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ABSTRACT 

Certain classes of stimuli, such as food and drugs, are highly effective in activating reward 

regions. We show in humans that activity in these regions can be modulated by the predictability 

of the sequenced delivery of two mildly pleasurable stimuli, orally delivered fruit juice and 

water. Using functional magnetic resonance imaging (fMRI), the activity for preferred stimuli in 

both the nucleus accumbens and medial prefrontal cortex was amplified when the stimuli were 

unpredictable.  Moreover, subjects’ stated preference for either juice or water was not directly 

correlated with activity in reward regions, but instead was correlated with activity in 

sensorimotor cortex.  For pleasurable stimuli, these findings suggest that predictability modulates 

the response of human reward regions, and subjective preference can be dissociated from this 

response. 

 

Key Words:  reward, dopamine, fMRI, reinforcement, neural network, nucleus accumbens, 

striatum 
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INTRODUCTION 

The pursuit of natural rewards such as food, drink and sex is a major external influence 

on human behavior.  Nevertheless, the issue of how rewards affect human behavior remains 

largely unresolved.  There are many factors that contribute to this gap in our knowledge; 

however, one roadblock has been the difficulty of defining and measuring isolated effects of 

rewards on human behavior or brain activation.  In animals, reward is defined as an operational 

concept: a stimulus is deemed rewarding if it positively reinforces a behavior (Hull, 1943; 

Rescorla and Wagner, 1972; Robbins and Everitt, 1996), that is, reliably increases the likelihood 

of the behavior. The same concept applies to humans; however, humans have the ability to exert 

all sorts of executive control over their actions, and so behavioral assays alone are an incomplete 

way to probe reward processing.  Similarly, explicit reports of likes and dislikes, i.e. preferences, 

are confounded by an individual’s subjective perception of what they like and what they choose 

to report.  To overcome these experimental difficulties, one would like to monitor concurrently 

behavioral output, subjective preference, and brain response during a well-defined task. Taking 

such an approach, we report here that activity in human reward regions is more closely correlated 

with the predictability of a sequence of pleasurable stimuli than with explicitly stated 

preferences. 

In humans, activation of reward areas can be visualized with fMRI after administration of 

drugs like cocaine (Breiter et al., 1997); however, such infusions may not be representative of 

normal reward processing because of both direct and indirect pharmacological effects of cocaine.  

Furthermore, drugs like cocaine may act on different parts of the reward system than so-called 

natural rewards like food and water (Bradberry et al., 2000; Carelli et al., 2000).  Conditioned 

rewards, e.g. money, may also act on different parts of the reward system (Thut et al., 1997; 

Elliott et al., 2000; Knutson et al., 2000) and may not be an appropriate probe of primary reward 

circuits in humans.  An alternative approach is suggested by experiments that demonstrate that 
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the predictability of a primarily rewarding stimulus is a critical parameter for activation of 

reward pathways (Schultz et al., 1992; Schultz et al., 1997; Schultz, 1998; Garris et al., 1999).  

Physiological recordings in non-human primates have demonstrated that neurons in regions such 

as the ventral tegmental area, nucleus accumbens, and ventral striatum respond in an adaptive 

manner to rewarding stimuli such as fruit juice or water (Shidara et al., 1998).  Thus, the 

predictability of a sequence of stimuli may itself recruit reward-related neural structures in a 

fashion detectable with fMRI.  Moreover, theoretical models of dopamine release suggest that 

unpredictable rewards should elicit greater activity in these regions (Schultz et al., 1997).  We 

sought to test this hypothesis by using fMRI to measure the effect of predictability on human 

brain responses to sequences of punctate, pleasurable stimuli. 

METHODS 

Subjects.  Twenty-five normal adults underwent fMRI scanning while being administered 

small amounts of either oral fruit juice or water.  The subjects ranged in age from 18-43, and all 

subjects gave informed consent for a protocol approved by the Emory University Human 

Investigations Committee. 

