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Reward representations and reward-related learning in the human
brain: insights from neuroimaging

John P O’Doherty'?

This review outlines recent findings from human neuroimaging
concerning the role of a highly interconnected network of
brain areas including orbital and medial prefrontal cortex,
amygdala, striatum and dopaminergic mid-brain in reward
processing. Distinct reward-related functions can be attributed
to different components of this network. Orbitofrontal cortex is
involved in coding stimulus reward value and in concert with the
amygdala and ventral striatum is implicated in representing
predicted future reward. Such representations can be

used to guide action selection for reward, a process that
depends, at least in part, on orbital and medial prefrontal
cortex as well as dorsal striatum.
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Abbreviations

CSs conditioned stimulus

fMRI functional magnetic resonance imaging
OFC orbitofrontal cortex

PET  positron emission tomography

UCS unconditioned stimulus

Introduction

It is axiomatic that most animals including humans have a
propensity to seek out rewards and avoid punishments.
Central to the organization of such behaviour is the ability
to represent the value of rewarding and punishing stimuli,
establish predictions of when and where such rewards and
punishments will occur and use those predictions to form
the basis of decisions that guide behaviour. This review
sets out recent advances in understanding the neural
substrates of reward processing in the human brain that
have arisen from research in functional neuroimaging.
The focus is on the role of specific brain structures
implicated in reward processing and reward-learning on
the basis of extensive research in animals and lesion

studies in humans, including the ventromedial prefrontal
cortex (encompassing orbital and medial prefrontal
regions), amygdala, striatum and dopaminergic midbrain.
These regions are highly interconnected and together can
be considered as an integrated network.

Representation of stimulus reward value

Role of orbitofrontal cortex

Single unit studies in non-human primates implicate one
component of the reward network in particular in coding
for stimulus reward value: orbitofrontal cortex (OFC).
Neurons in this region respond to a particular taste or
odour when an animal is hungry but decrease their firing
rate once the animal is satiated and the correspond-
ing food is no longer rewarding [1,2]. Human neuroimag-
ing studies have confirmed a role for human OFC in
coding stimulus value from a variety of sensory modal-
ities, including taste [3,4], olfaction [5,6,7°°], somatosen-
sory [8], auditory [9] and vision [10-12] as well as for more
abstract rewards such as money (Figure 1; [13]). In most of
these studies the approach has been to compare OFC
activity elicited by an affectively pleasant stimulus with
that activity elicited by an affectively neutral stimulus.
This leaves open the possibility that such effects are
related to differences in sensory properties of the stimuli
and not their reward value per se.

A different approach makes use of the phenomenon of
selective or sensory-specific satiation [14]. This involves
scanning hungry subjects during presentation of two
food-related stimuli, such as the odour of the correspond-
ing food or else the whole food stimulus itself [15,16].
Subjects are then fed to satiety on one of the correspond-
ing food stimuli, leading to a selective decrease in the
reward value of the food eaten, and then scanned again in
the satiated state. OFC responses track the reward value
of the two foods; activity to the food eaten decreases from
pre- to post- satiety but activity to the food not eaten
shows no decrease. Given that the experiments involve
comparing the same food stimuli before and after satiety,
so that the sensory properties are identical but only the
reward value changes, these studies provide very strong
evidence for a role of human OFC in coding rewarding
rather than sensory aspects of a stimulus.

Role of amygdala

Another region implicated in processing stimulus reward
value is the amygdala. Although this region has long been
known to be involved in appetitive processing in animal
literature, early neuroimaging studies tended to focus on
its role in responding to aversive stimuli such as fearful
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Figure 1

(a)

(b)

Representation of stimulus-reward value in human orbitofrontal cortex. This is an example from an fMRI study on facial attractiveness.
(a) Example face stimuli used in the study (b). An area of medial orbitofrontal cortex was found to have enhanced responses to presentation
of attractive compared with responses to unattractive faces. (Adapted with permission from [11].)

face expressions or aversive odours [17,18]. Subsequently,
evidence has emerged of amygdala responses to pleasant
as well as aversive stimuli [3,19].

