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Abstract—Food intake is an essential human activity regu-
lated by homeostatic and hedonic systems in the brain which
has mostly been ignored by the cognitive neurosciences. Yet,
the study of food intake integrates fundamental cognitive and
emotional processes in the human brain, and can in particu-
lar provide evidence on the neural correlates of the hedonic
experience central to guiding behaviour. Neuroimaging ex-
periments provide a novel basis for the further exploration of
the brain systems involved in the conscious experience of
pleasure and reward, and thus provide a unique method for
studying the hedonic quality of human experience. Recent
neuroimaging experiments have identified some of the re-
gions involved in the cortical networks mediating hedonic
experience in the human brain, with the evidence suggesting
that the orbitofrontal cortex is the perhaps strongest candi-
date for linking food and other kinds of reward to hedonic
experience. Based on the reviewed literature, a model is
proposed to account for the roles of the different parts of the
orbitofrontal cortex in this hedonic network. © 2004 IBRO.
Published by Elsevier Ltd. All rights reserved.
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The essential energy to sustain life is obtained from food
intake and so is much of the pleasure of life (especially on
an empty stomach). Although the necessary homeostatic
regulation and consummatory behaviour is hard-wired in
even brain-less species, the challenges of regulating feed-
ing are much greater for mammals who must maintain a
stable body temperature in a wide variety of hostile cli-
mates, which in turn requires intricate neural circuits. The
relative sophistication of foraging in higher primates com-
pared with other mammals indicates that significant parts
of our large brains are dedicated to the required motiva-
tional, emotional and cognitive processing, and that mental
processes related to food intake may indeed underlie other
higher functions. The special importance of food in human
life is underlined by the predominance of food symbols and
metaphors in human expressions across cultures (Lévi-
Strauss, 1964) and the elaborate social constructions re-
garding purity and taboo of foods (Douglas, 1966). Food
intake and food choice constitute a fundamental and fre-
quent part of human life and have played a major role in
the cultural evolution of non-food systems such as ritual,
religion and social exchange as well as in the advance-
ment of technology, development of cities, illnesses and
warfare through agriculture and domestication (Diamond,
1999).

Food intake relies on our brain to obtain sensory infor-
mation about a food, to evaluate for desirability and to
choose the appropriate behaviour. Part of this process is
closely linked to homeostatic regulation, which has been
elucidated in great details in animal models, with mammals
including humans sharing many sub-cortical circuits and
molecules (such as leptin and ghrelin) as e.g. outlined in
an excellent recent review (Saper et al., 2002). However,
food intake in humans is not only regulated by homeostatic
processes as is illustrated by our easy overindulgence on
sweet foods beyond homeostatic needs and the rising
obesity levels. Instead, food intake relies on the interaction
between homeostatic regulation and hedonic pleasure.
This complex sub-cortical and cortical processing involves
higher order processes such as learning, memory, plan-
ning and prediction, and gives rise to conscious experi-
ence of not only the sensory properties of the food (such as
the identity, intensity, temperature, fat contents and vis-
cosity) but also the valence elicited by the food (including,
most importantly, the hedonic pleasure obtained).

This paper reviews the evidence from recent neuroim-
aging studies linking regions of the human brain (and in
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particular the orbitofrontal cortex) to various aspects of
food intake and especially to the representation of the
subjective pleasantness of foods. These findings appear
for the first time to provide a solid basis for the further
exploration of the brain systems involved in the conscious
experience of pleasure and reward, and provide a unique
method for studying the hedonic quality of human experi-
ence. This hedonic experience is related to qualia, which
has been described as ‘the hard problem of conscious-
ness’ (Chalmers, 1995) and which some philosophers be-
lieve will never become amenable to scientific analysis.
Yet as demonstrated below, recent neuroimaging of the
neural mechanisms behind various aspects of food intake
suggest that this line of scientific inquiry may still yield
important insights into the core of subjective experience.

Food intake

Food intake is a precisely controlled act that can potentially
be fatal if the wrong decision is taken to swallow toxins,
microorganisms or non-food objects on the basis of erro-
neously determining the sensory properties of the food.
Humans have therefore developed elaborate food behav-
iours which are aimed at balancing conservative risk-
minimising and life-preserving strategies with occasional
novelty seeking in the hope of discovering new sources of
nutrients (Rozin, 2001).

Food intake must provide the right balance of carbo-
hydrates, fats, amino acids, vitamins and minerals (apart
from sodium) to sustain life. The neural mechanisms reg-
ulating food intake are complicated and must like any
regulatory system include at least four features: system
variables, detectors for the system variables, set points for
these system variables, and correctional mechanisms. A
simple regulatory feedback system operates best with im-
mediate changes, and it becomes significantly more com-
plex when the feedback is not immediate. In the case of
controlling food intake, there are significant delays in sys-
tem changes caused by the relatively slow metabolic pro-
cesses, and therefore the regulatory neural systems con-
trolling food intake must include sophisticated mechanisms
to learn to predict in advance when a meal should be
initiated and terminated. Many of the basic components
and principles of food intake have been elucidated in great
detail and have been described in reviews elsewhere (Le-
Magnen, 1985; Woods and Stricker, 1999). Simple behav-
iours linked to food intake are controlled by homeostatic
systems in the brainstem, as shown by the fact that even
decerebrate animals are able to survive (Grill and Norgren,
1978).

