activation than shifting it to the past.

The idea that the rTP] strengthens the focus on future outcomes in temporal discounting
implies that the rTPJ should communicate with brain regions encoding the value of these
future outcomes. Crucially, combining ¢TBS with functional imaging allowed us to test this
prediction by identifying the neural network mechanisms by which the rTPJ orchestrates
future orientation during intertemporal choice. The observed rTPJ ¢TBS-induced reduction of
functional connectivity with the striatum, and of willingness to wait in the delay-discounting
task, provide evidence for a causal role of rTP]-striatum connectivity in delaying gratification
by enhancing the focus on future outcomes. The striatum is part of the reward processing net-
work [28,29] and thought to encode the subjective value of delayed rewards [14,30,38,39]. Our
findings therefore suggest that neural representations of future reward values are strengthened
by means of connectivity between rTPJ and value-coding brain regions, mediated by anatomi-
cal connections between rTPJ and the putamen [40].

It is worth noting that similar connectivity between rTPJ and neural reward regions oper-
ates in the domain of social decision making, where the rTPJ increases neural signals associ-
ated with decision values in strategic interactions [36,37] as well as with the value of costly
giving [17,35]. In situations in which an individual has to decide whether to share money with
others, the neural reward system may represent the value of sharing [41], while the rTP] may
allow taking the perspective of others [12]. Increased connectivity between the rTPJ and the
neural reward system during costly giving could indicate that taking the perspective of others
strengthens the value of sharing [17]. The rTP] may thus perform related computations in
intertemporal and interpersonal decision making that serve to determine and enhance the sub-
jective value of both temporally and socially more distant reward options.

While our data indicate that the rTPJ implements future-oriented behavior by communi-
cating with striatal subregions involved in value computation, the present findings also suggest
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that disrupting rTP] functioning reduces value-related brain activation in the DLPFC. In inter-
temporal choice, DLPFC is thought to implement self-control by enhancing the value of LL
relative to SS rewards in the neural value system [7,38]. Increased DLPFC activity may facili-
tate choice of delayed rewards by encoding the goal of maximizing the long-term payoff in
working memory [31,42]. It is tempting to speculate that a stronger focus on future goals and
outcomes, as implemented by rTP], may thus increase the strength of the representation of
long-term goals in DLPFC. Interestingly, we observed no stimulation effect on rTPJ-DLPFC
connectivity (contrary to value-related DLPFC activation itself), and in fact (to the best of our
knowledge) there is no evidence for direct fiber connections between rTPJ and DLPFC [40].
rTP] disruption might therefore have affected value-related DLPFC activation indirectly via
other regions involved in value processing that receive input from rTPJ, like striatum, ventro-
lateral PFC, or insula [40]. We also note that we restricted the ROI analysis to striatum,
VMPEC, and DLPFC given our a priori hypotheses for these regions, but this leaves open the
possibility that other brain regions may show cTBS effects that are not detected in our whole-
brain analysis but may still be significant in other hypothesis-guided ROI analyses. We there-
fore refrain from concluding that the tested regions are the only ones that are causally affected
by rTPJ cTBS in intertemporal choice.

The presently characterized neural mechanism implementing future orientation may also
play a role in the symptoms of psychiatric disorders with self-control deficits. Patients with
addiction, for example, show steeper temporal discounting of delayed rewards than healthy
controls, which is commonly attributed to impulse control deficits [4]. However, the evidence
for a crucial role of future orientation for delaying gratification suggests that the impulsivity
deficits in these disorders might have more than one cause. For example, smokers are tempo-
rally more present-oriented than nonsmokers [43], consistent with the view that reduced
future orientation might contribute to impulsivity in addiction as well. While previous neural
interventions in addiction mainly focused on the fronto-striatal impulse control network [44],
the rTPJ might thus provide a promising alternative target for neuromodulatory treatments of
impulsivity in addiction.

To conclude, our findings open a novel approach for increasing delay of gratification via
r'TPJ-mediated processing of personal future decision outcomes. On the neural level, this
enhanced focus on future outcomes is reflected by the rTP] communicating with neural
reward signals that encode the value of future rewards.

Materials and methods
Ethics statement

The study protocol was approved by the Research Ethics Committee of the canton of Zurich
(protocol number: 2010-0326) and conducted according to the principles expressed in the
Declaration of Helsinki. All volunteers gave written informed consent prior to their
participation.

Participants

Sixty volunteers (37 female, Mge = 23.4, SD,ge = 2.4), recruited through the local participant
pool, were randomly assigned to one of the 2 stimulation groups (rTP] or vertex). To replicate
our previous effect of rTP] cTBS on delay discounting [11], we performed a power calculation
that suggested that a minimum of 28 participants per stimulation group was needed in order
to find a significant effect (alpha = 5%, one-tailed) with a power of 80%, assuming the effect
size observed in our previous study. Participants received 110 Swiss francs for their participa-
tion and a monetary bonus that depended on their choices (see below).
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Task design

