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Intertemporal choice involves the processes of valuation and choice. Choice is often
the result of subjective valuation, in which reward is integrated with time delay. Here,
using event-related potential (ERP) signals as temporal hallmarks, we aim to investigate
temporal dynamics of how reward interacts with time delay during a delayed discounting
task. We found that participants preferred immediate rewards when delayed rewards
were small or over long-term delays. Our ERP results suggested that the P200
component reflected an initial valuation of reward and time delay, while the frontal N2
component correlated with individual choices of immediate option of rewards. The LPP
component was modulated by the N2 component. These findings demonstrate that the
N2 component is the key component in temporal dynamics of the interaction between
reward and time valuation.

Keywords: ERP, temporal discounting, subjective value, economic decision-making, delayed discounting task

INTRODUCTION

Temporal discounting is a phenomenon in which subjective valuation of a reward declines with
delay, until the delivery of the reward is increased (Samuelson, 1937; Green and Myerson, 2004).
The delay discounting task, which involves a choice between a smaller, more immediate reward
and a larger, more delayed reward, has been used widely to investigate the underlying mechanism of
temporal discounting. A substantial amount of research has shown that individuals prefer to choose
an immediate reward rather than a delayed one, and that the value of the soonest available reward
is subjectively overvalued (Berns et al., 2007; Peters and Büchel, 2011). Temporal discounting
plays an important role in risk and impulsive decision-making, and individuals vary widely in
the rate at which they discount future rewards. These variations correlate with real-life behaviors
and clinical disorders involving self-control, such as drug abuse, gambling, and addition, and also
attention-deficit/hyperactivity disorder and Parkinson’s disease (Reynolds, 2006; Scheres et al.,
2006; Milenkova et al., 2011; Yi and Landes, 2012).

A specific network of brain regions recruited for temporal discounting has been identified in
previous neuroimaging studies. The neural mechanisms underlying temporal discounting may
involve two processing stages: valuation and choice (Peters and Büchel, 2011; Liu et al., 2012).
The valuation process involves the neural computation and representation of the subjective
values of the available decision options, and activates brain regions in ventral striatum (VS),
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orbitofrontal cortex (OFC), ventromedial prefrontal cortex
(vmPFC), and posterior cingulate cortex (PCC) (McClure et al.,
2004; Kable and Glimcher, 2007, 2010; Ballard and Knutson,
2009; Padoa-Schioppa and Cai, 2011; Liu and Feng, 2012; Liu
et al., 2012). The choice process comprises sub-processes that
include conflict monitoring, cognitive control, and prospection
that lead to and support the selection of the action. Brain regions
activated by choice include the dorsolateral prefrontal cortex
(DLPFC), anterior cingulate cortex (ACC), lateral parietal cortex,
and hippocampus (McClure et al., 2004; Kable and Glimcher,
2007; Hare et al., 2009; Peters and Büchel, 2009, 2010; Cai et al.,
2011).

Although spatial neural networks have been studied
extensively using functional magnetic resonance imaging (fMRI)
and lesion studies, little is known of the temporal dynamics
of neural activity of intertemporal choice. Previous event-
related brain potential (ERP) studies on decision-making task
showed that the frontal P200 component might reflect stimulus
evaluation and quick assessment (Potts et al., 2006). The peak
amplitudes of P200 and P300 varied, as the temporal distance
for the reward increased from 2 weeks to 50 years (He et al.,
2012). Harris et al. (2013) found evidence for top-down attention
filtering early on the decision period (150–200 ms poststimulus
onset), and value modulation later in the process (450–650 ms
poststimulus onset) (Harris et al., 2013). In our previous study
(Li et al., 2012), we found that the ERP components P200 and
N2 might be the key factors that determine the discounting
behaviors of survivors in Wenchuan earthquake during delay
discounting task.

One important issue is when objective valuation is modulated
to subjective valuation (integrated valuation) in delay discounting
decision-making, individuals should have an initial detection
and evaluation about objective values of rewards (e.g., absolute
money magnitudes or action consequences) (Nikolaev et al.,
2008; Boudreau et al., 2009; Chen et al., 2009). And, then objective
valuation might be shaped to subjective valuation when time
delays are integrated into the objective value of money rewards.
However, when and how reward and time delay interacted
remains unknown.

In the present study, we developed a modified, parametrically
orthogonalized delay discounting task (money rewards vs. time
delays) that was adapted specifically for an event-related brain
potential study. Thus, this design enabled us to investigate
the electrophysiological correlates of how the reward valuation
processes interact with the delay valuation processes. Given the
low temporal resolution of fMRI, the temporal dynamics of
neural activity of intertemporal choice can be systematically
investigated by ERP, which overcomes the temporal drawbacks
of fMRI studies. According to previous studies, the frontal
P200 component might reflect stimulus evaluation and a quick
assessment (Potts et al., 2006; Boudreau et al., 2009; Chen et al.,
2009). We predicted that small and large rewards would have
different amplitudes of the P200 component. Self-control in
decision-making could modulate valuation system (Hare et al.,
2009), frontal N2 component linked to the cognitive control
process (Folstein and Van Petten, 2008), we predicted that
objection valuation would be shaped to subjective valuation when

time delays integrate into the objective value of money rewards in
N2, P300 or later component of processing.

