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ABSTRACT 
 
When an economic decision is taken, it is between goals with different values, and the values must 

be on the same scale. Here, we used functional MRI to search for a brain region that represents the 

subjective pleasantness of two different rewards on the same neural scale. We found activity in the 

ventral prefrontal cortex that correlated with the subjective pleasantness of two fundamentally 

different rewards, taste in the mouth and warmth on the hand. The evidence came from two different 

investigations, a between-group comparison of two independent fMRI studies, and from a within-

subject study. In the latter, we showed that neural activity in the same voxels in the ventral prefrontal 

cortex correlated with the subjective pleasantness of the different rewards. Moreover, the slope and 

intercept for the regression lines describing the relationship between activations and subjective 

pleasantness were highly similar for the different rewards. We also provide evidence that the 

activations did not simply represent multisensory integration or the salience of the rewards. The 

findings demonstrate the existence of a specific region in the human brain where neural activity 

scales with the subjective pleasantness of qualitatively different primary rewards. This suggests a 

principle of brain processing of importance in reward valuation and decision-making. 
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INTRODUCTION 

Making adaptive choices between different types of rewards requires a comparison of their 

values on a common scale. For example, consider a situation where a choice has to be made between 

consuming a palatable food and approaching a source of warm pleasant touch. In order to decide 

between these different courses of action the brain needs to compare the values of two fundamentally 

disparate rewarding outcomes. It has been suggested that the values of different kinds of rewards are 

converted into a common currency (Montague and Berns, 2002; Rolls, 1999) so as to represent them 

on the same scale (Rolls and Grabenhorst, 2008). According to economic utility theory (Bernoulli, 

1738 / 1954), individuals represent the desirability of different goods by assigning subjective utilities 

to them that can be measured in individual choices. Ecological theories (McFarland and Sibly, 1975) 

also propose that choosing between different courses of action requires a comparison of their 

subjective values in a common currency.  

From a psychological perspective, subjective pleasure may serve as the state that corresponds 

to this common currency (Cabanac, 1992). This can be measured by subjective ratings given by 

human subjects. Brain imaging can then be used to identify regional activations that correlate with 

these ratings. Using this approach, neural representations of the subjective pleasantness of different 

types of rewards have been found in brain areas including the orbitofrontal (Grabenhorst and Rolls, 

2009; Grabenhorst et al., 2007; Grabenhorst et al., 2009; Kringelbach et al., 2003) and anterior 

cingulate cortices (Grabenhorst and Rolls, 2008; Grabenhorst et al., 2007; Grabenhorst et al., 2009; 

McCabe and Rolls, 2007). However, none of these investigations has directly tested whether the 

same brain area represents the subjective pleasantness of qualitatively different rewards on a 

common neural scale.  

Using an operational measure of value inferred from choices it has been shown that single 

neurons in the macaque orbitofrontal cortex encode an abstract representation of the economic value 

of juice rewards as a linear function of their firing rate (Padoa-Schioppa and Assad, 2006). This 

representation is invariant with respect to the different types of juice that are available (Padoa-

Schioppa and Assad, 2008). 
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It remains unclear, however, whether a common brain region also encodes the subjective 

reward value of qualitatively different types of reward, rather than, for example two types of juice 

(Padoa-Schioppa and Assad, 2008). A recent functional neuroimaging investigation has shown that 

the human striatum processes monetary as well as social rewards (Izuma et al., 2008). However, the 

crucial comparison in that study was between receiving a high reward and receiving no reward, 

which leaves open the possibility that the effects were related to the salience of receiving an affective 

stimulus and not reward value per se. Moreover, the study did not correlate activations with 

subjective ratings of value.   

In the present experiments, we therefore compared two qualitatively different rewards, and 

used fMRI to test whether brain areas were present with activations that correlate with the subjective 

ratings of pleasantness of both the hand thermal and taste/flavor types of reward. We also checked 

whether the relationship between the activations and ratings of pleasantness was due to salience or 

intensity. 

 

MATERIALS AND METHODS 

Design 

We compared two qualitatively different rewards, and used fMRI to search for activations 

that correlated with the subjective ratings of pleasantness of both the types of reward. In 

Investigation 1 we performed two fMRI studies that separately investigated neural value 

representations for thermal stimuli applied to the hand and for taste rewards, and then combined 

these datasets at the group level in order to test whether there were brain areas in which the 

activations were related to the subjective ratings for both temperature and taste reward. 

We found in Investigation 1 common brain areas where activations were related to the 

pleasantness of both temperature and taste reward. We therefore performed Investigation 2 in which 

in the single event design thermal stimuli applied to the hand, and flavor stimuli, were interleaved in 

permuted trial order in individual subjects, allowing us to test again whether common areas were 

activated by the thermal and flavor reward stimuli, and if so, whether the BOLD (blood oxygenation 
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level dependent) activations found in relation to the pleasantness of these different stimulus types 

were on the same scale. The similarity of the scale was tested by comparing the slope of the change 

of the BOLD signal as a function of the subjective pleasantess ratings of the two types of stimuli. We 

ensured that the behavior required on the temperature and flavor trials was similar by asking for 

similar ratings on both trial types, namely ratings of pleasantness and then of intensity/fattiness. 

Importantly, we also checked whether the relationship between the activations and ratings of 

pleasantness was due to salience or intensity. We did this in two ways. First, we included both 

positive and negative rewards which were more salient than the neutral stimuli. Second, we obtained 

independent ratings of the intensity or sensory properties of the stimuli.  This allowed us to rule out 

the possibility that the relationship to pleasantness was artefactual. 

 

Subjects 

All experiments were with healthy volunteers who gave written informed consent before the 

experiments. Ethical approval was provided by the Central Oxford Research Ethics Committee. For 

Investigation 1, twelve healthy volunteers (6 male and 6 female, mean age 26) participated in the 

study involving temperature stimuli and twelve different healthy volunteers (6 male and 6 female, 

mean age 24) in the study involving taste stimuli, as previously reported (Grabenhorst et al., 2008a; 

Rolls et al., 2008a). Fourteen different healthy volunteers (9 male and 5 female, mean age 24) 

participated in Investigation 2. The participants in the taste study in Investigation 1 and the 

participants in Investigation 2 were asked not to eat for three hours before the experiment.   