Participants performed 2 tasks in the MRI scanner: an intertemporal decision task and a men-
tal time-travel task. In the intertemporal decision task, participants chose between an SS
reward that was fixed to 10 Swiss francs today and an LL reward that ranged from 10 to 20
Swiss francs and that was delivered after a delay of 1 to 180 days. We fully crossed 9 reward lev-
els (10, 11, 12, 13, 14, 15, 16, 18, and 20 Swiss francs) with 9 different delays (1, 5, 10, 20, 40, 60,
90, 120, and 180 days), resulting in a total of 81 reward-delay combination trials (which were
presented in random order and repeated twice per session). As the amount for the SS reward
option was fixed, only the amount and delay for the LL reward were presented on the screen
above and below a central fixation cross, respectively. The offer was presented for a period of 3
seconds during which participants had to indicate their choice by pressing the left or right
response key of a scanner-compatible button box (with the assignment of keys to SS and LL
reward choices counterbalanced across participants). Once a response was made, the central
fixation cross turned red for the remaining time of the 3-second response interval. The next
trial started after a variable inter-trial interval (ITT). The minimum ITI was 1 second and was
jittered with a Poisson distribution (mean = 2 seconds, maximum = 11 seconds).

In the mental time-travel task, participants judged whether personal (e.g., “30th birthday”)
or nonpersonal (e.g., “first man on Mars”) events were either in the relative past or in the rela-
tive future. Participants had to make these judgements from the point of view of either the cur-
rent year (indicated by the cue “2017,” as data were collected in the year 2017) or 8 years in the
future (indicated by the cue “2025”). In each session, 9 events were presented per cell of the
design (personal/nonpersonal x future/past x current/future perspective) in random order,
resulting in a total of 72 events. One-half of participants pressed the left key for events in the
relative future and the right key for events in the relative past, and the other half of participants
used the inverse key-to-response assignment. As for the intertemporal decision task, partici-
pants had to provide a response during the stimulus presentation period of 3 seconds. After
each response, the central fixation cross turned red and stayed on the screen together with the
perspective cue and event for the remaining length of the decision period, followed by a vari-
able ITT of 1-11 seconds (again sampled from a Poisson distribution with mean = 2 seconds).

Procedure

Participants performed the experimental tasks in a pre-cTBS and a post-cTBS session, with
each session comprising 2 runs. One run lasted 12 minutes and included 3 mini-blocks (each
containing 27 trials) of the intertemporal decision task and 3 mini-blocks (each containing 12
trials) of the mental time-travel task in randomized order. Within each mini-block, trials were
presented in randomized order. Thus, a total of 81 trials of the intertemporal decision task and
36 trials of the mental time-travel task were presented per run.

At the end of the experiment, a single trial of the intertemporal decision task was randomly
chosen and implemented in addition to the basic payment of 110 Swiss francs. If participants
had chosen the SS option in the selected trial, they obtained the corresponding amount imme-
diately. If participants had chosen the LL option, they received the specific amount after the
corresponding temporal delay via mail.

cTBS

Participants were stimulated either over the rTPJ (30 participants) or over the vertex (30 par-
ticipants) with a standard c¢TBS protocol [45]. Participants received ¢cTBS with an MR-compat-
ible coil (Magventure MRi-B91) on the bed of the MR scanner over the coordinates identified
with Brainsight (see below). The stimulation site and coil orientation (see below) were marked
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on a latex cap fixed on the head. For cTBS, bursts of 3 stimuli at 50 Hz were repeated with a fre-
quency of 5 Hz for 40 seconds, resulting in a total of 600 pulses. Stimulation intensity was set
to 80% of the active motor threshold. Motor threshold corresponded to the lowest TMS pulse
intensity required to elicit a motor-evoked potential larger than 200 uV from the contralateral
first dorsal interosseous muscle on more than 5 out of 10 trials while the participant maintained
a contraction of about 20% maximum force [45]. The implemented cTBS protocol has been
reported to reduce the excitability of the stimulated brain region for up to 60 minutes, though
the stimulation effect decays over time [45]. Performance of the tasks in the post-cTBS session
did not take longer than 30 minutes. Accordingly, we could expect the excitability of the stimu-
lated region to be reduced during the full period of task performance in the post-cTBS session,
possibly more so at the beginning than the end of the session.

We determined stimulation sites using individual T1-weighted structural scans and Brain-
sight frameless stereotaxy (Rogue Research). In order to replicate our previous findings on the
role of the rTP] in delaying gratification [11], we used the same coordinates for stimulating the
rTPJ (MNI coordinates: x = 60, y = —58, z = 31) as in our previous study. For each participant,
we transformed the r'TP] peak coordinates into the native space of the structural scan, using
the parameter estimates for spatial normalization of the anatomical scan performed in SPM12.
As control site, we used the vertex, which was defined as the meeting point of the pre- and
post-central sulcus in the interhemispheric fissure. The cTBS coil was positioned tangentially
to the cortical surface over these sites during stimulation, with the handle pointing in a poste-
rior direction.

fMRI data acquisition and preprocessing

The study was conducted at the Laboratory for Social and Neural Systems Research (SNS lab)
at the University Hospital of Zurich. We used a 3-Tesla Philips Achieva whole-body scanner
equipped with a 32-channel head coil (Philips Medical Systems, Best, the Netherlands). The
functional images were acquired using a BOLD-T2*-weighted single-shot echo-planar imaging
(EPI) pulse sequence. The acquisition parameters were as follows: TE = 30 ms; TR = 2,438 ms;
flip angle of 75°; FOV = 240 x 216 x 119 mm?; acquisition matrix = 80 x 72; voxel size = 3 x 3
x 3 mm?; and a slice gap of 1 mm. The anatomical T1-weighted images were obtained after the
post-cTBS session using a turbo field echo (TFE) pulse sequence with a flip angle of 8°. The
acquisition matrix ranged over 228 x 227 with a field of view (FOV) of 250 x 250 mm® and a
voxel size of 1.1 x 1.1 x 0.6 mm’”.

