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Choices are often intertemporal, requiring tradeoff of short-term and long-term outcomes. In such contexts, humans may prefer small
rewards delivered immediately to larger rewards delivered after a delay, reflecting temporal discounting (TD) of delayed outcomes. The
medial orbitofrontal cortex (mOFC) is consistently activated during intertemporal choice, yet its role remains unclear. Here, patients with
lesions in the mOFC (mOFC patients), control patients with lesions outside the frontal lobe, and healthy individuals chose hypothetically
between small-immediate and larger-delayed rewards. The type of reward varied across three TD tasks, including both primary (food)
and secondary (money and discount vouchers) rewards. We found that damage to mOFC increased significantly the preference for
small-immediate over larger-delayed rewards, resulting in steeper TD of future rewards in mOFC patients compared with the control
groups. This held for both primary and secondary rewards. All participants, including mOFC patients, were more willing to wait for
delayed money and discount vouchers than for delayed food, suggesting that mOFC patients’ (impatient) choices were not due merely to
poor motor impulse control or consideration of the goods at stake. These findings provide the first evidence in humans that mOFC is
necessary for valuation and preference of delayed rewards for intertemporal choice.

Introduction
Humans and other animals are frequently faced with choices
differing in the timing of their consequences (intertemporal
choices; e.g., should I spend my money now or put it into a saving
account?). In the laboratory, these situations may be modeled by
manipulating the time at which rewards are delivered. For exam-
ple, a subject might choose between $5 now and $15 in 1 week.
Intertemporal choices require tradeoff of the value of one out-
come that is temporally proximal with another outcome that is
temporally distant. Individuals, and more so animals (Ainslie, 1974;
Rosati et al., 2007), tend to prefer immediate over delayed rewards,
even when waiting would yield larger payoffs. This phenomenon
reflects the decrease in subjective value of a reward as the delay until
its receipt increases, known as temporal discounting (TD) (Ainslie,
1975; Myerson and Green, 1995; Frederick et al., 2002).

The rate at which future rewards are discounted varies across
individuals (Soman et al., 2005) and correlates with individual
differences in real-world behavior. Steep TD of future rewards is
associated with shortsighted, or patently impulsive, behavior.
Addicted subjects (Kirby and Petry, 2004) and compulsive gam-
blers (Holt et al., 2003), for example, show increased TD rates
compared with healthy controls, consistent with their inability to

forgo immediate rewards (e.g., drug) to favor later rewards of
larger value (e.g., health).

Research in cognitive neuroscience has begun to investigate
the neural mechanisms governing TD (Luhmann, 2009). Func-
tional neuroimaging [functional magnetic resonance imaging
(fMRI)] studies in humans have consistently detected activity in
brain structures such as the medial orbitofrontal cortex (mOFC)
and adjacent medial prefrontal cortex (designated collectively as
ventromedial prefrontal cortex) during intertemporal choices,
especially when individuals weighted delayed rewards against im-
mediately available rewards (McClure et al., 2004, 2007; Ballard
and Knutson, 2009). Other fMRI studies have shown that activity
in the mOFC and medial prefrontal cortex tracked the subjective
value of rewards, over both short and long timescales (Kable and
Glimcher, 2007; Peters and Büchel, 2009; Pine et al., 2009). To-
gether, these findings identify the mOFC as an important struc-
ture for intertemporal choice.

fMRI evidence, however, cannot establish whether the mOFC
is necessary for intertemporal choice. Lesion studies have the
potential to test this claim directly. Several nonhuman animal
studies have shown abnormal TD following lesion to the OFC
(Cardinal et al., 2004; Winstanley et al., 2004; Rudebeck et al.,
2006), providing evidence for a causal involvement in TD. The
only study assessing TD in human patients with lesion to the
ventromedial prefrontal cortex, however, found no deficit (Fellows
and Farah, 2005). Crucially, some patients in that study had dam-
age involving medial prefrontal cortex but sparing mOFC. Thus,
whether mOFC plays a necessary role in TD in humans remains
unknown.

Here, we investigated TD of hypothetical primary and second-
ary rewards in patients with lesions in mOFC, control patients
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with lesions outside the frontal lobe, and
healthy individuals. If mOFC plays a cru-
cial role during intertemporal choice, fa-
voring valuation of long-term outcomes
(Bechara et al., 1997; Schoenbaum et al.,
2009), then patients with lesions involving
this brain region should show increased
TD of future rewards compared with con-
trol groups.

Materials and Methods
Participants
Participants included 16 patients with brain
damage and 20 healthy individuals (see Table 1
for demographic and clinical information). Pa-
tients were recruited at the Centre for Studies
and Research in Cognitive Neuroscience, Ces-
ena, Italy. Patients were selected on the basis of
the location of their lesion evident on magnetic
resonance imaging (MRI) or computerized to-
mography (CT) scans.