 

Experimental protocol 

For the temperature study reported in Investigation 1, different thermal stimuli were applied 

to the hand on each trial. The different thermal stimuli were a warm pleasant stimulus (41°C), a cold 

unpleasant stimulus (12°C), a combined warm and cold stimulus (41°C + 12°C), and a second 

combination designed to be less pleasant (39°C + 12°C). Two separate thermodes were applied to the 

palm and dorsum of the hand. This allowed us to produce mixtures of warm and cold simultaneously 
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on a single trial to provide a wider range of affective stimuli. For the taste study reported in 

Investigation 1, a taste stimulus consisting mainly of 0.1 M monosodium glutamate (MSG) which 

produced the taste of umami, was delivered orally on each trial and labelled on different trials as 

‘rich and delicious taste’ or ‘monosodium glutamate’. The word labels were designed to modulate 

the subjective pleasantness of the taste stimulus. Because the subjects made ratings of the 

pleasantness and intensity of the stimuli in both investigations, we were able to analyze how their 

subjective evaluation of the thermal and taste stimuli in terms of their pleasantness and intensity were 

related to neural activations in different brain regions by correlating the subjective ratings with the 

fMRI BOLD signals measured on every trial. In both investigations, the participants were instructed 

to spread their ratings of pleasantness throughout the range of the rating scale, and the participants 

had experienced the full range of the different stimuli before the start of the experiment. The analyses 

conducted for Investigation 1 were based on datasets collected for previous investigations of the 

neural correlates of the reward value of temperature and taste stimuli (Grabenhorst et al., 2008a; 

Rolls et al., 2008a). Details on the experimental design and functional imaging acquisition and 

analysis used in these investigations are provided in the Supplementary Methods. 

 For Investigation 2, different thermal and flavor stimuli were delivered on each trial. The 

thermal stimuli were applied to the hand and consisted of a warm pleasant stimulus (38°C) or a cold 

unpleasant stimulus (14°C). The ambient room temperature was approximately 20°C for all subjects. 

To allow for individual differences in sensitivity to thermal stimuli the thermal stimuli were adjusted 

by up to 1°C for each participant before the scanning so that the warm stimulus was rated as pleasant 

and the cold stimulus as unpleasant without being painful. The flavor stimuli consisted of a pleasant 

vanilla-flavored dairy drink and, to provide for a range of pleasantness values in the investigation, an 

unpleasant strawberry-flavored dairy drink. Both types of flavor stimuli were presented as a low fat 

version (0.1% fat milk) and a high fat version (single cream, 18% fat) to produce a range of liquid 

food stimuli that differed in taste, olfactory and texture components. For example, the vanilla and 

strawberry stimuli differed in their amount of sweetness (a primary taste quality) and their retronasal 

olfactory component (vanilla vs strawberry odor), and it is these differences that define the flavor of 
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the stimuli. The instructions given to the subjects stated that they should rate the pleasantness of the 

flavor of the liquid food stimuli. Flavor was defined in the instructions as a combination of taste and 

smell components and the subjects were instructed to rate the overall pleasantness of these effects 

independently of the fattiness or texture of the stimuli. The drinks were made by taking either single 

cream or the low fat milk as the base, and the flavor component was specified by vanilla food flavor 

and 5 g/100 ml (0.15 M) sucrose, or by strawberry food flavor without sucrose. We also included a 

neutral temperature stimulus and a tasteless control solution which were delivered at the end of each 

trial. The neutral temperature stimulus was produced by neither cooling nor warming the thermode. 

The tasteless rinse and control solution contained the main ionic components of saliva (25 mM KCl 

+ 2.5 mM NaHCO3) which when subtracted from the effects produced by the taste stimulus allowed 

somatosensory and any mouth movement effects to be distinguished from the effects purely related 

to taste (de Araujo et al., 2003a; de Araujo et al., 2003b). This is an important control condition that 

we have pioneered to allow taste areas to be shown independently of any somatosensory effects 

produced by introducing a fluid into the mouth (de Araujo et al., 2003a; de Araujo et al., 2003b). 

Controlled thermal stimuli were applied using an adapted commercially available Peltier thermode 

(MEDOC, Haifa, Israel; 30 x 30 mm thermo-conducting surface) strapped to the dorsum of the left 

hand. The method of stimulus delivery ensured that the devices were continually in place during the 

experiment, and that only temperature changes were occurring in the stimulation periods with no 

adjustment or movement of the thermode that might produce somatosensory stimulation being 

possible in the whole experiment. In preliminary testing, the exact temperatures used for each subject 

were tailored ± 2° C, so that the warm stimulus was rated as pleasant and the cold stimulus as 

unpleasant but not painful. Flavor stimuli were delivered to the subject's mouth through teflon tubes 

(one for each of the 4 flavor stimuli, and a separate tube for the tasteless rinse control) that were held 

between the lips. Each teflon tube of approximately 3 meters in length was connected to a separate 

reservoir via a syringe and a one-way syringe activated check valve (Model 14044-5, World 

Precision Instruments, Inc) that allowed 0.75 ml of any stimulus to be delivered at the time indicated 

by the computer. 
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For Investigation 2 each trial started with a visual cue displayed for 1s to indicate to the 

subjects whether the current trial was a temperature (“T”) or flavor (“F”) trial. Following the visual 

cue, a temperature or flavor stimulus, chosen by random permutation, was delivered accompanied by 

a visual cue to indicate the stimulus delivery. Then at 7 s after stimulus delivery, a visual cue 

presented for 2 s indicated the end of the stimulus period on both temperature and flavor trials and 

also cued the participants to swallow on the flavor trials (following initial instruction and training). 

After this period, ratings were made with visual analogue rating scales in which the participant 

moved a bar to the appropriate point on the continuous scale using a button box. Subjects rated the 

temperature stimuli for pleasantness (with +2 being very pleasant and -2 very unpleasant) and 

intensity (with 0 being very weak and 4 very strong), and the flavor stimuli for pleasantness of flavor 

and texture (with +2 being very pleasant and -2 very unpleasant), and for fattiness (0 to +4). The 

subjects were instructed to rate the intensity and the fattiness of the stimuli independently of how 

pleasant the stimuli were. Each rating period was 4 seconds long. Participants were pre-trained in the 

use of the rating scales. After the last rating a small visual cue indicated the delivery of the neutral 

temperature stimulus or the tasteless control solution which were administered in exactly the same 

way as the test stimuli. Termination of the control stimulus period after 7 s as well as the swallowing 

period on the flavor trials were cued by a visual stimulus. On the flavor trials, the instruction given to 

the participant was to move the tongue once as soon as a stimulus or tasteless solution was delivered 

