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Humans discount the value of future rewards following a hyperbolic function and thus may
prefer a smaller immediate reward over a larger delayed reward. Marked interindividual
differences in the steepness of this discounting function can be observed which can be
quantified by the parameter k of the discount function. Here, we asked how differences in
delay discounting behaviour are reflected by brain activation patterns. Sixteen healthy
participants were studied in a slow event-related functional magnetic resonance imaging
experiment at 3T. In each trial, participants had to decide between a smaller but
immediately available monetary reward (ranging between 14 and 84 Euro) and a larger
delayed reward (26 to 89 Euro; delay 5 to 169 days) by button press. Participants had the
chance to receive the reward corresponding to one of their decisions at the end of the
experiment. As expected, participants differed widely with respect to the steepness of their
discount function. By contrasting decisions at or near the individual participant's
indifference point (as determined by parameter k) with trials either well below or well
above this point two different brain networks with opposing activation patterns were
revealed: Trials below or above the indifference point were associated with activation in the
ventral striatum and ventromedial prefrontal cortex, whereas decisions at the indifference
point gave rise to activation in medial prefrontal cortex. The opposite effects in the two
systems at individual indifference point were interpreted as a reflection of response conflict.
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1. Introduction

Time affects the value of money, food and other rewarding
commodities. In choosing between a (smaller) immediate and
a (larger) delayed reward both, humans and animals ranging
from great apes to pigeons often tend to prefer impulsive
choices for the smaller but immediately available reward
(Amiez et al., 2006; Kalenscher et al., 2005; Kalenscher and
opsychology, Otto-von-G
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Pennartz, 2008). On the other hand, and crucial for human
economic behaviour, we sometimes wait for the return on
financial investments for years or even decades (Rosati et al.,
2007).

Whereas standard normative economic theory (Strotz,
1956) predicts exponential discounting, empirical evidence in
humans suggests that future gains are discounted in a
hyperbolic or quasi-hyperbolic fashion (Frederick et al., 2003).
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Fig. 1 – Experimental paradigm: First, a fixation ‘+’ sign
appeared in the screen. After 8 s, the two options were
presented. After an additional 3 s the fixation turned to an ‘x’
and subjects had to decide between one of the two options.

Fig. 2 – A. Histogram of the individual delay discount rates
based on participants' responses. B. Delay discount rate
according to magnitude of reward. Error bars indicate the
standard error of the mean.
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For example, according to Mazur (1984) the value of a reward
decreases over time following a hyperbolic function:

V =
A

1 + kD

where V is the present value of the delayed reward A after a
delay D, and k is the delay discount rate.

Patience is a virtue that is not shared by all humans, how-
ever. High individual values of k in the equation above indicate
preference for immediate values (impulsive, impatient behav-
iour) andasteepdiscounting function,whereas lower valuesare
associated with the patient willingness to wait for the larger
delayed reward. Steeper discounting functions are found in
heroin (Kirby and Petry, 2004; Kirby et al., 1999), cocaine (Kirby
et al., 1999), tobacco (Reynolds, 2004; Reynolds et al., 2004) and
alcohol addicts (Mitchell et al., 2005; Petry, 2001a) as well as
pathological gamblers (Petry, 2001b), disorders characterized by
impulsive behaviour. Discounting rate also presents a wide
intersubject variability in the normal population (Chabris et al.,
2008) and the individual k-rate seems to be related to the
impulsivity personality trait (Reynolds, 2006).

A number of previous studies have investigated the neural
systems involved in delay discounting (Bickel et al., 2009;
Boettiger et al., 2007; Engelmann and Brooks, 2009; Hariri et al.,
2006; Kable and Glimcher, 2007; Luhmann et al., 2008; McClure
et al., 2004, 2007; Peters and Buchel, 2009; Pine et al., 2009;Weber
and Huettel, 2008; Xu et al., 2009). Interestingly, Hariri et al.
(2006) found that the interindividual variability of the delay
discount rate determined off-line in a behavioural task was
correlated to activation of the ventral striatum in a guessing-
reward task. Kable and Glimcher (2007) recently showed how
individual subjective value of delayed gainswas reflected by the
activity of reward related brain areas (ventral striatum, medial
prefrontal cortex and posterior cingulate cortex). Peters and
Buchel (2009) contrasted delay and probabilistic discounting
conditions in a recent fMRI study. In their study delayed and
probabilistic rewardswere discounted behaviourally in a hyper-
bolic manner with discount rates varying greatly between par-
ticipants. Functional imaging data suggested that ventral
striatum and orbitofrontal cortex are involved in coding of sub-
jective value irrespective of whether rewards were delayed or
probabilistic. Fronto-polar, lateral parietal and posterior cingu-
late cortex only correlated with the value of delayed rewards,
whereas other regions were driven by the value of probabilistic
rewards. This led the authors to propose that coding of subjec-
tive value in the human brain is based on the combination of
domain-general and domain-specific valuation networks.