Seven patients (1 female) had lesions en-
compassing the medial one-third of the or-
bital surface and the ventral one-third of the
medial surface of the frontal lobe, as well as
the white matter subjacent to these regions
(Fig. 1). Since lesions predominantly in-
volved the mOFC (see Lesion analysis), we
henceforth refer to this group as mOFC patients. Lesions were the
results of the rupture of an aneurysm of the anterior communicating
artery in 5 cases, and traumatic brain injury in 2 cases. Lesions were
bilateral in all cases, though often asymmetrically so.

Nine patients (two females) were selected on the basis of having dam-
age that did not involve the mesial orbital/ventromedial prefrontal cortex
and frontal pole, and also spared the amygdala in both hemispheres. We
henceforth refer to this group of nonfrontal patients as non-FC patients.
In this group, lesions were unilateral in all cases (in the left hemisphere in
6 cases, and in the right hemisphere in 3 cases), and were all caused by
ischemic or hemorrhagic stroke. Lesion sites included the lateral aspect of
the temporal lobe and adjacent white matter (in 5 cases), the inferior
parietal lobule (in 1 case), the medial occipital area (in 1 case), and the
lateral occipitoparietal junction (in 2 cases).

Included patients were in the stable phase of recovery (at least 12
months postmorbid), were not receiving psychoactive drugs, and had no
other diagnosis likely to affect cognition or interfere with participation in
the study (e.g., significant psychiatric disease, alcohol abuse, history of
cerebrovascular disease). There was no significant difference in lesion
volume between mOFC patients and non-FC patients (49.2 vs 46.9 cc;
p � 0.88).

The healthy control (HC) group comprised 20 individuals (two fe-
males) matched to the patients on mean age, gender, and education.
Control participants were not taking psychoactive drugs, and were free of
current or past psychiatric or neurological illness as determined by his-
tory. Participants gave informed consent, according to the Declaration of
Helsinki (International Committee of Medical Journal Editors, 1991)
and the Ethical Committee of the Department of Psychology, University
of Bologna.

Patients’ general cognitive functioning was generally preserved, as in-
dicated by the scores they obtained in the Mini-Mental State Examina-
tion (Folstein et al., 1975), the Raven Standard Matrices, and the digit

span test, which were within the normal range in all cases (Spinnler and
Tognoni, 1987) (Table 1).

Lesion analysis
For each patient, lesion extent and location were documented by
using the most recent clinical CT or MRI scan. Lesions were traced by
a neurologist with experience in image analysis on the T1-weighted
template MRI scan from the Montreal Neurological Institute pro-
vided with the MRIcron software (Rorden and Brett, 2000; available
at http://www.mricro.com/mricron). This scan is normalized to Ta-
lairach space and has become a popular template for normalization in
functional brain imaging (Moretti et al., 2009). Superimposing each
patient’s lesion onto the standard brain allowed us to estimate the
total brain lesion volume (in cubic centimeters). Furthermore, the
location of the lesions was identified by overlaying the lesion area
onto the Automated Anatomical Labeling template provided with
MRIcron. Figure 1 shows the extent and overlap of brain lesions in
mOFC patients. Brodmann’s areas (BA) affected in the mOFC group
were areas 10, 11, 47, 32 (subgenual portion), and 24, with region of
maximal overlap occurring in BA 11 [mean (M) � 21.0 cc, SD � 8.6],
BA 10 (M � 12.6 cc, SD � 4.7), and BA 32 (M � 5.4 cc, SD � 4.0).

Temporal discounting tasks
In each of three computerized TD tasks, participants chose between an
amount of a reward that could be received immediately and an amount of
reward that could be received after some specified delay (Kirby and
Herrnstein, 1995; Myerson et al., 2003). The nature of the reward
changed across tasks. One task assessed TD for money, one task assessed
TD for food (e.g., chocolate bars; see Procedures), and one task assessed
TD for discount vouchers (e.g., discount vouchers for gym sessions; see
Procedures). All rewards used were hypothetical.

Figure 1. Location and overlap of brain lesions. The panel shows the lesions of the seven patients with mOFC damage projected
on the same seven axial slices and on the mesial view of the standard Montreal Neurological Institute brain. The level of the axial
slices has been marked by white horizontal lines on the mesial view of the brain. z-coordinates of each axial slice are given. The color
bar indicates the number of overlapping lesions. In each axial slice, the left hemisphere is on the left side. Maximal overlap occurs
in the medial orbitofrontal cortex (BAs 10, 11), and adjacent medial prefrontal cortex (BA 32).