MATERIALS AND METHODS

Participants
A total of 34 healthy volunteers from Beijing Normal University
were recruited for this study, four subjects were excluded due to
recording errors and severe artifacts in the EEG data. Therefore,
brain activity from 30 participants (18 females; mean age
21.13± 1.88 years) was fully analyzed. All participants were right-
handed, had normal vision (with or without correction), reported
no history of affective disorders or neurological diseases, and
did not regularly use medications. All participants gave written
informed consent before the experiment, the study protocol was
approved by local ethics committee of Beijing Normal University.
All methods were carried out in accordance with the approved
protocol.

Procedures
The procedure for the task is shown in Figure 1. The participants
performed the experimental tasks in a small, sound-attenuated,
and electrically shielded room. The display of the stimuli and
acquisition of behavioral data were conducted by E-Prime
software (Version 1.1, Psychology Software Tools, Inc.) and were
presented on a CRT monitor, with an 80-Hz refresh rate. During
the task, the participants were positioned approximately 80 cm
from the computer screen.

The entire experiment comprised of 240 test trials and eight
practice trials. Participants were instructed to choose between two
monetary-gain alternatives; an immediate and smaller reward
(IS) or a later and larger reward (LL), to be obtained at
different times (e.g., now vs. 5 days later). For each set of
intertemporal alternatives, the IS-money reward was fixed to
U 50, and the delayed-money reward was randomly picked
from a predetermined series of monetary amounts: small reward
(a 20% increase compared with the IS): U 60; large reward
(a 100% increase compared with the IS): U 100. The later
time points were randomly picked from a predetermined series
of delayed periods [short term delays (S-TD): 1 day later,
3 days later, 5 days later; long term delays (L-TD): 6 months
later, 9 months later, 1 year later]. The two alternatives for
each choice were presented on either side of the screen. The
location of the immediate and delayed options were randomly
assigned (left or right) on each trial and were counterbalanced
across trials, and participants were instructed to press the “F”
key to denote a left-side choice or the “J” key to denote
a right-side choice. Participants were informed prior to the
task that they would receive actual payments based on their
choices. One of the choices the participants made was selected
at random to determine his or her payoffs. If the randomly
selected choice was an immediate reward, the participant was
paid in cash at the end of the experiment. If the randomly
selected option was a delayed reward, the participant would
receive the monetary reward at a later date determined by
the amount of delay specified in the option. Additionally, all
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FIGURE 1 | Time course of a single delay discounting trial. Each trial began with a 500-ms fixation point and was followed by the blank screen, randomized
between 400 and 800 ms. A screen displaying the stimulus presentation was then shown until the participants responded. The inter-trial interval was randomized to
between 500 and 800 ms.

methods were carried out in accordance with the approved
protocol.

EEG Recording and Analysis
Electroencephalograms (EEG) were recorded from 64 scalp
sites, using electrodes mounted on an elastic cap (NeuroScan
Inc.), with an online reference to the left mastoid. The
horizontal electrooculogram (HEOG) was recorded from two
electrodes placed laterally to the right and left eyes. The vertical
electrooculogram (VEOG) were recorded from electrodes placed
above and below the right eye. All inter-electrode impedances
were maintained below 5 k�. All signals were sampled at 500 Hz
and band-pass filtered within a 0.01–100 Hz frequency range.

During off-line analyses, all EEG signals were re-referenced
to the mean of the left and right mastoids. The EEG data
were low-pass filtered below 20 Hz (24 dB/oct). Ocular artifacts
were removed from the data using a regression procedure
implemented with Neuroscan software (Semlitsch et al., 1986).
Trials containing EEG sweeps with amplitudes exceeding
±80 µV were excluded. For each stimulus, epochs of 1000 ms
in duration, including a 200 ms pre-stimulus period used as
baseline, were extracted from the continuous EEG record.

Repeated measures analyses of variance (ANOVAs) for all
ERP components were conducted for magnitude (small reward
vs. large reward) by time delay (short-term vs. long-term delay)
as within-participants factors. An additional within-participants
factor was the electrode. Frontal P200 component was measured
as a peak amplitude within the post-stimulus time windows of
150 to 250 ms on electrodes Fz, F3, F4, FCz, FC3, and FC4.
Frontal N2 component was measured as a peak amplitude within
the post-stimulus time windows of 250 to 350 ms on electrodes
Fz, F3, F4, FCz, FC3, and FC4. P300 component was measured

as the mean amplitude during 400 to 500 ms on electrodes Pz,
P3, P4, CPz, CP3, and CP4. Left and right orbitofrontal Late
Positive Potential (LPP; mean amplitude during 500 to 700 ms)
and orbitofrontal P200 (peak amplitude during 150–250 ms)
components were measured on electrodes AF7, AF3, FP1 for
the left and AF8, AF4, FP2 for the right. These electrode sites
were chosen based on previous literature and visual inspection of
the ERP grand average waveforms for all conditions (Kok, 2001;
Polich, 2007; Folstein and Van Petten, 2008).

