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A B S T R A C T

Some of the principles of the representation of affective touch in the brain are described. Positively

affective touch and temperature are represented in parts of the orbitofrontal and pregenual cingulate

cortex. The orbitofrontal cortex is implicated in some of the affective aspects of touch that may be

mediated through C fibre touch afferents, in that it is activated more by light touch to the forearm (a

source of C-tactile (CT) afferents) than by light touch to the glabrous skin of the hand. Oral somatosensory

afferents implicated in sensing the texture of food including fat in the mouth also activate the

orbitofrontal and pregenual cingulate cortex, as well as the insular taste cortex. Top–down cognitive

modulation of the representation of affective touch produced by word labels is found in parietal cortex

area 7, the insula and ventral striatum. The cognitive labels also influence activations to the sight of touch

and also the correlations with pleasantness in the pregenual cingulate/orbitofrontal cortex and ventral

striatum.
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The aim of this paper is to consider the principles of the
representation of positively affective touch and temperature in the
brain, and the ways in which cognitive factors influence the
representation of touch in the brain. Touch can be a primary
(unlearned) reinforcer, and as a goal for action, is one of the
foundations of emotion and motivation (Rolls, 2005). By positively
affective touch is meant touch that is a reward, i.e. it will be worked
for, and is rated as pleasant by humans. By negatively affective
touch is meant touch that is a punisher, i.e. work will be performed
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to avoid or escape from it, and it is rated as unpleasant by humans
(Rolls, 2005). Touch can be negatively affective without being
painful, and an example is a cool surface applied to the hand, which
is just unpleasant. Much social and affiliative behaviour, as well as
behaviour directed towards comfort and a feeling of well-being, is
directed towards pleasant touch.

First, the representation in the brain of the affective value
of asomatosensory stimuli including touch and temperature is
described. Representations in the brain produced by light pleasant
touch to the brain that activates C-tactile afferent fibres are
included. Then cognitive modulation of the affective value of touch
by word-level descriptions is considered, and the brain regions in
which the affective modulation is evident are described. Then the
brain regions that respond to the sight of touch being applied are
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described, and how these representations can be modulated by
cognitive inputs that alter the affective interpretation of the sight
of the touch. This evidence about the affective representations of
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somatosensory stimuli and their cognitive modulation comes
mainly from functional neuroimaging with functional magnetic
resonance imaging (fMRI). This evidence is complemented by fMRI
and single neuron studies that show how another set of
somatosensory and temperature inputs, from the oral cavity,
provides information about the texture and temperature of stimuli
in the mouth, which are important in the palatability and affective
value of food, and thus in appetite control.

1. The representation of positively affective touch and
temperature in the brain

While there have been many investigations of the neural
representations of pain (Hunt, under review), there have been
fewer investigations of the representation of pleasant touch in the
brain.

In one study, the cortical areas that represent affectively
positive and negative aspects of touch were investigated using
functional magnetic resonance imaging by comparing activations
produced by pleasant touch, painful touch produced by a stylus,
and neutral touch, to the left hand (Rolls et al., 2003c). It was found
that regions of the orbitofrontal cortex were activated more by
pleasant touch and by painful stimuli than by neutral touch, and
that different areas of the orbitofrontal cortex were activated by
the pleasant and painful touches (see Fig. 1). The orbitofrontal
cortex activation was related to the affective aspects of the touch,
in that the somatosensory cortex (S1) was less activated by the
pleasant and painful stimuli than by the neutral stimuli (as shown
Fig. 1. Brain activation to painful, pleasant and neutral touch of the human hand. The top

touch, on parasagittal sections (parallel to the midline). The middle row shows activation

of a more posterior part by the painful touch, on parasagittal sections. The bottom row sho

axial sections (in the horizontal plane). The activations were thresholded at p < 0.0001
by a two-way analysis of variance performed on the percentage
change of the BOLD signals under the different stimulation
conditions in the different areas). Further, it was found that a
rostral part of the anterior cingulate cortex was activated by the
pleasant stimulus and that a more posterior and dorsal part was
activated by the painful stimulus. Regions of the somatosensory
cortex, including S1, and part of S2 in the superior temporal plane
at the mid-insula level, were activated more by the neutral touch
than by the pleasant and painful stimuli. Part of the posterior
insula was activated only in the pain condition, and different parts
of the brainstem, including the central grey, were activated in the
pain, pleasant and neutral touch conditions. The results provide
evidence that different areas of the human orbitofrontal cortex are
involved in representing both pleasant touch and pain, and that
dissociable parts of the cingulate cortex are involved in represent-
ing pleasant touch and pain (Rolls et al., 2003c).

