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   Abstract 

 People are frequently faced with intertemporal choices, i.e., 
choices differing in the timing of their consequences, pre-
ferring smaller rewards available immediately over larger 
rewards delivered after a delay. The inability to forgo sooner 
gratifi cation to favor delayed reward (e.g., impulsivity) has 
been related to several pathological conditions characterized 
by poor self-control, including drug addiction and obesity. 
Comparative and functional human studies have implicated 
a network of brain areas involved in intertemporal choice, 
including the medial portion of the orbitofrontal cortex 
(mOFC). Moreover, damage to this cortical area increases 
preference for immediate gratifi cation in intertemporal deci-
sions. Here, we review recent neuroscientifi c studies con-
cerning intertemporal choice, suggesting that the mOFC 
contributes to preference for delayed rewards, either by com-
puting the value of future outcomes (i.e., valuation), or by 
enabling people to imagine and represent future rewards and 
their consequences (e.g., prospection).  

   Keywords:    impulsivity;   intertemporal choice;   medial 
orbito frontal cortex;   prospection;   reward;   temporal 
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  Intertemporal choice: an overview 

 Individuals are often faced with choices whose consequences 
are spread over time. Such decisions, involving trading off 
between benefi ts and costs differing in the time of their 
occurrence, are commonly defi ned as intertemporal choices. 
Making advantageous choices is crucial for survival and adap-
tation to the environment. People may have to choose, for 
example, between saving money or spending it immediately, 
quitting smoking to reduce the risk of future disease or car-
rying on, remaining home studying for an upcoming exam or 
enjoying the cinema with friends. In all these cases, the ques-
tion is: in order to reach the greatest advantage, is it best for 

me to indulge in the present or postpone the gain ?  In taking 
into account what they prefer and how long they are willing 
to wait to obtain it, all intertemporal choices affect people ’ s 
health, wealth and mood (Frederick et al. , 2002 ). 

 Humans and other animals ’  preferences for one option over 
another refl ect not just the amount of expected reward, but also 
the time at which reward will be received. Economic models 
usually explain this in terms of maximization of achieved util-
ity (Kalenscher and Pennartz , 2008 ). In order to choose the 
most rewarding course of action, people consider the utility 
of the temporally proximal outcome against the utility they 
assign to a temporally distant outcome. To explore such an 
issue in the laboratory (both from an economic and psycho-
logical point of view), these decisional situations are usually 
recreated manipulating the amount of the offered rewards 
(e.g., money for humans), and the time at which these rewards 
are delivered. As an example, a subject might choose between 
$5 now and $15 in one week. 

 Economics and psychology have long established that 
humans and other animals frequently prefer smaller rewards 
with short-term availability over larger rewards that become 
available in the long run, even when waiting would yield 
larger payoffs than pursuing immediate feelings (Ainslie , 
1974 ; Rosati et al. , 2007 ). This phenomenon, known as delay 
or temporal discounting (Samuelson , 1937 ; Ainslie , 1975 ), 
implies that the subjective value (i.e., utility depending on 
specifi c characteristics of a subject) of a potential reward 
is weakened (discounted), as a function of the time until its 
delivery (e.g., Myerson and Green , 1995 ; Cardinal et al. , 2001 ; 
Kalenscher et al. , 2005 ). In economics, the discounted utility 
model (Samuelson , 1937 ) provided, for many years, a theory 
framework for intertemporal choices, taking into account that 
all reasons or drives to make such choices can be described by 
a single parameter, the discount rate (Frederick et al. , 2002 ). 
Discount rate refers to the subjective value of rewards that 
decreases by a fi xed percentage for each unit of time that those 
rewards are delayed (Luhmann , 2009 ). This drop is described, 
within the discounted utility model, by a curve represented by 
an exponential function. This model, however, implies that a 
given temporal delay leads to the same degree of discount-
ing regardless of when it occurs (Loewenstein et al. , 2008 ). 
For instance, delaying the availability of a reward by one day 
from now leads to the same degree of discounting of delaying 
the availability of the same reward by one day from one year 
(Frederick et al. , 2002 ). More recent research has pointed out 
that intertemporal behavior may not be linear, and that devia-
tions from rationality in estimating present and future conse-
quences of actions cannot be captured well by an exponential 
function (Frederick et al. , 2002 ). Both humans and animals 
care, in fact, more about a delay if it is proximal than if it is 
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distal in time (Loewenstein et al. , 2008 ), so that reward dis-
counting is initially more prominent, and then, as more time 
passes, it becomes less steep (Kirby and Marakovic , 1995 ; 
Johnson and Bickel , 2008 ). For instance, one may prefer $110 
in 31 days over $100 in 30 days, but $100 now over $110 
tomorrow (Frederick et al. , 2002 ). These so-called  ‘ preference 
reversals ’  or  ‘ time inconsistencies ’  (Frederick et al. , 2002 ) are 
better explained by a hyperbolic model than by an exponential 
model, which accounts for non-constant discounting (Mazur, 
1987; Cardinal , 2006 ; Kalenscher and Pennartz , 2008   ). 

 Other anomalies in discount rates are detectable when 
 people have to decide, between gains vs. losses, or between 
small vs. large outcomes. As for the former, losses are usually 
less discounted in time than are gains: people are eager to 
receive gains as soon as possible, not so to obtain losses, even 
if these would be less conspicuous than future losses ( ‘ sign 
effect ’ , Thaler , 1981 ; Loewenstein , 1987 ). Second, large 
quantities of an outcome are discounted less than smaller 
quantities: larger outcomes are valued more, making people 
more willing to wait for them ( ‘ magnitude effect ’ , Myerson 
and Green , 1995 ). 

 Greater delay discounting in intertemporal choice is usu-
ally related to impulsivity (e.g., Takahashi , 2005 ), that is, 
an inability to wait for delayed rewards (Takahashi et al. , 
2007 ; Frederick et al. , 2002 ). Individuals with higher delay 
discounting may have impaired self-control (e.g., Takahashi 
et al. , 2007 ), which is necessary to favor distant important 
goals over immediate gratifi cation (Shamosh and Gray , 2008 ). 
Suboptimal intertemporal choices, indeed, can be observed in 
conditions characterized by poor self-control, including drug 
addiction (e.g., heroin or cocaine addiction, cigarette smoking 
and binge drinking, Bickel et al. , 1999, 2007 ; Vuchinich and 
Simpson , 1998 ; Kirby et al. , 1999 ), attention defi cit/hyper-
activity disorder (Barkley et al. , 2001 ), compulsive gambling 
(Holt et al. , 2003 ), or obesity (Weller et al. , 2008 ). Substance 
users (Kirby and Petry , 2004 ), indeed, show increased dis-
count rates compared to healthy controls, consistent with their 
inability to make prudent choices forgoing instant gratifying 
rewards (e.g., drugs) to favor later rewards of larger value 
(e.g., health). Impaired performance on measures of intelli-
gence, working memory and cognitive abilities are related to 
both poor self-control and higher delay discounting (Shamosh 
and Gray , 2008 ; Shamosh et al. , 2008 ). For instance, it has 
been observed that children who were able to wait longer to 
obtain more marshmallows at age 4 or 5 became more aca-
demically and socially competent adolescents, rational, plan-
ful, and able to deal well with frustration and stress (Mischel 
et al. , 1988 ), indicating that individual differences in delay 
gratifi cation are stable in time. Moreover, evidence for a 
functional relationship between delay discounting and work-
ing memory was provided in addicted individuals: neurocog-
nitive training of working memory signifi cantly decreased 
delay discounting (Bickel et al. , 2011 ). 