However, most of this research has been carried out in
other animals which has not helped to inform about the
strong hedonic component of human food intake. It is clear
that much of complex human behaviour related to food
intake must be linked to neural activity in the cerebral
cortex integrating the complex multitude of stimuli and
situational variables. Important examples of such complex
behaviour include the decrease of the rated pleasantness
of sweet tastes when subjects are sated relative to when
they are hungry (negative gustatory allesthesia; Cabanac,

1971) and satiation signals that selectively suppress fur-
ther food intake of previously ingested foods whilst other
foods can still be readily ingested (sensory-specific satiety;
Rolls et al., 1981).

Motivation and emotion

Food motivation (and motivation in general) is closely re-
lated to emotion and is generally defined in opposition to
cognition as that which moves us in some way, as implied
by the common Latin root of both words (movere, to move).
It is only recently that the fields of motivation and emotion
have tended to go different ways, and have in the past
been considered together (Gray, 1975; Papez, 1937;
Rolls, 1999; Weiskrantz, 1968). One often used functional
distinction between motivation and emotion is that moti-
vated behaviours are elicited by rewards (and punishers)
related to internal homeostatic states associated with, say,
hunger and thirst, whilst emotional states and behaviours
are elicited by the great majority of rewards and punishers
that are external stimuli and not associated with these
internal need states. The field of emotion research has
advanced tremendously in recent years (Kringelbach,
2004), and may provide conceptualizations that could ben-
efit the field of motivation and motivational hedonics. One
important insight from emotion research is to divide the
concept of emotion into two parts: the emotional state that
can be measured through physiological changes such as
autonomic and endocrine responses, and feelings, seen
as the subjective experience of emotion. The emotional
state relies on basic implicit brain mechanisms, which are
rarely available for immediate conscious introspection. We
do, however, appraise our emotional state on a regular
basis and this conscious appraisal must partly rely on
interfacing our language system with some introspection of
our current emotional state. One could argue that a very
similar division could be made for motivational processes,
where the motivational state relies on basic brain mecha-
nisms that can subsequently be appraised or evaluated as
hedonic experience.

Neuroimaging can be used to research these complex
behaviours and their underlying neural substrate as dis-
cussed below. However, first it is important to understand
the basic primate anatomy of the main sensory systems
involved in taste and smell.

Human sensory systems and food intake

Most of our sensory systems are involved in the regulation
of food intake. Whilst Aristotle and other ancient philoso-
phers proposed only five senses (sight, hearing, smell,
taste, and touch), it is clear that many other senses exist
such as e.g. the sensory receptors in the digestive tract
which are sensitive to e.g. gastric distension, and those in
the circulatory system that are sensitive to changes in
blood pressure or carbon dioxide gas in the blood.
Potential food sources can be evaluated from a dis-
tance using olfactory, visual and (to some extent) auditory
systems. Olfactory evaluation relies on receptors in the
nose that are used to identify volatile airborne molecules.
The sense of smell has limited use at longer distances and
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Fig. 1. Schematic diagram of information flow linked to the non-human primate orbitofrontal cortex. The orbitofrontal cortex receives input from all the
sensory modalities: gustatory, olfactory, somatosensory, auditory and visual. This information is then represented and available for pattern-association
between primary (e.g. taste) and secondary (e.g. visual) reinforcers. The reward value of this representation can be modulated by hunger neurons
(HN). The output from the orbitofrontal cortex to both striatum (external) and lateral hypothalamus (internal) can then lead to behaviour. AC, auditory
cortex; HN, hunger neurons; INS/OP, insula cortex/frontal operculum; IT, inferior temporal visual cortex; LH, lateral hypothalamus; NST, nucleus of
the solitary tract; OB, olfactory bulb; OFC, orbitofrontal cortex; PIR, piriform cortex; SS, somatosensory cortex (3, 1, 2); ST, striatum; TH, thalamus;
V1, V2, V4, primary and secondary visual areas (figure modified from Rolls, 1999).

has to be aided by other more precise distance and direc-
tional senses such as the visual system (Gottfried and
Dolan, 2003). Even at close range visual influences can
override the olfactory system, such as demonstrated by
experiments manipulating the olfactory perception of wine
by artificially colouring a white wine red (Morrot et al.,
2001).

Foremost, of course, the sensing of food occurs when
a food is grasped and delivered to the mouth. This evalu-
ation depends in the first instance on the integration of
taste, smell and somatosensory (such as temperature,
viscosity, pungency and irritation) input primarily from our
oral and nasal cavity (but also in rare cases from the eyes,
such as in the case of irritation excreted from e.g. onions).
This multi-modal sensory integration is essential in making
the vital decision of whether to swallow or reject a poten-
tially poisonous food. Yet, such decisions are so important
that there are brainstem reflexes (stereotypical for each
basic taste) that are based on rudimentary analyses of the
chemical composition, and which are not altered even by
the loss of all neural tissue above the level of the midbrain
(Grill and Norgren, 1978). Further cortical processing to
regulate food intake depends on additional sensory infor-
mation from the autonomic system including information

about hunger, thirst and gastric distension but also on
learned associations with pleasure states.

It is an important principle of sensory processing in
the brain that the primary sensory cortices receive sen-
sory information from receptor cells and process this
information to form neural representations of the identity
of the stimulus (see Fig. 1). It has been shown in non-
human primates that this representation of stimulus
identity remains to a large degree constant and is not
modulated by motivational state (Rolls, 1999). This prin-
ciple is important in forming stable and accurate repre-
sentations of the world, and this unimodal information is
then integrated further on in the hierarchy of cortical
processing in the secondary and tertiary sensory corti-
ces. Some of these multimodal representations can be
modulated by motivational state, and in this way shape
behaviour both internally (via the hypothalamus and
brainstem structures) and externally (via the motor sys-
tems; Rolls, 1999).