Table 1. Participant groups’ demographic and clinical data

Group Sex (M/F) Age (years) Education (years) MMSE BIS-11 Lesion volume (cc) SRM DS

mOFC (n � 7) 6/1 57.7 (10.4) 11.1 (6.4) 27.6 (2.3) 63.4 (6.1) 49.3 (14.6) 30.1 (5.8) 4.9 (0.7)
non-FC (n � 9) 7/2 57 (12.8) 12.1 (4.0) 28.1 (1.9) 64.3 (10.9) 46.8 (33.9) 27.6 (4.5) 5.1 (1.4)
HC (n � 20) 18/2 58.2 (6.6) 10.6 (4.6) 28.6 (1.44) 57.9 (7.5) – –

The values in parentheses are SDs. M, Male; F, female; MMSE, Mini-Mental State Examination; SRM, Standard Raven Matrices (corrected score); DS, digit span forward (corrected score). Dashes indicate data are not available.
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In each task, participants made five choices at each of six delays: 2 d, 2
weeks, 1 month, 3 months, 6 months, and 1 year. The order of blocks of
choices pertaining to different delays was randomly determined across
participants. Within each block of five choices, the delayed amount was
always 40 units (e.g., 40 €, 40 chocolate bars, a 40 € discount voucher for
a gym session). The amount of the immediate reward, on the other hand,
was adjusted based on the participant’s choices, using a staircase proce-
dure that converged on the amount of the immediate reward that was
equal, in subjective value, to the delayed reward (Du et al., 2002). The first
choice was between a delayed amount of 40 units and an immediate
amount of 20 units. If the participant chose the immediate reward, then
the amount of the immediate reward was decreased on the next trial; if
the subject chose the delayed reward, then the amount of the immediate
reward was increased on the next trial. The size of the adjustment in the
immediate reward decreased with successive choices: the first adjustment
was half of the difference between the immediate and the delayed reward,
whereas for subsequent choices it was half of the previous adjustment
(Myerson et al., 2003). This procedure was repeated until the subject had
made five choices at one specific delay, after which the subject began a
new series of choices at another delay. For each trial in a block, the
immediate amount represents the best guess as to the subjective value of
the delayed reward. Therefore, the immediate amount that would have
been presented on the sixth trial of a delay block was taken as the estimate
of the subjective value of the delayed reward at that delay.

Self-report impulsivity scales
Participants were administered the Barratt Impulsiveness Scale (BIS-11)
(Fossati et al., 2001), a 30-item self-report questionnaire evaluating ev-
eryday behaviors reflecting impulsivity on a 4-point Likert scale. The
BIS-11 assesses 3 facets of impulsivity: attentional impulsivity (AI sub-
scale, e.g., “I am more interested in the present than the future”), motor
impulsivity (MI subscale, e.g., “I do things without thinking”), and im-
pulsive nonplanning (INP subscale, e.g., “I make up my mind quickly”).
High BIS-11 scores indicate high levels of impulsivity.

Procedures
To ensure motivation across tasks, before starting the experiment, par-
ticipants were invited to choose their favorite food and discount voucher
among four alternatives, presented on the computer screen. Food alter-
natives included two sweet snacks (cookie and chocolate bar), and two
salty snacks (cracker and breadstick). Discount voucher alternatives in-
cluded discount vouchers for a museum tour, gym session, hairdresser/
barber session, and book purchase. The favorite food and discount
vouchers were used as the reward for the food task and the discount
voucher task, respectively.

Participants then underwent the three TD tasks. The tasks were ad-
ministered separately, and the order of tasks was randomly determined
across participants. Participants were told that, on each trial, two
amounts of a hypothetical reward would appear on the screen. One could
be received right now, and one could be received after a delay. They were
informed that there were no correct or incorrect choices, and were re-
quired to indicate the option they preferred by pressing one of two but-
tons (Estle et al., 2007).

Figure 2 illustrates the experimental paradigm.
Each trial began with a 1 s fixation screen, fol-
lowed by a screen depicting the two available op-
tions. The two options appeared on the left and
right side of the screen, and clearly indicated the
type of reward, the amount of reward, and the
delay of delivery of the reward. After the partici-
pants made their choices, the nonpreferred op-
tion disappeared, whereas the preferred option
remained on the screen for 1 s, with a triangle
underneath it. The intertrial interval was 1.5 s.

Data analysis
For each task, the rate at which the subjective
value of a reward decays with delay (TD rate)
was assessed through two indices: the temporal
discountingparameter(k)(Mazur,1987;Rachlinet
al., 1991; Green and Myerson, 2004; Fellows

and Farah, 2005), and the area under the empirical discounting curve
(AUC) (Myerson et al., 2001).