 Large delay discounting rates in adults have been found to 
correlate with a number of personality traits too, such as extra-
version (Ostaszewski , 1996 ), and a sense of powerlessness 
over the future (Johnson et al. , 2010 ). However, individual 
differences in discount rate can be attributable not only to trait 

(i.e., differences between subjects, such as genetic factors or 
personality) but also to internal state features (i.e., differences 
within the same subject, such as stress or hunger) and aspects 
of the situation, such as reward type (Kirby  2009 ; Peters and 
B  ü chel, 2011 ). Indeed, a difference in the ability to resist to 
immediate gratifi cation can be observed when people are faced 
with primary or secondary rewards ( ‘ domain effect ’ , Frederick 
et al. , 2002 ). Primary rewards, such as food or drugs and alco-
hol, due to their perishability, dependence on internal states 
(e.g., hunger, stress), and desires (Catania , 1998 ; Odum et al., 
2003; Charlton and Fantino , 2008 ), as well as their ability to 
rapidly bring to satiety, are discounted at a higher rate than 
secondary rewards. Compared to primary rewards, money and 
gift certifi cates tend to elicit a less strong desire for immediate 
rewarding consumption (e.g., Odum and Rainaud, 2003; Estle 
et al. , 2007 ). Metabolism is indeed a powerful determinant of 
humans ’  choice of behavior, exerting an effect also on sec-
ondary rewards (Wang and Dvorak , 2010 ): increasing blood 
glucose levels led to an increase in the value placed on future 
rewards; vice versa, drinking a beverage without sugar led to 
an increase in the value placed on current rewards. 

 Humans have been deemed to be evolutionarily more 
patient than animals, despite both exhibiting temporal dis-
counting of future delays (e.g., Green and Myerson , 2004 ; 
Woolverton et al. , 2007 ). Recently, however, Rosati and 
colleagues (2007) demonstrated that humans share similar 
levels of patience with bonobos and chimpanzees in some 
contexts, for example, when food rewards are at stake. Under 
some conditions, humans were even less willing to wait for 
food than chimpanzees. Moreover, Jimura and colleagues 
(2009) found that, like animals, humans exhibited temporal 
discounting also with rewards delayed by seconds.  

  Functional studies 

 Why do attempts to resist immediate gratifi cation fail ?  
Recently, neurobiology and cognitive neuroscience 
have drawn attention to reward-based decision-making 
(Loewenstein et al. , 2008 ) as the result of complex emotional 
and cognitive processes, not yet clearly identifi ed. The subjec-
tive value (desirability) of a reward is computed in the brain 
in order for choices to be guided by preferences (Grabenhorst 
and Rolls , 2009 ). There is growing evidence that a network 
of the frontocortical and subcortical brain regions is consis-
tently responsive to rewarding stimuli (e.g., Schultz , 2006 ; 
Luhmann , 2009 ). In humans, the orbital part of the prefrontal 
cortex (OFC, Schoenbaum et al. , 1998, 1999, 2006 ; Rangel 
et al. , 2008 ) and its relative medial portion (mOFC) [paral-
imbic Brodmann ’ s areas (BAs) 25, 13, and medial portion of 
BA 11, 12 and 10 (Kringelbach and Rolls , 2004 ; Bechara , 
2005 )], together with striatal and midbrain areas, such as 
the entire ventral striatum (including the nucleus accum-
bens), the medial amygdala, and the substantia nigra (Haber 
and Knutson , 2010 ), are thought to play a pivotal role in the 
reward circuit (Montague and Berns , 2002 ). Indeed, a large 
number of studies found that the OFC and the mOFC were 
activated during anticipation of expected rewards (e.g., 
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Mainen and Kepecs , 2009 ), coding the incentive value of both 
real and abstract rewards (Damasio , 1994 ; Rolls et al. , 1999 ; 
Elliott et al. , 2000b ;  O ’ Doherty et al., 2001 ;  O ’ Doherty, 2004 ; 
Kringelbach , 2005 ; Schoenbaum et al. , 2006 ), monitoring the 
value of different reinforcers (Kringelbach and Rolls , 2004 ), 
and responding to changes in outcome predictions (e.g., 
 O ’ Doherty et al., 2002 ; Gottfried et al. , 2003 ). Moreover, it 
has been suggested (Elliott et al. , 2000a ;  O ’ Doherty et al., 
2001;  Liu et al. , 2007 ; Mainen and Kepecs , 2009 ) that the 
mOFC is specifi cally sensitive to benefi ts and positive out-
comes, whereas the lateral portion of the OFC is more modu-
lated by costs (i.e., losses or punishments). 

 More recently, neurobiological research has focused on 
the neural underpinnings of value encoding of competing 
rewards, necessary to guide optimal choice behavior among 
alternatives differing in the time of their consequences. 
Overall, animal studies suggest a role of the mOFC in inter-
temporal decision-making (Winstanley et al. , 2004 ). In both 
rodents (Roesch et al. , 2006 ; Da Costa Ara  ù jo et al., 2010 ) 
and monkeys (Wallis and Miller , 2003 ; Padoa -Schioppa and 
Assad, 2006 ; Roesch et al. , 2006 ), mOFC neurons were found 
to encode the subjective value of different foods when choos-
ing between them, and to be sensitive to the reward amount 
and to the duration of a delay intervening before food deliv-
ery, responding more strongly to short delays predicting cues 
and before larger rewards. Disruption of both rats ’  (Cardinal 
et al. , 2001 ; Mobini et al. , 2002 ; Winstanley et al. , 2004 ; 
Rudebeck et al. , 2006 ) and monkeys ’  (Tremblay and Schultz , 
1999 ; Izquierdo and Murray , 2004 ) mOFC was found to alter 
discount rates, sensitivity (preferences) to size of reward and 
time to wait for it, and to produce abnormal responses to 
changes in reward expectations. 

 In humans, the ventral striatum, mOFC, posterior cingu-
lated cortex, and lateral prefrontal cortex have been identi-
fi ed as other critical neural substrates of intertemporal choices 
(McClure et al. , 2004, 2007 ; Kable and Glimcher , 2007, 2010 ). 
Their specifi c role, however, is still unclear. Imaging studies 
by McClure and colleagues (2004, 2007) emphasize the view 
that discounting behavior refl ects the differential activation 
of two distinguishable neural systems (see also Elster , 1979 ; 
Shefrin and Thaler , 1988 ; Loewenstein , 1996 ; Loewenstein et 
al. , 2008 ). One system is responsible for impatient choices, 
driven by the desire for present outcomes (the  ‘ myopic doer ’ , 
Thaler and Shefrin , 1981 ; Elster , 1985, 1986 ; Graham and 
Isaac , 2000 ). The other is responsible for prudent choices, 
emphasizing more the consequences of choosing delayed out-
comes (the  ‘ farsighted planner ’ , Thaler and Shefrin , 1981 ). 
These two systems are commonly defi ned  β , the more impul-
sive system, and  δ , the  more rational    system (e.g., Laibson , 
1994, 1997 ; Loewenstein , 1996 ). On this perspective, the bal-
ance between the activation of these two systems is respon-
sible for the impulsivity or the patience exhibited by people 
during intertemporal choices (e.g., Laibson , 1994, 1997 ; 
Loewenstein , 1996 ; Peters and B  ü chel, 2011 ). McClure and 
colleagues (2004) found that the ventral striatum, mOFC and 
medial prefrontal cortex were preferentially activated when 
an immediate monetary option was available, therefore they 
deemed these structures as the neural bases of the  β -system. 

Conversely, the lateral prefrontal cortex and the poste-
rior parietal cortex were not preferentially activated by the 
presence of a particular option, but activated by all types of 
choice (between immediate vs. delayed options, or between 
two delayed options), therefore the authors related these areas 
to the  δ -system. When the  β -system is engaged, it favors the 
immediate option, whereas when a greater activation in the 
 δ -system overcomes that in the  β -system, a delayed option is 
favored (McClure et al. , 2004 ). These activations (McClure 
et al. , 2004 ) were not found solely using monetary rewards, 
but also with primary rewards available immediately after 
each decision (McClure et al. , 2007 ). 