The following is a brief outline of the anatomical path-
ways in primates and especially humans for establishing
brain representations of taste and smell, as well as their
multimodal integration.
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Taste

Taste is sensed by taste receptor cells arranged in taste
buds which are primarily found on the tongue but also on
other areas in the oral cavity such as the soft palate, the
pharynx, the larynx and the epiglottis (Scott and Plata-
Salaman, 1999). Taste receptor cells are constantly being
renewed and have a turnover period of between 7 and 10
days. As a convenient way of organising the taste system,
most researchers agree that there are four different taste
qualities with specific receptor types: sweet (glucose, su-
crose), salty (NaCl), sour (HCI, citric acid) and bitter (qui-
nine). Some have also argued for the inclusion of the
amino acid taste umami (of which an exemplar is monoso-
dium glutamate) that corresponds to what is sometimes
described as the taste of protein. The argument for includ-
ing umami as a basic taste has received support from the
recent discovery of specific receptors for glutamate in lin-
gual tissue with taste buds (Chaudhari et al., 2000).

Taste is mediated by several cranial nerves that also
carry information about touch, temperature and pain sen-
sitivity on the tongue. In primates including humans the
taste information then converges on the nucleus of the
solitary tract in the brainstem from where it is relayed via
the thalamus (in the parvocellular part of the ventroposte-
rior medial nucleus; Pritchard et al., 1989) to the primary
taste cortex in the frontal operculum and the dorsal part of
the anterior insula (Pritchard et al., 1986; Scott et al., 1986;
Sudakov et al., 1971) and to a smaller area of the anterior
primary somatosensory cortex (area 3b; Norgren, 1990a).
This is consistent with patients suffering from ageusia from
bullet wounds to the parietal operculum (Bornstein,
1940a,b) and with the original observations by Penfield
and Faulk (1955) on a patient with an aura of unpleasant
taste stemming from a tumour in the insula. Taste infor-
mation is relayed slightly differently in other mammals such
as rats where a further relay station is found in the gusta-
tory parabrachial nuclei in the pons before projecting di-
rectly to the amygdala and the hypothalamus (Norgren,
1984; Norgren and Leonard, 1973).

Neurophysiological investigations in primates found
that roughly 4% of neurons in the primary taste cortex
showed broadly tuned responses to different tastes and
that responses of these neurons were more specific than
taste neurons in the brainstem (Scott et al., 1986; Ogawa
et al., 1989). Other sensory information related to feeding
such as temperature and somatosensory input from the
mouth is processed by other neurons in the primary taste
cortex (Norgren, 1990b).

Following the general principle of sensory processing,
the responses of neurons in the primary taste cortex in
primates are not influenced by motivational state and thus
maintain stable neural properties for correctly decoding
taste input (Yaxley et al., 1988). The primary taste cortex
projects to the secondary taste cortex found in the adjoin-
ing posterior orbitofrontal cortex which does not receive
projections from the thalamus and is therefore defined as
the secondary taste cortex (Baylis et al., 1994). There are
also projections to the lateral hypothalamus where neu-

rons have been found to be modulated by hunger (Burton
et al., 1976). Neurons responding to tastes have also been
found in the amygdala which may be part of a further
neural system (in addition to the system in the orbitofrontal
cortex) involved in learning associations between primary
taste reinforcers and other arbitrary stimuli, and in partic-
ular learned taste aversion (Sanghera et al., 1979).

Further brain areas receiving taste information include
the ventral striatum (including the nucleus accumbens and
the olfactory tubercle), which could interface reward sig-
nals with initiation of action in output motor systems (Wil-
liams et al., 1993). There is also recent evidence from
neuroimaging that the human dorsolateral prefrontal cortex
has representations of taste, which could aid higher cog-
nitive processes in guiding complex motivational and emo-
tional behaviour (Kringelbach et al., 2004). This is consis-
tent with neurophysiological recordings in the dorsolateral
prefrontal and orbitofrontal cortices in non-human primates
in a reward preference task (Wallis and Miller, 2003). This
experiment demonstrated that neurons in the dorsolateral
prefrontal cortex encode both the reward amount and the
monkeys’ forthcoming response, whilst neurons in the or-
bitofrontal cortex more often encode the reward amount
alone. Furthermore, the reward selectivity arose more rap-
idly in the orbitofrontal cortex than the dorsolateral prefron-
tal cortex which is consistent with the idea that reward
information enters the prefrontal cortex via the orbitofrontal
cortex, where it is passed to the dorsolateral prefrontal
cortex and used to control behaviour.

Smell

Smell is sensed by olfactory receptors placed in the upper
part of the nasal cavity. There are about 100 million bipolar
olfactory cells in humans with lifelong continuous replace-
ment every 4—8 weeks from stem cells in the sensory
epithelium. Each bipolar olfactory cell bears up to a thou-
sand hairs (cilia), which are the points of contact for aro-
matic molecules. The cilia must be moistened continuously
by mucous glands roughly every 10 min to avoid desicca-
tion. The mucus consists of a water base with dissolved
mucopolysaccharides, salts and proteins including odorant
binding proteins, enzymes and antibodies (which help pro-
tect the brain from odorant-borne ilinesses).