Building on these previous results, we examined the neural
correlates of interindividual differences in delay discounting
focusing on choices at or near the individual indifference
point. Each individual's delay discounting parameter k can be
determined from their choices (see Fig. 1). From an indivi-
dual's k we can deduce for which decisions this particular
person will be indifferent (e.g., an individual k-value of 0.06
implies indifference for the choice: “What do you prefer, 55$
today or 75$ in 61 days?”).

Previous work has shown that “difficult” decisions in delay
discounting tasks lead to an engagement of the medial pre-
frontal cortex including the anterior cingulate cortex (McClure
et al., 2004; Pine et al., 2009). What is a difficult decision and
what is not, or, more precisely, which decisions lead to a
conflict between the two possible options, should differ
greatly between individuals as they also differ in the steepness
of their discounting function. We therefore hypothesized that
decisions at or near the individual indifference point, but not
choices of either immediate or delayed rewards in trials far
away from it, would engage the brain's conflict monitoring
system located in the medial prefrontal cortex.
2. Results

2.1. Behavioural results

The mean delay discount rate (k rank) was 5.3±1.2. Fig. 2A
shows the distribution of discounting values of the different
subjects. The consistency (percentage of participant's choices
that were consistent with their assigned discount rate) was
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94±3%. There were no significant differences in consistency
across the different runs (1st run: 92±7%; 2nd run: 94±4%, 3rd
run: 94±4%, 4th run: 95±2%; F (3,42)=1.9, P>0.1). In addition,
subjects presented greater delay discount rates for smaller
than for larger rewards (F(2,30)=13.4, P<0.005, see Fig. 2B).

2.2. fMRI results

When trials with choices for immediate rewards and trials
with choices for delayed rewards were compared to baseline
very similar results (P<0.05 corrected for multiple compari-
sons, see Supplementary Figure 1) were obtained including
activations of the anterior cingulate cortex, right and left
insula, putamen (bilateral), left thalamus, superior parietal
cortex and occipital visual areas. However, at the specified
statistical threshold several contrasts did not show significant
differences: (i) the comparison between choices presenting
larger k-values and smaller k-values, (ii) the comparison
between all choices of immediate and all choices of delayed
rewards, (iii) the comparison between different reward
magnitudes (small, medium, and large rewards, as specified
in Table 1).

Themain analyses took the individual k-value into account:
At the individual participant level, a differential activation
for several brain areas was observed when decisions close
to the individual k-value were compared to all other decisions
(see Supplementary Figure 2). In particular, when comparing
Table 1 – Choices presented in runs 1 and 3. SIR= small imm
discounting value at which the two decisions are of equal subje
into 9 classes, LDR size = the size of the delayed reward was cl
(M, between 50 and 60€) and large (L, between 75 and 85€). Not
same k-values but with slightly different absolute amounts (inf

Order 1st run Order 3rd run SIR LDR

1 13 22 34€ 35€
2 1 7 54€ 55€
3 9 26 78€ 80€
4 20 15 28€ 30€
5 6 2 47€ 50€
6 17 18 80€ 85€
7 26 9 22€ 25€
8 24 11 54€ 60€
9 12 23 67€ 75€
10 22 13 25€ 30€
11 16 19 49€ 60€
12 15 20 69€ 85€
13 3 5 19€ 25€
14 10 25 40€ 55€
15 2 6 55€ 75€
16 18 17 24€ 35€
17 21 14 34€ 50€
18 25 10 54€ 80€
19 5 3 14€ 25€
20 14 21 27€ 50€
21 23 12 41€ 75€
22 7 1 15€ 35€
23 8 27 25€ 60€
24 19 16 33€ 80€
25 11 24 11€ 30€
26 27 8 20€ 55€
27 4 4 31€ 85€
the choices corresponding to the two k-values nearest to the
individual k-value, i.e. those decisions inwhich a participant is
rather indifferent to both options (indifference, six decisions),
with all other decisions (non-indifference) most participants
presented a pattern characterized by an increased activation in
medial orbitofrontal and subcortical areas (including the
ventral striatum) for the non-indifference decisions, and
increased activation in medial prefrontal/anterior cingulate
cortex for the indifference decisions.