Tickling, which may be pleasant, can activate a number of
different somatosensory areas, but it is not known which areas
may represent the affectively positive aspects of tickle (Blakemore
et al., 1998; Carlsson et al., 2000).

Warm and cold stimuli have affective components such as
feeling pleasant or unpleasant, and these components may have
survival value, for approach to warmth and avoidance of cold may
be reinforcers or goals for action built into us during evolution to
direct our behaviour to stimuli that are appropriate for survival
(Rolls, 2005). Understanding the brain processing that underlies
these prototypical reinforcers provides a direct approach to
understanding the brain mechanisms of emotion. In an fMRI
investigation in humans, we showed that the mid-orbitofrontal
and pregenual cingulate cortex and the ventral striatum have
activations that are correlated with the subjective pleasantness
row shows strongest activation of the somatosensory cortex S1/insula by the neutral

of the most anterior part of the anterior cingulate cortex by the pleasant touch, and

ws activation of the orbitofrontal cortex by the pleasant and by the painful touch, on

to show the extent of the activations (after Rolls et al., 2003c).
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ratings made to warm (41 8C) and cold (12 8C) stimuli, and
combinations of warm and cold stimuli, applied to the hand (Rolls
et al., 2008b). Activations in the lateral and some more anterior
parts of the orbitofrontal cortex were correlated with the
unpleasantness of the stimuli. In contrast, activations in the
somatosensory cortex and ventral posterior insula were correlated
with the intensity but not the pleasantness of the thermal stimuli
(Rolls et al., 2008b).

A principle thus appears to be that processing related to the
affective value and associated subjective emotional experience of
somatosensory and thermal stimuli that are important for survival
is performed in different brain areas to those where activations are
related to sensory properties of the stimuli such as their intensity.
This conclusion appears to be the case for processing in a number
of sensory modalities, and the finding with such prototypical
stimuli as pleasant and painful touch, and warm (pleasant) and
cold (unpleasant) thermal stimuli, provides strong support for this
principle (Rolls, 2005; Grabenhorst et al., 2007; Grabenhorst and
Rolls, 2008; Rolls et al., 2008c). An implication of the principle is
that by having a system specialized for the affective or reward
aspects of stimuli it is possible to modify goal oriented behaviour,
and to do this independently of being able to know what the
stimulus is (its intensity, physical characteristics, etc.). Thus even if
a stimulus has lost its pleasantness because of for example a
change of core body temperature, it is still possible to represent the
stimulus, recognize it, and learn about where it is in the
environment for future use (Rolls, 2005). This is a fundamental
aspect of brain design (Rolls, 2005, 2008a).

Decision-making about whether to select an affective stimulus
may involve a further tier of representation beyond that involved
in representing the affective value of the stimulus. Indeed,
representing the affective value of a reward on a continuous scale
may occur before and separately from making a binary, for
example yes–no, decision about whether to choose the reward. To
investigate whether these are separable processes, we used
functional magnetic resonance imaging to measure activations
produced by pleasant warm, unpleasant cold, and affectively
complex combinations of these stimuli applied to the hand
(Grabenhorst et al., 2008). On some trials the affective value was
rated on a continuous scale, and on different trials a yes–no
decision was made about whether the stimulus should be repeated
in future. Decision-making contrasted with just rating the affective
stimuli revealed activations in the medial prefrontal cortex area 10
implicating this area in binary decision-making. Activations
related to the pleasantness ratings and which were not influenced
when a binary decision was made were found in the pregenual
cingulate and parts of the orbitofrontal cortex implicating these
regions in the continuous representation of affective value. When a
decision was yes vs. no, effects were found in the dorsal cingulate
cortex, agranular (anterior) insula, and ventral tegmental area,
implicating these areas in initiating actions to obtain goals
(Grabenhorst et al., 2008).