The specific olfactory receptor proteins are genetically
specified by about 1000 different genes (Buck and Axel,
1991) which correspond to the largest family of genes
found in humans and underlie the profound importance of
smell in humans (although smell in other animals including
rodents is probably significantly more important relative to
other senses). The resulting number of unique odours
which can be discriminated is likely to be on the order of
around half a million odours (Mori et al., 1998).

The main olfactory system relies on these receptors for
the conscious perception of odours but also relies on the
trigeminal system mediating somatosensory information
such as irritation, tickling, burning and cooling of odours. In
addition other animals have a vomeronasal system which
plays a major role in the perception of pheromones that are
extremely important in controlling reproduction and related
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sexual behaviour including aggression. It remains highly
controversial whether humans have a vomeronasal olfac-
tory system (VNO, also called Jacobson’s organ; Monti-
Bloch et al., 1998), although the presence of such a sys-
tem (operating non-consciously) has been proposed to
mediate pheromones synchronising the menstrual cycle of
cohabiting women (Stern and McClintock, 1998). Although
nearly all humans have paired VNO-like structures at the
base of the septum and paired VNO ducts near the pos-
terior aspect of the external nares, the human VNO ap-
pears to lose receptor cells and associated neural ele-
ments in the second trimester of pregnancy (Smith and
Bhatnagar, 2000). The human VNO thus appears to lack
basic elements needed for a functioning VNO and is there-
fore most likely a non-functioning unit (Bhatnagar and
Meisami, 1998).

In the main olfactory system smell is mediated by the
first cranial nerve which runs through the bony cribriform
plate to the ipsilateral olfactory bulb. The input layer in
each olfactory bulb contains several thousand glomeruli
(Royet et al., 1988). Within a glomerulus several thousand
primary olfactory axons converge and terminate on the
dendrites of a few hundred second-order olfactory relay
neurons. The projections of these neurons form the olfac-
tory tract, where the axons in the lateral olfactory tract run
ipsilateral through the olfactory peduncle synapsing on
primary olfactory cortices: the anterior olfactory nucleus,
the piriform cortex, the periamygdaloid cortex, the anterior
cortical nucleus of the amygdala and the anteromedial part
of the entorhinal cortex. Olfaction is thus unique amongst
the senses in that the sensory information is not relayed
via the thalamus (Carmichael et al., 1994). In primates
(including humans) the piriform cortex is located anatom-
ically at the junction of the temporal and frontal lobes
(Eslinger et al., 1982).

Numerous secondary brain regions receive projections
from the primary olfactory cortex including the orbitofrontal
cortex, medial thalamus, ventral striatum and pallidum,
agranular insular cortex, hippocampus, medial and lateral
hypothalamus. One of the most important olfactory path-
ways converges on the orbitofrontal cortex and experi-
ments in non-human primates have shown secondary ol-
factory areas in the posterior orbitofrontal cortex (Takagi,
1986; Tanabe et al., 1975a,b) and in the medial central
posterior orbitofrontal cortex (Carmichael et al., 1994;
Takagi, 1986; Yarita et al., 1980).

Multimodal integration

In addition to multimodal information from taste and smell,
decisions about food intake also integrate e.g. somatosen-
sory information, which is sensed by receptors in the oral
and nasal cavity. This sensory information includes tem-
perature, viscosity, fat contents, pungency and irritation
and is mediated by a large variety of neural systems. This
integrated information is processed and made available for
the crucial decision of ingestion or rejection of a potentially
poisonous food (although, as mentioned above, simple
brainstem mechanisms also exist). Ingestion relies on
swallowing which in itself is a complex physiological pro-

cess that involves numerous central processes including
sensorimotor integration, reflexive and voluntary motor ac-
tivity, autonomic regulation and salivatory processes. Em-
phasis has been placed on the brainstem control of swal-
lowing (Jean, 1984, 2001) but recently non-invasive neu-
roimaging techniques has revealed some of the cortical
areas involved in reflexive and voluntary swallowing
(Hamdy et al., 1999a,b; Martin et al., 2001; Martin and
Sessle, 1993; Zald and Pardo, 1999). Dysphagia is caused
by a variety of neurological disorders with e.g. up to one
third of patients suffering unilateral hemispheric stroke
(Barer, 1989; Gordon et al., 1987) which may reflect the
widespread network involved in swallowing.

Furthermore, once a decision regarding ingestion or
rejection has been taken it is important that this choice be
integrated in the cortical processes governing learning,
memory, planning and prediction. It is also important that
further information from the autonomic system about inter-
nal states such as hunger, thirst, nausea and gastric dis-
tension be integrated in these processes.

Differences have been reported in olfactory experience
depending on whether a smell reaches the nasal cavity
through the nose (orthonasal) or mouth via the posterior
nares of the nasopharynx (retronasal; Pierce and Halpern,
1996), which is likely to be related to differences in so-
matosensory influences (e.g. mastication). Consequently,
several neuroimaging studies have found differences in
cortical activation patterns between ortho- and retronasal
olfaction (Cerf-Ducastel and Murphy, 2001; De Araujo et
al., 2003c).

An important principle of cross-modal integration be-
tween taste and smell is the formation of odour—taste
associations, which are required to be more stable than,
say, visual-taste associations to facilitate the formation and
perception of flavours which guide food intake (Rolls et al.,
1996). Within the orbitofrontal cortex there are direct pro-
jections from secondary olfactory cortices to the secondary
taste cortices (Carmichael et al., 1994; Carmichael and
Price, 1994). Neurophysiological recordings have found
that odour—taste reward associations are much slower and
inflexible (Rolls et al., 1996) than visual-taste associations
which usually take place with one-trial learning (Thorpe et
al., 1983).