The role of the amygdala in coding affective value in
general has recently been called into question. In two
different studies, one in the olfactory and the other in the
gustatory domain, stimuli matched for intensity (although
differing in valence) were compared with those matched
for valence (although differing in intensity) to distinguish
areas involved in processing valence from those involved
in processing intensity [4,7°°]. Although responses in
OFC were associated with valence, the amygdala was
found to respond to intensity and not valence. These
results could be taken to suggest a primarily sensory
rather than affective role for the amygdala. However,
such results appear to contradict evidence of an affective
role for the amygdala from animal lesion and human
neuropsychology studies [20°°,21]. Furthermore, reward
value can depend not only on the nature of the reward
itself but also on the amount of that reward available, in
the sense that more (in terms of concentration or quan-
tity) of a given reward has a greater value than less of a
given reward (although this is unlikely to be a linear
association but dependent upon the utility to the animal
of different amounts of that reward [22]). Thus, value is
an interaction between valence and intensity rather than
being synonymous with valence alone. In addition, future
studies might need to forego subjective rating scale
methodology, which are arguably indirect and rather

insensitive measures of reward value, for more direct
measures such as rate of instrumental responding or
preference judgements (see [10,23°]).

Representation of predictive reward value

In addition to responding to rewarding and punishing
stimuli once they have occurred, it is advantageous to be
able to predict in advance when and where such rewards
or punishments will occur so that behaviour can be
organised prospectively. Fortunately, animals can make
use of statistical regularities in their environment to form
such predictions [24]. Value prediction in its simplest
form can be studied by means of classical conditioning,
which involves the presentation of an arbitrary neutral
stimulus followed in a contingent fashion by a reward or
punishment. After learning, the arbitrary stimulus takes
on predictive value.

Neuroimaging studies have implicated amygdala, OFC
and ventral striatum in reward prediction [25-27]. It is
also important, however, to consider the content of pre-
dictive value representations in these brain areas. A
conditioned stimulus can be associated with different
aspects of an associated unconditioned stimulus, such
as its sensory properties, its general affective properties
(rewarding or aversive), or its specific reward value. To
delineate predictive representations that access the spe-
cific value of the associated reward, a study was performed
in which subjects were scanned whilst being presented
with predictive cues associated with one of two food-
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Figure 2
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Predictive reward value coding in orbitofrontal cortex, amygdala and
striatum. Results are shown from a classical conditioning paradigm in
which arbitrary visual cues were paired with two food-related odours.
Following devaluation of one of the odours (by feeding to satiety

on the associated food), neural responses to the predictive cue
associated with the devalued odour decreased selectively from pre to
post-satiety (a) in orbitofrontal cortex, (b) amygdala and (c) ventral
striatum. (d) An activity plot is shown from one of the regions
(amygdala) illustrating the relative difference in activity (from pre to
post satiety) for the cue associated with the devalued odour

(CS + deval) and the cue associated with the non-devalued odour
(CS + nondeval). This indicates that predictive value responses in these
regions are linked to the specific value of the associated reward.
(Adapted with permission from [28].)

related odours. Responses were compared to the cues
before and after devaluation of one of the associated
odours using selective satiation. Brain regions showing
responses to predictive cues that tracked changes in
reward value of the corresponding odours included
OFC, amygdala and ventral striatum, indicating that
predictive representations in those regions are linked to
the specific value of the corresponding reward (Figure 2;

[28]).

Distinct representations for prediction and
receipt of reward

A related issue is whether predictive stimuli access the
same or distinct neural representations as those elicited
by the reward itself. This revisits a long-standing debate
in animal learning concerning the nature of conditioned
associations. According to stimulus-substitution theory, a
conditioned stimulus (CS) acquires value by eliciting the
same responses that would otherwise have occurred to the
unconditioned stimulus (UCS) [29], in effect acting as a
substitute for the unconditioned stimulus itself. Yet, it has

also long been known that some conditioned responses
are distinct from those elicited by the UCS suggesting
that a CS is not merely a substitute for a UCS, but rather
has its own unique properties [30]. Neuroimaging studies
tend to support the notion of CS-unique representations
in some brain areas. Specifically, ventral striatum and
amygdala have been found to respond to predictors of
reward and not to the reward itself after learning has taken
place [25,26,31°]. However, such studies leave open the
possibility that responses in these areas occur to the
reward itself when unpredicted (before learning) but shift
to the CS during the course of learning — a form of
stimulus substitution. The critical test for this will be to
compare activations elicited by a reward-predicting stim-
ulus after learning to those elicited by the reward itself
before learning.