Experimental Task.  While in the scanner, subjects received small amounts of orally 

delivered  fruit juice and water in either a predictable or unpredictable fashion.  We chose a 

sequenced delivery of fruit juice and water for three reasons:  1) humans find both juice and 

water to be subjectively pleasurable; 2) both stimuli are routinely used as reinforcing stimuli 

while training non-human primates on behavioral tasks; and 3) midbrain dopaminergic neurons, 

and  presumably the neurons to which they project, show phasic changes in firing rate as a 

function of the temporal predictability of sequential stimuli (Schultz et al., 1992).  Participants 

received both the juice and the water in either a predictable or unpredictable fashion in two 

scanning runs (Fig. 1).  During the predictable run, juice and water boluses were alternated at a 

fixed interval of 10 s.  During the unpredictable run, the order of juice and water was 
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randomized, and the stimulus interval was also randomized by sampling a poisson interval 

distribution with a mean of 10 s.  Each run lasted 5 minutes, and the order of the 2 runs 

(predictable or unpredictable) was randomized across subjects.  Because the time to adapt to 

either predictability or unpredictability was unknown and because frequent switching of 

conditions might cause an interaction with each other, i.e. the “predictability of predictability”, 

we chose to separate the conditions across scan runs rather than use smaller condition blocks 

within scan runs.  Because all aspects of the experiment hinged on manipulating predictability, 

we chose to not repeat conditions within subjects and instead focused on studying a larger 

number of subjects. 

Subjects received 0.8 ml oral boluses of both fruit juice and water via two plastic tubes.  

A mouthpiece held the ends of the tubing in place over the tongue, with the fruit juice infused 

from the left side of the mouthpiece and the water from the right.  The tubes were approximately 

10 m long and were connected to a computer-controlled dual-syringe pump (Harvard Apparatus) 

outside the scanner room.  Subjects did not perform any other task during scanning and were 

instructed to simply swallow the fluid each time it was administered.  Following the scan 

session, subjects were debriefed for their fluid preference.   

Acquisition of MRI data.  Scanning was performed on a 1.5 Tesla Philips NT scanner.  

After acquisition of a high-resolution T1-weighted anatomical scan, subjects underwent two 

whole-brain functional runs of 150 scans each (echo-planar imaging, gradient recalled echo, TR 

= 2000 ms, TE = 40 ms, flip angle = 90°, 64x64 matrix, 24 5-mm axial slices acquired parallel to 

anterior-posterior commissural line) for measurement of the BOLD effect (Kwong et al., 1992; 

Ogawa et al., 1992).  Head movement was minimized by padding and restraints. 

Analysis.  The data were analyzed using Statistical Parametric Mapping (SPM99, 

Wellcome Department of Cognitive Neurology, London, UK) (Friston et al., 1995b).  Motion-

correction to the first functional scan was performed within subject using a 6-parameter rigid-
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body transformation.  Because swallowing unavoidably causes significant head movement, the 

motion-correction parameters were also used to determine whether head motion differed 

significantly between the conditions.  The mean of the motion-corrected images was then 

coregistered to the individual’s 24-slice structural MRI using a 12-parameter affine 

transformation.  The images were then spatially normalized to the Montreal Neurologic Institute 

(MNI) template (Talairach and Tournoux, 1988) by applying a 12-parameter affine 

transformation followed by a nonlinear warping using basis functions (Ashburner and Friston, 

1999).  Images were subsequently smoothed with an 8-mm isotropic gaussian kernel and band-

pass filtered in the temporal domain.  A random-effects, event-related, statistical analysis was 

performed with SPM99 (Friston et al., 1995a; Friston et al., 1999).  The experiment was 

analyzed as a 2x2 factorial design.  First, a separate general linear model (GLM) was specified 

for each subject with four conditions representing the four possible event types: 

predictable/preferred fluid, predictable/nonpreferred fluid, unpredictable/preferred fluid, and 

unpredictable/nonpreferred fluid.  Four vectors of delta functions with times corresponding to 

each event were created for each of the four conditions.  These were convolved with a generic 

hemodynamic response function and entered into a 4-column design matrix.  The mean of each 

scan run was removed on a voxelwise basis.  We calculated three two-sided contrast images that 

corresponded to the main effects of preference (contrast vector [1 -11 -1]), predictability 

(contrast vector [1 1 -1 -1]) and the interaction term (contrast vector [1 –1 –1 1]).  The 

interaction describes how predictability modulates the effect of preference.  These individual 

contrast images were entered into a second-level analysis, using a separate one-sample t-test (23 

d.o.f.) for each side of each term in the GLM (a total of six contrasts).  We thresholded these 

summary statistical maps at p<0.001 (uncorrected for multiple comparisons).  These maps were 

overlaid on a high resolution structural image in MNI orientation. 