 Another approach to relate neural activity to intertempo-
ral choices is to link neural states to subjective value directly 
(Kable and Glimcher  2007, 2010 ). In the study by Kable and 
Glimcher  (2007) , participants were submitted to monetary 
choices between a fi xed option, always immediately avail-
able, and a variable option, offered at different delays. Based 
on behavioral choices, they derived an individual preference 
curve for each participant, to estimate how the subjective value 
changed as a function of delay and amount. Brain activity dur-
ing subsequent intertemporal choices was then examined that 
covaried with this parameter. It was found that activity in the 
ventral striatum, medial prefrontal cortex, and posterior cin-
gulate cortex tracked subjective value, regardless of whether 
the delayed reward could be obtained in hours or in months. 
Despite marked differences in the discount curves of each sub-
ject (ranging from most patient to most impulsive), subjective 
preferences were mirrored in the pattern of activity in the ven-
tral striatum, medial prefrontal cortex, and posterior cingulate 
cortex (Kable and Glimcher , 2007 ). That this activity varied 
with the delayed option (the immediate option was fi xed and 
never presented on the screen during the experiment) dem-
onstrates that these regions do not value immediate rewards 
only, but represent the subjective value of delayed rewards 
(Kable and Glimcher , 2007 ). According to Kable and Glimcher 
 (2007) , therefore, fi ndings from McClure and colleagues 
(2004) that limbic activity was greatest for immediate rewards, 
could merely refl ect the fact that immediate options generally 
have a greater subjective value than delayed ones (Kable and 
Glimcher,  2007 ). 

 To strengthen their point further, Kable and Glimcher 
 (2010)  conducted a second experiment, including a condition 
in which two delayed options were offered, testing for prefer-
ence reversals in the context of a model called  ‘ As Soon As 
Possible ’  (ASAP). While the hyperbolic model accounts for a 
hyperbolic decline of the subjective value with regard to the 
present, the ASAP model accounts for a hyperbolic decline of 
the subjective value relative to the soonest possible reward, 
which may not necessarily be available immediately. The 
most evident difference between these two models is in the 
expected occurrence of preference reversals. While McClure 
and colleagues ’  (2004, 2007) discounting function pre-
dicts that people will sometimes make preference reversals 
between two delayed options (i.e., choosing the larger later 
reward, while this same option was previously refused when 
paired with an immediate one), the ASAP model predicts that 
people will make the same choice in both conditions, and that 
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possible changes are just stochastic (Kable and Glimcher, 
 2010 ). Indeed, Kable and Glimcher  (2010)  found that when 
subjects chose between two delayed options, they were, in 
some cases, even more impulsive than when an immediate 
reward was available. At a neural level, the activity in the 
ventral striatum, medial prefrontal cortex and posterior cin-
gulate cortex was found to track the subjective value of both 
immediate and delayed rewards. This (absolute) subjective 
value varied as a function of the delay to the soonest possible 
reward. Once again, Kable and Glimcher  (2010)  did not fi nd 
a greater activation of the ventral striatum, medial prefrontal 
cortex and posterior cingulate cortex in the immediate condi-
tion compared to the delayed condition, showing that these 
areas do not carry an impulsive signal that primarily values 
immediate rewards, but rather a value signal for delayed 
rewards. At any rate, marked differences in the analysis of the 
above-described studies (McClure et al. , 2004, 2007 ; Kable 
and Glimcher , 2007 , 2010) make a direct comparison of the 
two diverse fi ndings diffi cult. 

 More recently, the study of Ballard and Knutson  (2009)  
provided further evidence for the involvement of the mesolim-
bic and lateral brain regions in future rewards evaluation, but 
differentially according to magnitude and delay. Across sub-
jects, activity in the nucleus accumbens, medial prefrontal 
cortex, and posterior cingulate cortex positively correlated 
with the magnitude of future rewards, while that in the dor-
solateral prefrontal cortex, temporal-parietal junction cortex, 
and posterior cingulate cortex negatively correlated with the 
delay of future rewards. Neural activity in response to mag-
nitude and delay was then correlated with discount rates for 
each participant. More impulsive subjects showed diminished 
activation of nucleus accumbens to future rewards magnitude 
(they were even less sensitive to large magnitudes of future 
rewards), and increased deactivation of dorsolateral prefrontal 
and parietal cortices to future rewards (Ballard and Knutson , 
2009 ). This functional dissociation is, in fact, reminiscent of 
the dual-system model of McClure and colleagues (2004, 
2007). However, the fi nding that medial prefrontal cortex and 
posterior cingulate cortex responded to both immediate and 
delayed rewards (Ballard and Knutson , 2009 ) better fi ts with 
a unitary model (Kable and Glimcher , 2007, 2010 ; Peters and 
B  ü chel, 2010 ).  

  Lesion studies 

 Functional neuroimaging studies in humans highlight the 
role of the mOFC in the evaluation of intertemporal rewards 
when a choice is required. However, correlational meth-
ods cannot demonstrate a causal role for the mOFC during 
intertemporal decisions. Lesion methods overcome this limi-
tation. Damage to the mOFC in humans results in motiva-
tional, emotional, affective and behavioral defi cits, such as 
dysregulated social behavior (Damasio et al. , 1991 ; Damasio 
and Anderson , 1993 ), inability to inhibit simple responses, 
short-term goals preference instead of long-term goals, 
inability to make advantageous decisions (poor choice pat-
tern), ineffi cient coping with risk, abolished physiological 

responses in anticipation of punishment or before endorsing 
harmful actions that maximize good consequences (Moretto 
et al. , 2010 ), all in the presence of well-preserved basic 
intellectual abilities (Bechara et al. , 1997 ). Moreover, early 
signs of fronto-temporal dementia (e.g., eating disorders), 
a pathology affecting also the OFC (Glimcher et al., 2009), 
may reveal defi cits in assigning the correct value to appeti-
tive stimuli (Pasquier and Petit , 1997 ). 

 Fellows and Farah  (2005)  evaluated intertemporal choices 
in brain-lesioned patients. They compared performance of 
ventromedial prefrontal cortex patients, dorsolateral frontal 
patients, in which damage encompassed the frontal cortex 
but spared the ventromedial prefrontal cortex, non-frontal 
patients, in which the frontal cortex was spared, and healthy 
controls. Participants were assessed on intertemporal mon-
etary decisions (Kirby and Marakovic , 1995 ), and on the 
 ‘ future time perspective ’  test, which assesses several facets 
of future time representation. Ventromedial prefrontal cor-
tex patients showed discounting rates comparable to those 
of the other two groups of patients and the healthy controls. 
Concerning  ‘ future time perspective ’ , instead, ventromedial 
prefrontal cortex patients revealed signifi cantly foreshortened 
personal future time perspective than healthy controls. These 
results suggest that despite the fact that the temporal (future) 
window of ventromedial prefrontal cortex patients was shorter 
than it was in the other groups, this did not have an impact on 
intertemporal choice. Fellows and Farah  (2005)  themselves, 
anyway, did not exclude the possibility that their discounting 
task was less sensitive than the future time perspective task. 
Recent studies have evidenced that focal lesions encompass-
ing the mOFC but not necessarily the ventromedial prefrontal 
cortex affected temporal discounting in monkeys by increas-
ing its steepness (Rudebeck et al. , 2006 ), which suggest that 
the mOFC may be the critical region for evaluating different 
rewards delivered at different times (Noonan et al. , 2010 ). 
Since in the study by Fellows and Farah  (2005)  some patients 
had damage involving the medial prefrontal cortex but spar-
ing the mOFC, their results did not clearly shed light on the 
role of human mOFC during intertemporal choice. 