Computational mechanisms by which reward
predictions are learned

How does the brain acquire predictive value representa-
tions? Some contemporary models of animal learning con-
sider that learning occurs through a prediction error that
signals discrepancies between expected and actual reward
(or punishment) [32]. In one variant of this theory —
temporal difference learning — predictions are formed
about the expected future reward in a trial, and a pre-
diction error reports differences in successive predictions
of future reward [33]. Single unit studies in non-human
primates implicate the phasic activity of dopamine neu-
rons as a possible neural substrate of this signal [34]. The
characteristics of this signal are reviewed elsewhere [35].
Briefly, over the course of learning the signal shifts its
responses from the reward to the CS. Unexpected omis-
sion of reward results in a decrease in activity from
baseline (a negative prediction error), whereas unex-
pected presentation of reward results in an increase in
activity (positive prediction error). Human neuroimaging
studies of classical conditioning for reward report predic-
tion error signals in prominent target areas of dopamine
neurons, namely ventral putamen and OFC (Figure 3;
[36,37°]). These functional magnetic resonance imaging
(fMRI) signal changes might reflect an interaction of
intrinsic processing in those regions with the phasic
activity of afferent dopamine neurons. Indeed, dopamine
release has been reported in the striatum during reward
prediction using positron emission tomography (PET)
ligand measures [38°]. Dopamine neurons could facilitate
learning of value predictions in these areas by gating
plasticity between sensory and reward representations.

Salience versus reward in the striatum

Activation of the striatum has been reported during
reward prediction, tracking reward prediction errors
and in more complex gambling paradigms [25,36,39].
Recently it has been proposed that the striatum is
involved in coding stimulus saliency rather than having
an exclusive role in reward processing perse [40]. A similar
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Figure 3
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Prediction error signals in human striatum (ventral putamen) and orbitofrontal cortex during a classical conditioning paradigm in which in one
trial type (CS+) an arbitrary visual cue is associated 3 s later with delivery of a taste reward (1M glucose), and in another trial type (CS—) a
different cue is followed by no taste. In addition, occasional ‘surprise’ trials occur in which the CS+ is presented but the reward is omitted

(CS and omit), and the CS— is presented but a reward is unexpectedly delivered (CS— unexpreward). (@) Schematic of putative temporal
difference prediction error (PE) signals during the experiment. During early CS+ trials (before learning is established) the PE signal should occur
at the time of delivery of the reward, whereas by late CS+ trials (post-learning) the signal should have switched to the time of presentation of
the CS. On CS and omit trials a positive PE signal should occur at the time of presentation of the CS, but a negative PE signal should occur at
the time the reward was expected (CS and omit). CS— and unexpreward trials should be associated with a positive signal at the time the
reward is presented. (b) Parts of human ventral striatum (i) and orbitofrontal cortex (ii) showing a significant correlation with the temporal

difference prediction error signal. (Data used with permission from [36].)

proposal has previously been made to account for dopa-
mine function [41]. With regard to the striatum, this
argument is supported by studies in which striatal activity
is reported to ‘non-rewarding’ salient events such as
presentation of infrequent distractor stimuli, as well as
during an active reward task in which subjects must
respond to obtain reward, compared with a passive task
in which no response is required for reward [40,42]. A key
issue in the reward specificity versus salience debate for
dopamine neurons is whether or not such neurons also
respond to equally salient punishing events. A similar
question can be asked of the striatum. Indeed, there is

strong evidence to implicate the ventral striatum in
aversive as well as reward processing, especially during
pain or anticipation of pain [43,44°]. These results at first
sight support a saliency role for striatum. However, the
omission of an unexpected reward produces deactivations
in at least some parts of ventral striatum [25,36,37°,45]. An
unexpected omission of reward is equally if not more
salient than an unexpected delivery of reward. Yet these
two types of salient event produce opposite response
patterns in the striatum — a result not easily explicable
in terms of a saliency hypothesis. Furthermore, a recent
study has explored the role of this region in reporting
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Figure 4

Decision making correlates in human OFC and adjacent ventral prefrontal cortex. This figure shows results from a study of visual discrimination
reversal learning in which subjects have to choose between two stimuli, in which one stimulus is advantageous (associated with accumulating
monetary reward) and the other is disadvantageous (associated with accumulating monetary loss). Subjects learn to choose the advantageous
stimulus. However, after a period of time contingencies reverse and subjects must then switch their choice of stimulus. (a) Task illustration
responses in some parts of OFC and adjacent anterior insula are related to subjects’ behaviour on the subsequent trial. (b) Some areas
respond if on the next trial subjects continue to choose the currently selected stimulus, (c) whereas other areas respond if on the subsequent
trial subjects switch their choice of stimulus. (Adapted with permission from [54], Copyright 2003 by the Society for Neuroscience.)

temporal difference prediction errors for aversive learning
(with pain) [46°°]. As is the case with reward learning,
unexpected omission of a cue associated with subsequent
punishment produced a deactivation in the striatum. This
again suggests that although this region is involved in
both appetitive and aversive learning, it is not merely
mediating stimulus salience. It should be noted that this
does not necessarily imply an exclusive role for striatum
in affective processing, nor does it rule out a role for
striatum in saliency coding. It remains possible that both
types of process co-exist within the structure, given the
heterogeneous response profile of striatal neurons at the
single neuron level [47].