Theoretical model.  As a tool for both designing and interpreting the fMRI experiment, 

we used an existing neural network model of dopamine release to simulate the brain response to 
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different temporal patterns of rewarding stimuli (Fig. 2).  This model was based on the method of 

temporal-differences (TD), which postulates that a synaptically reinforcing substance, e.g. 

dopamine, is released in response to errors in reward prediction (Schultz et al., 1997).   This 

model has been used in a wide variety of applications including complex learning tasks, like 

backgammon (Sutton, 1988; Tesauro and Sejnowski, 1989) as well as successfully predicting the 

activity of dopamine neurons in numerous conditioning paradigms (Houk et al., 1995; Montague 

et al., 1995) and motor sequencing tasks (Berns and Sejnowski, 1998). 

Briefly, TD-learning depends on two primary assumptions.  First, short-term adaptation 

in a given neural circuit occurs with the goal of predicting a discounted sum of all future 

rewards.  The definition of a reward depends on the context in which it is received.  If a putative 

reward increases the occurrence of a particular behavior, then it is deemed a positive reinforcer.  

Depending on the internal state of the animal, the same reward may not reinforce a behavior, e.g. 

when the animal is satiated.  In the context of an fMRI experiment, which is generally unnatural, 

a familiar appetitive substance such as water or fruit-juice is subjectively experienced as pleasant 

and therefore rewarding.  Second, reward predictions depend only on the current representation 

of a stimulus set.  The stimulus representation is somewhat arbitrary in the model, and it includes 

some representation backward through time, i.e. a stimulus trace.  For substances like water or 

fruit-juice, there exist both sensory dimensions (e.g. temperature and tactile sensation on the 

tongue) and the actual reward, which is subjectively experienced as pleasure.  Therefore, it is 

reasonable to consider the tactile dimensions of fluid delivery as both neutral and distinct from 

the rewarding dimension.  Similarly, these distinct dimensions are presumed to be processed by 

different brain circuits which can be imaged with fMRI.  In order to map the model output onto a 

dimension analogous to the measurement obtained with fMRI, we assumed that the putative 

dopamine signal resulted in a decrease in BOLD activation.  We acknowledge that there is no 

direct evidence for this, and depending on the specific receptor, dopamine can have variable 

effects on neuronal activity.  However, dopamine can decrease neuronal excitability (Cooper et 
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al., 1996) and it has also been demonstrated to directly constrict the microvasculature (Krimer et 

al., 1998).  The exact experimental design was input to the model, which was simulated with 

Matlab 5.3 (MathWorks, Natick, MA).  The outputs corresponding to both the putative dopamine 

neurons and their projection sites were calculated for the predictable and unpredictable runs (Fig. 

2). 

RESULTS 

Following the scans, subjects were queried about their preference for the two stimuli.  

Eighteen of 25 subjects (72%) preferred juice and the remainder preferred water.  Most subjects 

had a distinct preference for one or the other, although we did not ask them to quantify this.  

Although there was significant head motion during the scans, all of the translations and rotations 

around each stimulus were generally small and were not significantly different between any of 

the conditions.  For example, the mean ± s.d. translation associated with each stimulus was 

.041 mm ± .069 mm in the predictable condition and .044 mm ± .069 mm in the unpredictable 

condition (paired t-test: p=0.853). 

The brain response to the preferred fluid displayed surprisingly little differential activity 

relative to the nonpreferred fluid (Table 1).  We did not observe any significant activity 

difference in classical reward regions such as the nucleus accumbens, hippocampus, or medial 

prefrontal cortex.  The primary activity change for preferred>nonpreferred occurred in the 

somatosensory cortex in an area near the mouth and tongue region (T=4.19, MNI coordinates: 

-60, -12, 16).  