(at the time when a visual stimulus was turned on) in order to distribute the solution round the mouth 

to activate the receptors for taste and smell, and then to keep still for the remainder of the 7 s until a 

cue indicated when the participant could swallow. There was then a 4 second delay period before the 

next trial started. Each experimental stimulus was presented in permuted sequence 12 times. This 

general protocol and design have been used successfully in previous studies to investigate activations 

and their relation to subjective ratings in cortical areas (de Araujo et al., 2005; Grabenhorst and 

Rolls, 2009; Grabenhorst et al., 2007; Grabenhorst et al., 2009; Rolls et al., 2003a). 
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Functional imaging data: acquisition  

 Images were acquired with a 3.0-T Varian-Siemens whole-body scanner at the Centre for 

Functional Magnetic Resonance Imaging at Oxford (FMRIB), where 27 T2* weighted EPI coronal 

slices with in-plane resolution of 3x3 mm and between plane spacing of 4 mm were acquired every 2 

seconds (TR=2). We used the techniques that we have developed over a number of years  (de Araujo 

et al., 2003a) and as described in detail by Wilson et al. (2002) we carefully selected the imaging 

parameters in order to minimise susceptibility and distortion artefact in the orbitofrontal cortex. The 

relevant factors include imaging in the coronal plane, minimizing voxel size in the plane of the 

imaging, as high a gradient switching frequency as possible (960 Hz), a short echo time of 28 ms, 

and local shimming for the inferior frontal area. The matrix size was 64 x 64 and the field of view 

was 192 x 192 mm. Continuous coverage was obtained from +62 (A/P) to –46 (A/P). 

 

Functional imaging data: analysis 

 The imaging data were analysed using SPM5 (Statistical Parametric Mapping, Wellcome Trust 

Centre for Neuroimaging, London). Pre-processing of the data used SPM5 realignment, reslicing 

with sinc interpolation, normalisation to the MNI coordinate system (Montreal Neurological 

Institute) (Collins et al., 1994), and spatial smoothing with a 6 mm full width at half maximum 

isotropic Gaussian kernel. Unwarping was used in addition for the analysis of the data acquired for 

Investigation 2. Time series non-sphericity at each voxel was estimated and corrected for, and a high-

pass filter with a cut-off period of 128 sec was applied. For details on the fMRI analysis for 

Investigation 2 see Supplementary Methods. For Investigation 2, in the single event design, a general 

linear model (GLM) was then applied to the time course of activation where the stimulus onsets (t=1 

s in each trial) were modelled as single impulse response functions and then convolved with the 

canonical hemodynamic response function (Friston et al., 1994). Linear contrasts were defined to test 

specific effects. Time derivatives were included in the basis functions set. Following smoothness 

estimation, in the first stage of analysis condition-specific experimental effects (parameter estimates, 
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or regression coefficients, pertaining to the height of the canonical HRF) were obtained via the 

GLM in a voxel-wise manner for each subject. The results were obtained in a GLM model including 

the following regressors: regressors of temperature and flavor stimuli modelling the onset of the 

stimulus period, regressors of the button box responses made during the rating period, regressors of 

the neutral temperature and tasteless control stimuli, and regressors of the swallowing period. The 

GLM also included separate subject-specific regressors for the pleasantness and intensity ratings 

which were entered as parametric modulators for the regressors of the temperature and flavor stimuli. 

Subject-specific movement parameters were included as covariates of no interest. In the second 

(group random-effects) stage, subject-specific linear contrasts of these parameter estimates were 

entered into a series of one-sample t tests, each constituting a group-level statistical parametric map. 

The correlation analyses of the fMRI BOLD (blood oxygenation-level dependent) signal with given 

parameters of interest (e.g. the pleasantness ratings) were performed at the second-level through 

applying one-sample t-tests to the first-level subject-specific parameter estimates resulting from 

performing linear parametric modulation as implemented in SPM5. We report results for brain 

regions where there were prior hypotheses on the basis of previous data. These regions have been 

previously shown to represent the reward value of taste, olfactory, flavor, somatosensory and 

temperature stimuli, and include the ventral prefrontal cortices, the pregenual cingulate cortex, and 

the ventral striatum (Craig et al., 2000; de Araujo et al., 2003a; de Araujo et al., 2003b; Kringelbach 

et al., 2003; McCabe and Rolls, 2007; Rolls and Grabenhorst, 2008; Rolls et al., 2003b). We applied 

small volume (false discovery rate) corrections for multiple comparisons for which p<0.05 (though 

the exact corrected probability values are provided) (Genovese et al., 2002) with a radius 

corresponding to the full width at half maximum of the spatial smoothing filter used. In addition to 

the statistical criterion just described for a significant effect calculated for the peak voxel of a region 

of activation in an a priori defined region based on earlier findings, we used the additional statistical 

test (see Gottfried et al., 2002; O'Doherty et al., 2006; O'Doherty et al., 2003b) that the results 

reported were in global contrast and/or correlation analyses significant using the criterion of p<0.001 

uncorrected for multiple comparisons, and these additional statistics confirmed the same effects in 
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the a priori regions in all cases. All results that were significant within the areas of interest for all 

the analyses performed are included in the Results section. In more detail, we used correlation 

analyses as implemented by parametric modulation in SPM to define regions where the BOLD signal 

correlated with the pleasantness ratings. These analyses were performed in an unbiased way 

separately for both investigations, and within each investigation, separately for both sensory 

modalities, hand temperature, and flavor. For locations where significant correlations were found 

between the % BOLD signal change and the ratings, we produced graphs to show how the ratings 

were related to the % BOLD signal change. These were produced for each subject by taking the 

average of the BOLD response (in % BOLD signal change) in the 3 time bins at 4, 6 and 8 s post-

stimulus, on each trial, and the corresponding rating. The voxels used for extracting BOLD signals 

were the peak voxels for the pleasantness correlation found in individual subjects. These were 

localized by drawing a 6 mm sphere around the group peak voxel and then localizing the individual 

subject’s peak within that sphere. By restricting the selection of peak voxels for individual subjects 

to voxels located within 6 mm of the group peak we verified that all voxels for temperature and taste 

were in the same ventral prefrontal cortex region. For each subject the means were calculated in 

discretized ranges of the rating function (e.g. -2 to -1.75, -1.75 to -1.5 etc), and then these values 

were averaged across subjects. The time-course graphs in Fig. 4 were created by performing a finite 

impulse response (FIR) analysis as implemented in SPM5, in order to make no assumption about the 

time course based on the temporal filtering property of the haemodynamic response function. 