For all statistical analyses using SPSS version 13.0 (SPSS,
Inc., Chicago, IL, USA), the significance level was set to 0.05.
Greenhouse–Geisser correction for non-sphericity was applied
as appropriate. Post hoc tests for multiple comparisons were
corrected by Bonferroni method. Significant interactions were
analyzed by simple-effects models. Partial eta-squared was
reported to demonstrate the effect size of the statistical results.
Pearson correlations were performed between magnitudes of ERP
components. Because the percentage of immediate choices was
not normally distributed, we performed Spearman’s correlations
(non-parametric test) between magnitude of ERP components
and behavioral responses. The interrelationship among those
variables helped elaborate the functional significance of the ERP
components obtained in current study.

RESULTS

Choices of Immediate Option of Rewards
The percentages of immediate choices during the four task
conditions are shown in Figure 2. Repeated measures analyses
of variance (ANOVAs) on choices of immediate option of
rewards were conducted using the magnitude (small reward vs.
large reward) by time delay (short-term vs. long-term delay)
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FIGURE 2 | The mean percentage choice for an immediate option of
reward during the four task conditions. Error bars denote standard error
of the mean.

as within-participants factors. The results revealed a significant
main effect of money magnitude on the percentage of immediate
choices [F(1,29) = 15.827, p < 0.001, η2

p = 0.353], immediate
choices for small rewards were chosen more often than large
rewards. This indicates that participants preferred immediate
rewards (involving impulsive decisions) when delayed rewards
were small. The main effect of time delay on the percentage
of immediate choices was also significant [F(1,29) = 185.681,
p < 0.001, η2

p = 0.865], immediate choices for long-term time
delays were chosen more often than short-term time delays.
This implies that participants preferred immediate rewards
(involving impulsive decisions) over long-term delays, and that
the subjective valence of the money was discounted more severely
when money was delayed over the long-term. There was no
significant interaction between magnitude and time delay.

Mean response times (RTs) ± standard errors of the choices
were 1441 ± 151 ms (small reward S-TD), 1304 ± 137 ms
(small reward L-TD), 1268 ± 152 ms (large reward S-TD),
1271 ± 109 ms (Large reward L-TD). ANOVAs on RTs of the
choices revealed that there was no significant main effects of
magnitude [F(1,29) = 0.663, p = 0.422, η2

p = 0.023]/time delay
[F(1,29) = 0.563, p = 0.459, η2

p = 0.020], and also no significant
interaction between magnitude and time delay [F(1,29) = 0.878,
p= 0.357, η2

p = 0.030].

ERP Results
P200
Figure 3 shows the ERP waveform for the frontal P200 during
the four task conditions. A significant main effect of money
magnitude was observed on the P200 amplitude [F(1,29)= 4.915,
p = 0.035, η2

p = 0.145], in which amplitudes for large-reward

conditions were significantly greater than those for small-
reward conditions. A main effect of time delay on the P200
amplitude was also significant [F(1,29) = 5.848, p = 0.022,
η2

p = 0.168], in which amplitudes for long-term delays (involving
more impulsive decisions) were significantly greater than those
for short-term delays, and there was no significant interaction
between magnitude and time delay.

Figure 4 shows the ERP waveform for the orbitofrontal P200
during the four task conditions. ANOVAs revealed a significant
main effect of money magnitude on the right P200 amplitude
[F(1,29) = 4.664, p = 0.039, η2

p = 0.139], amplitudes during
large-reward conditions were significantly greater than those
during small-reward conditions. A main effect of time delay
on the right P200 amplitude was significant [F(1,29) = 12.662,
p = 0.001, η2

p = 0.304], and amplitudes of long-term delays
(involving more impulsive decisions) were significantly greater
than those of short-term delays with no significant interaction
between magnitude and time delay observed. There were
no significant main effects of either magnitude or time or
interaction observed for the left orbitofrontal P200 component.
There was no significant correlation between the percentages of
immediate choices and P200 peak amplitudes. This indicated
that the objective values of money and time were distinguished,
respectively.