 More recently, Sellitto and colleagues (2010) reconsidered 
intertemporal choices, comparing mOFC damaged individu-
als with patients whose lesion spared the frontal lobe, and 
healthy controls. Precisely, the maximal overlap of lesions in 
the mOFC was in BAs 10 and 11, and the adjacent medial 
prefrontal cortex (BA 32). All participants performed three 
temporal discounting tasks involving, separately, primary 
(food) and secondary (money and discount voucher). In the 
three temporal discounting tasks, participants chose between 
an immediate variable amount of reward and a fi xed amount 
of reward that could be received after a delay (Kirby and 
Herrstein , 1995 ; Myerson et al. , 2003 ; Sellitto et al. , 2010 ). 
The amount of the immediate reward was adjusted based on 
the participant ’ s choices, using a staircase procedure that con-
verged on the amount of the immediate reward that was equal, 
in subjective value, to the delayed reward (Du et al. , 2002 ; 
Sellitto et al. , 2010 ). 

 mOFC patients exhibited greater impatience than healthy 
and brain-damaged control participants across types of 
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reward. That is, compared to controls, the preference for 
immediate rewards was increased in mOFC patients, as was 
the steepness of the hyperbolic function that best described 
their behavior. Moreover, lesion volume in BA 11 showed 
a strong correlation with discounting behavior, with larger 
lesions associated with steep discounting rates. These fi nd-
ings argue for a necessary role for the mOFC in the valuation 
of rewards, regardless of the type of reward at stake. This is 
consistent with a recent study (Chib et al. , 2009 ) that found 
that the ventromedial prefrontal cortex (which includes the 
mOFC and the medial prefrontal cortex) activity correlated 
with subjects ’  value for all types of goods (food, non-food 
consumable, money), suggesting that a common  ‘ neural cur-
rency ’  (Montague and Berns , 2002 ), computed via mOFC, 
underlies the evaluation of different categories of goods. 

 Interestingly, differences in temporal discounting were 
observed despite the fact that patients did not rate themselves 
as impulsive in a self-assessed impulsivity scale (Fossati 
et al. , 2001 ). This fi nding confi rms previous reports of a lack 
of awareness and self-insight in ventromedial prefrontal cor-
tex patients (Barrash et al. , 2000 ; Beer et al. , 2006 ; Ciaramelli 
and Ghetti , 2007 ; Modirrousta and Fellows , 2008 ; Sellitto et 
al. , 2010 ), and stressed the need for converging measures. 
Moreover, the lesion volume in BA 11 strongly correlated 
with the discounting behavior, further suggesting that mOFC 
is a crucial area in evaluating reinforcers. A further, recent 
study (Figner et al. , 2010 ) focused on the role of cognitive 
control during intertemporal choices, based on the idea that 
choice does not follow automatically from valuation, as 
valuation judgments and choice can be discrepant due to the 
intervention of deliberative processes. Activity in the lateral 
prefrontal cortex, often found during intertemporal choices 
in previous studies (McClure et al. , 2004, 2007 ; Kable and 
Glimcher , 2007, 2010 ), is long known to be responsible for 
the implementation of self-control during several types of task 
(e.g., Miller and Cohen , 2001 ; Knoch and Fehr , 2007 ). When 
we are faced with tempting short-term gratifi cations, self-
control processes must intervene to resist temptation in favor 
of a farsighted choice (i.e., the future outcome). Figner and 
colleagues (2010) described two types of preference rever-
sals:  ‘ self controlled preference reversals ’ , in which, despite 
the higher valuation of the tempting short-term gratifi cation, 
the long-term outcome is chosen, and  ‘ impulsive preference 
reversals ’ , where the long-term outcome has the larger evalu-
ation but the short-term one is chosen. This model predicts 
more  ‘ self controlled preference reversal ’  than  ‘ impulsive 
preference reversal ’  when self-control mechanisms are nor-
mally available. This  ‘ self-control account ’  (Figner et al. , 
2010 ) makes three fundamental predictions. Firstly, the lateral 
prefrontal cortex is involved in choice but not in explicit eval-
uation; therefore a virtual disruption of these cortices should 
affect the former but leave unaltered the latter. Secondly, this 
disruption should affect, predominantly, choices in which an 
immediate option is available, not when only delayed options 
are put against, since the former are strong, tempting and 
require more self-control. Thirdly, to the extent that disrup-
tion of the lateral prefrontal cortex leads to diminished self-
control capability, both a reduction in  ‘ self-controlled 

preference reversals ’  and an increase in  ‘ impulsive preference 
reversals, should be expected. Low-frequency, repetitive, 
transcranial magnetic stimulation on the lateral prefron-
tal cortex before performing the choice task resulted in an 
increase in impatient choices, without changing the pattern 
of choices involving only future options, or valuation ratings 
of both types of rewards. These fi ndings support the idea that 
the lateral prefrontal cortex exerts a modulatory (self-control) 
role on the activity of regions (e.g., mOFC) involved in inter-
temporal reward choice (Figner et al. , 2010 ). 

 Findings of Sellitto and colleagues (2010) have important 
implications in understanding the mechanisms underlying 
intertemporal choice, with respect to both the dual vs. unitary 
model debate (McClure et al. , 2004, 2007 ; Kable and Glimcher , 
2007, 2010 ), and evidence of the lateral prefrontal cortex 
involvement in intertemporal choices (Figner et al. , 2010 ). 
According to the dual model (McClure et al. , 2004, 2007 ), 
during intertemporal choice, the activation of the impulsive 
 β -system, which includes the mOFC, would favor the imme-
diate option, whereas activation of the patient  δ -system would 
favor the delayed option (McClure et al. , 2004 ). However, the 
fi nding that damage to the mOFC increases impatient choices 
(Sellitto et al. , 2010 ) does not support the hypothesis that the 
mOFC underlays the impulsive system (McClure et al. , 2004 ). 
If this was the case, damage to the mOFC should have resulted 
in a weak  β -system overwhelmed by the  δ -system, and, con-
sequently, more prudent choices. Rather, the results of Sellitto 
and colleagues (2010) can be better understood in the context 
of a unitary model (Kable and Glimcher , 2007, 2010 ; Peters 
and B  ü chel, 2009 ), according to which the mOFC and adja-
cent medial prefrontal cortex, ventral striatum, and posterior 
cingulate cortex, represent the subjective value of both imme-
diate and future rewards, under the top-down modulation of 
lateral prefrontal cortex (Hare et al. , 2009 ; Figner et al. , 2010 ). 
Within this network, the mOFC is thought to signal the sub-
jective 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 inte-
grating different information (e.g., magnitude, delay; Ballard 
and Knutson , 2009 ) coming from different structures (e.g., 
amygdala, De Martino et al. , 2006 ) into a  ‘ common neural 
currency ’ , namely, a common scale used to compare future 
actions and outcomes value (Montague and Berns , 2002 ). 

 Sellitto and colleagues (Sellitto et al. , 2010 ; Ciaramelli 
and di Pellegrino , 2011 ) proposed two possible mechanisms 
through which the mOFC may infl uence valuation and pref-
erence of future rewards. On the one hand, the ventromedial 
prefrontal cortex regions, including the mOFC, are at the core 
of a network of brain regions involved in self-projection, 
namely, the ability to shift the perspective to alternatives 
other than the present (Buckner and Carroll , 2007 ; Andrews -
Hanna et al., 2010 ). During intertemporal choice, the mOFC 
may allow individuals to anticipate future experiences associ-
ated with rewards, and modulate valuation of future outcomes 
based on the resulting (positive) affective states (Bechara , 
2005 ). For instance, the mOFC may subserve the ability 
to imagine and reproduce how we will feel tomorrow after 
collecting $15. Moreover, this ability to project the self ahead 
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in time to pre-experience an event (episodic future thinking, 
Atance and O  ’ Neill, 2001 ) was found to be related to tem-
poral discounting. Firstly, individual differences in the dif-
ferential activation of medial prefrontal regions (including 
the medial prefrontal cortex and the rostral anterior cingulate 
cortex) for current vs. future self-relevant information, pre-
dicted temporal discounting (Ersner -Hershfi eld et al., 2009 ). 
That is, the degree to which one perceives one ’ s present self 
as continuous with a future, self predicted the degree to which 
one was capable to save money for the future: the greater the 
activation in medial prefrontal regions, the larger the impa-
tience in discounting future rewards (Pronin et al. , 2008 ; 
Ersner -Hershfi eld et al., 2009 ). Moreover, ventromedial pre-
frontal cortex activity predicted both how much people would 
enjoy an event in the future, and the extent to which they 
made impulsive monetary decisions (Mitchell et al. , 2010 ). 
Secondly, future thinking reduced discount rates, increasing 
preferences for future outcomes (Benoit et al. , 2011 ; Peters 
and B  ü chel, 2011 ). Hence, damage to the mOFC would lead 
to a poor representation of future outcomes and, consequently, 
to shortsighted behavior (Ciaramelli and di Pellegrino , 2011 ). 
As a consequence, mOFC patients are unable to envision 
future rewards, which would be underpowered to compete 
with salient, current rewards. 