 

RESULTS 

Investigation 1: Common representations of subjective pleasantness 

In our first investigation, we aimed to identify brain regions that are involved in processing 

different kinds of rewards by combining in a new statistical analysis the results of two separate fMRI 

studies that independently investigated the neural correlates of subjective pleasantness for two 

different rewards. These were in two different sensory modalities, somatosensory (non-oral) 
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temperature, and taste. Neural activations to a range of temperature and taste rewards were 

measured with fMRI (Grabenhorst et al., 2008a; Rolls et al., 2008a). Subjects provided ratings of the 

subjective pleasantness and intensity of the stimuli on each trial (see Supplementary Results). The 

pleasantness and intensity ratings were used as subject-specific regressors for neural activations to 

find brain regions that track the subjective pleasantness or the subjective intensity of the temperature 

and taste rewards. This method of using subjective ratings as regressors for neural activations has 

previously been used to successfully identify brain areas where activity reflects the subjective 

affective value of stimuli when value is altered by presenting a range of affective stimuli or by 

feeding subjects to satiety (Grabenhorst and Rolls, 2008; Grabenhorst et al., 2007; Kringelbach et al., 

2003). 

To find brain regions that commonly track the subjective pleasantness of both temperature 

and taste rewards, we performed a statistical comparison where the statistical parametric maps of the 

individual subjects from both investigations were combined into a second-level, random-effects 

group analysis. This statistical analysis across temperature and taste stimuli revealed significant 

effects in the anterior ventral prefrontal cortex ([-28 52 -2] z = 3.38, p < 0.006 corrected; Fig. 1a), the 

pregenual cingulate cortex ([2 44 -2] z = 3.52, p < 0.007 corrected; Fig. 2a) and the ventral striatum 

([-6 8 -16] z = 3.53, p < 0.015 corrected). To confirm that these effects were attributable to 

significant correlations for both temperature and taste stimuli and not due to a significant effect for 

only one type of stimulus, we also performed second-level, random-effects analyses separately for 

the temperature and the taste stimuli to identify areas of significant correlation within each stimulus 

modality. Significant effects in these analyses were found in the anterior ventral prefrontal cortex for 

temperature ([-32 56 -6] z = 3.12, p < 0.029 corrected) and taste ([-28 52 -2] z = 3.09, p < 0.016 

corrected), in the pregenual cingulate cortex for temperature ([4 38 -2] z = 4.24, p < 0.001 corrected) 

and taste ([4 44 -2] z = 3.24, p < 0.016), and in the ventral striatum for taste ([-6 10 -16] z = 3.64, p < 

0.006 corrected) but not for temperature. A correlation with the pleasantness of temperature was 

found in a different, more anterior, part of the striatum at [-2 20 -4] (z = 3.25 p < 0.041 corrected). 
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The overlap of the effects in ventral prefrontal cortex and pregenual cingulate cortex is shown in 

Supplementary Figure S2. 

To further investigate the nature of the neural representation in these regions, we extracted 

the BOLD signal as a function of the subjective pleasantness ratings, as well as intensity ratings from 

the individual subjects. Neural activity in the ventral prefrontal cortex and pregenual cingulate cortex 

identified in the above analyses showed a clear linear increase related to the subjective pleasantness 

for both temperature and taste stimuli, and moreover the scale was similar, in that the slope of the 

relation between percentage BOLD change and subjective rating of pleasantness was similar for the 

temperature and taste stimuli (Figs. 1c and 2c). It is important to note, however, that the correlations 

were specific to pleasantness. There were no significant correlations between neural activity and 

subjective ratings of intensity in these regions for either temperature or taste (Figs. 1d and 2d). 

Consistently, no significant effects were found in these regions when the intensity ratings were used 

as regressors for neural activity in random-effects analyses. Further, another stimulus included in the 

protocol (Grabenhorst et al., 2008a), 0.4 M MSG, produced significantly (p<0.05) less activation in 

this prefrontal cortical area than 0.1 M MSG, and this indicates that intensity, which correlates with 

concentration (Bartoshuk and Cleveland, 1977), is not the basis of the activation in this ventral 

prefrontal region. It is consistent that the 0.1 M MSG was more pleasant than the 0.4 M MSG 

(Grabenhorst et al., 2008a). 

 

Investigation 2: A common neural scale for subjective pleasantness 

These findings provide support for the idea that there are common brain regions that linearly 

track the subjective pleasantness of different kinds of rewards. However, the analysis combined data 

from studies conducted on different groups of subjects. It cannot, therefore, show whether there are 

voxels in the same subjects that show activations that relate to pleasantness in the two modalities. We 

therefore carried out a new experiment on a new group of subjects. 

In this experiment, the rewards were pleasant and unpleasant somatosensory (non-oral) 

temperature stimuli and pleasant and unpleasant flavored liquid food stimuli (see METHODS). On 
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each trial subjects were presented with either a temperature or a flavor stimulus and asked to rate 

the subjective pleasantness of the stimulus. Subjects also provided ratings of the non-affective, 

sensory properties of the stimuli including ratings of the intensity of the temperature stimuli and the 

fattiness of the flavor stimuli. The mean coefficient of variation across all subjects and stimuli, a 

measure of the relative variability of the pleasantness ratings within subjects, was 0.26 ± 0.01 (mean 

± sem). 

The affective and non-affective subjective ratings were used as subject-specific regressors in 

the fMRI analyses to find brain regions where activations during the time of the stimulus 

presentation correlated with the subjective ratings for the temperature or flavor stimuli. The resulting 

statistical parametric maps of the individual subjects were then entered into second-level, random-

effects group analyses performed separately for the temperature and flavor stimuli. Significant 

correlations in the stimulus-specific analysis were found in the ventral prefrontal cortex (see 

Supplementary Table 1 for a complete list of results). The peak coordinates for correlated activity in 

the ventral prefrontal cortex in the individual analyses were [-26 48 2] (z=3.67, p< 0.009 corrected) 

for temperature, and [-30 46 4] (z=3.43, p<0.016 corrected), [-28 52 2] (z=3.24, p<0.023 corrected) 

for flavor. To reveal brain regions that commonly track the subjective pleasantness of both 

temperature and flavor stimuli, we inclusively masked (p<0.005) the statistical parametric maps 

resulting from the stimulus-specific random-effects analyses. The ventral prefrontal cortex was the 

only region to show a correlation with the subjective pleasantness ratings of both temperature and 

flavor stimuli (Fig. 3a, b). We used the probabilistic cytoarchitectonic atlas as implemented in the 

SPM Anatomy toolbox (Eickhoff et al., 2005) to confirm that the effect lay in the orbital gyrus and 

was located outside the boundaries of Brodmann area 44 and 45. By using the statistical map 

generated in Investigation 1 as an inclusive mask we were able to verify that this area corresponds to 

the ventral prefrontal cortex site identified by the between-studies comparison in Investigation 1. 