N2
Figure 3 shows the ERP waveform for the N2 component
during the four task conditions. ANOVAs revealed a
significant main effect of time delay on the N2 amplitude
[F(1,29) = 6.859, p = 0.014, η2

p = 0.191], amplitudes for the
short-term delays (involving more non-impulsive decisions)
were significantly more negative than those for long-term
delays (involving more impulsive decisions). There was no
significant main effect of money magnitude on the N2 amplitude
[F(1,29) = 1.648, p = 0.209, η2

p = 0.054] and no significant
interaction between magnitude and time delay. This indicated
that the value of money was integrated with the value of
time.

Significant correlations were obtained between the
percentages of immediate choices and mean N2 peak amplitudes
of all conditions on FCz (r = −0.415, p = 0.011) and nearly
significant correlation on mean of all selected electrodes
(r = −0.205, p = 0.056), indicating that the N2 amplitudes over
the frontal region may predict individual’s choice. Specifically,
significant correlations were obtained between the percentages of
immediate choices and N2 peak amplitudes on Fz (r = −0.398,
p = 0.015), F3 (r = −0.322, p = 0.041), F4 (r = −0.467,
p = 0.005), FCz (r = −0.521, p = 0.002), FC3 (r = −0.36,
p = 0.025) and FC4 (r = −0.545, p = 0.001) and mean of N2
peak amplitudes of all selected electrodes (r=−0.456, p= 0.006)
for large reward L-TD; Moreover, negative correlations between
the percentages of immediate choices and N2 peak amplitudes on
FCz electrode for small reward S-TD time delays was significant
(r = −0.223, p = 0.044). The insignificance of correlation
between behavioral results and N2 peak amplitudes for the
other two task conditions might be due to limited variance
of participants’ behavioral responses for the two conditions
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FIGURE 3 | Grand-averaged ERP waveforms at the electrode Fz (A) and Pz (B) during the four task conditions. Topographic maps for the N2 (C) and
P300 (D). ERPs signals were time-locked to the stimulus presentation onset – time point = 0 on the x-axis of figures (A,B).

(mean = 0.91, SD = 0.24; mean = 0.03, SD = 0.05). There were
no other significant correlations between the percentages of
immediate choices and other ERP components.

P300
Figure 3 shows the ERP waveform for the P300 component
during the four task conditions. ANOVAs revealed a significant
main effect of time delay on the P300 amplitude [F(1,29)= 5.944,
p = 0.021, η2

p = 0.170], amplitudes for short-term delays
(involving more non-impulsive decisions) were significantly
greater than those for long-term delays (involving more
impulsive decisions). There was no significant main effect of
money magnitude on the P300 amplitude [F(1,29) = 0.522,
p = 0.476, η2

p = 0.018] and no interaction between magnitude
and time delay. There was no significant correlation between the
percentages of immediate choices and P300 amplitudes.

LPP
Figure 4 shows the ERP waveform for the left and right
LPP during the four task conditions. ANOVAs revealed a
significant main effect of time delay on the right LPP amplitude
[F(1,29) = 11.806, p = 0.002, η2

p = 0.289], amplitudes for
short-term delays (involving more non-impulsive decisions) were
significantly greater than those for long-term delays (involving
more impulsive decisions), but there was no significant main

effect of time delay on the left-LPP amplitude [F(1,29) = 0.004,
p = 0.948, η2

p < 0.001]. Main effects of magnitude on both the
left- and right-LPP amplitude were not significant, and no other
significant interaction between magnitude and time delay was
found on right- and left-LPP amplitude. There was no significant
correlation between the percentages of immediate choices and
LPP amplitudes. These results indicated that the LPP component
of decision-making during the delay discounting task showed
right hemisphere laterality.

The right-LPP amplitudes were significantly correlated with
the amplitudes of N2 component in four conditions of small
reward S-TD (r = 0.548, p = 0.002), small reward L-TD
(r = 0.590, p = 0.001), large reward S-TD (r = 0.570, p = 0.001)
and large reward L-TD (r = 0.449, p = 0.013). There was
no significant correlation between amplitudes of N2 and P300
(Figure 5). These results indicated that the right-LPP amplitude
was modulated by N2 amplitude.

DISCUSSION

In the present study, we investigated the electrophysiological
correlates of when and how reward interacted with time delay,
using a delay discounting paradigm. We found that the main
effects of time delay and reward appeared at a different time
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FIGURE 4 | Grand-averaged ERP waveforms at the orbitofrontal electrode AF7 (A) and AF8 (B) during the four task conditions. Topographic maps for
the P200 (C) and LPP (D). ERPs signals were time-locked to the stimulus presentation onset – time point = 0 on the x-axis of figures (A,B).

course during an intertemporal choice. Our findings showed
that the P200 component was associated with initial stimulus
identification and evaluation (objective valuation), while the
frontal N2 component was correlated individual difference of
choice that associated with subjective valuation. Further, the
right orbitofrontal LPP component might be related to further
valuation that modulated by N2 component.