Thus decision-making about whether to select a stimulus may
be a process implemented in the brain separately from the
representation of the continuous affective value of a stimulus
(Deco et al., 2008; Grabenhorst et al., 2008; Rolls, 2008a; Rolls
et al., 2008a). It is important to be able to represent the current
affective value of a stimulus on a continuum, and indeed the exact
affective value on a continuum is an important input to the
decision-making mechanism. However, the implication of the
findings in that the decision-making mechanism is separate, for on
a given trial, a binary decision, such as ‘yes’ vs. ‘no’ must be taken,
and the outcome must be represented in a binary way. Indeed,
decision-making is probabilistic, so that for two stimuli that are
equally pleasant on a continuous scale, the decision on each trial
will be different on a probabilistic basis. The understanding we
have of this process is that each decision is represented in an
attractor network by a separate attractor state, and that on an
individual trial, the continuous value of the evidence biases the
two attractors, and which attractor wins the competition depends
on the probabilistic spiking of the neurons in the network (Wang,
2002; Deco and Rolls, 2006; Rolls, 2008a).

2. C-tactile (CT) afferents and light touch

Light touch to hairy skin such as the forearm can activate CT
afferents (i.e. C fibres with tactile but not pain sensitivity) and can
be pleasant, and such afferents are thought not to be present in
glabrous skin such as the palm of the hand (Olausson et al., 2002;
McGlone et al., 2007; Olausson, under review). In an fMRI study, a
contrast of the effects of rubbing the forearm vs. rubbing the
glabrous skin of the hand revealed activation in the mid-
orbitofrontal cortex (see Fig. 2) (McCabe et al., 2008). The
implication is that the orbitofrontal cortex may be especially
activated in relation to CT afferents vs. afferents from the glabrous
skin. (The activation of the orbitofrontal cortex by this contrast was
of significance, in that the effects of rubbing the hand were for most
somatosensory cortical areas much larger than those produced by
rubbing the forearm, which has a smaller cortical representation
than the hand.)

In a different study, Olausson et al. (2002) showed in a
neuronopathy patient who specifically lacks A-beta afferents that
CT afferent stimulation can activate the insula, and such patients
can have feelings of a pleasant touch, and sympathetic responses
produced by the touch (Olausson et al., 2008). In our study, the
contrast rubbing the arm vs. rubbing the hand also showed a region
of activation in the insula [�30 26 0], though this was not
significant (Z = 2.04) (McCabe et al., 2008).

An implication of these findings is that the pleasantness of CT
stimulation may be related to activation of the medial/mid
orbitofrontal cortex, a region in which many other pleasant
sensory stimuli are represented (Rolls, 2005), and that CT
stimulation can also produce activation of the insula (Olausson
et al., 2002). It will be of interest to explore the role of CT afferents
in pleasant touch further, though I note that they cannot have an
exclusive role in affective touch, in that touch to the glabrous skin
of the hand can be pleasant (McCabe et al., 2008).

3. Cognitive modulation of affective touch processing

There have been many studies of the top–down attentional
modulation (Rolls, 2008a) of touch, with effects typically larger in
secondary somatosensory and association cortical areas (e.g.
parietal area 7), and smaller in S1 (Johansen-Berg and Lloyd,
2000), and seeing unpleasant pictures can influence somatosen-
sory evoked responses (Montoya and Sitges, 2006). However, there
has been little investigation of where high-level cognition
influences the representation of affective touch in the brain.

To investigate where cognitive influences from the very high
level of language might influence the affective representation of
touch, we performed a fMRI study in which the forearm was
rubbed with a cream, but this could be accompanied by a word
label that indicated that it was a rich moisturising cream (pleasant
to most people) vs. a basic cream (McCabe et al., 2008).

We found that cognitive modulation by a label at the word level
indicating pleasantness/richness (‘‘rich moisturising cream’’ vs.
‘‘basic cream’’) influenced the representation of tactile inputs in
the orbitofrontal cortex (McCabe et al., 2008). (The cream was
identical in all conditions in the study: it was only the word labels
that were changed. The cream was rubbed onto the ventral, volar,



Fig. 2. A region of the mid-orbitofrontal cortex ([26 50 �8] Z = 3.18, p = 0.035 svc) was activated more by light touch to the forearm, which has CT afferents, than by light touch

to the glabrous skin of the hand, which does not. The right of the brain is on the right of the coronal sections in this and subsequent figures (after McCabe et al., 2008).