Preprocessing was performed with SPM 12 (www.fil.ion.ucl.ac.uk/spm). The functional
images of each participant were motion corrected, unwarped, slice-timing corrected, and core-
gistered to the anatomical image. Following segmentation, we spatially normalized the data
into standard MNI space. Finally, data were smoothed with an 8-mm FWHM Gaussian kernel
and high-pass filtered (filter cutoff = 128 seconds).

Behavioral data analysis

The statistical analysis of the behavioral data was performed with Matlab R2016b (MathWorks,
Natick, MA) and IBM SPSS Statistics 22. We conducted nonparametric Mann-Whitney U
tests and MGLMs (using the mixed generalized models module) as implemented in SPSS Sta-
tistics 22. As measures of effect size, we computed r(Z/+/N) for nonparametric tests. For all
analyses, the alpha level was set to 5%. We employed one-tailed, directed tests only for the tests
that aimed to replicate our previously reported effect of rTPJ ¢TBS on temporal discounting
[11]; all other tests were two-tailed.
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In the intertemporal decision task, we analyzed choice behavior with a model-based
approach. We fitted commonly used functions capturing the discounted subjective value of
the LL reward as a function of the given delay. Specifically, we modelled choices in the decision
task with the hyperbolic discount functions (Egs 1-3):

SV, = reward,, X beta x delta®®” (quasi-hyperbolic) (1)
SV, = __rewardy, (one-parameter hyperbolic) (2)
M1 4k x delay R P
reward,; . .
SV, = (generalized hyperbolic) (3)

(1 + k x delay)’

where SV represents the discounted subjective value of the LL reward option and rewardy ;.
is the objective amount of the LL reward option. In quasi-hyperbolic discounting [46], beta
reflects present bias (intercept of the discount function at delay = 0) and delta the degree of
temporal discounting with increasing delay. In one-parameter and generalized hyperbolic dis-
counting [33], k is a parameter that determines the shape of the individual discount function
at all delays, whereas generalized hyperbolic discounting adds a scaling factor s that determines
the strength of discounting particularly at long delays and that was related to the subjective
perception of time [32].

To translate subjective values (as given by Eqs 1-3) into choice, we used a standard softmax
function:

1
1+ e Prempx(SVL=10) (4)

P(choice of LL option) =

This function captures the likelihood of choosing the LL reward option as a function of the
difference between the subjective value of the LL reward option (SVy) and the SS reward
option (which was fixed to 10 Swiss francs). The free inverse temperature parameter By, cap-
tures how strongly participants relied on this value difference, and temperature can be inter-
preted as noise. Individual parameters were estimated using a Bayesian approach (2 chains
with 4,000 samples; the first 1,000 samples were used as burn-in) based on the algorithms
implemented by the hBayesDM package in R [47]. Noninformative flat priors were used for
estimation parameters in the pre-cTBS session, whereas in the post-cTBS session we used
parameter estimates from the pre-cTBS session as priors. Because the obtained parameter esti-
mates were not normally distributed, we analyzed them with nonparametric Mann-Whitney
U tests that assessed cTBS effects (rTPJ versus vertex) on changes in parameter values from
pre-cTBS to post-cTBS session (post-cTBS minus pre-cTBS).

In the mental time-travel task, we computed an MGLM that regressed log-transformed RT's
on fixed-effect predictors for cTBS (TP] versus vertex cTBS), session (pre-cTBS versus post-
cTBS), run (first versus second run within a session), event type (personal versus non-per-
sonal), perspective (now versus future), and event time (relative past versus relative future), as
well as all interactions between these factors. The factor run was included to account for the
possibility that cTBS effects are transient and might be stronger in the first compared with the
second run after stimulation. As random effects, we modelled both participant-specific and
event-specific random intercepts as well as slopes for the within-participant predictors session,
run, event type, perspective, event time, and all interactions between these factors. Parameter
estimates and test statistics were obtained using maximume-likelihood estimation as imple-
mented in SPSS.
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Neuroimaging data analysis

To investigate how rTPJ ¢TBS modulated neural activation in the intertemporal decision and
the mental time-travel task, we used a GLM. This GLM included regressors at option presenta-
tion (collapsing over LL and SS reward choices) for the intertemporal decision task. To
determine the neural correlates of the subjective value of LL reward, these regressors were
modulated by parametric regressors capturing the trial-specific subjective value of the LL
reward option as given by the best fitting (generalized) hyperbolic discount function. More-
over, we modeled each motor response with a delta function to account for motor activity. For
the mental time-travel task, we included regressors for the 8 distinct trial types in this task (i.e.,
all combinations of the factors perspective (now versus future), event (personal versus nonper-
sonal), and relative time (relative past versus relative future). All of these regressors (except the
regressor for the motor response) entered the GLM with a duration of 3 seconds. For all mod-
els, the regressors were convolved with the canonical hemodynamic response function in
SPM. We also added 6 movement (3 translation and 3 rotation) parameters as covariates of no
interest.