Behavioral results indicate that participants preferred
immediate rewards (involving impulsive decisions) when
rewards were small, or over long-term delays. The results are
consistent with previous studies (Frederick et al., 2002; Berns
et al., 2007). This suggests that subjective values of small rewards
are discounted more quickly than large rewards, and subjective
value of the money is discounted more severely when delayed
over the long-term.

The frontal and orbitofrontal P200 component showed a
significant main effect of both time delay and reward but no
other interaction between them (Figures 3 and 4). This result
indicates that the subjects detected the initial objective value of
money magnitude and time, respectively, but did not integrate
these factors. Previous ERP studies on cognition and decision-
making showed that the frontal P200 component might reflect
stimulus evaluation and a quick assessment (Potts et al., 2006;
Nikolaev et al., 2008; Boudreau et al., 2009; Chen et al., 2009).

The probable sources of the frontal P200 component might
be the mesotelencephalic dopamine reward system and medial
frontal cortex for the identification of task-relevant perceptual
representations (Potts et al., 2006). Consistent with those studies,
our results suggest that in the early stage valuations of both
time delays and money rewards are specifically distinguished.
Our findings are also consistent with single valuation account, in
which Kable argued that a single neural system (i.e., medial PFC,
VS, or PCC) represents the value of all rewards regardless of delay
(Kable and Glimcher, 2007, 2010).

After the initial objective valuation was processed in
P200 stage, the significant main effect of money magnitude
disappeared in the N2 component. And N2 component was
specifically correlated with individuals’ differences of choices.
Our findings indicate that N2 component is the key component
in time course of interaction between time delay and reward
valuation. In this stage, the objective valuation of money
magnitude is then integrated with time delay, and that the
objective valuation of time delay is also integrated with money
rewards. This integration of reward and time may give rise
to a new subjective valuation, which could be modulated by
other cognitive processes, such as self-control and projection
(Hare et al., 2009; MacKillop et al., 2011; Peters, 2011). N2 peak
amplitudes in brain electrophysiological activities may be one
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FIGURE 5 | Correlations between the N2 and the LPP, P300. The right-LPP amplitudes were significantly correlated with the amplitudes of N2 in small reward
S-TD, small reward L-TD, large reward S-TD, and large reward L-TD conditions. There was no significant correlation between amplitudes of N2 and P300.

of key biomarkers of impulsivity and predictors of individual’s
intertemporal choices.

The P300 component is one of the most frequently studied
components of ERPs. The P300 and P300-related late activity
in ERP studies are typically regarded as a measure to
investigate various cognitive processes, processing capacity and
mental workload (Kok, 2001; Polich, 2007). Advanced cognitive
processes (i.e., evaluation and stimulus categorization, memory
encoding and updating, making decisions under complex social
context) are embodied in the P300 or late positive component
(Chen et al., 2009; Paynter et al., 2009; Beste et al., 2012;
Mathes et al., 2012). In this study, our results found that
the P300 amplitudes of S-TD (involving more non-impulsive
decisions) were significantly larger than those of L-TD (involving
more impulsive decisions), suggesting that more attentional
and controlled cognitive processing resources are required for
cost-benefit evaluation and computation that eventually favor
non-impulsive decisions. Moreover, larger P300 amplitudes for
non-impulsive decisions may involve more future projection
memory processing. These results are consistent with fMRI
studies that reported decisions for delayed rewards involve more
controlled cognitive processes (greater relative fronto-parietal
activity; McClure et al., 2004) and future-minded memory
thinking (Peters and Büchel, 2010).

The orbitofrontal LPP component is modulated by N2
component, one possible source of this component is OFC.
An overwhelming amount of evidence has shown that the

OFC plays a fundamental role in value-based decision-making
(Tremblay and Schultz, 1999; Padoa-Schioppa and Assad, 2006;
Schoenbaum et al., 2006; Burke et al., 2008; Jones et al., 2012).
Neurons of the OFC in many species, including rats, monkeys
and humans, encode the preferred value of outcomes and actions
(Cai et al., 2011; Peters and Büchel, 2011). Concordantly, many
cross-species lesion studies have revealed that damage to the
OFC impairs various aspects of valued-based decision-making
(Padoa-Schioppa and Cai, 2011; Wallis, 2012). Harris et al. (2013)
found evidence for value modulation later in the process (450–
650 ms poststimulus onset). This study also revealed significant
causal connectivity from DLPFC to vmPFC from 500 to 650 ms,
suggesting that later valuation was modulated by DLPFC (Harris
et al., 2013). Our results are consistent with previous studies
which showed that later valuation in the process may be
modulated by early component.