E.T. Rolls / Neuroscience and Biobehavioral Reviews 34 (2010) 237–245240
surface of the arm, as illustrated in Fig. 4.) For example, a negative
correlation with the pleasantness ratings of the touch as influenced
by the word labels was found in the lateral orbitofrontal cortex, a
region shown in other studies to be activated by less pleasant
stimuli including unpleasant odours, and losing money (O’Doherty
et al., 2001; Rolls et al., 2003b,c). A positive correlation with the
pleasantness of touch as influenced by the word labels was found
in the pregenual cingulate cortex (McCabe et al., 2008). Convergent
evidence on the functions of this region is that the pregenual
cingulate region is close to (with peaks mm apart, and frequently
with overlapping activations) where in different studies another
somatosensory stimulus, oral texture, is represented (de Araujo
and Rolls, 2004), correlations with pleasantness ratings are found
to food and olfactory stimuli (Kringelbach et al., 2003; de Araujo
et al., 2005), and pleasant touch produces activation (Rolls et al.,
2003c). We also found that activations to touch in the parietal
cortex area 7 were influenced by the word labels, in that there was
more activation when the rich label than when the thin label was
present (as shown by a contrast analysis at the group level)
(McCabe et al., 2008).

4. Activations to the sight of touch, and cognitive modulation

The sight of touch can influence some areas involved in
somatosensory processing including S1, S2, the inferior frontal
gyrus and the parietal cortex (Blakemore et al., 2005; Schaefer et al.,
2006). Indeed, it has been shown that somatosensory perception can
be activated without actual touch but by imagery or empathy (Yoo
et al., 2003; Singer et al., 2004; Bufalari et al., 2007) and also by the
intention/anticipation of a touch (Carlsson et al., 2000).

We found that S1 was activated by the sight of the arm being
rubbed with cream, in a region that overlapped with that activated
by actually rubbing the arm. However, interestingly, activations
were not produced by the sight of the arm being rubbed in the
insular somatosensory areas in the mid insula activated by the arm
actually being rubbed (see Fig. 3) (McCabe et al., 2008). In the
rubbing condition the stimulation will be related to one’s own
body, whereas in the sight condition it is less likely to be related to
one’s own body. The implication is that the insular activation is
closely related to body ownership, that is to the fact that one’s own
body is being rubbed, whereas activation of S1 is not. It might be
particularly interesting to follow this up in patients: are denials of
ownership of a part of the body particularly related to damage to
the insula as compared with damage to S1? Evidence using a
rubber hand also suggests that insular activation may be related to
body ownership (Tsakiris et al., 2007), whereas somatosensory
cortex areas 1–3 were activated when the touch was not attributed
to the self. Moreover, the study by Blakemore et al. (2005) showed
that a synesthetic subject who felt touch whilst just observing
touch had anterior insula activation whereas the control non-
synthetic subjects who did not feel touch as they observed touch
did not have insular activation, again evidence for the insula being
involved in recognition of touch to one’s own body. The insula has
also been described as a system involved in interoception (Craig,



Fig. 3. Activations were produced by touch to the arm (rubarm condition) in the contralateral insula with peak at [44 �16 14] Z = 3.83, p = 0.003 fc. Activations were not

produced in this region by the sight of the arm being rubbed (after McCabe et al., 2008).
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2002), but in our study the insular activation was produced by a
thoroughly exteroceptive input, touch to the arm or hand. There
was also activation in the lateral orbitofrontal cortex (area 47/12)
which extended into the inferior frontal gyrus bilaterally (McCabe
et al., 2008).

We may consider here the functions of some different parts of the
insula. There are somatosensory areas that represent parts of the
body in the mid-insula to posterior insula, as illustrated in Fig. 3
(McCabe et al., 2008). The anterior and dorsal part of the primate
including human insula includes the primary taste cortex (Pritchard
et al., 1986; Yaxley et al., 1990; de Araujo et al., 2003; Kadohisa et al.,
2005a; Rolls, 2007b), but it also includes a representation of oral
texture (de Araujo and Rolls, 2004; Verhagen et al., 2004), so this
might be thought of as an insular somatosensory area for the mouth
which also contains the primary taste cortex. Having these taste and
somatosensory oral representations in the same anterior insular
cortex enables neurons to respond to combinations of oral texture
and taste, which is important for enabling effects related to
particular foods to be computed (Rolls, 2005, 2007b, 2008a). The
anterior more ventral part of the insula may be a visceral cortical
area, and consistent with this, this part of the insula has activations
related to autonomic functions (Critchley et al., 2004). Painful
somatosensory stimuli, because they produce autonomic activity,
may activate this anterior insular area.