For statistical analysis of the intertemporal decision task, we first computed for each partici-
pant contrasts for subjective LL reward value in the pre-cTBS session (1 for the parametric LL
reward regressor in the pre-cTBS session and 0 for all other regressors), in the post-cTBS ses-
sion (1 for the parametric LL reward regressor in the post-cTBS session and 0 for all other
regressors), and for the difference between post-cTBS and the pre-cTBS session (1 for the
parametric LL reward regressor in the post-cTBS session, —1 for the parametric LL reward
regressor in the pre-cTBS session, and 0 for all other regressors). For the mental time-travel
task, please note that the relatively low trial numbers may prevent a reliable analysis of fMRI
data. For reasons of completeness, we nevertheless computed individual contrasts reflecting
enhanced activation for events in the relative future compared to the relative past in the pre-
cTBS session, as well as the difference between post-cTBS and the pre-cTBS session. Imaging
results for this task are reported in S3 and S4 Tables, with no effect surviving correction for
multiple comparisons. For both tasks, we entered the contrast images from all participants in a
between-participant, random effects analysis to obtain statistical parametric maps.

To test the hypothesis that the rTPJ changes the computation of neural value signals in the
striatum and VMPEC, we used pre-defined ROIs based on a meta-analysis of temporal dis-
counting [31]. The striatum ROI comprised spheres with diameters of 8 mm (length of spatial
smoothing filter) around the peak coordinates in the right (x = 16, y = 2, z = 16) and left stria-
tum (x = —16, y = 14, z = 10). For the VMPFC ROI, we used an 8-mm sphere centered at x = 8,
y =49, z = 10. Based on the same meta-analysis, we also defined a ROI for the DLPFC using an
8-mm sphere around the coordinates x = 42, y = 36, and z = 26. To assess the local specificity
of our results, we employed also ROIs for striatum and VMPFC from 2 others studies, one
meta-analysis on neural value representations (striatum: x = 12, y = 6,z = —8; VMPFC: x = 0,

y =40, z = —12; [28]) and one canonical study on the neural correlates of discounted delayed
reward value (striatum: x = 12,y =1,z= -8 VMPFC: x =0,y = 41, z = 8 [14]). We extracted
parameter estimates within these ROIs using the Marsbar toolbox for SPM. Because the
assumption of normal distribution was violated for several of these extracted parameter esti-
mates (as indicated by significant Kolmogorov-Smirnov tests), we analyzed them with non-
parametric tests, but we note that the result pattern is robust to employing parametric tests. In
addition, as both the striatum and the VMPFC ROIs test the common hypothesis that rTP]
cTBS affects neural value-coding, we adjusted the alpha level for these comparisons using Bon-
ferroni correction (adjusted alpha: 0.05/2 = 0.025).
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In addition to ROI analyses, we conducted exploratory whole-brain second-level analyses
for the pre-cTBS session and the difference between post-cTBS and pre-cTBS session (using
one-sample t tests). For these analyses, we report results outside of our ROIs that survive fam-
ily-wise error corrections at the peak or cluster level (with a cluster-inducing peak-level thresh-
old of p < 0.001, uncorrected) [48]. For the figures only, we set the individual voxel threshold
to p < 0.005 with a minimal cluster extent of k > 20 voxels. Results are reported using the
MNI coordinate system.

PPI analysis

To examine how r'TPJ ¢TBS modulated the connectivity between the rTPJ and other compo-
nents of a delay of gratification-enhancing neural network, we conducted a whole-brain PPI
analysis with the r'TPJ as seed region. We defined the seed region by building a 16-mm sphere
(note that the results are robust to using an 8-mm sphere) around the coordinates of the rTP]
cTBS site (MNI coordinates: x = 60, y = —58, z = 31). To create the regressors for the PPI analy-
sis, we first extracted the average time course from the rTPJ seed region for each individual
participant (physiological regressor). The subjective value of the LL reward option on each
trial (as determined by the generalized hyperbolic discount function) served as (parametric)
psychological regressor. We then multiplied the physiological with the psychological regressor
and thereby obtained the PPI regressor, which modelled the interaction between the rTPJ time
course and the discounted LL reward value.

Next, we computed a GLM (PPI-1) that included the interaction, the physiological, and the
psychological regressors. Similar to the activation analysis, we also added onset regressors for
the different trial types in the mental time-travel task and onset regressors for choices in the
intertemporal decision task, as well as movement parameters as regressors of no interest. We
used this model to determine regions in which connectivity with the stimulated rTP] site was
modulated as a function of the subjective LL reward value levels, by calculating the corre-
sponding contrasts (1 for the PPI regressor and 0 for all other regressors) on the single-partici-
pant level. These contrasts then entered a second-level analysis to yield statistical parametric
maps with a one-sample ¢ test.