Estimation of k. The hyperbolic function SV � 1/(1�kD), where SV �
subjective value (expressed as a fraction of the delayed amount), and D �
delay (in days), was fit to the data to determine the k constant of the best
fitting TD function, using a nonlinear, least-squares algorithm (as imple-
mented in Statistica; Statsoft). The larger the value of k, the steeper the
discounting function, the more participants were inclined to choose
small-immediate rewards over larger-delayed rewards. Subjective pref-
erences were well characterized by hyperbolic functions across groups.
There were not significant differences in R 2 across participant groups in
any of the tasks (money task: HC group � 0.72; mOFC group � 0.72;
non-FC group � 0.68, F(2,33) � 0.11, p � 0.89; discount voucher task:
HC group � 0.65; mOFC group � 0.70; non-FC group � 0.72, F(2,33) �
0.37, p � 0.68; food task: HC group � 0.71; mOFC group � 0.87;
non-FC group � 0.80, F(2,33) � 1.74, p � 0.19).

For comparison purposes, we also assessed the fits to the data of an
exponential discounting model. For each TD task, the exponential func-
tion SV � ekD was fit to the data to determine the k constant of the best
fitting TD function. Although both the hyperbolic and the exponential
functions fit the data well, the hyperbolic function fit better than the
exponential across participant groups and reward types. We entered R 2

scores as the dependent variable in an ANOVA with group (mOFC pa-
tients, non-FC patients, and HC) and model (hyperbolic, exponential) as
factors, for each reward separately. For the money task, there was a sig-
nificant effect of model (F(1,33) � 10.16, p � 0.003), such that the hyper-
bolic model fit better than the exponential model (0.71 vs 0.64; p �
0.001), with no significant effect of group ( p � 0.94) or group � model
interaction ( p � 0.91). Similar results were found for the discount
voucher and food tasks. For the discount voucher task, there was a sig-
nificant effect of model (F(1,33) � 5.83, p � 0.02), such that the hyper-
bolic model fit better than the exponential model (0.69 vs 0.63; p � 0.01),
with no significant effect of group ( p � 0.62) or group � model inter-
action ( p � 0.61). As well, for the food task, there was a significant effect
of model (F(1,33) � 4.43, p � 0.04), such that the hyperbolic model fit
better than the exponential model (0.79 vs 0.73; p � 0.02), with no
significant effect of group ( p � 0.11) or group � model interaction ( p �
0.77). It is worth noting that the superiority of the hyperbolic over the
exponential model in describing discounting behavior applied to healthy
participants as well as patients with mOFC lesions. This finding indicates
that lesions to mOFC steepened the discounting function, but did not
alter it in any other way (e.g., shape). Together with the lack of evidence
for inconsistent preference in this patient population (see Results), this
finding strongly suggests that mOFC patients’ behavior was truly reflec-
tive of TD, and not poor task comprehension or idiosyncratic prefer-
ences. Given the superiority of the hyperbolic over the exponential model
in describing discounting behavior, hyperbolic k values were adopted as
measures of TD. The hyperbolic k constants were normally distributed
after log-transformation (Kolmogorov–Smirnov d � 0.14, p � 0.2 in all
cases), and therefore, comparisons were performed using parametric
statistical tests.

Figure 2. Experimental paradigm. In each trial, after a 1 s fixation period, subjects chose between a small amount of reward
delivered immediately and a larger amount of reward delivered after a delay. The preferred option remained highlighted for 1 s.
Separate tasks involved different types of rewards, including money, discount vouchers, and food. All rewards used were hypo-
thetical. The picture refers to a choice trial in the money task. See Materials and Methods for a more detailed explanation of
procedures.
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Estimation of AUC. Although hyperbolic
functions captured participants’ TD behavior
relatively well, we also obtained AUC as an ad-
ditional index of TD rate that, unlike k, does
not depend on theoretical models regarding
the shape of the discounting function (Myerson et
al., 2001; Johnson and Bickel, 2008). Briefly,
delays and subjective values were first normal-
ized. Delays were expressed as a proportion of
the maximum delay (360 d), and subjective
values were expressed as a proportion of the
delayed amount (40 units). Delays and subjec-
tive values were then plotted as x and y coordi-
nates, respectively, to construct a discounting
curve. Vertical lines were drawn from each x
value to the curve, subdividing the area under
the curve into a series of trapezoids. The area of
each trapezoid was calculated as (x2 � x1)( y1 � y2)/2, where x1 and x2 are
successive delays, and y1 and y2 are the subjective values associated with
these delays (Myerson et al., 2001). The AUC is the sum of the areas of all
the trapezoids. The AUC varies between 0 and 1. The smaller the AUC,
the steeper the TD, the more participants were inclined to choose small-
immediate rewards over larger-delayed rewards. The AUC scores were
normally distributed (Kolmogorov–Smirnov d � 0.12, p � 0.2 in all
cases), and therefore, comparisons were performed using parametric
statistical tests.