To investigate how specific the sight of touch needs to be to
evoke activity in somatosensory areas, we compared the sight of
rubbing the forearm by a finger that was applying cream, with a
close visual control condition which showed the finger moving
1 cm above the arm and clearly not touching the arm. This contrast
showed effects in parietal area 7, the lateral orbitofrontal cortex
perhaps continuing into the inferior frontal gyrus (see Fig. 4), and
S1 (McCabe et al., 2008). This is of considerable interest, for it
shows that these areas are activated particularly when the
intention to touch is made clear in the stimulus, that is when
the fingers are seen to be intentionally rubbing the arm, and not
just moving facing upwards 1 cm above the arm clearly not
intending to touch it. The close visual control we use provides
evidence that these systems are very sensitive to whether
intentionality to touch is implied by what is seen. Indeed, in our
study the difference between the conditions indicated whether
physical interpersonal contact was going to occur or not, and this
could influence activations in all these areas. Because the moving
stimuli were so similar, yet only one implied that touch was
occurring, we interpret the effects as being related to the sight of
touch, and not to the sight of the movement (McCabe et al., 2008).

Although other studies did not address so directly the issue of
interpersonal touch, some investigations support our finding that
intentionality can be important, by showing in the movement
system that a movement seen in a context that implies an
intention (to drink tea from a cup or clean the cup) produced more
activation in the inferior frontal gyrus and premotor cortex than
did seeing the same movement without a context-setting
background (Iacoboni et al., 2005). A relation to intentionality
is also implied by grasp-related mirror neurons in the macaque F5
that respond when a hand is reaching behind a screen to grasp a
hidden object (Umilta et al., 2001), and by activation in the human
inferior frontal gyrus occurring when there is a visible goal for a
movement (Koski et al., 2002).



Fig. 4. The contrast sight–sightnotouch: a comparison of the effects of the sight of the arm being touched by an experimenter’s finger vs. the sight of the arm not being touched

in that the experimenter’s finger was moved inverted and 1 cm above the image of the arm (as shown in the inset image). Effects were found in the contralateral orbitofrontal

cortex area 47 at [42 30 �2] Z = 3.45, p < 0.03 and extended medially through much of the orbitofrontal cortex (after McCabe et al., 2008).
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Interestingly, in our investigation this contrast, the sight of a
finger rubbing an arm—the sight of a finger moving in a similar
way but clearly not touching the arm, produced some activation in
S1 (McCabe et al., 2008), implying that backprojections from
higher cortical areas (in, e.g. the parietal cortex) can influence S1
when there is an evident intentionality to touch and touch is
therefore being imagined. In another study without such a close
visual control condition (because the contrast was between the
sight of a body and the sight of an object being touched), S1
activations were found when touch to a body but not touch to an
object was being seen (Blakemore et al., 2005). Consistent with
the hypothesis that activation of S1 can be produced by imagining
touch in our sight of touch condition, a neuroimaging study by
Carlsson et al. (2000) showed that anticipation of tickling
activated the primary somatosensory cortex. The visual input
to the primary somatosensory cortex may have some useful
functions, in that for example TMS of the primary somatosensory
cortex impairs the usual visual enhancement of tactile acuity
(Fiorio and Haggard, 2005).
Positive correlations with pleasantness ratings to the sight of
touch, which were being influenced by the cognitive word labels,
revealed significant effects in the medial orbitofrontal cortex and
the ventral striatum (see Fig. 5) (McCabe et al., 2008). Further
evidence for cognitive modulation of affective representations of
touch was found in a related area, the pregenual cingulate cortex,
as shown by the contrast of the effects of the sight of touch when
the label was ‘‘rich moisturising cream’’ vs. ‘‘basic cream’’. A
negative correlation with the pleasantness of the sight of touch in
the lateral orbitofrontal cortex bilaterally and extensively, and in
the dorsal anterior cingulate cortex, was found (McCabe et al.,
2008).