(The extent of the effects found for temperature and flavor in the ventral prefrontal cortex is shown 

in Supplementary Fig. S3.) This result replicates the finding of the between-studies comparison that 

the ventral prefrontal cortex provides a neural representation of temperature and flavor reward. 
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However, we did not find a common activation for the pregenual cingulate cortex or the ventral 

striatum as identified in Investigation 1. A significant effect in the pregenual cingulate cortex was 

found only for the flavor stimuli at [12 50 -8] (z=2.98, p<0.05 corrected). 

If there are voxels that are activated in common in relation to the two rewards, the slope and 

intercept of the regression line should be the same for the different types of reward. To test whether 

the ventral prefrontal cortex provides a representation of subjective pleasantness for temperature and 

flavor rewards on the same neural scale in this sense, we extracted the BOLD signal from the 

identical voxels within each individual subject for both types of stimuli which were the peak voxels 

to show a correlation in the inclusive masking analysis. We then plotted the BOLD signal averaged 

across subjects as a function of the pleasantness rating scale. If the slope and intercept of this linear 

relationship are similar for different types of reward this is an indication that the rewards are 

represented on the same scale of neural activity. Figure 3d shows that for the ventral prefrontal 

cortex, the regression lines are highly similar for the temperature and flavor stimuli. A formal 

statistical test revealed that the slopes of both regression lines are not significantly different from 

each other. The slope ± standard error for temperature = 0.20 ± 0.03; the slope for flavor = 0.21 ± 

0.05; and these do not differ (F(1, 27) = 0.01; p > 0.92). The intercept for temperature = 0.0043, and 

for flavor = 0.0059, and these do not differ (F(1, 27) = 0.03; p > 0.8). To directly compare the BOLD 

signal for the temperature and flavor stimuli for corresponding levels of pleasantness we plotted the 

BOLD signal from the ventral prefrontal cortex for temperature against the BOLD signal for flavor 

(Fig. 3f). The correlation plot in Fig. 3f was constructed by extracting the BOLD signal values for 

both types of stimuli that were associated with values of a given bin on the pleasantness rating scale. 

The analysis revealed a significant correlation between the BOLD signal for temperature and flavor 

with r = 0.63, p = 0.01. We also tested whether the difference in BOLD signal in the ventral 

prefrontal cortex between the flavour and temperature trials was different from zero across the 

pleasantness rating scale. A one-sample t-test showed that the mean difference is not significantly 

different from zero (t=0.77; df=14; p>0.45; with the lower and upper boundaries for a 95 % 

confidence interval being -0.2 and 0.1, respectively). Further, in within-subjects analyses of the 
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correlation between the activations to the pleasantness of the temperature and flavor stimuli, it was 

found that there was a positive correlation between the BOLD signal of temperature and flavor, with 

the mean correlation across subjects r =0.51 ± 0.1 (s.e.m.), p < 0.001.  

We further extracted the timecourses of the BOLD signal from the ventral prefrontal cortex 

for both temperature and flavor stimuli as a function of pleasantness ratings (Fig. 4). Inspection of 

the timecourses confirms that neural responses in this brain area are clearly related to the subjective 

pleasantness of the stimuli. They also suggest that the correlation arose from neural activity that was 

evoked by the presentation of the stimuli. To check this we performed a control analysis. In this, the 

pleasantness ratings were used as regressors for neural activity that was measured during the time 

when the subjects made responses so as to rate the pleasantness. There was no correlation in the 

ventral prefrontal cortex even at a low statistical threshold (p<0.01). 

As in the first investigation, we further checked whether the results for pleasantness were 

confounded by differences in the non-affective properties of the rewards. To do this we used the 

subjective ratings of intensity and fattiness as regressors for the neural activity. We did not find any 

significant effects in the ventral prefrontal cortex in these control statistical tests, and this confirms 

the findings from Investigation 1 (Fig. 3 c, e). In Investigation 2 we did not obtain intensity ratings 

for the flavor stimuli and so could not include intensity as an additional regressor for the flavor trials. 

Therefore, variations in intensity that are independent of fat content might potentially have 

contributed to some of the effects observed. However, in a previous study where intensity ratings of 

flavor stimuli were correlated with neural activity, no effects were found in the ventral prefrontal 

cortex (de Araujo et al., 2003b). 

The fact that similar effects were found in Investigations 1 and 2 with different participants 

strengthens the conclusions reached, in that each study validates the other with independent data. 

Moreover, we performed a cross-validation procedure for our main analysis in Investigation 2 where 

we used one half of the subject sample to identify a region of interest in a second-level SPM 

correlation analysis and then used the other half of the subject sample to extract the data from this 

region for subsequent analysis. The results of the cross validation procedure were highly similar to 
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the results described above and are shown in the Supplementary Material and Supplementary 

Figure S4.  

In both investigations we looked for activations that increased with subjective pleasantness. 

However, there may also be activations that increase with salience (O'Doherty, 2004). These should 

show a high activation in response to both affectively positive and negative stimuli compared with 

affectively neutral stimuli. We therefore performed a contrast analysis between activations produced 

by the temperature and flavor stimuli and the neutral or tasteless control stimuli which were 

delivered later on each trial (see METHODS). Two separate analyses were performed. In one we 

contrasted activations produced by the pleasant warm and unpleasant cold temperature stimuli with 

activations produced by the neutral temperature control stimulus. In the other we contrasted 

activations produced by the pleasant vanilla-flavored and unpleasant strawberry-flavored stimuli 

with activations produced by the tasteless rinse stimulus. (See Supplementary Table 2 for a complete 

list of results of the individual contrasts.) Next, so as to reveal brain regions that responded to both 

salient temperature and flavor stimuli compared with neutral stimuli, we inclusively masked 

(p<0.005) the statistical parametric maps resulting from these two contrasts. 

This analysis revealed an overlap of significant effects in the ventral striatum at [16 16 -6] (z 

= 3.25, p < 0.001 corrected) and caudate nucleus at [-18 4 14] (z=3.33, p<0.001 corrected) (Fig. 5). 

Another peak of common activation was found in the dorsolateral prefrontal cortex at [50 28 30] 

(z=3.82, p<0.001 corrected). No correlations with pleasantness were found in these locations. This 

means either that there was not enough statistical power in the present study, or that common regions 

in the striatum represent motivationally salient stimuli but may not represent subjective pleasantness 

for different rewards on a linear scale.  