Results
Figure 3 shows TD curves by participant group and delay. The k
value for each curve reflects the geometric mean of the group—
which corresponds to mean of the log-transformed values—and
thus provides a better measure of central tendency for positively
skewed metrics, such as TD rates, than does the arithmetic mean.
Figure 4 shows the AUC for each participant group and type of
reward. As is evident, TD curves were steeper and the AUC was
smaller in mOFC patients compared with non-FC patients and
normal controls (HC), suggesting that mOFC patients had an
increased tendency to discount future rewards compared with
the control groups. For example, on average, 40 € delayed by 1
month were worth �32 € now for normal controls, but only 12 €

for mOFC patients (losing �70% of their value). Figures 3 and 4
also highlight that TD of food was steeper than TD of money and
discount vouchers across groups. These impressions were con-
firmed by ANOVA analyses.

k
An ANOVA on log-transformed k values with group (mOFC,
non-FC, and HC) as a between-subject factor, and task (money,
food, discount voucher) as a within-subject factor yielded a sig-
nificant effect of group (F(2,33) � 8.56, p � 0.001). Post hoc com-
parisons, performed with the Newman–Keuls test, showed that
TD was steeper in mOFC patients compared with non-FC pa-
tients (�0.92 vs �1.93; p � 0.0006) and HC (�0.92 vs �1.80;
p � 0.0009), whereas no significant difference was detected be-
tween non-FC patients and HC ( p � 0.61). Moreover, there was
a significant effect of task (F(2,66) � 14.85, p � 0.000005), indi-
cating that TD of food was steeper than TD of money (�1.16 vs
�1.80; p � 0.0001) and discount vouchers (�1.16 vs �1.69; p �
0.0001), whereas no significant difference emerged between
TD of money and discount vouchers ( p � 0.30). There was no
significant group � task interaction ( p � 0.98). Group differ-
ences in TD were confirmed when the ANOVA was run on
data from the money and discount voucher tasks only (see
supplemental material, available at www.jneurosci.org), and
using nonparametric tests (see supplemental material, avail-
able at www.jneurosci.org).

AUC
Similar results were obtained using AUC as the dependent vari-
able. An ANOVA on AUC scores with group and task as factors
yielded a significant effect of group (F(2,33) � 5.90, p � 0.006).
Post hoc comparisons, performed with the Newman–Keuls test,
showed that AUC was smaller (i.e., TD was steeper) in mOFC
patients compared with non-FC patients (0.22 vs 0.47; p � 0.003)
and HC (0.22 vs 0.42; p � 0.01), whereas no significant difference
was detected between non-FC and HC ( p � 0.54). There was a
significant effect of task (F(2,66) � 16.86, p � 0.000001), indicat-
ing steeper TD of food than money (0.25 vs 0.44; p � 0.0001) and
discount vouchers (0.25 vs 0.43; p � 0.0001), with no significant
difference between TD of money and discount vouchers ( p �
0.86). No significant group � task interaction emerged ( p �
0.91). Group differences in TD were confirmed when the
ANOVA was run on data from the money and discount
voucher tasks only (see supplemental material, available at
www.jneurosci.org), and using nonparametric tests (see sup-
plemental material, available at www.jneurosci.org).

TD and mOFC
We investigated whether TD rate in mOFC patients correlated
with lesion volume. As anticipated, brain lesions in mOFC pa-
tients overlapped maximally in BAs 11, 10, and 32. By using
partial correlation analyses, we investigated the relation between
AUC scores and lesion volume in each of the three BAs, partialing
out the effect of lesion volume in the other two BAs. We found
that lesion volume in BA 11 correlated significantly with AUC
scores for money (r � �0.91; p � 0.01, two-tailed; Fig. 5), and,
marginally, with AUC scores for food (r � �0.83; p � 0.056,
two-tailed) and discount vouchers (r � �0.78; p � 0.08, two-
tailed): the larger the lesion in BA 11, the steeper the TD. We also
observed a marginal correlation between lesion volume in BA 32
and AUC scores for money (r � �0.81; p � 0.07, two-tailed). No
other correlations were significant ( p � 0.15 in all cases). Al-
though these results should be taken with caution due to the small
sample size, they suggest that BA 11 of mOFC may play a privi-
leged role in governing TD across types of reward.