Interesting implications of these findings are that cognitive
input produced by word-level descriptions can modulate the
representations of the affective value of touch and of the sight of
touch in areas such as the orbitofrontal cortex, anterior cingulate
cortex, and ventral striatum (McCabe et al., 2008), where the
pleasantness of many stimuli are represented. A similar modula-
tion by cognitive labels that influence affective value is found for



Fig. 5. Cognitive modulation of the affective value of touch. Correlations with the pleasantness of the sight of touch as influenced by the word labels ‘‘rich moisturising cream’’

vs. ‘‘basic cream’’ were found in the medial orbitofrontal/pregenual cingulate cortex ([�14 50 �16] Z = 2.97, p = 0.02) and ventral striatum ([�4 4 �14] Z = 2.95, p � 0.05 (after

McCabe et al., 2008).
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taste (Grabenhorst et al., 2007), flavour (Grabenhorst et al., 2007),
and olfaction (de Araujo et al., 2005). What is fascinating here is
that the cognitive modulation can reach right down into these
sensory systems to modulate the activations at the first stage of
processing that for several of these systems is the first stage at
which the pleasantness is represented. Thus the cognitive
modulation appears to have a direct influence on the brain’s
representation of the affective value of stimuli, and these
interactions are not left until purely cognitive or language-related
processing systems in the brain (Rolls, 2008a). The mechanism
may be implemented by top–down biased competition in a way
similar to that which appears to be involved in top–down attention
(Rolls, 2008a). Further, affective cognitive modulation of sight of
touch representations may help in processes such as empathy.

5. Oral texture

Another somatosensory stimulus, the texture of food in the
mouth, is also very important in perceived pleasantness. Neuro-
physiological studies have shown that the orbitofrontal cortex of
primates is also important as an area of convergence for
somatosensory inputs, related for example to the texture of food
including fat in the mouth, with other sensory inputs. We have
shown for example that single neurons influenced by taste in the
lateral and medial macaque orbitofrontal cortex (Rolls et al., 1990,
1996; Rolls and Baylis, 1994; Critchley and Rolls, 1996; Pritchard
et al., 2005, 2007; Rolls, 2008b) can in some cases have responses
produced by the texture of the food. This was shown in
experiments in which the texture of food was manipulated by
the addition of methyl cellulose or gelatine, or by puréeing a semi-
solid food (Rolls, 1998, 1999), or by the astringent stimulus tannic
acid (Critchley and Rolls, 1996). It has been shown that some of
these neurons with texture-related responses encode parametri-
cally the viscosity of food in the mouth (using a methyl cellulose
series in the range 1–10,000 cP), and that others independently
encode the particulate quality of food in the mouth, produced
quantitatively for example by adding 20–100 mm microspheres to
methyl cellulose (Rolls et al., 2003a).
Texture in the mouth is an important indicator of whether fat is
present in a food, which is important not only as a high value energy
source, but also as a potential source of essential fatty acids. In the
orbitofrontal cortex, Rolls et al. (1999) have found a population of
neurons that responds when fat is in the mouth. The fat-related
responses of these neurons are produced at least in part by the
texture of the food rather than by chemical receptors sensitive to
certain chemicals, in that such neurons typically respond not only to
foods such as cream and milk containing fat, but also to paraffin oil
(which is a pure hydrocarbon), and to silicone oil (Si(CH3)2O)n.
Moreover, the texture channels through which these fat-sensitive
neurons are activated are separate from viscosity sensitive channels,
in that the responses of these neurons cannot be predicted by the
viscosity of the oral stimuli (Verhagen et al., 2003). Behavioural
evidence consistent with this comes from a study in rats (Ramirez,
1994). Some of the fat-related neurons do though have convergent
inputs from the chemical senses, in that in addition to taste inputs,
some of these neurons respond to the odour associated with a fat,
such as the odour of cream (Rolls et al., 1999). Feeding to satiety with
fat (e.g. cream) decreases the responses of these neurons to zero on
the food eaten to satiety, but if the neuron receives a taste input from
for example glucose taste, that is not decreased by feeding to satiety
with cream (Rolls et al., 1999). Thus there is a representation of the
macronutrient fat in this brain area, and the activation produced by
fat is specifically reduced by eating fat to satiety.

Fat texture, oral viscosity, and temperature, for some neurons in
combination with taste, are represented in the macaque primary
taste cortex in the rostral insula and adjoining frontal operculum
(Verhagen et al., 2004).