 

DISCUSSION 

 The results indicate that the ventral prefrontal cortex represents the subjective pleasantness of 

two fundamentally different reinforcers, somatosensory temperature and flavor, on a common scale 

of neural activity. We obtained consistent evidence from a between-group comparison which 
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involved a combined analysis of two independent fMRI experiments (Fig. 1) and from a within-

group study in the same subjects (Fig. 3). In the second study, the slope and intercept for the 

regression lines describing the relationship between neural activations and subjective pleasantness 

ratings were highly similar for the rewards in the different modalities (Fig. 3d), and here the data 

were read from the same voxels. The peak of activation in the ventral prefrontal cortex lay in area 

47/12, which includes the inferior convexity cortex and lateral orbitofrontal cortex (Petrides and 

Pandya, 2002). 

The common activation in the ventral prefrontal cortex cannot simply be explained as a 

multi-sensory response. It is true that there are single neurons in the orbitofrontal cortex that fire for 

the taste, smell and sight of food (Rolls and Baylis, 1994) and represent reward value in all three 

sensory modalities (Critchley and Rolls, 1996), and that there are activations in common in the 

human orbitofrontal cortex for taste and smell (de Araujo et al., 2003b). Also, anatomical tracing 

studies show that the ventral prefrontal convexity receives inputs both from the primary taste cortex 

(Yaxley et al., 1990) in the anterior insula and the secondary somatosensory cortex SII (Carmichael 

and Price, 1995) which responds to temperature (Craig et al., 2000). Furthermore, the same injection 

of a fluorescent tracer into the ventrolateral area 47/12 labels both anterior insula and SII as shown 

for case 5 in (Petrides and Pandya, 2002). The same case also shows that this area is closely 

interconnected with the more medial orbitofrontal cortex.  

However, the common activation in Investigation 2 was found when relating activity to 

ratings of subjective pleasantness. The connectivity of the ventral prefrontal and orbitofrontal cortex 

is ideally suited for integrating information about the identity of sensory stimuli and the reward value 

related to these stimuli (Barbas, 1988). Rolls and colleagues (Critchley and Rolls, 1996; Rolls et al., 

1989) have shown that neurons in the orbitofrontal cortex represent the reward value of sensory 

stimuli in that they reduce their firing to a particular food when it is eaten to satiety, but not to other 

types of foods, and the change in firing to each type of food reflects the change in the reward value 

of both types of food (Critchley and Rolls, 1996; Rolls, 2007). The same results have been found in 

fMRI studies using the same manipulation (Gottfried et al., 2003; Kringelbach et al., 2003). These 
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studies indicate that activity in the ventral and orbitofrontal cortex is involved in representing 

stimuli in terms of their reward value. Padoa-Schioppa and Asaad (2006; 2008) have also reported 

that neurons in the orbitofrontal cortex show similar activity for two different rewards. But, as 

pointed out in the introduction, the rewards used in that study were similar, that is different types of 

juice. It is for this reason that in the present study we deliberately chose an oral (flavor) and a tactile 

(somatosensory temperature) reward, and related the activations to the subjective ratings for each 

reward. In previous work, activations to different types of reward have been found that are somewhat 

consistent with those reported here, though not obtained in the same experimental runs in the same 

subjects as in Investigation 2. For example, the pleasantness of touch to the forearm which may be 

related to activity in CT afferent fibres (Olausson, 2008) activates a (contralateral) region of the 

ventral prefrontal cortex ([26 50 -8] extending up to [26 50 0] (McCabe et al., 2008), close to that 

described here. Further, a word label indicating that a touch will be rich moisturizing cream activated 

a ventral prefrontal region [-22 50 10] very close to that described here (McCabe et al., 2008). In 

addition, monetary reward activates a nearby region ([-30 38 -2] as illustrated in Fig. 3 of Rolls et al., 

(2008b). An earlier study (Royet et al., 2000) compared changes in regional cerebral blood flow 

produced by emotional (pleasant and unpleasant) and neutral olfactory, visual, and auditory stimuli. 

The results indicated that increases in blood flow in a region of the orbitofrontal cortex can be 

produced by emotional (pleasant and unpleasant) compared to neutral stimuli in all three sensory 

modalities. However, the study did not investigate common scaling of pleasantness. The present 

study though extends these earlier findings by showing that flavor as well as thermal reward activate 

the same region within subjects, and that the activations are on the same scale.      

In the present study, activations related to the pleasantness of both flavor and temperature 

rewards were found in a lateral orbital region of the prefrontal cortex. Support for some role of the 

anterolateral orbitofrontal cortex in reward processing is that in an investigation with hedonically 

complex odor stimuli that included positive and negative components, activations were correlated 

with subjective pleasantness in the anterolateral orbitofrontal cortex [40 52 -6] (Grabenhorst et al., 

2007). Further, encoding of the relative pleasantness of olfactory stimuli was found in the 
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anterolateral orbitofrontal cortex [-38 48 -12] by Grabenhorst and Rolls (Grabenhorst and Rolls, 

2009); activations to pleasant odors (but not to unpleasant odors) have been reported in the 

anterolateral orbitofrontal cortex [-42 42 -12] (Royet et al., 2003); and in a monetary reward/loss 

task, activations in the anterolateral orbitofrontal cortex were related to reward minus loss [-39 42 -

15] (O'Doherty et al., 2003a). In a previous study, activations were correlated with the 

unpleasantness of 6 odors in different parts of the lateral orbitofrontal cortex (at [-20 54 -14] and [-16 

28 -18]) (Rolls et al., 2003a). 

Importantly, the relationship between neural activity and subjective ratings of different 

affective stimuli in the ventral prefrontal cortex was specific for the subjective pleasantness of the 

stimuli and was not evident for their sensory, non-affective properties (Fig. 3e). In our design 

pleasantness and intensity ratings were not correlated (Supplementary Figure S1) We note that, in 

general, taste pleasantness and intensity may be somewhat related in that, for example, as the 

concentration of a glucose taste increases, within limits there will be some change of both 

pleasantness and intensity. However, it has been demonstrated that pleasantness and intensity are in 

principle dissociable as shown for example by sensory-specific satiety where the subjective 

pleasantness of a food decreases while its subjective intensity remains unchanged (Rolls et al., 1983). 