Reward in the human brain

Multiple reward systems have been demonstrated in the
mammalian brain (Rolls, 1999; Panksepp, 1998; Robbins
et al., 1989; Wise, 1996). Many successful animal models
have explored reward-learning mechanisms related to var-
ious forms of classical and instrumental conditioning. Until
recently, however, not much was known about hedonic
processes in the human brain. These hedonic systems are
now being explored using novel neuroimaging experi-
ments that provide evidence of activity in brain regions
directly correlating with subjective pleasantness ratings of
not only primary reinforcers such as taste, smell and touch
but also with secondary and higher order reinforcers such
as music, facial attractiveness and monetary reward.
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Hedonics

Historically, the research on reward and motivation was
initially focussed on intra-cranial self-stimulation (Liebman,
1983; Milner, 1991; Olds and Olds, 1963) and drug addic-
tion (Wise, 1996; Berke and Hyman, 2000), which has led
to the identification of brain reward systems that allow
reinforcement of responses without homeostatic value.
Some studies have, however, suggested that food and
drug rewards may share common neural circuits and neu-
rotransmitters which include opioid receptors (Hayward et
al., 2002; Kelley et al., 2002; Kelley and Berridge, 2002).

Reward-related learning has been shown to involve
many different brain areas and pathways such as the
extended amygdala (Amaral et al., 1992; Swanson and
Petrovich, 1998), the ventral striatal loops (Alexander et
al., 1986), and the lateral hypothalamus (Williams et al.,
1993; Grossman, 1975). The reward-related role of these
sub-cortical structures has already been outlined in a num-
ber of excellent reviews (Robbins et al., 1989; Cardinal et
al., 2002). Here the role of just one of the important neu-
rotransmitters in these pathways is therefore considered:
the dopaminergic system including the ventral striatum and
the tegmental midbrain. The precise role of dopamine in
reward is not yet evidently but is clearly involved in the
responses to rewarding stimuli. Lesions to the ventral stri-
atum failed to reduce food intake in rats (lkemoto and
Panksepp, 1996; Koob et al., 1978), and did not impair
operant responding for food (Balleine and Killcross, 1994).
Instead, dopamine has been proposed to play a role in the
incentive motivational state (Berridge and Robinson, 1998)
and in the prediction error in reward learning (Schultz and
Dickinson, 2000), rather than being related to the hedonic
value of the reward itself. Neuroimaging studies in humans
have confirmed the role of dopamine in reward learning
with indications of dopamine release in the ventral striatum
following unpredictable monetary reward (Pappata et al.,
2002). The ventral striatum has also been shown to be
active in the human brain in the prediction of taste reward
(Berns et al.,, 2001) and in the expectation of taste
(O’Doherty et al., 2002) and olfaction reward (Gottfried et
al., 2002b).

It has been proposed that food reward can usefully be
split into the two components of appetite/incentive motiva-
tion and pleasure/palatability with dissociable neural sub-
strates (Berridge, 1996). Dopamine has been shown to be
related more to the neural mechanisms of incentive moti-
vation than hedonics (Berridge and Robinson, 1998). Fur-
thermore, in order to provide hedonic evaluation of stimuli
it is also clear that the brain regions implicated in hedonic
assessment must receive salient information about stimu-
lus identity from the primary and secondary sensory
cortices.

Neuroimaging offers a powerful way to investigate the
‘liking’ component in the human brain. One way is for
instance to take subjective hedonic ratings throughout a
human neuroimaging experiment and then correlate these
ratings with changes in activity in the human brain. This
allows for a unique window on the hedonic processes

evaluating the pleasantness of salient stimuli. Recently,
and as reviewed in the following, a string of neuroimaging
experiments have investigated these hedonic processes
for many different kinds of reinforcers.

Taste

The results of investigating the hedonic processes associ-
ated with pure taste in the human brain confirm that dis-
sociable brain areas are involved in the representation of
the identity and the hedonics of the stimulus. The primary
gustatory areas have been investigated using neuroimag-
ing with pure sweet, salt, sour, bitter and umami stimuli,
and consistent with neurophysiological studies in non-
human primates found to be located in the anterior insula/
frontal operculum and caudal orbitofrontal cortex
(O’Doherty et al., 2002; De Araujo et al., 2003a,b; Frey and
Petrides, 1999; Kinomura et al., 1994; O’Doherty et al.,
2001b, 2003b; Small et al., 1997, 1999, 2003). In addition,
there is emerging evidence that regions of both the anterior
cingulate cortex (Kringelbach et al., 2004; De Araujo et al.,
2003c; Small et al., 2003) and dorsolateral prefrontal cor-
tex (Kringelbach et al., 2004) are consistently activated by
taste stimuli compared with tasteless (which provided a
rinse for the taste and was also used to control for non-
taste including somatosensory effects of placing solutions
in the mouth).

In contrast to these motivation-independent represen-
tations of reinforcer identity, one recent neuroimaging
study has dissociated the brain regions responding to taste
intensity and taste affective valence (Small et al., 2003). It
was found that the cerebellum, pons, middle insula, and
amygdala responded to intensity regardless of valence,
whilst valence-specific responses were observed in the
orbitofrontal cortex with the right caudolateral orbitofrontal
cortex responding preferentially to pleasant compared with
unpleasant taste, irrespective of intensity.