Although we found a robust difference in effects of the ERP
components between the left and right orbitofrontal region,
both the orbitofrontal P200 and LPP showed an obvious right
orbitofrontal laterality. We do not think the right laterality is
due to experimental design, because the location of immediate
and delayed options were randomly assigned (left or right) on
each trial, and participants’ responses were also counterbalanced.
The specific functional role of the right OFC in intertemporal
choice or value-based decision-making remains unclear. The
findings on the right OFC have been equivocal. Zatorre et al.
(1992) reported that the human brain favored the right OFC
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area for olfactory processing (Zatorre et al., 1992). Since then,
others have demonstrated that the right posterior medial OFC
involved particularly in the processing of negative outcomes of
action (Szatkowska et al., 2011), such as decisions involving
eating behavior. Woolley et al. (2007) reported that binge eating
could occur despite reported satiety and might be associated
with damage to the right side of the orbitofrontal-insular-
striatal circuit in humans (Woolley et al., 2007). Whereas Suda
et al. (2010) reported that eating behavior problems could be
correlated with the left OFC (Suda et al., 2010). There have
been very few studies of lesions to the right OFC on value-based
decision-making. Further studies should focus on the functional
specificity of the right OFC on value-based decision-making, and
how this may be altered when this region is lesioned.

To sum up, in the current study, we used a delayed
discounting task to investigate temporal dynamics of how
reward interacts with time delay. The behavioral results found
that that participants preferred immediate rewards (involving
impulsive decisions) when delayed rewards were small or over
long-term delays. The ERP results manifested that frontal and
orbitofrontal P200 components reflected an initial valuation
of the stimulus and a quick assessment that might involve
the mesotelencephalic dopamine reward system and the medial
frontal cortex. The frontal N2 component correlated with
individual choices of immediate option of rewards. The LPP

component was modulated by the N2 component. These
findings extend knowledge about the temporal processing
of intertemporal decision-making, and indicate that the N2
component is the key component in temporal dynamics of the
interaction between reward and time valuation.

AUTHOR CONTRIBUTIONS

Conceived and designed the experiments: D-YG and J-ZL.
Performed the experiments: D-YG and J-ZL. Analyzed the
data: D-YG and XL. Wrote the manuscript: D-YG and J-ZL.
Contributed materials and analysis tools: XL and Y-jL. Provided
lab equipment for running the study: XL and Y-jL.

ACKNOWLEDGMENTS

This research was supported by the National Natural Science
Foundation of China (31530031, 81471376), China Postdoctoral
Science Foundation (No.20100480224). The funders had no role
in study design, data collection and analysis, decision to publish,
or preparation of the manuscript. The authors thank Tianli Chen,
Tian Gan, and Boqi Du for help with data acquisition, also thank
Tian Gan and Tingting Wu for data analysis.

REFERENCES
Ballard, K., and Knutson, B. (2009). Dissociable neural representations of future

reward magnitude and delay during temporal discounting. Neuroimage 45,
143–150. doi: 10.1016/j.neuroimage.2008.11.004

Berns, G. S., Laibson, D., and Loewenstein, G. (2007). Intertemporal choice–
toward an integrative framework. Trends Cogn. Sci. 11, 482–488. doi:
10.1016/j.tics.2007.08.011

Beste, C., Ness, V., Lukas, C., Hoffmann, R., Stuwe, S., Falkenstein, M., et al. (2012).
Mechanisms mediating parallel action monitoring in fronto-striatal circuits.
Neuroimage 62, 137–146. doi: 10.1016/j.neuroimage.2012.05.019

Boudreau, C., McCubbins, M. D., and Coulson, S. (2009). Knowing when to
trust others: an ERP study of decision making after receiving information
from unknown people. Soc. Cogn. Affect. Neurosci. 4, 23–34. doi:
10.1093/scan/nsn034

Burke, K. A., Franz, T. M., Miller, D. N., and Schoenbaum, G. (2008). The role of
the orbitofrontal cortex in the pursuit of happiness and more specific rewards.
Nature 454, 340–344. doi: 10.1038/nature06993

Cai, X., Kim, S., and Lee, D. (2011). Heterogeneous coding of temporally
discounted values in the dorsal and ventral striatum during intertemporal
choice. Neuron 69, 170–182. doi: 10.1016/j.neuron.2010.11.041

Chen, P., Qiu, J., Li, H., and Zhang, Q. (2009). Spatiotemporal cortical activation
underlying dilemma decision-making: an event-related potential study. Biol.
Psychol. 82, 111–115. doi: 10.1016/j.biopsycho.2009.06.007

Folstein, J. R., and Van Petten, C. (2008). Influence of cognitive control and
mismatch on the N2 component of the ERP: a review. Psychophysiology 45,
152–170. doi: 10.1111/j.1469-8986.2007.00602.x

Frederick, S., Loewenstein, G., and O’Donoghue, T. (2002). Time discounting and
time preference: a critical review. J. Econ. Lit. 40, 351–401. doi: 10.3758/s13423-
015-0879-3

Green, L., and Myerson, J. (2004). A discounting framework for choice
with delayed and probabilistic rewards. Psychol. Bull. 130, 769–792. doi:
10.1037/0033-2909.130.5.769