Self-reports of impulsivity
mOFC patients’ self-reports did not reflect significantly higher
levels of impulsivity than those of non-FC patients and healthy
controls (F(2,33) � 2.18; p � 0.13). Separate analysis on scores
from the three subscales of the BIS-11 also failed to yield statisti-
cally significant group differences (AI subscale: F(2,33) � 1.91; p �
0.16; INP subscale: F(2,33) � 2.85; p � 0.08; MI subscale: F(2,33) �
2.64; p � 0.09), although the results trended toward more impul-
sive nonplanning and motor impulsivity in mOFC patients than

Figure 3. Temporal discounting functions by participant group (mOFC, non-FC, HC) and type of reward. The hyperbolic curves
describe the discounting of subjective value (expressed as a proportion of the delayed amount) as a function of time (days). The
discounting parameter k reflects the geometric mean of the group (mean of the log-transformed values). Confidence intervals are
95% intervals.
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in controls. This finding was surprising in light of mOFC pa-
tients’ poor valuation of the future in the TD tasks. It is important
to note, however, that self-reports assess awareness of a behavior,
which may dissociate from more objective measures of the
same behavior (Schooler, 2002), especially in patients with
damage to ventromedial prefrontal regions (Ciaramelli and
Ghetti, 2007; Modirrousta and Fellows, 2008), who may lack
self-insight (Barrash et al., 2000; Beer et al., 2006). mOFC
patients, therefore, may have had problems introspecting on
their impulsive behaviors.

The results indicate that mOFC patients discounted delayed
rewards more steeply than normal controls. Crucially, large TD
rates were not a general consequence of brain damage. Patients
with lesions outside the frontal lobe, indeed, did not exhibit TD
rates different from normal controls. These findings argue for a
necessary role of mOFC for valuation of future rewards. Before
discussing these results further, it is important to rule out the
possibility that differences in TD rates between mOFC patients
and control groups depended on factors other than TD, such as
poor comprehension of the task, or the presence of inconsistent
preferences in mOFC patients. The fact that hyperbolic functions
described TD behavior equally well in mOFC patients and con-

trol groups, and better than did exponential functions, argues
against this possibility: mOFC patients’ TD behavior obeyed the
typical (hyperbolic) curves, though reflecting a reliable increase
in the parameter k. As a more direct (and model-free) test for the
ability to perform the task, we counted the number of inconsis-
tent preferences participants had evinced. By definition, TD be-
havior should result in a monotonic decrease of the subjective
value of the future outcome with delay (Johnson and Bickel,
2008). That is, if R1 is the subjective value of a reward R delivered
at delay t1, R2 is the subjective value of R delivered at delay t2, and
t2 � t1, then it is expected that R2 � R1. As a consequence, subjects
exhibit inconsistent preference when the subjective value of the
future outcome at a given delay is greater than that at the preced-
ing delay, i.e., R2 � R1 (Johnson and Bickel, 2008). To allow
variability in the data, we considered as indicative of inconsistent
preferences only those data points in which the subjective value of
a reward overcame that at the preceding delay by a value of �10%
of the future outcome, i.e., R2 � R1 � R/10, as recommended by
Johnson and Bickel (2008). The mean number of inconsistent
preferences was small, and comparable across participant groups
(money task: HC, 0.40; mOFC, 0.57; non-FC, 0.44, F(2,33) � 0.15,
p � 0.86; discount voucher task: HC, 0.75; mOFC, 0.42; non-FC,
0.55, F(2,33) � 0.57; p � 0.56; food task: HC: 0.55; mOFC: 0.57;
non-FC: 0.33, F(2,33) � 0.33; p � 0.71). This held even if all
deviations from a monotonically decreasing function were
counted as inconsistent preferences, regardless of their magni-
tude, i.e., R2 � R1 (see supplemental material, available at www.
jneurosci.org). Moreover, no participant in any group followed
a response heuristic, such as always selecting the larger-
delayed amount or the smaller-immediate amount across de-
lay and reward conditions, regardless of the options at stake.
Together, the findings that lesion to mOFC did not result in
changes to the shape of the discounting function aside from its
steepness, inconsistent preferences, or response heuristics,
strongly suggest that mOFC patients’ behavior was indeed
reflective of increased TD, and not poor task comprehension
or idiosyncratic preferences.

One further aspect of the preset study deserves attention.
Participants did not receive the actual consequences of their
choices, but instead made choices about hypothetical rewards.
Hypothetical outcomes have the advantage of allowing the use
of reward amounts and delays that are large enough to be
meaningful to participants, which are generally infeasible in
studies involving real outcomes (Frederick et al., 2002; Jimura
et al., 2009). Hypothetical outcomes, on the other hand, have
the disadvantage that people may not be motivated to, or ca-
pable of, accurately predicting what they would do if outcomes
were real (Frederick et al., 2002; Jimura et al., 2009). For this
reason, although there is, as of yet, no evidence that hypothet-
ical rewards are discounted differently from real rewards, ei-
ther in terms of the degree of TD (Johnson and Bickel, 2002),
the shape of TD curves (Kirby and Herrnstein, 1995; Kirby and
Marakovic, 1995; Johnson and Bickel, 2002), or the neural bases
of TD (Bickel et al., 2009), we conducted a corollary investigation
of TD for money in mOFC patients and healthy controls using
real rewards. We confirmed our results: mOFC patients dis-
counted real monetary rewards more steeply than controls (see
supplemental material, available at www.jneurosci.org).