Supporting information

S1 Data. Excel spreadsheet containing, in separate sheets, the underlying numerical data
for Figure panels Figs 2A, 2B, 3A, 3B, 4A, 4B, 5A, 5B, 6A and 6B, S1, S2 and S3 Figs.
(XLSX)

S1 Fig. Figure showing results of parameter recovery tests for the current data set.
(TIFF)

S2 Fig. Figure showing results of parameter recovery tests for our previous data set.
(TIFF)

S3 Fig. Illustration of cTBS effects on value-related activity in rTPJ ROIs.
(TIFF)

S1 Text. Document containing supporting results.
(DOCX)

S1 Table. Anatomical locations correlating with discounted delayed reward value in the
pre-cTBS session.
(DOCX)

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000800  August 10, 2020 17/20


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000800.s001
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000800.s002
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000800.s003
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000800.s004
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000800.s005
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000800.s006
https://doi.org/10.1371/journal.pbio.3000800

PLOS BIOLOGY

Neural networks computing future reward values

S2 Table. Anatomical locations showing cTBS effects on functional connectivity with the
rTPJ.
(DOCX)

§3 Table. Anatomical locations correlating with events in the relative future compared to
relative past in the mental time-travel task.
(DOCX)

S4 Table. Anatomical locations for ¢cTBS effects on activation related to relative future
compared with relative past events.
(DOCX)

Acknowledgments

We are grateful to Hannes Garben and Karl Treiber for expert help with data collection.

Author Contributions

Conceptualization: Alexander Soutschek, Marius Moisa, Christian C. Ruff, Philippe N.
Tobler.

Formal analysis: Alexander Soutschek.

Investigation: Alexander Soutschek, Marius Moisa.

Methodology: Alexander Soutschek, Marius Moisa.

Writing - original draft: Alexander Soutschek, Philippe N. Tobler.

Writing - review & editing: Marius Moisa, Christian C. Ruff.

References

1. Mischel W, Shoda Y, Peake PK. The nature of adolescent competencies predicted by preschool delay
of gratification. Journal of personality and social psychology. 1988; 54(4):687-96. https://doi.org/10.
1037//0022-3514.54.4.687 PMID: 3367285.

2. Boals A, Vandellen MR, Banks JB. The relationship between self-control and health: The mediating
effect of avoidant coping. Psychol Health. 2011; 26(8):1049-62. https://doi.org/10.1080/08870446.
2010.529139 PMID: 21598180

3. Hasler G. Can the neuroeconomics revolution revolutionize psychiatry? Neurosci Biobehav Rev. 2012;
36(1):64—78. https://doi.org/10.1016/j.neubiorev.2011.04.011 PMID: 21550365.

4. Baker F, Johnson MW, Bickel WK. Delay discounting in current and never-before cigarette smokers:
similarities and differences across commodity, sign, and magnitude. Journal of abnormal psychology.
20083; 112(3):382-92. https://doi.org/10.1037/0021-843x.112.3.382 PMID: 12943017.

5. Hare TA, Camerer CF, Rangel A. Self-control in decision-making involves modulation of the vmPFC val-
uation system. Science. 2009; 324(5927):646-8. https://doi.org/10.1126/science.1168450 PMID:
19407204.

6. McClure SM, Laibson DI, Loewenstein G, Cohen JD. Separate neural systems value immediate and
delayed monetary rewards. Science. 2004; 306(5695):503—7. https://doi.org/10.1126/science.1100907
PMID: 15486304.

7. vandenBos W, Rodriguez CA, Schweitzer JB, McClure SM. Connectivity strength of dissociable
striatal tracts predict individual differences in temporal discounting. The Journal of neuroscience: the
official journal of the Society for Neuroscience. 2014; 34(31):10298-310. https://doi.org/10.1523/
JNEUROSCI.4105-13.2014 PMID: 25080591.

8. Lempert KM, Phelps EA. The Malleability of Intertemporal Choice. Trends in cognitive sciences. 2016;
20(1):64—74. https://doi.org/10.1016/j.tics.2015.09.005 PMID: 26483153

9. O’Connell G, Christakou A, Chakrabarti B. The role of simulation in intertemporal choices. Frontiers in
neuroscience. 2015; 9:94. https://doi.org/10.3389/fnins.2015.00094 PMID: 25873852

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000800  August 10, 2020 18/20


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000800.s007
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000800.s008
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000800.s009
https://doi.org/10.1037//0022-3514.54.4.687
https://doi.org/10.1037//0022-3514.54.4.687
http://www.ncbi.nlm.nih.gov/pubmed/3367285
https://doi.org/10.1080/08870446.2010.529139
https://doi.org/10.1080/08870446.2010.529139
http://www.ncbi.nlm.nih.gov/pubmed/21598180
https://doi.org/10.1016/j.neubiorev.2011.04.011
http://www.ncbi.nlm.nih.gov/pubmed/21550365
https://doi.org/10.1037/0021-843x.112.3.382
http://www.ncbi.nlm.nih.gov/pubmed/12943017
https://doi.org/10.1126/science.1168450
http://www.ncbi.nlm.nih.gov/pubmed/19407204
https://doi.org/10.1126/science.1100907
http://www.ncbi.nlm.nih.gov/pubmed/15486304
https://doi.org/10.1523/JNEUROSCI.4105-13.2014
https://doi.org/10.1523/JNEUROSCI.4105-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/25080591
https://doi.org/10.1016/j.tics.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26483153
https://doi.org/10.3389/fnins.2015.00094
http://www.ncbi.nlm.nih.gov/pubmed/25873852
https://doi.org/10.1371/journal.pbio.3000800

PLOS BIOLOGY

Neural networks computing future reward values

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Shenhav A, Botvinick MM, Cohen JD. The expected value of control: an integrative theory of anterior
cingulate cortex function. Neuron. 2013; 79(2):217—40. https://doi.org/10.1016/j.neuron.2013.07.007
PMID: 23889930

Soutschek A, Ruff CC, Strombach T, Kalenscher T, Tobler PN. Brain stimulation reveals crucial role of
overcoming self-centeredness in self-control. Science advances. 2016; 2(10):e1600992. https://doi.org/
10.1126/sciadv.1600992 PMID: 27774513.