Hare, T. A., Camerer, C. F., and Rangel, A. (2009). Self-control in decision-making
involves modulation of the vmPFC valuation system. Science 324, 646–648. doi:
10.1126/science.1168450

Harris, A., Hare, T., and Rangel, A. (2013). Temporally dissociable mechanisms of
self-control: early attentional filtering versus late value modulation. J. Neurosci.
33, 18917–18931. doi: 10.1523/JNEUROSCI.5816-12.2013

He, J. M., Huang, X. T., Yuan, H., and Chen, Y. G. (2012). Neural activity in relation
to temporal distance: differences in past and future temporal discounting.
Conscious. Cogn. 21, 1662–1672. doi: 10.1016/j.concog.2012.08.006

Jones, J. L., Esber, G. R., McDannald, M. A., Gruber, A. J., Hernandez, A.,
Mirenzi, A., et al. (2012). Orbitofrontal cortex supports behavior and
learning using inferred but not cached values. Science 338, 953–956. doi:
10.1126/science.1227489

Kable, J. W., and Glimcher, P. W. (2007). The neural correlates of subjective
value during intertemporal choice. Nat. Neurosci. 10, 1625–1633. doi:
10.1038/nn2007

Kable, J. W., and Glimcher, P. W. (2010). An “As Soon As Possible” effect in human
intertemporal decision making: behavioral evidence and neural mechanisms.
J. Neurophysiol. 103, 2513–2531. doi: 10.1152/jn.00177.2009

Kok, A. (2001). On the utility of P3 amplitude as a measure of processing capacity.
Psychophysiology 38, 557–577. doi: 10.1017/S0048577201990559

Li, J. Z., Gui, D. Y., Feng, C. L., Wang, W. Z., Du, B. Q., Gan, T., et al. (2012).
Victims’ time discounting 2.5 years after the Wenchuan earthquake: an ERP
study. PLoS ONE 7:e40316. doi: 10.1371/journal.pone.0040316

Liu, L., and Feng, T. (2012). The neural predictors of choice
preference in intertemporal choice. Brain Res. 1436, 92–100. doi:
10.1016/j.brainres.2011.12.018

Liu, L., Feng, T., Wang, J., and Li, H. (2012). The neural dissociation of subjective
valuation from choice processes in intertemporal choice. Behav. Brain Res. 231,
40–47. doi: 10.1016/j.bbr.2012.02.045

MacKillop, J., Amlung, M., Few, L., Ray, L., Sweet, L., and Munafò, M.
(2011). Delayed reward discounting and addictive behavior: a meta-
analysis. Psychopharmacology 216, 305–321. doi: 10.1007/s00213-011-
2229-0

Mathes, B., Schmiedt, J., Schmiedt-Fehr, C., Pantelis, C., and Basar-Eroglu, C.
(2012). New rather than old? For working memory tasks with abstract
patterns the P3 and the single-trial delta response are larger for modified
than identical probe stimuli. Psychophysiology 49, 920–932. doi: 10.1111/j.1469-
8986.2012.01372.x

Frontiers in Psychology | www.frontiersin.org 8 October 2016 | Volume 7 | Article 1526

http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive


fpsyg-07-01526 October 12, 2016 Time: 16:45 # 9

Gui et al. Temporal Dynamics during Intertemporal Choice

McClure, S. M., Laibson, D. I., Loewenstein, G., and Cohen, J. D. (2004). Separate
neural systems value immediate and delayed monetary rewards. Science 306,
503–507. doi: 10.1126/science.1100907

Milenkova, M., Mohammadi, B., Kollewe, K., Schrader, C., Fellbrich, A.,
Wittfoth, M., et al. (2011). Intertemporal choice in Parkinson’s disease. Mov.
Disord. 26, 2004–2010. doi: 10.1002/mds.23756

Nikolaev, A. R., Ziessler, M., Dimova, K., and van Leeuwen, C. (2008).
Anticipated action consequences as a nexus between action and perception:
evidence from event-related potentials. Biol. Psychol. 78, 53–65. doi:
10.1016/j.biopsycho.2007.12.010

Padoa-Schioppa, C., and Assad, J. A. (2006). Neurons in the orbitofrontal cortex
encode economic value. Nature 441, 223–226. doi: 10.1038/nature04676

Padoa-Schioppa, C., and Cai, X. (2011). The orbitofrontal cortex and the
computation of subjective value: consolidated concepts and new perspectives.
Ann. N. Y. Acad. Sci. 1239, 130–137. doi: 10.1111/j.1749-6632.2011.06262.x

Paynter, C. A., Reder, L. M., and Kieffaber, P. D. (2009). Knowing we know before
we know: ERP correlates of initial feeling-of-knowing. Neuropsychologia 47,
796–803. doi: 10.1016/j.neuropsychologia.2008.12.009

Peters, J. (2011). The role of the medial orbitofrontal cortex in intertemporal
choice: prospection or valuation? J. Neurosci. 31, 5889–5890. doi:
10.1523/JNEUROSCI.0268-11.2011