Discussion
The present study investigated the role of mOFC in intertemporal
choice. Patients with lesions in the mOFC, control patients with
lesions outside the frontal lobe, and healthy individuals made a

Figure 4. Area under the empirical discounting curve by participant group (mOFC, non-FC,
HC) and type of reward. The error bars indicate the SEM.

Figure 5. Scatter plot of the correlation between lesion volume in BA 11 and degree of TD for
money (AUC scores).
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series of hypothetical choices between small-immediate rewards
and larger-delayed rewards. Since decisions about money are not
necessarily representative of all decisions, and to examine the role
of the mOFC across a wide range of contexts, we varied the type of
outcome, which included both primary (food) and secondary
(money and discount vouchers) rewards. The study yielded two
main findings. Lesions to the mOFC increased significantly the
preference for small-immediate over larger-delayed rewards, re-
sulting in steeper TD of future rewards in mOFC patients com-
pared with the control groups. This finding held for both primary
and secondary rewards. Damage to the mOFC, however, did not
alter the normal tendency to discount different types of rewards
at different rates, such that food was discounted more steeply
than money and discount vouchers across groups.

Our primary finding that damage to mOFC caused steep TD
of future outcomes is consistent with a large body of literature.
Single-neuron studies of OFC (Roesch et al., 2006) in rodents
show that neural response to reward is affected by the delay pre-
ceding its delivery. Moreover, disruption of the OFC in animals
affects discounting of future rewards (Mobini et al., 2002; Cardinal et
al., 2004; Winstanley et al., 2004; Rudebeck et al., 2006). In hu-
mans, fMRI studies have detected consistent activation of mOFC
and adjacent medial prefrontal cortex during intertemporal
choice (McClure et al., 2004, 2007; Kable and Glimcher, 2007).
Our results confirm and extend previous evidence by providing,
for the first time, evidence for a necessary role of mOFC in valu-
ing delayed outcomes in humans.

Although fMRI studies have reported wide activation of ven-
tromedial prefrontal areas during TD tasks, there may be heter-
ogeneity in the causal involvement of different regions within
ventromedial prefrontal cortex in TD behavior. A previous neu-
ropsychological investigation in patients with lesions to ventro-
medial prefrontal cortex found no deficit in TD (Fellows and
Farah, 2005). In that study, patients’ lesions overlapped maxi-
mally in medial prefrontal cortex, and some patients had spared
OFC. Together with our findings, this null effect raises the possi-
bility that mOFC, but not medial prefrontal cortex, is necessary for
normal discounting behavior. Consistent with this proposal, abla-
tion studies in animals have found that lesions in the OFC, but not
medial prefrontal cortex, affect reward-based decision-making
(Noonan et al., 2010) and increase delay discounting (Rudebeck et
al., 2006). Moreover, in our study, lesion volume in BA 11 of mOFC
showed the strongest association with behavior. This proposal, of
course, will need to be tested empirically in future studies.

The present results have important implications for current
neurobiological models of intertemporal choice. According to
the �–� model (McClure et al., 2004, 2007), limbic areas, includ-
ing the mOFC, ventral striatum, and posterior cingulate cortex,
form an impulsive (�) system that places special weight on im-
mediate rewards, whereas a more providential cognitive (�) sys-
tem, based in the lateral prefrontal cortex and posterior parietal
cortex, is more engaged in patient choices. During intertemporal
choice, activation of the � system would favor the immediate
option, whereas activation of the � system would favor the de-
layed option (McClure et al., 2004). Our finding that damage to
the mOFC increases impatient choices is not in line with the
hypothesis that mOFC acts as a neuroanatomical correlate of the
impulsive system (McClure et al., 2004). Were this the case, le-
sions to mOFC should lead to a weakening of the � system rela-
tive to the � system, and, consequently, more patient choices.

Our results can be understood in the context of an alternative
model of intertemporal choice (Kable and Glimcher, 2007, 2010;
Peters and Büchel, 2009), according to which a unitary system,

encompassing mOFC and adjacent medial prefrontal cortex,
ventral striatum, and posterior cingulate cortex, represents the
value of both immediate and delayed rewards, and is subject to
top-down control by lateral prefrontal cortex (Hare et al., 2009;
Figner et al., 2010). Within this network, the mOFC is thought to
signal the subjective value of expected outcomes during choice
(Rudebeck et al., 2006; Schoenbaum et al., 2006, 2009; Murray et
al., 2007; Rushworth et al., 2007; Talmi et al., 2009), by integrat-
ing different kinds of information and concerns (e.g., magnitude,
delays) into a common “neural currency” (Montague and Berns,
2002).