These oral sensory properties of food, and also the sight and
smell of food, are also represented in the primate amygdala (Rolls,
2000; Rolls and Scott, 2003; Kadohisa et al., 2005a,b). Interestingly,
the responses of these amygdala neurons do not correlate well
with the preferences of the macaques for the oral stimuli (Kadohisa
et al., 2005a), and feeding to satiety does not produce the large
reduction in the responses of amygdala neurons to food (Rolls,
2000; Rolls and Scott, 2003) that is typical of orbitofrontal cortex
neurons (Rolls, 2006, 2007b). Multidimensional scaling analyses of
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the spaces encoded by neurons suggest that the amygdala
emphasises texture (oral viscosity), and the orbitofrontal cortex
sweet taste stimuli (Kadohisa et al., 2005a).

The viscosity of food in the mouth is represented in the human
primary taste cortex (in the anterior insula), and also in a mid-
insular area that is not taste cortex, but which represents oral
somatosensory stimuli (de Araujo and Rolls, 2004). In these
regions, the fMRI BOLD activations are proportional to the log of
the viscosity of carboxymethyl cellulose in the mouth. Oral
viscosity is also represented in the human orbitofrontal and
perigenual cingulate cortices, and it is notable that the perigenual
cingulate cortex, an area in which many pleasant stimuli are
represented, is strongly activated by the texture of fat in the mouth
and also by oral sucrose (de Araujo and Rolls, 2004).

6. Oral temperature representations in the brain

It has been discovered that some neurons in the orbitofrontal
cortex reflect the temperature of substances in the mouth, and that
this temperature information is represented independently of
other sensory inputs by some neurons, and in combination with
taste or texture by other neurons (Kadohisa et al., 2004).

Until recently, no neuroimaging study had investigated whether
changes in oral temperature activate these areas in humans, or the
activity of middle or posterior insular cortex, the areas most
frequently identified in neuroimaging studies for the encoding of
temperature information from the human hand. To analyze the
representation of oral temperature in the human brain, we
conducted an fMRI study to identify areas of activation in response
to innocuous, temperature-controlled (cooled and warmed, 5, 20
and 50 8C) liquid introduced into the mouth (Guest et al., 2007). The
results showed that the oral temperature stimuli activated the
insular taste cortex (identified by glucose taste stimuli), a part of the
somatosensory cortex, the orbitofrontal cortex, the anterior
cingulate cortex, and the ventral striatum. Brain regions where
activations correlated with the pleasantness ratings of the oral
temperature stimuli included the orbitofrontal cortex and pregenual
cingulate cortex. We conclude that a network of taste- and reward-
responsive regions of the human brain are activated by intra-oral
thermal stimulation, and that the pleasant subjective states elicited
by oral thermal stimuli are correlated with the activations in the
orbitofrontal cortex and pregenual cingulate cortex.

Thus somatosensory and temperature inputs from the oral
cavity provide information about the texture and temperature of
stimuli in the mouth in a number of brain regions, and in regions
such as the orbitofrontal cortex represent the palatability and
affective value of the food, and are thus important in appetite
control (Rolls, 2005, 2007a,b).

In conclusion, exciting discoveries are being made at present
about the affective representations of touch, and their cognitive
modulation. The affective value of touch is represented particularly
in brain regions such as the orbitofrontal and anterior cingulate
cortices. In these regions, cognitive inputs from as high as the word
level can influence the affective representations, showing that
cognition can influence the pleasantness or unpleasantness of
touch by modulating activations to touch in some of the first
cortical regions where the affective value of touch is represented.
The same regions can be influenced by the sight of touch,
emphasizing the contribution of the visual as well as the
somatosensory modality to the affective value of touch and how
this is represented in the brain. Multimodal inputs have been
shown too to be very important for oral aspects of touch, with
somatosensory inputs that contribute to the texture and mouth
feel of food including fat being combined in these orbitofrontal and
anterior cingulate cortical areas, and also the insular taste cortex,
with taste and oral temperature inputs (Rolls, 2007b, 2008b). All of
these somatosensory and taste inputs combine further with visual
and olfactory inputs in the orbitofrontal cortex to produce a
multimodal representation of the affective value (pleasantness) of
the sensory properties of food. These representations of affective
value are in turn important in decision-making (Rolls, 2008a).
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