 On the other hand, the mOFC is the target of top-down 
signals from lateral prefrontal cortex promoting  ‘ rational ’  
decision-making and self-control, necessary to override more 
valuable immediate gratifi cation (Christakou et al. , 2009 ; 
Hare et al. , 2009 ; Figner et al. , 2010 ). The mOFC has been 
proposed to integrate emotional and cognitive information, 
enabling more rational behavior (De Martino et al. , 2006 ). 
Damage to the mOFC, therefore, would prevent lateral pre-
frontal signals from modulating the value signal infl uencing 
preferences, thus depriving patients of self-control during 
intertemporal decisions. Poor mental time travel and/or poor 
self-control arguably result in problems anticipating, or adapt-
ing behavior to, the long-term consequences of decisions 
biasing choices towards closer rewards (i.e.,  ‘ myopia for the 
future ’ ; Damasio , 1994 , Bechara , 2005 ; Sellitto et al. , 2010 ; 
Ciaramelli and di Pellegrino , 2011 ). 

 This suggestion is also compatible with a theory of impulse 
control proposed by Bechara  (2005)  and Bechara and Van 
Der Linden  (2005) , according to which regions in the ven-
tromedial prefrontal cortex, including the mOFC, weight the 
long-term prospect of a given choice during decision-making 
(Schoenbaum et al. , 2009 ). In this context, the amygdala is 
involved in triggering the affective/emotional signals of 
immediate prospect of pain or pleasure associated with an 
outcome (impulsive system), whereas the ventromedial pre-
frontal cortex is involved in triggering emotions from the 
products of anticipation and future-thinking (refl ective sys-
tem, Bechara , 2004, 2005 ). The ventromedial prefrontal cor-
tex links two systems together: one, involving the insula and 
other somatosensory cortices, critical for representing pat-
terns of emotional/affective states; another, involving the dor-
solateral prefrontal cortex and the hippocampus, critical for 
memory and imagination (Damasio , 1994 ; Bechara , 2004 ). 
The imbalance between these competing signals might lead 

to the hypervaluation of immediate over future outcomes. 
The evidence of a biased towards immediate pleasure behav-
ior (refl ecting in abnormally steep temporal discounting) in 
mOFC patients, indeed, is in line with previous evidence that, 
during the Iowa Gambling Task, mOFC patients made impul-
sive,  ‘ shortsighted ’  choices that warranted (monetary) gains 
in the short-term but proved disadvantageous losses in the 
long-term (Bechara et al. , 1997 ; Berlin et al. , 2004 ; Anderson 
et al. , 2006 ).  

  Conclusions 

 Functional neuroimaging and lesion evidence converge to 
suggest that intertemporal choices, common situations that 
require trading off between current and anticipated needs, are 
governed by a network of brain regions, including the mOFC 
and the lateral prefrontal cortex. In humans, damage to the 
mOFC leads to steep discounting of future rewards, indicating 
that this region is necessary either to create vivid representa-
tions of future rewards or to integrate the value of competing 
options during intertemporal decision-making. 

      References 

    Ainslie, G.W. (1974). Impulse control in pigeons. J. Exp. Anal. 
Behav.  2 , 485 – 489.  

    Ainslie, G.W. (1975). Specious reward: a behavioral theory of impul-
siveness and impulse control. Psychol. Bull.  82 , 463 – 496.  

    Anderson, S.W., Barrash, J., Bechara, A., and Tranel, D. (2006). 
Impairments of emotion and real-world complex behavior fol-
lowing childhood- or adult-onset damage to ventromedial pre-
frontal cortex. J. Int. Neuropsychol. Soc.  12 , 224 – 235.  

    Andrews-Hanna, J.R., Reidler, J.S., Sepulcre, J., Poulin, R., and 
Buckner, R.L. (2010). Functional-anatomic fractionation of the 
brain ’ s default network. Neuron  65 , 550 – 562.  

    Atance, C.M. and O ’ Neill, D.K. (2001). Episodic future thinking. 
Trends. Cogn. Sci.  5 , 533 – 539.  

    Ballard, K. and Knutson, B. (2009). Dissociable neural representa-
tions of future reward magnitude and delay during temporal dis-
counting. Neuroimage  45 , 143 – 150.  

    Barkley, R.A., Murphy, K.R., and Bush, T. (2001). Time perception 
and reproduction in young adults with attention defi cit hyperac-
tivity disorder. Neuropsychol.  15 , 351 – 360.  

    Barrash, J., Tranel, D., and Anderson, S.W. (2000). Acquired person-
ality disturbances associated with bilateral damage to the ventro-
medial prefrontal region. Dev. Neuropsychol.  18 , 355 – 381.  

    Bechara, A. (2004). Disturbances of emotion regulation after focal 
brain lesions. Int. Rev. Neurobiol.  62 , 159 – 193.  

    Bechara, A. (2005). Decision making, impulse control and loss of 
willpower to resist drugs: a neurocognitive perspective. Nat. 
Neurosci.  8 , 1458 – 1463.  

    Bechara, A. and Van Der Linden, M. (2005). Decision-making and 
impulse control after frontal lobe injuries. Curr. Opin. Neurol. 
 18 , 734 – 739.  

    Bechara, A., Damasio, H., Tranel, D., and Damasio, A.R. (1997). 
Deciding advantageously before knowing the advantageous 
strategy. Science.  275 , 1293 – 1295.  

AUTHOR’S COPY | AUTORENEXEMPLAR 

AUTHOR’S COPY | AUTORENEXEMPLAR 



The neurobiology of intertemporal choice  571

    Beer, J.S., John, O.P., Scabini, D., and Knight, R.T. (2006). Orbitofrontal 
cortex and social behavior: integrating self-monitoring and emo-
tion-cognition interactions. J. Cogn. Neurosci.  18 , 871 – 879.  

    Benoit, R.G., Gilbert, S.J., and Burgess, P.W. (2011). A neural mech-
anism mediating the impact of episodic prospection on farsighted 
decisions. J. Neurosci.  31 , 6771 – 6779.  

    Berlin, H.A., Rolls, E.T., and Kischka, U. (2004). Impulsivity, time 
perception, emotion and reinforcement sensitivity in patients 
with orbitofrontal cortex lesions. Brain  127 , 1108 – 1126.  

    Bickel, W.K., Odum, A.L., and Madden, G.J. (1999). Impulsivity and 
cigarette smoking: Delay discounting in current, never, and ex-
smokers. Psychopharmacol.  146 , 447 – 454.  

    Bickel, W.K., Miller, M.L., Yi, R., Kowal, B.P., Lindquist, D.M., and 
Pitcock, J.A. (2007). Behavioral and neuroeconomics of drug 
addiction: competing neural systems and temporal discounting 
processes. Drug Alcohol Depend.  90,  S85 – S91.  

    Bickel, W.K., Yi, R., Landes, R.D., Hill, P.F., and Baxter, C. (2011). 
Remember the future: working memory training decreases 
delay discounting among stimulant addicts. Biol. Psychiatry  69 , 
260 – 265.  

    Buckner, R.L. and Carroll, D.C. (2007). Self-projection and the 
brain. Trends Cogn. Sci.  11 , 49 – 57.  

    Cardinal, R.N. (2006). Neural systems implicated in delayed and 
probabilistic reinforcement. Neural Networks  19 , 1277 – 1301.  