We propose two possible mechanisms through which mOFC
may contribute to valuation and preference of future outcomes.
Ventromedial prefrontal cortex regions, including mOFC, are at
the core of a network of brain regions involved in self-projection
(Buckner and Carroll, 2007; Andrews-Hanna et al., 2010). Dur-
ing intertemporal choice, mOFC may allow individuals to simu-
late future experiences associated with rewards, and upregulate
valuation of future options based on the resulting (positive) af-
fective states (Bechara, 2005). Damage to mOFC would therefore
lead to a degraded representation of the delayed reward. Further,
mOFC is the target of top-down signals from lateral prefrontal
cortex promoting “rational” decision-making and self-control
over immediate gratification (Christakou et al., 2009; Hare et al.,
2009; Figner et al., 2010). Damage to the mOFC, therefore, would
prevent lateral prefrontal signals from influencing behavior.
Poor mental time travel and/or poor self-control arguably re-
sult in problems anticipating, or adapting behavior to, the
long-term consequences of decisions (i.e., “myopia for the
future”) (Damasio, 1994; Bechara, 2005).

This suggestion is compatible with a theory of impulse control
proposed by Bechara (Bechara, 2005; Bechara and Van Der Lin-
den, 2005), according to which regions in the ventromedial pre-
frontal cortex, including mOFC, weight the long-term prospect
of a given choice during decision-making (Schoenbaum et al.,
2009), while the amygdala and ventral striatum signal the imme-
diate prospect of pain or pleasure (Bechara and Damasio, 2005;
Kringelbach, 2005). Impulsive behavior would emerge as the re-
sult of an imbalance between competing signals, favoring val-
uation of immediate over future outcomes. The evidence of
abnormally steep TD in mOFC patients, indeed, makes contact
with previous evidence that in the Iowa Gambling Task mOFC
patients make impulsive, “shortsighted” choices that warrant
(monetary) gains in the short-term but prove disadvantageous in
the long-term (Bechara et al., 1997; Berlin et al., 2004; Anderson
et al., 2006).

Though generally more impulsive than controls, mOFC pa-
tients retained the same tendency of the controls to discount food
more steeply than money and discount vouchers. This finding
confirms previous evidence that TD depends strongly on reward
type (McClure et al., 2007): Delayed monetary rewards are dis-
counted less steeply than directly consumable rewards (Odum
and Rainaud, 2003; Estle et al., 2007; Rosati et al., 2007; Charlton
and Fantino, 2008). Why this difference occurs is not entirely
clear. People may discount delayed money less steeply than con-
sumable rewards because money can be stored, exchanged for
other primary and secondary reinforcers (Catania, 1998), and
retains its utility despite fluctuations of desire and changes in the
internal state of the organism. In the present study, the interpre-
tation of differences in TD for primary versus secondary rewards
is complicated by the fact that delays and amounts used, though
comparable to those used in previous research (Odum and Rainaud,
2003; Estle et al., 2007; Charlton and Fantino, 2008), may have been
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more suited for the assessment of TD for money than for food
(Jimura et al., 2009). For example, 40 chocolate bars may reach sat-
uration and may therefore be less appetitive than 40 units of money.

Although further, ad hoc research is needed to clarify the rea-
son for increased TD of food compared with money, our finding
that mOFC patients discounted all types of reward more steeply
than controls, and that differences in TD rates between mOFC
patients and controls were not modulated by the type of reward,
is important in many respects. First, it reinforces the suggestion
that the role of the mOFC during valuation and choice is gener-
alized across a wide range of stimuli and contexts, ranging from
primary to secondary rewards (Chib et al., 2009; FitzGerald et al.,
2009; Hare et al., 2010). Second, it is consistent with the hypoth-
esis that the mOFC is necessary to encode the prospective value of
available goods to choose between them (Padoa-Schioppa and
Assad, 2006), but not to encode the incentive value of a stimulus
per se, regardless of whether an economic choice is required (for
review, see O’Doherty, 2004). Indeed, in experiments that com-
pared conditions in which subjects did or did not make a choice,
mOFC was significantly more active in the choice condition
(Arana et al., 2003). By contrast, neural responses in the amygdala
were related to incentive value, and independent of behavioral
choice. Finally, the preserved effect of reward type on TD after
mOFC lesion rules out the possibility that increased choosing of
smaller-immediate rewards in mOFC patients simply resulted
from poor motor impulse control (Bechara and Van Der Linden,
2005): mOFC patients in the money task faced a situation iden-
tical to that in the food task, yet showed increased willingness to
wait for a larger reward.

To conclude, we have shown, for the first time in humans, that
damage to mOFC causes abnormally steep TD of delayed re-
wards. This finding indicates that mOFC is necessary for optimal
weighting of future outcomes during intertemporal choice.
mOFC may be crucial to form vivid representations of future
outcomes, capable of competing with immediate ones, or to in-
corporate top-down signals promoting resistance to immediate
gratification in the valuation process, ultimately extending the
reach of humans’ choices into the future.
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