The main effect of predictability was substantially greater than the main effect of 

preference (Fig. 3).  For the unpredictable run relative to the predictable run, bilateral activation 

was observed in a large expanse of medial orbitofrontal cortex that included the nucleus 

accumbens (Table 1).  Additional areas of activation included a large area of parietal cortex 
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bilaterally and paracentrally and small focal activations in both the left mediodorsal nucleus of 

the thalamus and right cerebellum.  Since none of these regions overlapped with the main effect 

of preference, they were maximally activated by unpredictable stimuli, irrespective of 

preference.  For the predictable run relative to the unpredictable run, an area of the right superior 

temporal gyrus was activated as well as focal activations in the left precentral gyrus and right 

lateral orbitofrontal cortex.   

The interaction between preference and predictability identified areas in which one effect 

modulated the other independently of both main effects.   The right insula, left posterior 

cingulate and right cerebellum displayed a significant interaction for the contrast: (preferred – 

nonpreferred) X (predictable – unpredictable).  The opposite contrast, (preferred – nonpreferred) 

X (unpredictable – predictable) did not reveal any activations significant at the p<0.001 level; 

however, a small region in the left superior temporal gyrus (MNI coordinates: -48, -4, -16) was 

significant at the p<0.01 level (T=3.15). 

 The computer simulation suggested that unpredictable rewards should evoke more 

dopamine release than predictable ones (Fig. 2B).  When the rewards are predictable, each 

stimulus perfectly predicts the subsequent one, and the error signal, which is presumed to be 

mediated by dopamine, gradually decreases.  When the rewards are unpredictable, there is no 

opportunity for the system to learn, and the response to each stimulus is greater.    

DISCUSSION 

Our results demonstrated an interesting separation in the brain response to predictability 

and to subjective reports of preference.  The brain response to preference was exclusively 

cortical, but the response to predictability showed specific activation of reward systems also 

known to be the target of midbrain dopaminergic neurons.  If we presume that activation of these 

reward areas is pleasurable to humans, then this finding suggests that the subjective report of 
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preference may be dissociated from neural circuits known to be powerful determinants of 

conditioned behaviors.     

Both the water and the fruit juice caused significant activations throughout the brain, and 

while some of this response was due to the motoric aspects of the task, specific subsets of these 

regions were decomposed into dimensions of preference and predictability.  The effect of 

preference was restricted to cortical regions associated with sensory processing, and the 

preferred stimulus resulted in greater activation in these regions.  These regions lie near 

sensorimotor cortex known to be activated during tongue movements (Corfield et al., 1999) and 

swallowing (Hamdy et al., 1999).  In previous work on the brain response to tongue movement, 

there was substantial activation of the cerebellum, a finding notably absent in the main effect of 

preference. The differential brain response, i.e. preferred – nonpreferred, removes common 

regions of activation; therefore, the absence of cerebellar activation suggests that differential 

tongue movements were unlikely to be the cause of the pattern of cortical activation for 

subjective preference.  The fact that a somatosensory region was correlated with stated 

preference was suggestive that some differential neural processing occurred for the two stimuli.  

It was surprising that this was manifest in a primary sensory processing area and not in classical 

reward areas.  Although subjects were forced to designate one substance over the other as their 

preference, both fluids were chosen purposely to be pleasurable, in contradistinction to one being 

aversive.  Because both fluids were generally pleasurable, the effect of preference might not have 

been strong enough to result in a significant activity difference in reward regions.  This would be 

consistent with findings that midbrain dopamine neurons are preferentially activated by 

appetitive rather than aversive stimuli (Mirenowicz and Schultz, 1996).  Nevertheless, our 

findings suggest a system differientation of subjective preference from simple reward, which 

supports previous hypotheses that “wanting” is not the same as “liking” (Robinson and Berridge, 

1993).  
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Unlike the effect of preference, unpredictability correlated as a significant main effect 

with activity in the nucleus accumbens, thalamus, and medial orbitofrontal cortex, while 

predictability was correlated predominately with activity in the right superior temporal gyrus.  