A multi-subject random-effects GLM of this contrast
(using the individual k-values) revealed several consistently
activated areas (P<0.001 uncorrected; see Table 2 and Fig. 3).
Areas showing greater activation for the non-indifference
trials included the Nucleus accumbens, Nucleus caudatus
and ventromedial prefrontal cortex (vmPFC), i.e. areas that
have been associated with reward processing. In addition,
non-indifference trials also led to greater activation in the
parahippocampal gyrus (PHG), the amygdala, several temporal
areas and inferior parietal cortex.

The only area showing more activation for the choices close
to the individual k-value was the medial frontal cortex (Fig. 3).
3. Discussion

Our experiment demonstrates the presence of two brain
networks involved in the decisions for immediate and delayed
ediate reward, LDR = large delayed reward, k indiff = delay
ctive value, k rank = trials were ranked according to k indiff
assified as small (S, between 25 and 35€), medium
e that in runs 2 and 4 trials were presented representing the
ormation given in Supplementary Table 1).

Delay (days) k Indiff k Rank LDR size

186 0.00016 1 S
117 0.00016 1 M
162 0.00016 1 L
179 0.00040 2 S
160 0.00040 2 M
157 0.00040 2 L
136 0.0010 3 S
111 0.0010 3 M
119 0.0010 3 L
80 0.0025 4 S
89 0.0025 4 M
91 0.0025 4 L
53 0.0060 5 S
62 0.0060 5 M
61 0.0060 5 L
29 0.016 6 S
30 0.016 6 M
30 0.016 6 L
19 0.041 7 S
21 0.041 7 M
20 0.041 7 L
13 0.10 8 S
14 0.10 8 M
14 0.10 8 L
7 0.25 9 S
7 0.25 9 M
7 0.25 9 L



Table 2 – Summary of significant activations (P<0.001, uncorrected), coordinates are given in Talairach space.

Region of activation Laterality Coordinates Number of voxels Cluster peak t value

X, Y, Z (P<0.001)

Non-indifference> indifference
Middle temporal R 56, −14, −10 639 5.8
Insula R 37, −1, 12 138 5.4
Superior temporal R 52, −50, 15 508 5.2
Parahippocampal/amygdala R 31, −8, −19 376 7.0
Ventral striatum/NAcc R 3, 18, −1 1126 6.7
Ventromedial prefrontal cortex R 2, 33, −10 155 4.4
Ventral striatum/NAcc L −8, 10, −4 239 5.1
Middle temporal L −49, −58, 12 2205 4.3
Insula L −36, −2, 12 160 5.0
Inferior parietal L −59, −31, 26 1806 5.9
Middle temporal L −56, −8, −10 396 6.2

Indifference>non-indifference
Medial prefrontal R 3, 14, 43 927 −5.7
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rewards: one network is called upon when decisions concern
immediate and delayed rewards of equal subjective value,
while the other is engaged in situations in which either
the immediate or the delayed reward clearly outweighs its
alternative.

Interestingly, the brain activity in these two networks
reflected the participant's individual differences of the delay
discounting functions. The network active in trials with a clear
preference for either the immediate or delayed reward
comprised limbic areas (including ventral striatum, ACC, and
PHG and amygdala), vMPFC, temporal areas and the insula. In
contrast, only one region was found to be activated for deci-
Fig. 3 – Areas presenting greater activity in the indifference con
condition (red/yellow color scale; ventral striatum). The graphs sh
of the k rank of the decisions with respect to the individual delay
cortex and the decrease of striatum in the indifferent conditions
sions close to the individual indifference point, the posterior
medial frontal cortex (pMFC).

The activations found for non-indifference (clear prefer-
ence) trials resemble results of recent studies on delay
discounting. McClure et al. (2004), on the basis of economic
theories, proposed the existence of two different systems: a
“β-system” comprising the ventral striatum,medial prefrontal
cortex, and orbitofrontal cortex associated with choices
involving immediate rewards, and a δ-system encompassing
prefrontal and parietal regions which is thought to be active
in all intertemporal choices, i.e. not just those decisions
involving an immediate reward. The β-areas are typically
dition (green/blue color scale; ACC) and non-indifference
ow the activation of the ACC and striatum areas as a function
discount rate. Note the increase of activation of medial frontal
.
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found in brain imaging studies involving reward processing
(Delgado et al., 2000; Everitt and Robbins, 2005) or reward
expectation (Knutson et al., 2005), and are sensitive to the
reward magnitude and probability of reward (Knutson et al.,
2005; Yacubian et al., 2006).