Further, dissociations between the neural representation of pleasantness and intensity have been 

demonstrated in previous fMRI studies for different sensory modalities (Grabenhorst and Rolls, 

2008; Grabenhorst and Rolls, 2009; Grabenhorst et al., 2007; Rolls et al., 2008a) 

Further, the relationship between neural activity and subjective ratings of different affective 

stimuli in the ventral prefrontal cortex could not be explained by salience or motivation, because no 

activations related to salience were found in the ventral prefrontal or orbitofrontal cortex. This is 

consistent with evidence that the activity of cells in the orbitofrontal cortex is related to the reward 

value of stimuli, whereas activity in other areas reflects the degree of motivation associated with the 

stimuli, as manipulated both by rewards (positive) and punishment (negative) (Roesch and Olson, 

2004). We note for completeness that brain regions where neural activity correlated with the 

subjective intensity of the thermal stimuli in Investigation 1 included the somatosensory cortex and 
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the mid-posterior and anterior insular cortex (Rolls et al., 2008a). Consistently, in other studies 

activations produced by thermal stimuli in these brain regions were correlated with ratings of 

intensity (Craig et al., 2000) and pain (Baliki et al., 2009), although in these studies no separate 

ratings of the affective vs non-affective properties of thermal stimuli were taken. 

 The pregenual cingulate cortex was identified in Investigation 1 as a region where the 

pleasantness of both temperature and taste is represented, but no common activation for this region 

was found in the within-group comparison in Investigation 2. A correlation with subjective 

pleasantness was found in this region only for the flavor stimuli. There could be two reasons. First, 

Investigation 1 had higher statistical power because there were more trials for each stimulus. Second, 

Investigation 1 used a larger set of temperature stimuli which resulted in a broader range of 

pleasantness ratings. The pregenual cingulate cortex has connections with the ventral prefrontal area 

47/12 (Petrides and Pandya, 2002), and activations in this region have been shown to track the 

subjective value of different rewards such as flavour (Grabenhorst et al., 2009), chocolate (Rolls and 

McCabe, 2007) and money (Kable and Glimcher, 2007). However, these studies did not look for 

peaks of activation in common for different rewards. Both area 47/12 and the pregenual cingulate 

cortex have connections with medial area 10 of the prefrontal cortex (Carmichael and Price, 1996). 

This area is involved not only in representing affective value but additionally in choice decision-

making on the basis of value (Daw et al., 2006; Grabenhorst et al., 2008b; Rolls and Grabenhorst, 

2008; Rolls et al., 2009). We suggest that information about the subjective pleasantness of different 

types of reward from area 47/12 and the pregenual cingulate cortex acts as an input into a decision-

making process in medial prefrontal cortex area 10 when choices between qualitatively different 

rewards are required. 

In Investigation 2 we found activations in common for temperature and flavor in the ventral 

striatum, but only when we compared both pleasant and unpleasant stimuli with neutral stimuli. It 

was this comparison with neutral stimuli that had been used in a previous study looking for common 

activations for monetary and social stimuli (Izuma et al., 2008). However, in Investigation 2 the 

common neural activations in the ventral striatum did not scale linearly with the subjective 
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pleasantness of both rewards. This is consistent with studies showing that some regions of the 

striatum encode the salience of monetary rewards (Zink et al., 2004) and respond to both pleasant 

and unpleasant salient stimuli (Jensen et al., 2007; Seymour et al., 2004).  

We conceptualize subjective pleasantness as the subjective correlate of reward value, that is, 

the subjectively reported affective value of a goal for action (Rolls and Grabenhorst, 2008). We note 

that motivation, the wanting for a stimulus (Berridge et al., 2009), can be understood as the state in 

which work will be performed to obtain a goal (Rolls, 2005). (The striatum may be especially linked 

to wanting (Berridge et al., 2009), in that it is involved in wanting produced by well learned 

conditioned stimuli when behaviour is no longer under the control of the rewarding goal object, but 

is being performed more as a habit (Rolls, 2005).) The concept of subjective or experienced 

pleasantness as used in the present report is thus closely related to the concept of “experienced 

utility” (Kahneman et al., 1997), that is, a hedonic interpretation of utility which can be measured by 

reports of subjective experience. This is different from the concept of “decision utility” (Kahneman 

et al., 1997) which is an operational measure of value inferred from choices and is often referred to 

as “subjective value” (Kable and Glimcher, 2007). It will be important in future studies to investigate 

how the common representation of subjective pleasantness as identified in the present study is 

involved when subjects make economic choices about different rewards. Another strategy is to vary 

parametrically the expected value of an outcome, for example of a monetary reward, before a 

decision is made, and identify brain regions where neural activity correlates with changes in expected 

value as well as other parameters, including risk (Knutson and Bossaerts, 2007; Preuschoff et al., 

2006). Neural correlates of expected value have been found for monetary rewards in the orbitofrontal 

cortex (Rolls et al., 2008b) and ventral striatum (Preuschoff et al., 2006), and for taste rewards in the 

orbitofrontal cortex and ventral striatum (O'Doherty et al., 2002), but to our knowledge no 

investigation has directly compared expected value for qualitatively different types of rewards. The 

present study does show effects for the pleasantness of different primary reinforcers, and this is the 

subjective correlate of reward magnitude (Rolls et al., 2008b).  
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It is important to note that our finding that activity in the same prefrontal cortex voxels 

correlates with the subjective pleasantness of different rewards does not prove that there is a common 

representation of reward value at the level of single neurons. A typical fMRI voxel contains as many 

as 5.5 million neurons (Logothetis, 2008). It is therefore not possible to use fMRI to distinguish 

whether there are single neurons in the ventral prefrontal cortex that encode the subjective reward 

value of different rewards, or whether there are different populations of neurons within the same 

voxels that separately encode the value of different rewards. However, part of the significance of our 

finding is that we have demonstrated the existence of a specific region in the human brain where 

neural activity reflects the subjective pleasantness of qualitatively different primary rewards. 

From a computational perspective, if the reward value of different stimuli is encoded by 

different populations of neurons, it would be advantageous if these neurons were located closely 

together in the neocortex, as this would allow for competitive interactions to occur between these 

neuronal populations. The reason is that connections, including those of the inhibitory interneurons, 

are relatively short-range, within a few mm, in the neocortex (Rolls, 2008). The competitive 

interactions and learning could result in neurons learning to respond to particular combinations of 

sensory stimuli that together produce potent reward (as in combinations of taste and odor (McCabe 

and Rolls, 2007), and in scaling of different rewards relative to each other (Rolls, 2005, 2008)). 