    Cardinal, R.N., Pennicott, D.R., Sugathapala, C.L., Robbins, T.W., and 
Everitt, B.J. (2001). Impulsive choice induced in rats by lesions 
of the nucleus accumbens core. Science.  292 , 2499 – 2501.  

    Catania, A.C. (1998). Learning (4th ed.). (Upper Saddle River, NJ: 
Prentice Hall).  

    Charlton, S.R. and Fantino, E. (2008). Commodity specifi c rates 
of temporal discounting: does metabolic function underlie 
differences in rates of discounting ?  Behav. Processes  77 , 
334 – 342.  

    Chib, V.S., Rangel, A., Shimojo, S., and O ’ Doherty, J.P. (2009). 
Evidence for a common representation of decision values for 
dissimilar goods in human ventromedial prefrontal cortex. J. 
Neurosci.  29 , 12315 – 12320.  

    Christakou, A., Brammer, M., Giampietro, V., and Rubia, K. (2009). 
Right ventromedial and dorsolateral prefrontal cortices mediate 
adaptive decisions under ambiguity by integrating choice utility 
and outcome evaluation. J. Neurosci.  29 , 11020 – 11028.  

    Ciaramelli, E. and Ghetti, S. (2007). What are confabulators ’  
memories made of ?  A study of subjective and objective mea-
sures of recollection in confabulation. Neuropsychologia  45 , 
1489 – 1500.  

    Ciaramelli, E. and di Pellegrino, G. (2011). Ventromedial prefrontal 
cortex and the future of morality. Emot. Rev.  3 , 308 – 309.  

    Da Costa Ara ù jo, S., Bodya, S., Torresa, L.V., Sancheza, C.M.O., 
Baka, V.K., Deaknib, J.F.W., Anderson, I.M., Bradshaw, C.M., 
and Szabadi, E. (2010). Choice between reinforcer delays versus 
choice between reinforcer magnitudes: differential Fos expres-
sion in the orbital prefrontal cortex and nucleus accumbens core. 
Behav. Brain Res.  213 , 269 – 277.  

    Damasio, A.R. (1994). Descartes ’  Error: Emotion, Reason, and the 
Human Brain. (New York: GP Putnam ’ s Sons).  

    Damasio, A. and Anderson, S.W. (1993). The frontal lobes. In: 
Clinical Neuropsychology. Heilman, K.M. and Valenstein, E., 
eds. (New York: Oxford University Press). 409 – 460.  

    Damasio, A.R., Tranel, D., and Damasio, H. (1991). Somatic mark-
ers and the guidance of behaviour: theory and preliminary test-
ing. In: Frontal Lobe Function and Dysfunction. Levin, H.S., 
Eisenberg, H.M., and Benton, A.L., eds. (New York: Oxford 
University Press). 217 – 229.  

    De Martino, B., Kumaran, D., Seymour, B., and Dolan, R.J. (2006). 
Frames, biases, and rational decision-making in the human brain. 
Science  313 , 684 – 687.  

    Du, W., Green, L., and Myerson, J. (2002). Cross-cultural compari-
sons of discounting delayed and probabilistic rewards. Psychol. 
Rec.  52 , 479 – 492.  

    Elliott, R., Dolan, R.J., and Frith, C.D. (2000a). Dissociable func-
tions in the medial and lateral orbitofrontal cortex: evidence from 
human neuroimaging studies. Cereb. Cortex.  10,  308 – 317.  

    Elliott, R., Dolan, R.J., and Frith, C.D. (2000b). Dissociable neu-
ral responses in human reward systems. J. Neurosci.  20 , 
6159 – 6165.  

    Elster, J. (1979). Ulysses and the Sirens: Studies in Rationality and 
Irrationality. (Cambridge, UK: Cambridge University Press).  

    Elster, J. (1985). Weakness of will and the free-rider problem. Econ. 
Philos.  1 , 231 – 265.  

    Elster, J. (1986). The Multiple Self. (Cambridge, UK: Cambridge 
University Press).  

    Ersner-Hershfi eld, H., Wimmer, G.E., and Knutson, B. (2009). 
Saving for the future self: neural measures of future self-conti-
nuity predict temporal discounting. Soc. Cogn. Affect. Neurosci. 
 4 , 85 – 92.  

    Estle, S.J., Green, L., Myerson, J., and Holt, D.D. (2007). Discounting 
of monetary and directly consumable rewards. Psychol. Sci.  18 , 
58 – 63.  

    Fellows, L.K. and Farah, M.J. (2005). Dissociable elements of human 
foresight: a role for the ventromedial frontal lobes in framing the 
future, but not in discounting future rewards. Neuropsychologia 
 43 , 1214 – 1221.  

    Figner, B., Knoch, D., Johnson, E.J., Krosch, A.R., Lisanby, S.H., 
Fehr, E., and Weber, E.U. (2010). Lateral prefrontal cortex and 
self-control in intertemporal choice. Nat. Neurosci.  13 , 538 – 539.  

    Fossati, A., Di Ceglie, A., Acquarini, E., and Barratt, E.S. (2001). 
Psychometric properties of an Italian version of the Barratt 
impulsiveness scale-11 (BIS-11) in nonclinical subjects. J. Clin. 
Psychol.  57 , 815 – 828.  

    Frederick, S., Loewenstein, G., and O ’ Donoghue, T. (2002). Time 
discounting and time preference: a critical review. J. Econ. Lit. 
 40 , 351 – 401.  

    Glimcher, P.W., Fehr, E., Camerer, C., and Poldrack, R.A. (2009). 
Neuroeconomics: decision making and the brain. (New York: 
Academic Press).  

    Gottfried, J.A., O ’ Doherty, J., and Dolan, R.J. (2003). Encoding pre-
dictive reward value in human amygdala and orbitofrontal cor-
tex. Science  301,  1104 – 1107.  

    Grabenhorst, F. and Rolls, E.T. (2009). Different representations 
of relative and absolute subjective value in the human brain. 
Neuroimage  48 , 258 – 268.  

    Graham, F. and Isaac, A.G. (2000). The behavioral life-cycle theory 
of consumer behavior: survey evidence. J. Econ. Behav. Organ. 
 48 , 391 – 401.  

    Green, L. and Myerson, J. (2004). A discounting framework for 
choice with delayed and probabilistic rewards. Psychol. Bull. 
 130,  769 – 792.  

    Haber, S.N. and Knutson, B. (2010). The reward circuit: linking primate 
anatomy and human imaging. Neuropsychopharmacol.  35 , 4 – 26.  

    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.  

    Holt, D.D., Green, L., and Myerson, J. (2003). Is discounting impul-
sive ?  Evidence from temporal and probability discounting in 
gambling and non-gambling college students. Behav. Processes 
 64 , 355 – 367.  

AUTHOR’S COPY | AUTORENEXEMPLAR 

AUTHOR’S COPY | AUTORENEXEMPLAR 



572  M. Sellitto et al.

    Izquierdo, A. and Murray, E.A. (2004). Combined unilateral lesions 
of the amygdala and orbital prefrontal cortex impair affective 
processing in rhesus monkeys. J. Neurophysiol.  91 , 2023 – 2039.  

    Jimura, K., Myerson, J., Hilgard, J., Braver, T.S., and Green, L. 
(2009). Are people really more patient than other animals ?  
Evidence from human discounting of real liquid rewards. 
Psychon. B. Rev.  16 , 1071 – 1075.  

    Johnson, M.W. and Bickel, W.K. (2008). An algorithm for iden-
tifying nonsystematic delay-discounting data. Exp. Clin. 
Psychopharmacol.  16 , 264 – 274.  

    Johnson, M.W., Bickel, W.K., Baker, F., Moore, B.A., Badger, G.J., 
and Budney, A.J. (2010). Delay discounting in current and former 
marijuana-dependent individuals. Exp. Clin. Psychopharmacol. 
 18 , 99 – 107.  