Another recent study used neuroimaging to show that
subjective ratings of taste pleasantness (but not intensity)
correlate with activity in the orbitofrontal cortex and in the
anterior cingulate cortex (De Araujo et al., 2003b). More-
over, in this study investigating the effects of thirst and
subsequent replenishment, it was found that the orbitofron-
tal cortex and a region of mid-insula was correlated with
subjective pleasantness ratings of water across the whole
experiment (De Araujo et al., 2003b).

Further evidence of neural correlates of subjective ex-
perience of pure taste was found in an experiment inves-
tigating true taste synergism, which is the phenomenon
whereby the intensity of a taste is dramatically enhanced
by adding minute doses of another taste. The results of this
neuroimaging experiment showed that the strong subjec-
tive enhancement of umami taste that occurs when
0.005 M inosine 5'-monophosphate is added to 0.5 M
monosodium glutamate (compared with both delivered
separately) was correlated with increased activity in an
anterior part of the orbitofrontal cortex (De Araujo et al.,
2003a).
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Olfaction

Similar to taste stimuli, pure olfactory stimuli activate dis-
sociable brain areas for motivation-independent represen-
tations of reinforcer identity and hedonic representations.
Neuroimaging studies have found representations of olfac-
tory identity in primary olfactory cortices (Anderson et al.,
2003; Gottfried et al., 2002a; O’Doherty et al., 2000; Rolls
et al., 2003a; Royet et al., 2000, 2001; Zald and Pardo,
1997), which are distinct from hedonic representations in
other brain areas.

Several neuroimaging studies have found dissociable
encoding of olfactory stimuli with the intensity encoded in
the amygdala and nearby regions, and the pleasantness
correlated with activity in the orbitofrontal cortex and ante-
rior cingulate cortex (Anderson et al., 2003; Gottfried et al.,
2002a; Rolls et al., 2003a). This is consistent with studies
that have found that hedonic judgments activate the orbito-
frontal cortex (Royet et al., 2001) and that the unpleasant-
ness of aversive odours correlates with activity in the or-
bitofrontal cortex (Zald and Pardo, 1997). Furthermore, it
has been found that the orbitofrontal cortex represents the
sensory-specific decrease of smell (O’Doherty et al,
2000), which is clear evidence that the reward value of
olfactory stimuli is represented in the orbitofrontal cortex.

Other recent strong evidence for the role of the orbito-
frontal cortex in the representation of the reward value of
olfactory stimuli comes from an appetitive conditioning
neuroimaging experiment which measured the brain activ-
ity related to two arbitrary visual stimuli both before and
after olfactory devaluation (Gottfried et al., 2003). In the
amygdala and the orbitofrontal cortex, responses evoked
by a predictive target stimulus were decreased after de-
valuation, whereas responses to the non-devalued stimu-
lus were maintained. It would thus appear that differential
activity in the amygdala and the orbitofrontal cortex en-
codes the current value of reward representations acces-
sible to predictive cues. It should also be noted that the
affect and intensity judgments of odour in a paired discrim-
ination task activate the orbitofrontal cortex (Zatorre et al.,
2000).

Multimodal stimuli

The evidence from neuroimaging studies of pure taste and
smell thus shows that the orbitofrontal cortex is consis-
tently correlated with the subjective pleasantness ratings
of the stimuli. Therefore, it is to be expected that studies
using multi-modal combinations of taste and smell should
find correlations between pleasantness and activity in
these brain regions. Compelling evidence that this is in-
deed the case comes from a sensory-specific satiety neu-
roimaging study which has shown that a region of the left
orbitofrontal cortex showed not only a sensory-specific
decrease in the reward value to the whole food eaten to
satiety (and not to the whole food not eaten), but also a
correlation with pleasantness ratings (see Fig. 2; Krin-
gelbach et al., 2003). This result strongly indicates that the
reward value of the taste, olfactory, and somatosensory
components of a whole food is represented in the orbito-
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Fig. 2. Regions of the human orbitofrontal cortex that correlate with
pleasantness ratings. (A) Coronal section through the region of the
orbitofrontal cortex from the random effects group analysis showing
the peak in the left orbitofrontal cortex (MNI co-ordinates X, Y, Z=—22,
34, —8; Z-score=4.06), in which the BOLD signal in the voxels shown
in yellow was significantly correlated with the subjects’ subjective
pleasantness ratings of the foods throughout the experiment. (B) Plot
of the magnitude of the fitted haemodynamic response from a repre-
sentative single subject against the subjective pleasantness ratings
(on a scale from —2 to +2) and peristimulus time in seconds (figure
modified from Kringelbach et al., 2003).

frontal cortex, and that the subjective pleasantness of food
thus might be represented here.

Further evidence comes from a study investigating the
non-specific satiation effects of chocolate (with both olfac-
tory and gustatory components) which found a correlation
between the decrease in pleasantness and activity in the
orbitofrontal cortex (Small et al., 2001). Another multimo-
dal study investigating the link between olfaction and vision
found activity in the anterior orbitofrontal cortex for seman-
tically congruent trials (Gottfried and Dolan, 2003).

Other multimodal neuroimaging studies have investi-
gated the interaction between taste and smell, and found
significant activity in more posterior parts of the orbitofron-
tal cortex and nearby agranular insula for the combination
of taste and smell (De Araujo et al., 2003c; Small et al.,
1997). When investigating the synergistic enhancement of
a matched taste and retronasal smell it was again found
that a region of the orbitofrontal cortex was significantly
activated (De Araujo et al., 2003c). This region was located
very near to the region of the orbitofrontal cortex activated
by the synergistic combinations of umami (De Araujo et al.,
2003a).