With our current understanding of how decisions are made using attractor networks, it is 

important that different rewards compete on the same scale to win in the attractor competition (Deco 

and Rolls, 2006; Deco et al., 2009). Part of the significance of our findings is that they suggest that 

the representations in these regions are on a similar scale. However, it must be noted that the exact 

scaling into the decision-making attractor network will be set by the number of inputs from each 

source, by their firing rates, and by the strengths of the synapses that introduce the different inputs 

into the decision-making network (Deco and Rolls, 2006; Deco et al., 2009; Rolls, 2008). When the 

decision is taken, it is between different goals with different values, and the values must be on the 

same scale. The winner is the representation of one of the goals. In this sense, the concept 

investigated here is that different rewards need to be expressed on a similar scale for decision-
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making to operate correctly. However, this need not imply conversion into a new representation 

that is of a common currency of general reward (Rolls and Grabenhorst, 2008). In the decision 

process itself it is important to know which reward has won, and the mechanism is likely to involve 

competition between different rewards represented close together in the cerebral cortex, rather than 

convergence of different rewards onto the same neuron (Deco and Rolls, 2006; Deco et al., 2009; 

Rolls, 2008). The evidence that different rewards are encoded by different neurons in the 

orbitofrontal cortex and related areas comes from single neuron recording studies in macaques, 

which show that different neurons respond to the different sensory properties that define different 

rewards, and that the neurons in these regions represent sensory-specific satiety, the change in the 

pleasantness of one reward but not of other rewards after a particular reward has been consumed 

(Rolls, 2005; Rolls and Grabenhorst, 2008). The concept that the decision-making mechanism 

involves competition between different attractor networks, each representing a different reward but 

competing through the short-range inhibitory neurons in the cortex, is developed by Rolls and Deco 

(Rolls and Deco, 2010). 
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Figure Legends 

Fig. 1. Representation of subjective pleasantness in the ventral prefrontal cortex. (a) A region of the ventral 

prefrontal cortex where neural activity is correlated with subjective pleasantness ratings of both temperature 

and taste stimuli was identified in a combined group random-effects analysis based on two independent fMRI 

studies (p<0.001 corrected). (b) Parameter estimates (means ± s.e.m.) from a regression analysis where 

pleasantness and intensity ratings were used as regressors for neural activity. The parameter estimates can 

be interpreted as a measure of the effect size of the SPM correlation analysis. In the ventral prefrontal 

cortex there were significant effects of correlation between neural activity and the pleasantness ratings (Pleas) 

for both temperature and taste but no effects of correlation with the intensity ratings (Intens). (c) Correlations 

between the % BOLD signal change and the subjective pleasantness ratings for the temperature (r=0.84, 

df=15, p=4x10-4) and taste (r=0.86, df=15, p=0.0002) stimuli. (d) No correlation between the % BOLD signal 

change and the subjective intensity ratings for temperature (r=0.32, df=14, p>0.27) or taste (r=-0.29, df=14, 

p>0.32). The correlation graphs in this figure and the following figures were produced by taking the average 

of the BOLD response (in % BOLD signal change) in the 3 time bins at 4, 6 and 8 s post-stimulus, on each 

trial, and the corresponding rating. For each subject the means were calculated in discretized ranges of the 

rating function (e.g. -2 to -1.75, -1.75 to -1.5 etc), and then these values were averaged across subjects.  

 

Fig. 2. Representation of subjective pleasantness in the pregenual cingulate cortex. (a) Neural activity in the 

pregenual cingulate cortex is correlated with subjective pleasantness ratings of both temperature and taste 

stimuli (p<0.001 corrected). (b) Parameter estimates (means ± s.e.m.) from a regression analysis where 

pleasantness and intensity ratings were used as regressors for neural activity. In the pregenual cingulate cortex 

there were significant effects of correlation between neural activity and the pleasantness ratings (Pleas) for 

both temperature and taste but no effects of correlation with the intensity ratings (Intens). (c) Correlations 

between the % BOLD signal change and the subjective pleasantness ratings for the temperature (r=0.82, 

df=15, p=0.0001) and taste (r=0.76, df=15, p=0.002) stimuli. (d) No correlation between the % BOLD signal 

change and the subjective intensity ratings for temperature (r=0.10, df=14, p>0.73) or taste (r=-0.17, df=14, 

p=0.54). 
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Fig. 3. A common scale for subjective pleasantness in the ventral prefrontal cortex. (a) The ventral 

prefrontal cortex showed a common effect of correlation with the subjective pleasantness ratings for both 

temperature and flavor stimuli as identified by an inclusive masking analysis based on a within-subjects 

comparison. (Thresholded to show the extent of the common effect.) (b) The ventral prefrontal cortex was the 

only region to show this effect as revealed by an inclusive masking analysis thresholded at 0.005. (c) 

Parameter estimates (means ± s.e.m.) from a regression analysis where pleasantness and intensity ratings were 

used as regressors for neural activity. In the ventral prefrontal cortex there were significant effects of 

correlation between neural activity and the pleasantness ratings (Pleas) for both temperature and flavor but no 

effects of correlation with the intensity or fattiness ratings (Intens/fatti). (d) Correlations between the % 

BOLD signal change and the subjective pleasantness ratings for the temperature (r=0.86, p=4x10-4) and flavor 

(r=0.74, p=0.001) stimuli in the ventral prefrontal cortex. The slope and intercept of the regression lines were 

not different for the temperature and flavor stimuli. (e) There was no correlation between the % BOLD signal 

change and the subjective intensity (r=-0.24, p>0.38) or fattiness (r=0.18, p>0.49) ratings. (f) Correlation 

between the % BOLD signal for the temperature stimuli and the % BOLD signal for the flavor stimuli (r = 

0.63, p = 0.01). The % BOLD signal was extracted for both types of stimuli for given ranges of values on the 

pleasantness rating scale. 

 

Fig. 4. Average timecourses of the % BOLD signal change from the ventral prefrontal cortex for temperature 

(left) and flavor (right). Timecourses are color-coded according to pleasantness ratings. The timecourses in the 

ventral prefrontal cortex are clearly graded as a function of subjective pleasantness for both types of rewards. 

This effect occurs time-locked with respect to the onset of the stimuli (t=0s). 

 

Fig. 5. Salience coding in the striatum. (a) The caudate nucleus was more strongly activated by salient stimuli 

than by neutral stimuli for both temperature and flavor stimuli as shown by an inclusive masking analysis 

(p<0.005) between contrasts of salient (pleasant and unpleasant) temperature vs neutral temperature and 

salient (pleasant and unpleasant) flavor vs tasteless control solution. (b) Parameter estimates (means ± s.e.m.) 

showing differential effects in the striatum between affective, salient stimuli (Affective) and neutral stimuli 

(Neutral) for both temperature and flavor. 
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