Saxe R, Kanwisher N. People thinking about thinking people. The role of the temporo-parietal junction
in "theory of mind". Neurolmage. 2003; 19(4):1835-42. Epub 2003/09/02. https://doi.org/10.1016/
$1053-8119(03)00230-1 PMID: 12948738.

O’Connell G, Hsu CT, Christakou A, Chakrabarti B. Thinking about others and the future: Neural corre-
lates of perspective taking relate to preferences for delayed rewards. Cogn Affect Behav Neurosci.
2018; 18(1):35—-42. https://doi.org/10.3758/s13415-017-0550-8 PMID: 29134457

Kable JW, Glimcher PW. The neural correlates of subjective value during intertemporal choice. Nature
neuroscience. 2007; 10(12):1625-33. https://doi.org/10.1038/nn2007 PMID: 17982449

Pehlivanova M, Wolf DH, Sotiras A, Kaczkurkin AN, Moore TM, Ciric R, et al. Diminished Cortical Thick-
ness Is Associated with Impulsive Choice in Adolescence. The Journal of Neuroscience. 2018; 38
(10):2471-81. https://doi.org/10.1523/JNEUROSCI.2200-17.2018 PMID: 29440536

Morishima Y, Schunk D, Bruhin A, Ruff CC, Fehr E. Linking brain structure and activation in temporo-
parietal junction to explain the neurobiology of human altruism. Neuron. 2012; 75(1):73-9. https://doi.
org/10.1016/j.neuron.2012.05.021 PMID: 22794262.

Strombach T, Weber B, Hangebrauk Z, Kenning P, Karipidis Il, Tobler PN, et al. Social discounting
involves modulation of neural value signals by temporoparietal junction. Proceedings of the National
Academy of Sciences of the United States of America. 2015; 112(5):1619-24. https://doi.org/10.1073/
pnas.1414715112 PMID: 25605887

Ersner-Hershfield H, Garton MT, Ballard K, Samanez-Larkin GR, Knutson B. Don’t stop thinking about
tomorrow: Individual differences in future self-continuity account for saving. Judgment and decision
making. 2009; 4(4):280-6. PMID: 19774230

Stein JS, Wilson AG, Koffarnus MN, Daniel TO, Epstein LH, Bickel WK. Unstuck in time: episodic future
thinking reduces delay discounting and cigarette smoking. Psychopharmacology. 2016; 233(21—
22):3771-8. https://doi.org/10.1007/s00213-016-4410-y PMID: 27553824.

Daniel TO, Said M, Stanton CM, Epstein LH. Episodic future thinking reduces delay discounting and
energy intake in children. Eat Behav. 2015; 18:20—4. https://doi.org/10.1016/j.eatbeh.2015.03.006
PMID: 25863227.

Bromberg U, Lobatcheva M, Peters J. Episodic future thinking reduces temporal discounting in healthy
adolescents. PLoS ONE. 2017; 12(11):e0188079. https://doi.org/10.1371/journal.pone.0188079 PMID:
29166658

Szpunar KK, Spreng RN, Schacter DL. A taxonomy of prospection: introducing an organizational frame-
work for future-oriented cognition. Proceedings of the National Academy of Sciences of the United
States of America. 2014; 111(52):18414-21. https://doi.org/10.1073/pnas. 1417144111 PMID:
25416592

Peters J, Buchel C. Episodic future thinking reduces reward delay discounting through an enhancement
of prefrontal-mediotemporal interactions. Neuron. 2010; 66(1):138—48. https://doi.org/10.1016/j.
neuron.2010.03.026 PMID: 20399735.

Sasse LK, Peters J, Buchel C, Brassen S. Effects of prospective thinking on intertemporal choice: The
role of familiarity. Human brain mapping. 2015; 36(10):4210-21. https://doi.org/10.1002/hbm.22912
PMID: 26219923.

Ersner-Hershfield H, Wimmer GE, Knutson B. Saving for the future self: neural measures of future self-
continuity predict temporal discounting. Social cognitive and affective neuroscience. 2009; 4(1):85-92.
https://doi.org/10.1093/scan/nsn042 PMID: 19047075

Arzy S, Collette S, lonta S, Fornari E, Blanke O. Subjective mental time: the functional architecture of
projecting the self to past and future. The European journal of neuroscience. 2009; 30(10):2009-17.
https://doi.org/10.1111/j.1460-9568.2009.06974.x PMID: 19912333.

Arzy S, Molnar-Szakacs |, Blanke O. Self in time: imagined self-location influences neural activity
related to mental time travel. The Journal of neuroscience: the official journal of the Society for Neuro-
science. 2008; 28(25):6502—7. https://doi.org/10.1523/JNEUROSCI.5712-07.2008 PMID: 18562621.