Other sensory modalities

Further neuroimaging studies have investigated the hedo-
nic systems involved in other sensory modalities and, con-
sistent with the results obtained with food relevant stimuli,
activations were found that link hedonic processing to
activity in the orbitofrontal cortex.

In a study of thermal stimulation it was found that the
perceived thermal intensity was correlated with activity in
the insula and orbitofrontal cortices (Craig, 2002; Craig et
al., 2000). In another study investigating the effects of
touch to the hand it was found that dissociable regions of
the anterior cingulate and orbitofrontal cortex were acti-
vated by painful and pleasant (but not neutral) touch (Rolls
et al., 2003b). Another pain study found that the lateral
orbitofrontal cortex and the anterior cingulate cortex are
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mediating the placebo effect in placebo-responders
(Petrovic et al., 2002).

Studies investigating the effects of auditory stimulation
and music have found that activation of the orbitofrontal
cortex correlates with the negative dissonance (pleasant-
ness) of musical chords (Blood et al., 1999) and that
intensely pleasurable responses ‘chills’ elicited by music
are correlated with activity in the orbitofrontal cortex, ven-
tral striatum, cingulate and insula cortex (Blood and
Zatorre, 2001).

Even more abstract reinforcers such as monetary re-
ward (O’Doherty et al.,, 2001a; Thut et al., 1997) and
punishment (O’Doherty et al., 2001a) have been found to
activate the orbitofrontal cortex, and there is evidence to
suggest that dissociable regions of the medial and lateral
orbitofrontal cortex correlate with the amount of monetary
gain and loss, respectively (O’Doherty et al., 2001a). More
generally, it has been demonstrated by another neuroim-
aging study that the lateral orbitofrontal cortex and a region
of the anterior cingulate cortex are together responsible for
supporting general reversal learning in the human brain
(Kringelbach and Rolls, 2003). There is also evidence to
suggest that facial attractiveness is correlated with activity
in the orbitofrontal cortex (Aharon et al., 2001; O’Doherty
et al., 2003a). Further compelling evidence from drug stud-
ies have found responses to cocaine in the orbitofrontal
cortex, ventral striatum and other reward-related brain
structures (e.g. Breiter et al., 1997). A correlation was also
recently found between a reliable index of the rush of i.v.
methamphetamine in drug-naive subjects (mind-racing)
and activity in the orbitofrontal cortex (Véllm et al., 2004).

The above evidence implicates the orbitofrontal cortex
in a wide variety of tasks, and it is important to try to
understand the functional neuroanatomy of this rather
large brain structure. Some progress has already been
made from a large meta-analysis demonstrating medio-
lateral and anterior—posterior functional distinctions in the
orbitofrontal cortex (Kringelbach, 2002; Kringelbach and
Rolls, 2004). Activity in the medial orbitofrontal cortex has
been shown to relate to the monitoring of the reward value
of many different reinforcers (involving, of course, mecha-
nisms for learning and memory), whereas lateral orbito-
frontal cortex activity has been proposed to be related to
the evaluation of reinforcers which leads to a change in
ongoing behaviour. It should be noted that other authors
have proposed that response inhibition might be another
explanation for the role of the lateral orbitofrontal cortex
(Elliott et al., 2000). Furthermore, it has also been demon-
strated that there is a posterior—anterior distinction with
more complex or abstract reinforcers (such as monetary
gain and loss) being represented more anteriorly in the
orbitofrontal cortex than simpler reinforcers such as taste
or pain (Kringelbach, 2002; Kringelbach and Rolls, 2004).

Lesion studies

Neuroimaging studies are essentially only correlative mea-
sures of behaviour, and it is therefore important to briefly
consider the evidence from lesions in both humans and
higher primates to assess the validity of the findings. In

humans, damage to the orbitofrontal cortex causes major
changes in motivation, emotion, personality, behaviour,
and social conduct. A classic case of orbitofrontal damage
is that of Phineas Gage, whose medial frontal lobes were
penetrated by a metal rod (Harlow, 1848). Miraculously
Gage survived but his personality and emotional process-
ing was changed completely (although care should be
taken since our amount of information is rather limited;
Macmillan, 2000). In more recent cases of orbitofrontal
cortex damage, patients often show lack of affect, social
inappropriateness, and irresponsibility (Anderson et al.,
1999; Hornak et al., 2003; Rolls et al., 1994). It has been
shown that patients are impaired at correctly identifying
social signals including for example face and voice expres-
sions (Hornak et al., 2003; Hornak et al., 1996). Interest-
ingly, the recent experiments on human patients with sur-
gical lesions to the orbitofrontal cortex, have found func-
tional heterogeneity in that bilateral lesions to the lateral
orbitofrontal cortex— but not unilateral or lesions to medial
parts of the orbitofrontal cortex—produce significant im-
pairments in reversal learning (Hornak et al., 2004).

Furthermore, in the context of the evidence for a role of
the orbitofrontal cortex in motivational hedonics, it is inter-
esting to note that frontotemporal dementia (a progressive
neurodegenerative disorder attacking the frontal lobes)
produces not only major and pervasive behavioural
changes in personality and social conduct resembling
those produced by orbitofrontal lesions but also profound
changes in eating habits with escalating desire for sweet
food coupled with reduced satiety, which is often followed
by enormous weight gain (Rahman et al., 1999).