The former regions correspond closely with known dopamine projection sites (Koob, 1992; 

Cooper et al., 1996).  It was somewhat surprising that unpredictability, and not preference, was 

correlated with activity in these reward areas.  If increased activity in these regions was 

associated with pleasure, then one might conclude that unpredictable rewards were more 

pleasurable than predictable ones.  However, most of the subjects did not discern any difference 

between the predictable and unpredictable conditions.  If the unpredictable rewards were more 

pleasurable than predictable ones, or vice-versa, then this must be occurring at a subconscious 

level.  An alternative explanation presumes that dopamine is released in increased amounts to 

unexpected rewards (Montague et al., 1996; Schultz et al., 1997; Schultz, 1998).  Dopamine can 

decrease neuronal excitability (Cooper et al., 1996) and may also directly constrict the 

microvasculature (Krimer et al., 1998), but increased accumbens activity has also been 

associated with the subjective pleasure of cocaine (Breiter et al., 1997).   These findings suggest 

that our observed increase in activation with unpredictability could be related to increased 

dopamine release, either because the accumbens projects to the ventral tegmental area (VTA), or 

because it receives a projection from the VTA, either of which would be consistent with the 

model results.   This interpretation should be tempered by two important facts: (1) the 

mechanisms that would couple increased dopaminergic transmission to changes in the BOLD 

signal are unknown, and (2) we have no independent measure of dopaminergic transmission; 

only changes in the BOLD response.  The possibility that we are observing indirectly changes in 

dopaminergic activity is exciting but cannot be decided unequivocally in an fMRI experiment.  It 

is, however, consistent with previous findings using positron emission tomography that 

dopamine is released into the ventral striatum under conditions of monetary incentive (Koepp et 

al., 1998).  Coupled with the amplifying effect of unpredictability, it is also consistent with 
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hypothesized effects of dopamine on neuronal “gain” (Cohen and Servan-Schreiber, 1992) with 

the end result that some regions will increase and others will decrease. 

The specific regions activated relatively by unpredictabilty corresponded to brain regions 

associated with appetitive functions.  In addition to the nucleus accumbens, the medial 

orbitofrontal cortex showed a main effect for unpredictability.  This region has been shown in 

primates to integrate both the rewarding and neutral aspects of taste sensations and is thought to 

reflect primarily the motivational values of these stimuli (Rolls, 2000).  This region also contains 

neurons that discriminate relative preference for reward (Tremblay and Schultz, 1999).  The 

orbitofrontal cortex is typically difficult to image with fMRI due to the susceptibility artifact 

from the nasal sinuses (Ojemann et al., 1997).  However, the region that we identified is 

generally superior and caudal to the usual artifact location.  This region has previously been 

found responsive to pleasant tastes (Francis et al., 1999).  A second region, in the superior 

parietal lobe, was probably not related to the rewarding aspects of the task but rather the result of 

changes in attention.  This region has previously been implicated in visuospatial attention, 

especially during expectation violations (Nobre et al., 1999).  Another region, in the left temporal 

cortex, showed a borderline significant modulation by unpredictability.  In recent fMRI 

experiments, the left temporal lobe has been associated with processing the predictability of 

sequential stimuli (Bischoff-Grethe et al., 2000).  Here, we extend these previous findings from 

neutral stimuli to pleasurable stimuli, suggesting that this region may perform a generic 

monitoring of predictability independently of stimulus valence. 

The brain regions that we identified as responding to unpredictability in either a direct or 

modulatory fashion have been implicated in a number of experiments on financial reward.  

Money can be rewarding to humans, but it is reinforcing only because it has acquired these 

properties through complex conditioning.  Similar to the finding that cocaine acts on different 

neurons than natural reinforcers (Carelli et al., 2000), it is possible that conditioned reinforcers, 
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like money, act on different neural systems than natural reinforcers like food and water.  Activity 

in both the ventral striatum and midbrain have been correlated with absolute levels of financial 

reward (Thut et al., 1997; Delgado et al., 2000; Elliott et al., 2000; Knutson et al., 2000), a 

finding notably absent in our results.  As noted previously, both the juice and water were mildly 

pleasurable and so there may not have been a substantial difference in absolute reward, although 

we assumed a slight difference in the theoretical model.  Also, we did not use any aversive 

stimuli or anything that could be construed as a negative reward, which may also account for this 

difference.  Interestingly, the regions we identified as being either directly affected or amplified 

by unpredictability corresponded to the regions previously found to be sensitive to the context 

dependence of the financial reward (Rogers et al., 1999; Elliott et al., 2000).  In particular, both 

the subgenual cingulate and medial thalamus were correlated with unpredictability in our study 

and were found to be context dependent by Elliott et al.   