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

    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.  

    Kalenscher, T. and Pennartz, C.M.A. (2008). Is a bird in the hand 
worth two in the future ?  The neuroeconomics of intertemporal 
decision-making. Prog. Neurobiol.  84 , 284 – 315.  

    Kalenscher, T., Windmann, S., Diekamp, B., Rose, J., G ü nt ü rk ü n, O., 
and Colombo, M. (2005). Single units in the pigeon brain inte-
grate reward amount and time-to-reward in an impulsive choice 
task. Curr. Biol.  15 , 594 – 602.  

    Kirby, K.N. (2009). One-year temporal stability of delay-discount 
rates. Psychon. B. Rev.  16 , 457 – 462.  

    Kirby, K.N. and Herrstein, R.J. (1995). Preference reversals due 
to myopic discounting of delayed reward. Psychol. Sci.  6 , 
83 – 89.  

    Kirby, K.N. and Marakovic, N.N. (1995). Modeling myopic deci-
sions: evidence for hyperbolic delay-discounting within subjects 
and amounts. Organ. Behav. Hum. Dec.  64 , 22 – 30.  

    Kirby, K.N. and Petry, N.M. (2004). Heroin and cocaine abusers 
have higher discount rates for delayed rewards than alcoholics or 
non-drug-using controls. Addiction  99 , 461 – 471.  

    Kirby, K., Petry, N., and Bickel, W. (1999). Heroin addicts discount 
delayed rewards at higher rates than non-drug using controls. J. 
Exp. Psychol. Gen.  128 , 78 – 87.  

    Knoch, D. and Fehr, E. (2007). Resisting the power of temptations: 
the right prefrontal cortex and self-control. Ann. N.Y. Acad. Sci. 
 1104 , 123 – 134.  

    Kringelbach, M.L. (2005). The human orbitofrontal cortex: link-
ing reward to hedonic experience. Nat. Rev. Neurosci.  6 , 
691 – 702.  

    Kringelbach, M.L. and Rolls, E.T. (2004). The functional neuro-
anatomy of the human orbitofrontal cortex: evidence from 
neuroimaging and neuropsychology. Prog. Neurobiol.  72 , 
341 – 372.  

    Laibson, D. (1994). Essays in hyperbolic discounting. Ph.D. disserta-
tion, MIT.  

    Laibson, D. (1997). Golden eggs and hyperbolic discounting. Q. J. 
Econ.  112 , 443 – 477.  

    Liu, X., Powell, D.K., Wang, H., Gold, B.T., Corbly, C.R., and 
Joseph, J.E. (2007). Functional dissociation in frontal and striatal 
areas for processing of positive and negative reward information. 
J. Neurosci.  27 , 4587 – 4597.  

    Loewenstein, G. (1987). Anticipation and the valuation of delayed 
consumption. Econ. J.  97 , 666 – 684.  

    Loewenstein, G. (1996). Out of control: visceral infl uences on 
behavior. Org. Behav. Hum. Decis. Proc.  65 , 272 – 292.  

    Loewenstein, G., Rick, S., and Cohen, J.D. (2008). Neuroeconomics. 
Annu. Rev. Psychol.  59 , 647 – 672.  

    Luhmann, C.C. (2009). Temporal decision-making: insights from 
cognitive neuroscience. Front. Behav. Neurosci.  3 , 1 – 39.  

    Mainen, Z.F. and Kepecs, A. (2009). Neural representation of behav-
ioral outcomes in the orbitofrontal cortex. Curr. Opin. Neurobiol. 
 19 , 84 – 91.  

    Mazur, J.E. (1987). An adjusting procedure for studying delayed 
reinforcement. In: Quantitative Analyses of Behavior: The Effect 
of Delay and of Intervening Events on Reinforcement Value.  
(Hillsdale, NJ: Erlbaum), 55 – 73.  

    McClure, S.M., Ericson, K.M., Laibson, D.I., Loewenstein, G., and 
Choen, J.D. (2007). Time discounting for primary rewards. J. 
Neurosci.  27 , 7796 – 7804.  

    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.  

    Miller, E.K. and Cohen, J.D. (2001). An integrative theory of pre-
frontal cortex function. Annu. Rev. Neurosci.  24 , 167 – 202.  

    Mischel, W., Shoda, Y., and Peake, P.K. (1988). The nature of adoles-
cent competencies predicted by preschool delay of gratifi cation. 
J. Pers. Soc. Psychol.  54 , 687 – 699.  

    Mitchell, J.P., Schirmer, J., Ames, D.L., and Gilbert, D.T. (2010). 
Medial prefrontal cortex predicts intertemporal choice. J. Cogn. 
Neurosci.  23 , 857 – 866.  

    Mobini, S., Body, S., Ho, M.Y., Bradshaw, C.M., Szabadi, E., 
Deakin, J.F., and Anderson, I.M. (2002). Effects of lesions of the 
orbitofrontal cortex on sensitivity to delayed and probabilistic 
reinforcement. Psychopharmacol.  160 , 290 – 298.  

    Modirrousta, M. and Fellows, L.K. (2008). Medial prefrontal cortex 
plays a critical and selective role in  ‘ feeling of knowing ’  meta-
memory judgments. Neuropsychologia 46, 2958 – 2965.  

    Montague, P.R. and Berns, G.S. (2002). Neural economics and the 
biological substrates of valuation. Neuron  36,  265 – 284.  

    Moretto, G., L à davas, E., Mattioli, F., and di Pellegrino, G. (2010). A 
psychophysiological investigation of moral judgment after ven-
tromedial prefrontal damage. J. Cogn. Neurosci.  22 , 1888 – 1899.  

    Murray, E.A., O ’ Doherty, J.P., and Schoenbaum, G. (2007). What we 
know and do not know about the functions of the orbitofrontal cortex 
after 20 years of cross-species studies. J. Neurosci.  27 , 8166 – 8169.  

    Myerson, J. and Green, L. (1995). Discounting of delayed rewards: 
models of individual choice. J. Exp. Anal. Behav.  64 , 263 – 276.  

    Myerson, J., Green, L., Hanson, J.S., Holt, D.D., and Estle, S.J. 
(2003). Discounting delayed and probabilistic rewards: Processes 
and traits. J. Econ. Psychol.  24 , 619 – 635.  

    Noonan, M.P., Sallet, J., Rudebeck, P.H., Buckley, M.J., and 
Rushworth, M.F. (2010). Does the medial orbitofrontal cor-
tex have a role in social valuation ?  Eur. J. Neurosci.  31 , 
2341 – 2351.  

    O ’ Doherty, J.P. (2004). Reward representations and reward-related 
learning in the human brain: insights from neuroimaging. Curr. 
Opin. Neurobiol.  14 , 769 – 776.  

    O ’ Doherty, J.P., Deichmann, R., Critchley, H.D., and Dolan, R.J. 
(2002). Neural responses during anticipation of a primary taste 
reward. Neuron  33 , 815 – 826.  

    O ’ Doherty, J., Kringelbach, M.L., Rolls, E.T., Hornak, J., and 
Andrews, C. (2001). Nat. Neurosci.  4 , 95 – 102.  

    Odum, A.L. and Rainaud, C.P. (2003). Discounting of delayed hypo-
thetical money, alcohol, and food. Behav. Processes  64 , 305-313.  

    Ostaszewski, P. (1996). The relation between temperament and rate 
of temporal discounting. Eur. J. Personality  10 , 161 – 172.  

    Padoa-Schioppa, C. and Assad, J.A. (2006). Neurons in the orbito-
frontal cortex encode economic value. Nature  441,  223 – 226.  

AUTHOR’S COPY | AUTORENEXEMPLAR 

AUTHOR’S COPY | AUTORENEXEMPLAR 



The neurobiology of intertemporal choice  573

    Pasquier, F. and Petit, H. (1997). Frontotemporal dementia: its redis-
covery. Eur. Neurol.  38 , 1 – 6.  