Turning to individual differences in delay discounting,
Kable and Glimcher (2007) found that the activation pattern
for the ventral striatum, medial prefrontal cortex and poste-
rior cingulate cortex is compatible with the notion that these
areas track the subjective value of delayed monetary rewards.
Specifically, in their study activations increased when the
objective amount of a reward was increased and decreased as
a function of the delay until reward-delivery. These authors
further demonstrated that behavioural trade-offs between
reward amount and delay predicted the trade-off seen for the
brain activation pattern on an individual basis. The non-
indifference>indifference contrast of our study revealed brain
areas that are very similar to the β system identified by
McClure et al. (2004, 2007) and the brain areas studied by Kable
and Glimcher (2007). The current analysis approaches the
problem of individual differences from another angle, how-
ever. Interestingly, in our study the ventral striatum activation
pattern was sensitive to the combination of immediate and
delayed rewards as valued by the individual participant:
combinations representing a k-value well below the indivi-
dual's k for which the (subjective) value of the immediate
rewards clearly outweighs the value of the delayed reward, as
well as combinations representing a k-value well above the
individual's k, equivalent to a subjective preference for the
delayed reward, were associated with a higher activation than
choices with about equal subjective value of immediate and
delayed choices. In other words, the activity in the ventral
striatum was smallest for choices close to the indifference
point, even though in these cases, as in all others, participants
eventually had to make a decision and were entitled to gains
from these trials according to the payoff scheme.

In contrast to the rich pattern of activated areas in the non-
indifference condition, only the posterior medial frontal
cortex was found to be more active in the indifference con-
dition. PMFC has been proposed to play a key role in perfor-
mance monitoring by a plethora of neuroimaging studies (for
review, Ridderinkhof et al., 2004). In particular, it has been
pointed out that response conflict can drive activation in PMFC
(Botvinick et al., 2001, 2004). Recently, Pochon et al. (2008)
dissociated the decision and response phases of a complex
decision task, and thus could demonstrate that the ACC does
indeed reflect conflict at the decision stage. The present
finding of an increased activation at the individual point of
decision indifference is in line with the view of the PMFC as a
conflict monitor. What we show for the first time in the
context of intertemporal decision making is that its activity is
driven by the steepness of each individual's discounting
function.

Interestingly, McClure et al. (2007) in their study of time
discounting of primary rewards identified a region in the
dorsal anterior cingulate cortex (ACC) using an analysis
designed to detect areas involved in the β-system. The authors
interpreted the greater ACC activity in this context in the
sense that choices involving an immediate reward option
might be associated with greater conflict. More recently, Pine
et al. (2009) found anterior cingulate activity to be correlated
with the degree of difficulty associated with dissonance
between value and time further suggesting that the medial
frontal activation in the present investigationmight be related
to the monitoring of conflict.

The present results demonstrate that there is a direct
reflection of the steepness of the individual delay discount
function in the pattern of brain activations in two systems,
one related to the processing of rewards, the other sensitive to
decision conflicts, during intertemporal choices. The finding
of the opposing activation patterns in these two system leads
to two suggestions for further research. First, further studies
addressing delay discounting should take into account that
decisions at or near the individual k-value are associated with
differences in brain activations and therefore, depending
on the specific question, should define contrasts based on
individual behaviour or exclude trials near the indifference
point. Second, the interaction of the two brain systems delin-
eated in the present experiment should be studied in more
detail using connectivity analyses (Camara et al., 2008;
Gazzaley et al., 2007; Rissman et al., 2004; Stephan et al., 2007).

Obviously, the current study also has some limitations:
the use of a convenience sample led to a clustering of indi-
vidual k-values between k ranks 5 and 6 (Fig. 2A). An extension
of the current study employing normal volunteers as well
as pathological gamblers (defined as per DSM IV criteria) is
currently underway which will allow to study more extreme
discounting behaviour. Also, the individual discount rate as
determined by the present method is the result of the
individual balance of the tendency to go for immediate reward
and the individual's capacity to control such tendencies, or,
following McClure et al. (2004), the balance between β- and δ-
systems. Thus, an individual may have a shallow discounting
curve either because of a strong control system or because of a
weak attraction to rewards. At present, we have no means to
distinguish between these two possibilities.
4. Experimental procedures

4.1. Participants

Seventeen participants (11 women, all right-handed, mean
age 28±6 years) took part in the scanning session after giving
their written consent. None of them had a history of neu-
rological or psychiatric disorders. The experiment followed
the Helsinki protocol and had been approved by the ethical
committee of the University of Magdeburg.