Bartra O, McGuire JT, Kable JW. The valuation system: a coordinate-based meta-analysis of BOLD
fMRI experiments examining neural correlates of subjective value. Neurolmage. 2013; 76:412-27.
https://doi.org/10.1016/j.neuroimage.2013.02.063 PMID: 23507394

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000800  August 10, 2020 19/20


https://doi.org/10.1016/j.neuron.2013.07.007
http://www.ncbi.nlm.nih.gov/pubmed/23889930
https://doi.org/10.1126/sciadv.1600992
https://doi.org/10.1126/sciadv.1600992
http://www.ncbi.nlm.nih.gov/pubmed/27774513
https://doi.org/10.1016/s1053-8119%2803%2900230-1
https://doi.org/10.1016/s1053-8119%2803%2900230-1
http://www.ncbi.nlm.nih.gov/pubmed/12948738
https://doi.org/10.3758/s13415-017-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/29134457
https://doi.org/10.1038/nn2007
http://www.ncbi.nlm.nih.gov/pubmed/17982449
https://doi.org/10.1523/JNEUROSCI.2200-17.2018
http://www.ncbi.nlm.nih.gov/pubmed/29440536
https://doi.org/10.1016/j.neuron.2012.05.021
https://doi.org/10.1016/j.neuron.2012.05.021
http://www.ncbi.nlm.nih.gov/pubmed/22794262
https://doi.org/10.1073/pnas.1414715112
https://doi.org/10.1073/pnas.1414715112
http://www.ncbi.nlm.nih.gov/pubmed/25605887
http://www.ncbi.nlm.nih.gov/pubmed/19774230
https://doi.org/10.1007/s00213-016-4410-y
http://www.ncbi.nlm.nih.gov/pubmed/27553824
https://doi.org/10.1016/j.eatbeh.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25863227
https://doi.org/10.1371/journal.pone.0188079
http://www.ncbi.nlm.nih.gov/pubmed/29166658
https://doi.org/10.1073/pnas.1417144111
http://www.ncbi.nlm.nih.gov/pubmed/25416592
https://doi.org/10.1016/j.neuron.2010.03.026
https://doi.org/10.1016/j.neuron.2010.03.026
http://www.ncbi.nlm.nih.gov/pubmed/20399735
https://doi.org/10.1002/hbm.22912
http://www.ncbi.nlm.nih.gov/pubmed/26219923
https://doi.org/10.1093/scan/nsn042
http://www.ncbi.nlm.nih.gov/pubmed/19047075
https://doi.org/10.1111/j.1460-9568.2009.06974.x
http://www.ncbi.nlm.nih.gov/pubmed/19912333
https://doi.org/10.1523/JNEUROSCI.5712-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18562621
https://doi.org/10.1016/j.neuroimage.2013.02.063
http://www.ncbi.nlm.nih.gov/pubmed/23507394
https://doi.org/10.1371/journal.pbio.3000800

PLOS BIOLOGY

Neural networks computing future reward values

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Clithero JA, Rangel A. Informatic parcellation of the network involved in the computation of subjective
value. Social cognitive and affective neuroscience. 2014; 9(9):1289-302. https://doi.org/10.1093/scan/
nst106 PMID: 23887811

Kable JW, Glimcher PW. An "as soon as possible" effect in human intertemporal decision making:
behavioral evidence and neural mechanisms. Journal of neurophysiology. 2010; 103(5):2513-31.
https://doi.org/10.1152/jn.00177.2009 PMID: 20181737

Wesley MJ, Bickel WK. Remember the future Il: meta-analyses and functional overlap of working mem-
ory and delay discounting. Biol Psychiatry. 2014; 75(6):435—48. https://doi.org/10.1016/j.biopsych.
2013.08.008 PMID: 24041504

Takahashi T, Oono H, Radford MH. Psychophysics of time perception and intertemporal choice models.
Physica A: Statistical Mechanics and its Applications. 2008; 387(8—9):2066—74.

Myerson J, Green L. Discounting of Delayed Rewards—Models of Individual Choice. Journal of the
experimental analysis of behavior. 1995; 64(3):263-76. https://doi.org/10.1901/jeab.1995.64-263
PMID: 16812772

Carter RM, Meyer JR, Huettel SA. Functional neuroimaging of intertemporal choice models: A review.
Journal of Neuroscience, Psychology, and Economics. 2010; 3(1):27—45. https://doi.org/10.1037/
a0018046

Park SQ, Kahnt T, Dogan A, Strang S, Fehr E, Tobler PN. A neural link between generosity and happi-
ness. Nat Commun. 2017; 8:15964. https://doi.org/10.1038/ncomms 15964 PMID: 28696410

Hill CA, Suzuki S, Polania R, Moisa M, O’Doherty JP, Ruff CC. A causal account of the brain network
computations underlying strategic social behavior. Nature neuroscience. 2017; 20(8):1142-9. https://
doi.org/10.1038/nn.4602 PMID: 28692061.

Makwana A, Gron G, Fehr E, Hare TA. A Neural Mechanism of Strategic Social Choice under Sanction-
Induced Norm Compliance. eNeuro. 2015; 2(3). https://doi.org/10.1523/ENEURO.0066-14.2015 PMID:
26464981

Hare TA, Hakimi S, Rangel A. Activity in dIPFC and its effective connectivity to vmPFC are associated
with temporal discounting. Frontiers in neuroscience. 2014; 8:50. https://doi.org/10.3389/fnins.2014.
00050 PMID: 24672421

Gregorios-Pippas L, Tobler PN, Schultz W. Short-term temporal discounting of reward value in human
ventral striatum. Journal of neurophysiology. 2009; 101(3):1507—23. https://doi.org/10.1152/jn.90730.
2008 PMID: 19164109