    Peters, J. and B ü chel, C. (2009). Overlapping and distinct neural 
systems code for subjective value during intertemporal and risky 
decision making. J. Neurosci.  29 , 15727 – 15734.  

    Peters, J. and B ü chel, C. (2010). Neural representations of subjective 
reward value. Behav. Brain. Res.  213 , 135 – 141.  

    Peters, J. and B ü chel, C. (2011). The neural mechanisms of inter-
temporal decision-making: understanding variability. Trends 
Cogn. Sci.  15 , 227 – 239.  

    Pronin, E., Olivola, C. Y., and Kennedy, K. A. (2008). Doing unto 
future selves as you would do unto others: psychological dis-
tance and decision making. Personality and Social Psychology 
Bulletin,  34 , 224 – 236.  

    Rangel, A., Camerer, C., and Montague, P.R. (2008). A framework 
for studying the neurobiology of value-based decision making. 
Nat. Rev. Neurosci. 9, 545 – 556.  

    Roesch, M.R., Taylor, A.R., and Schoenbaum, G. (2006). Encoding 
of time-discounted rewards in orbitofrontal cortex is independent 
of value representation. Neuron  51 , 509 – 520.  

    Rolls, E.T., Critchley, H.D., Browning, A.S., Hernadi, I., and Lenard, 
L. (1999). Responses to the sensory properties of fat of neurons 
in the primate orbitofrontal cortex. J. Neurosci.  15 , 1532 – 1540.  

    Rosati, A.G., Stevens, J.R., Hare, B., and Hauser, M.D. (2007). The evo-
lutionary origins of human patience: temporal preferences in chim-
panzees, bonobos, and human adults. Curr. Biol.  17 , 1663 – 1668.  

    Rudebeck, P.H., Walton, M.E., Smyth, A.N., Bannerman, D.M., and 
Rushworth, M.F. (2006). Separate neural pathways process dif-
ferent decision costs. Nature Neurosci.  9 , 1161 – 1168.  

    Rushworth, M.F., Buckley, M.J., Behrens, T.E., Walton, M.E., and 
Bannerman, D.M. (2007). Functional organization of the medial 
frontal cortex. Curr. Opin. Neurol.  17 , 220 – 227.  

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

    Schoenbaum, G., Chiba, A.A., and Gallagher, M. (1998). Orbitofrontal 
cortex and basolateral amygdala encode expected outcomes dur-
ing learning. Nat. Neurosci.  1 , 155 – 159.  

    Schoenbaum, G., Chiba, A.A., and Gallagher, M. (1999). Neural 
encoding in orbitofrontal cortex and basolateral amygdala during 
olfactory discrimination learning. J. Neurosci.  19 , 1876 – 1884.  

    Schoenbaum, G., Roesch, M.R., and Stalnaker, T.A. (2006). 
Orbitofrontal cortex, decision-making and drug addiction. Trends 
Neurosci.  29 , 116 – 124.  

    Schoenbaum, G., Roesch, M.R., Stalnaker, T.A., and Takahashi, Y.K. 
(2009). A new perspective on the role of the orbitofrontal cortex 
in adaptive behaviour. Nat. Rev. Neurosci.  10 , 885 – 892.  

    Schultz, W. (2006). Behavioral theories and the neurophysiology of 
reward. Annu. Rev. Psychol.  57 , 87 – 115.  

    Sellitto, M., Ciaramelli, E., and di Pellegrino G. (2010). Myopic dis-
counting of future rewards after medial orbitofrontal damage in 
humans. J. Neurosci.  30 , 16429 – 16436.  

    Shamosh, N.A. and Gray, J.R. (2008). Delay discounting and intel-
ligence: a meta-analysis. Intelligence  36 , 289 – 305.  

    Shamosh, N.A., DeYoung, C.G., Green, A.E., Reis, D.L., Johnson, 
M.R., Conway, A.R.A., and Gray, J.R. (2008). Individual dif-
ferences in delay discounting: Relation to intelligence, work-
ing memory, and anterior prefrontal cortex. Psychol. Sci.  19 , 
904 – 911.  

    Shefrin, H.M. and Thaler, R.H. (1988). The behavioral life-cycle 
hypothesis. Econ. Inq.  26 , 609 – 643.  

    Takahashi, T. (2005). Loss of self-control in intertemporal choice may 
be attributable to logarithmic time-perception. Med. Hypotheses 
 65 , 691 – 693.  

    Takahashi, T., Ikeda, K., and Hasegawa, T. (2007). A hyperbolic 
decay of subjective probability of obtaining delayed rewards. 
Behav. Brain Funct.  3 , 52.  

    Talmi, D., Dayan, P., Kiebel, S.J., Frith, C.D., and Dolan, R.J. (2009). 
How humans integrate the prospect of pain and reward during 
choice. J. Neurosci.  29 , 14617 – 14626.  

    Thaler, R.H. (1981). Some empirical evidence on dynamic inconsis-
tency. Econ. Lett.  8 , 201 – 207.  

    Thaler, R.H. and Shefrin, H.M. (1981). An Economic theory of Self-
Control. J. Polit. Econ.  89 , 392 – 406.  

    Tremblay, L. and Schultz, W. (1999). Relative reward preference in 
primate or- bitofrontal cortex. Nature  398 , 704 – 708.  

    Vuchinich, R.E. and Simpson C.A. (1998). Hyperbolic temporal 
discounting in social drinkers and problem drinkers. Exp. Clin. 
Psychopharm.  6 , 1 – 14.  

    Wallis, J.D. and Miller, E.K. (2003). Neuronal activity in primate 
dorsolateral and orbital prefrontal cortex during performance of a 
reward preference task. Eur. J. Neurosci.  18 , 2069 – 2081.  

    Wang, X.T. and Dvorak, R.D. (2010). Sweet future: fl uctuating 
blood glucose levels affect future discounting. Psychol. Sci.  21 , 
183 – 188.  

    Weller, R.E., Cook III, E., Avsar, K., and Cox, J. (2008). Obese 
women show greater delay discounting than healthy-weight 
women. Appetite  51 , 563 – 569.  

    Winstanley, C.A., Theobald, D.E.H., Cardinal, R.N., and Robbins, 
T.W. (2004). Contrasting roles of basolateral amygdala and orbit-
ofrontal cortex in impulsive choice. J. Neurosci.  24 , 4718 – 4722.  

    Woolverton, W.L., Myerson, J., and Green, L. (2007). Delay dis-
counting of cocaine by rhesus monkeys. Exp. Clin. Psychopharm. 
 15 , 238 – 244.     

Received July 24, 2011; accepted September 5, 2011  

AUTHOR’S COPY | AUTORENEXEMPLAR 

AUTHOR’S COPY | AUTORENEXEMPLAR 



574  M. Sellitto et al.

Manuela Sellitto is a PhD, 
student in cognitive neuro-
science at the Department of 
Psychology of the University 
of Bologna (Italy) and at 
the Centre for Studies and 
Research in Cognitive Neuro -
science (CsrNC). She works 
on the neural basis of reward 

systems and decision-making, with special attention on the 
neuroeconomics fi eld (intertemporal choice), investigated 
both in normal subjects and brain lesioned patients.

Elisa Ciaramelli is Assistant 
Professor at the Department 
of Psychology of the Univer-
sity of Bologna. Her main 
research interests involve epi-
sodic memory and decision 
making.

 Giuseppe di Pellegrino, MD, 
PhD, is Professor of Cog-
nitive Neuroscience at the 
University of Bologna, Italy. 
His research currently focuses 
on the ways in which emo-
tion infl uences individual 
and social decision-making. 
Using the lesion method in 
humans, he has shown that 
the ventromedial part of the 
prefrontal cortex plays a crit-
ical role in economic choices 

and moral judgments. He is also investigating how lesion of 
the insular cortex affects emotional responses to rewards. 

AUTHOR’S COPY | AUTORENEXEMPLAR 

AUTHOR’S COPY | AUTORENEXEMPLAR 