Lesion studies in non-human primates support the hy-
pothesis that reward value is represented in the orbitofron-
tal cortex. In devaluation paradigms monkeys with lesions
to the orbitofrontal cortex are able to respond normally to
associations between food and conditioners but fail to
modify their behaviour to the cues when probing these
representations by reducing the incentive value of the food
(Butter et al., 1963). Other studies found that lesions to the
orbitofrontal cortex alter food preferences in monkeys
(Baylis and Gaffan, 1991), whilst another lesion study used
unilateral crossed lesions to show that the orbitofrontal
cortex and the amygdala are important for the alteration of
stimulus-reward associations (Baxter et al., 2000). Even in
rats, it has been demonstrated that lesions to the orbito-
frontal cortex block the ability to adapt behaviour by ac-
cessing representational information about the incentive
value of the associated food reinforcement (Gallagher et
al.,, 1999). When making comparisons between rats and
higher primates it is important to note that many brain
areas have undergone considerable development. The
elaboration of some of these brain areas has been so
extensive in primates that even evolutionary old systems
such as the taste system appear to have been rewired (see
the section on Taste above) to place more emphasis on
cortical processing in areas such as the orbitofrontal
cortex.
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Fig. 3. Proposed model for the interaction between sensory and hedonic systems in the human brain using as an example one hemisphere of the
orbitofrontal cortex. Information is flowing from left to right on the figure. Sensory information about primary (e.g. taste, smell, touch and pain) and secondary
(e.g. visual) reinforcers is sent from the periphery to the primary sensory cortices (e.g. anterior insula/frontal operculum for taste), where the stimulus identity
is decoded into stable cortical representations. This information is then conveyed for further multimodal integration in brain structures in the posterior parts
of the orbitofrontal cortex. The reward value of the reinforcer is assigned in more anterior parts of the orbitofrontal cortex from where it can then be used for
influencing subsequent behaviour (in lateral parts of the anterior orbitofrontal cortex from where it is sent to anterior cingulate cortex and dorsolateral
prefrontal cortex), stored for learning (medial parts of the anterior orbitofrontal cortex) and made available for subjective hedonic experience (mid-anterior
orbitofrontal cortex). The reward value and thus also the subjective hedonic experience of a reinforcer can be modulated by hunger and other internal states,
whilst the identity representations in primary sensory cortices are remarkably stable and not subjected to modulation. It should be noted that there is, of
course, important reciprocal information flowing between the higher level regions of the orbitofrontal cortex.

CONCLUSIONS

Food intake is essential to sustain life, and the sensory
systems of taste and smell are amongst the most funda-
mental building blocks of the brain’s natural reward sys-
tems (Kelley and Berridge, 2002). Humans’ large so-called
higher cognitive functions have evolved to support the
required cognitive processing involved in the sophisticated
foraging needed for the sustained food intake needed for
omnivores such as humans. However, with the current
state of overabundance of food in the developed world
these cognitive requirements have been overlooked and
the study of food intake has been sidelined from the cog-
nitive neurosciences. In this review it has been shown that
the study of food intake, and in particular the study of
subjective hedonic experience, is central to understanding
human behaviour, and as such should be re-integrated in
the mainstream of the cognitive neurosciences.

The evidence reviewed here from recent neuroimaging
experiments suggests that the orbitofrontal cortex is a
strong candidate for mediating hedonic experience, but
that there are also other candidate brain regions such as
the anterior cingulate, the insular cortex and ventral stria-
tum which could be part of hedonic networks in the human
brain. Based on the recent neuroimaging reviewed above
and using the orbitofrontal cortex as an example system, a
possible model for the interaction between sensory and
hedonic systems in the human brain can now be proposed
(see Fig. 3). Sensory information about primary (e.g. taste
and smell) and secondary (e.g. visual) reinforcers is car-

ried from the periphery to the primary sensory cortices
(e.g. anterior insula/frontal operculum for taste and pyri-
form cortex for smell), where stimulus identity is decoded
into stable representations (Small et al., 1999; Zatorre et
al., 1992). This information is then conveyed for further
multimodal integration in brain structures such as the pos-
terior parts of the orbitofrontal cortex (De Araujo et al.,
2003c; Small et al., 1997). The reward value of the rein-
forcer is assigned (e.g. in more anterior parts of the orbito-
frontal cortex; Small et al., 2003; Gottfried et al., 2003)
from where it can then be used for influencing subsequent
behaviour (e.g. lateral parts of the anterior orbitofrontal
cortex, anterior cingulate cortex [Kringelbach and Rolls,
2003] and dorsolateral prefrontal cortex [Kringelbach et al.,
2004; Wallis and Miller, 2003]), monitored as part of learn-
ing and memory mechanisms (e.g. in medial parts of the
anterior orbitofrontal cortex; Gottfried and Dolan, 2003; De
Araujo et al., 2003b) and made available for subjective
hedonic experience (e.g. mid-anterior orbitofrontal cortex;
Kringelbach et al., 2003). The reward value, and thus also
the subjective hedonic experience of a reinforcer, can be
modulated by hunger and other internal states (O’Doherty
et al., 2000; Gottfried et al., 2003; Kringelbach et al., 2003),
whilst the identity representation is remarkably stable and
not subjected to modulation (De Araujo et al., 2003b; Rolls
et al., 2003a). This model of only one of the nodes (the
orbitofrontal cortex) is of course relatively simple com-
pared with what has to be a much more complex hedonic
network, but it offers some important insights that future
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research may help refine. In addition, more research into
the cortical mechanisms of food intake is likely not only to
further elucidate the workings of this network but may
perhaps also prove important to larger questions such as
the neural correlates of subjective experience.
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