Action selection for reward

The ability to form predictions of reward is only half the
story. It is necessary to be able to act on those predictions.
In a given context, specific actions might need to be
performed to obtain reward. This requires learning of
stimulus-response, or response-reward associations.
Recent imaging studies have begun to explore brain
mechanisms mediating this instrumental component.
Such studies implicate the dorsal striatum, which shows
activation when a contingency is established between
responses and reward [48°,49,50] or even where there
is merely a perceived contingency [51°°]. These results
are compatible with a role for the striatum (especially its
dorsal aspects) in stimulus—response learning and suggest

that in a manner analogous to stimulus-reward learning,
such learning could be mediated by afferent dopamine
input so that responses associated with greater predicted
reward in a given context become reinforced and are thus
more likely to be selected in future [52]. Action prepara-
tion for reward could also modulate activity in other brain
regions such as lateral prefrontal and premotor cortex [53].

Decision making

To choose between different actions it is necessary to
maintain a representation of the predicted future reward
associated with each action. Such predictions then need
to be compared and evaluated to select the action with the
highest overall predicted reward value. This process is
more complicated than at first sight, because estimations
of predicted reward vary in their quality and depend on
the number of samples of that action in the past as well as
the variance of the reward distribution. This introduces
dilemmas such as exploration versus exploitation —
namely how long should be spent sampling different
actions to gain a good estimate of predicted reward versus
exploiting a particular action known to lead to a certain
level of reward [22]. Neuroimaging studies have yet to
breach these complexities, but simpler and more con-
strained decision making paradigms have been conducted
[54,55]. One such paradigm is visual-discrimination rever-
sal learning in which subjects have a choice of two stimuli,
one of which if selected leads to accumulating monetary
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gain whereas the other leads to accumulating loss. Sub-
jects need to work out which is the advantageous stimulus
and continue to choose it until contingencies reverse,
after which they should switch their choice of stimulus.
During performance of this task, some OFC regions
respond if subjects choose the same stimulus on the next
trial, whereas other regions respond if on the next trial
subjects switch their choice of stimulus (Figure 4; [54]).
Thus, a neural correlate of behavioural choice is present
in OFC even in advance of that choice being implemen-
ted. Taken together with lesion data, these findings
suggest a role for OFC in the decision making process
itself [56].

Conclusions

Findings from neuroimaging studies indicate that brain
regions such as OFC, amygdala and ventral striatum are
involved in coding stimulus—reward value, maintaining
representations of predicted future reward and future
behavioural choice and might also play a part in integrat-
ing and evaluating reward predictions to guide decisions.

Future work will need to further differentiate the func-
tions of each of these regions. For instance, one sugges-
tion is that amygdala is involved in initial acquisition
of predictions, but that OFC maintains more flexible
representations that are updated following changes in
contingencies [57,58]. Another view emphasises OFC
contributions to guiding behaviour, in contrast with the
amygdala, which is suggested to not be involved directly
in behavioural choice [23°]. Furthermore, complex
reward-related behaviours are not supported by any
one of these areas in isolation, but are crucially dependent
on interactions between these areas [20°°,59]. Yet, such
interactions have been neglected in the imaging literature
to date. Recent developments in imaging methodology
afford the opportunity to begin to characterize such
interactions [60].

The focus in this review has been on a network of brain
regions that have long been implicated in motivational
processing. However, recent studies in non-human pri-
mates report reward-related neuronal responses in many
other parts of the brain, including dorsolateral prefrontal
cortex, anterior and posterior cingulate, and parietal cor-
tex [61-64]. This suggests that reward-related informa-
tion is present in many different brain regions, perhaps
reflecting that implementation of complex goal-oriented
behaviour requires recruitment of diverse cognitive
resources. Thus, unravelling the neural mechanisms of
reward might provide insight into fundamental principles
of brain function.
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