Peters, J., and Büchel, C. (2009). Overlapping and distinct neural systems code for
subjective value during intertemporal and risky decision making. J. Neurosci.
29, 15727–15734. doi: 10.1523/JNEUROSCI.3489-09.2009

Peters, J., and Büchel, C. (2010). Episodic future thinking reduces reward
delay discounting through an enhancement of prefrontal-mediotemporal
interactions. Neuron 66, 138–148. doi: 10.1016/j.neuron.2010.03.026

Peters, J., and Büchel, C. (2011). The neural mechanisms of inter-temporal
decision-making: understanding variability. Trends Cogn. Sci. 15, 227–239. doi:
10.1016/j.tics.2011.03.002

Polich, J. (2007). Updating P300: an integrative theory of P3a and P3b. Clin.
Neurophysiol. 118, 2128–2148. doi: 10.1016/j.clinph.2007.04.019

Potts, G. F., Martin, L. E., Burton, P., and Montague, P. R. (2006). When
things are better or worse than expected: the medial frontal cortex and the
allocation of processing resources. J. Cogn. Neurosci. 18, 1112–1119. doi:
10.1162/jocn.2006.18.7.1112

Reynolds, B. (2006). A review of delay-discounting research with humans:
relations to drug use and gambling. Behav. Pharmacol. 17, 651–667. doi:
10.1097/FBP.0b013e3280115f99

Samuelson, P. A. (1937). A note on measurement of utility. Rev. Econ. Stud. 4,
155–161. doi: 10.2307/2967612

Scheres, A., Dijkstra, M., Ainslie, E., Balkan, J., Reynolds, B., Sonuga-Barke, E.,
et al. (2006). Temporal and probabilistic discounting of rewards in children

and adolescents: effects of age and ADHD symptoms. Neuropsychologia 44,
2092–2103. doi: 10.1016/j.neuropsychologia.2005.10.012

Schoenbaum, G., Roesch, M. R., and Stalnaker, T. A. (2006). Orbitofrontal
cortex, decision-making and drug addiction. Trends Neurosci. 29, 116–124. doi:
10.1016/j.tins.2005.12.006

Semlitsch, H. V., Anderer, P., Schuster, P., and Presslich, O. (1986). A
solution for reliable and valid reduction of ocular artifacts, applied to
the P300 ERP. Psychophysiology 23, 695–703. doi: 10.1111/j.1469-8986.1986.
tb00696.x

Suda, M., Uehara, T., Fukuda, M., Sato, T., Kameyama, M., and Mikuni, M.
(2010). Dieting tendency and eating behavior problems in eating disorder
correlate with right frontotemporal and left orbitofrontal cortex: a near-infrared
spectroscopy study. J. Psychiatr. Res. 44, 547–555. doi: 10.1016/j.jpsychires.2009.
11.005

Szatkowska, I., Szymanska, O., Marchewka, A., Soluch, P., and Rymarczyk, K.
(2011). Dissociable contributions of the left and right posterior medial
orbitofrontal cortex in motivational control of goal-directed behavior.
Neurobiol. Learn. Mem. 96, 385–391. doi: 10.1016/j.nlm.2011.06.014

Tremblay, L., and Schultz, W. (1999). Relative reward preference in primate
orbitofrontal cortex. Nature 398, 704–708. doi: 10.1038/19525

Wallis, J. D. (2012). Cross-species studies of orbitofrontal cortex and value-based
decision-making. Nat. Neurosci. 15, 13–19. doi: 10.1038/nn.2956

Woolley, J. D., Gorno-Tempini, M. L., Seeley, W. W., Rankin, K., Lee, S. S.,
Matthews, B. R., et al. (2007). Binge eating is associated with right orbitofrontal-
insular-striatal atrophy in frontotemporal dementia. Neurology 69, 1424–1433.
doi: 10.1212/01.wnl.0000277461.06713.23

Yi, R., and Landes, R. D. (2012). Temporal and probability discounting by cigarette
smokers following acute smoking abstinence. Nicotine Tob. Res. 14, 547–558.
doi: 10.1093/ntr/ntr252

Zatorre, R. J., Jones-Gotman, M., Evans, A. C., and Meyer, E. (1992). Functional
localization and lateralization of human olfactory cortex. Nature 360, 339–340.
doi: 10.1038/360339a0

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Gui, Li, Li and Luo. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org 9 October 2016 | Volume 7 | Article 1526

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

	Temporal Dynamics of the Interaction between Reward and Time Delay during Intertemporal Choice
	Introduction
	Materials And Methods
	Participants
	Procedures
	EEG Recording and Analysis

	Results
	Choices of Immediate Option of Rewards
	ERP Results
	P200
	N2
	P300
	LPP


	Discussion
	Author Contributions
	Acknowledgments
	References