Kucyi A, Moayedi M, Weissman-Fogel |, Hodaie M, Davis KD. Hemispheric asymmetry in white matter
connectivity of the temporoparietal junction with the insula and prefrontal cortex. PLoS ONE. 2012; 7(4):
e35589. https://doi.org/10.1371/journal.pone.0035589 PMID: 22536413

Soutschek A, Burke CJ, Beharelle AR, Schreiber R, Weber SC, Karipidis |1, et al. The dopaminergic
reward system underpins gender differences in social preferences. Nat Hum Behav. 2017; 1(11):819—
27. https://doi.org/10.1038/s41562-017-0226-y PMID: 31024122

Jimura K, Chushak MS, Westbrook A, Braver TS. Intertemporal Decision-Making Involves Prefrontal
Control Mechanisms Associated with Working Memory. Cereb Cortex. 2017:1-12. https://doi.org/10.
1098/cercor/bhw362 PMID: 28365777.

Sansone G, Fong GT, Hall PA, Guignard R, Beck F, Mons U, et al. Time perspective as a predictor of
smoking status: findings from the International Tobacco Control (ITC) Surveys in Scotland, France,
Germany, China, and Malaysia. Bmc Public Health. 2013; 13:346. https://doi.org/10.1186/1471-2458-
13-346 PMID: 23587205

Monterosso J, Piray P, Luo S. Neuroeconomics and the study of addiction. Biol Psychiatry. 2012; 72
(2):107—12. https://doi.org/10.1016/j.biopsych.2012.03.012 PMID: 22520343.

Huang YZ, Edwards MJ, Rounis E, Bhatia KP, Rothwell JC. Theta burst stimulation of the human motor
cortex. Neuron. 2005; 45(2):201-6. https://doi.org/10.1016/j.neuron.2004.12.033 PMID: 15664172.

Laibson D. Golden eggs and hyperbolic discounting. Q J Econ. 1997; 112(2):443-77. https://doi.org/10.
1162/003355397555253

Ahn W-Y, Haines N, Zhang L. Revealing Neurocomputational Mechanisms of Reinforcement Learning
and Decision-Making With the hBayesDM Package. Computational Psychiatry. 2017; 1:24-57. https://
doi.org/10.1162/CPSY_a_00002 PMID: 29601060

Eklund A, Nichols TE, Knutsson H. Cluster failure: Why fMRI inferences for spatial extent have inflated
false-positive rates. Proceedings of the National Academy of Sciences of the United States of America.
2016; 113(28):7900-5. https://doi.org/10.1073/pnas.1602413113 PMID: 27357684

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000800  August 10, 2020 20/20


https://doi.org/10.1093/scan/nst106
https://doi.org/10.1093/scan/nst106
http://www.ncbi.nlm.nih.gov/pubmed/23887811
https://doi.org/10.1152/jn.00177.2009
http://www.ncbi.nlm.nih.gov/pubmed/20181737
https://doi.org/10.1016/j.biopsych.2013.08.008
https://doi.org/10.1016/j.biopsych.2013.08.008
http://www.ncbi.nlm.nih.gov/pubmed/24041504
https://doi.org/10.1901/jeab.1995.64-263
http://www.ncbi.nlm.nih.gov/pubmed/16812772
https://doi.org/10.1037/a0018046
https://doi.org/10.1037/a0018046
https://doi.org/10.1038/ncomms15964
http://www.ncbi.nlm.nih.gov/pubmed/28696410
https://doi.org/10.1038/nn.4602
https://doi.org/10.1038/nn.4602
http://www.ncbi.nlm.nih.gov/pubmed/28692061
https://doi.org/10.1523/ENEURO.0066-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/26464981
https://doi.org/10.3389/fnins.2014.00050
https://doi.org/10.3389/fnins.2014.00050
http://www.ncbi.nlm.nih.gov/pubmed/24672421
https://doi.org/10.1152/jn.90730.2008
https://doi.org/10.1152/jn.90730.2008
http://www.ncbi.nlm.nih.gov/pubmed/19164109
https://doi.org/10.1371/journal.pone.0035589
http://www.ncbi.nlm.nih.gov/pubmed/22536413
https://doi.org/10.1038/s41562-017-0226-y
http://www.ncbi.nlm.nih.gov/pubmed/31024122
https://doi.org/10.1093/cercor/bhw362
https://doi.org/10.1093/cercor/bhw362
http://www.ncbi.nlm.nih.gov/pubmed/28365777
https://doi.org/10.1186/1471-2458-13-346
https://doi.org/10.1186/1471-2458-13-346
http://www.ncbi.nlm.nih.gov/pubmed/23587205
https://doi.org/10.1016/j.biopsych.2012.03.012
http://www.ncbi.nlm.nih.gov/pubmed/22520343
https://doi.org/10.1016/j.neuron.2004.12.033
http://www.ncbi.nlm.nih.gov/pubmed/15664172
https://doi.org/10.1162/003355397555253
https://doi.org/10.1162/003355397555253
https://doi.org/10.1162/CPSY%5Fa%5F00002
https://doi.org/10.1162/CPSY%5Fa%5F00002
http://www.ncbi.nlm.nih.gov/pubmed/29601060
https://doi.org/10.1073/pnas.1602413113
http://www.ncbi.nlm.nih.gov/pubmed/27357684
https://doi.org/10.1371/journal.pbio.3000800