4.2. Task

A version of the monetary-choice task devised by Kirby et al.
(1999) was used. Participants took part in 4 runs, each with a
fixed set of 27 choices between smaller immediate reward
(SIR) and larger delayed reward (LDR; see Table 1). The order of
trials within each run was arranged such that the trial order
did correlate neither with the SIR or LDR amounts, nor with
the temporal difference, delay or the discounting rate. Each
trial began with a fixation cross (+) that lasted 8 s followed by
the two choices which were displayed while the cross was
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continuously present (e.g., “55€ heute+57€ in 117 Tagen” , “55
€ today+57€ after 117 days”, see Fig. 1). After 3 s, the fixation
cross changed to an “x”, and the participant was required to
select the preferred option. Responses were performed with
the index finger of the right hand on an MR-compatible
response-pad, pressing the left button for left choice (in this
case SIR) and the right button for the right choice (in this case
LDR). Each participant received 7€ per hour for participation.
In addition, in order to provide an incentive to perform the
decisions as if theywere real, participants were informed prior
to the experiment that after the experiment they would have
the chance of receiving the outcome of one of their 104
decisions. First they threw a dice. In case of a “six” they were
allowed to draw a trial number. The participant's decision was
derived from the log-file of the experiment. If the participant
had chosen the immediate reward, s/he received the sum in
cash, in case of a choice for the delayed reward the sum was
transferred to the participant's bank account after the
appropriate delay period. Of the 17 participants 4 received a
reward. Stimuli were presented using MR-compatible video-
goggles.

4.3. Behavioural analysis

The computation of individual discounting rate parameter
(k-rate) was performed as described by Kirby et al. (1999),
assigning a k-value to each subject that produces the highest
proportion of choices consistentwith that k-value. For example,
a participantwith a k-rate coincidingwith the k of certain choice
would be indifferent to this selection. For example, if s/he had a
k-rate of 0.001, s/he would be indifferent to the selection 67€
now or 75€ in 119 days (Table 1). If s/he had a greater individual
k-rate, s/he would select the immediate reward. Then, choices
with the next k-value were examined (i.e., 49€ now or 60€ in
89 days, corresponding to k=0.0025). If the participant selected
the delayed reward in this case, the individual k-rate was
calculated to be the geometric mean of the two k-values, that is
0.0016.

We also computed the consistency of the k-rate (percentage
of participant's choices that were consistent with their
assigned discount rate) over all trials to ensure that it reflected
the general behaviour of participants and that it was consis-
tent across the different runs.

4.4. MRI acquisition and analysis

We used a 3-T Siemens Magnetom Allegra Scanner to collect
structural (T1-weighted MPRAGE: 256×256 matrix; FOV=
256 mm; 192 1-mm slices) and functional images (EPI: TR=
2000 ms; TE=30 ms; flip angle=80°; FOV=192 mm; matrix=
64×64; slice thickness=3 mm; interslice gap=0.75 mm). Four
runs of 193 functional images, each comprising thirty-four
transversal slices covering the whole telencephalon, were
obtained parallel to the anterior commissure–posterior com-
missure (AC–PC) plane.

FMRI data analysis included preprocessing (3D motion
correction, slice scan time correction and temporal smooth-
ing), co-registration and normalization to Talairach stereo-
taxic space using Brain Voyager QX. One subject was rejected
from further analysis due to excessive movements. We per-
formed random-effects analyses on the z-transformed func-
tional data. Different statistical analyses were performed
under the General Lineal Model (GLM). The first included the
immediate versus delayed choices. The second compared the
different magnitudes used (large, medium and small; see
Table 1). Third we compared the brain areas activated as a
function of the k-value of the pairs.

Finallywe performed aGLM comparing the decisions under
indifference versus the decisions in which subjects were not
indifferent. To make this comparison, we selected for each
subject and each run, the six choices that presented a k-value
closest to the individual k-rate, and we compared these
choices against the other pairs. For example, if the subject
presented an individual k rank of 0.0098, for the first run the
13th to 18th choices in Table 1 were compared against the
other choices. We make the assumption that the subject is
indifferent to the two choices in these pairs, while the subject
can make a clear decision (non-indifference) in the others.
Statistical maps were created using a threshold of P<0.001
(uncorrected for multiple comparisons). All coordinates in the
paper are given in Talairach space.
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