Because predictability modulated the effect of preference, it is important to distinguish 

the potential sources of prediction.  In a classical conditioning experiment, a neutral stimulus 

precedes the reward.  After training, the previously neutral stimulus becomes the predictor, or 

conditioned stimulus.  Because there are comparatively few data on the use of oral stimuli in 

fMRI, we chose to simplify the experiment and control for the motoric aspects of the task by 

using two different oral stimuli, water and fruit juice.  Thus, the source of prediction in our 

experiment necessarily came from the sequence of stimuli themselves.  In some ways this is 

simpler than introducing another stimulus modality like a visual cue, but because both stimuli 

were rewarding, we cannot make any conclusions regarding the process of conditioning.  Both 

the theoretical model (Schultz et al., 1997) and neurophysiological data (Schultz et al., 1992; 

Schultz et al., 1993) suggest that reward predictions are computed during the interval preceding 

reward delivery.  Because we do not know the time scale over which such predictions are 

computed, we chose to analyze the experiment as simply two conditions, predictable and 

unpredictable.  By maintaining a psychologically reasonable interval between stimuli, 10 s, there 
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was insufficient time to resolve differences in interstimulus processing.  Presumably such 

processing does occur, and this could be resolved with a differently designed experiment. 

In summary, activity in human reward regions can be modulated by the temporal 

predictability of primary rewards like water and juice.  These results provide important support 

for computational models that postulate that errors in reward prediction can drive synaptic 

modification and extend these conclusions from nonhuman primates to humans.  The regional 

specificity of this modulation also suggests that information, as embodied by the relative 

predictability of a stimulus stream, may be a form of neural currency that can be detected with 

fMRI. 
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FIGURES 

Fig. 1.  Design of the fMRI experiment.   A 2X2 factorial design was employed, with factors of 

preference (juice or water) and predictability (predictable or unpredictable).  Subjects received 

0.8 ml boluses of juice and water in either a predictable or unpredictable sequence.  Using event-

related fMRI, brain activation was analyzed in terms of preference and predictability as well as 

the interaction between them.   

Fig. 2.  Neural network model of the experiment and the brain regions associated with 

information processing.  A) Diagram indicates our hypothesis for how the sequence of stimuli 

could influence dopaminergic output.  In this hypothesis, we have indicated that changes in 

dopaminergic output could influence target neural structures in a manner detectable in a fMRI 

BOLD measurement.  The juice and water are shown to have both sensory (projection from finite 

time window box) and reward (the r pathways) representations in their influence on 

dopaminergic activity.  To generate an expected hemodynamic response from this hypothesis, we 

made a finite time window (small boxes for juice and water) which determined the value of the 

immediate reward r(t) (1 if juice occurred, 0.5 if water occurred, 0 if no stimulus occurred).  This 

maneuver arbitrarily set juice to twice the value of water. This is not important for the main 

expectation generated by the model.  B)  Predicted dopamine effect for predictable and 

unpredictable sequences of juice and water delivery.  Horizontal axis is scan number.  Vertical 

axis is the expected hemodynamic response predicted by a temporal difference model.  The scale 

on the vertical axis is arbitrary.  The important point is to note that the predictable run progresses 

to 0 while the unpredictable run remains high amplitude throughout.  The traces were generated 

by convolving a hemodynamic response kernel with the output of a temporal difference model.  

This suggested an average BOLD response where unpredictable > predictable.  

Fig. 3.   The main effect of predictability showed that reward-related regions had a greater 

BOLD response to the unpredictable stimuli.  (A) Planes centered at (0, 4, -4) show that bilateral 



Berns et al. 

21 

nucleus accumbens/ventral striatum (NAC) and bilateral superior parietal cortex were more 

active in the predictable condition.  (B) A small region in the right superior temporal gyrus was 

relatively more activated by the predictable stimuli.  Significance was thresholded at p<0.001 

and an extent > 10 contiguous voxels. 
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Table 1.  Brain regions displaying significant changes in measured activity (p<0.001 

uncorrected, cluster size > 10 voxels, except where noted). 

Brain Region MNI 

Coordinates (x, 

y, z) 

Peak 

T-Value 

Cluster 

size 

Preferred > Nonpreferred 

L Somatosensory cortex -60, -12, 16 4.19 17 (p<0.01) 

Nonpreferred > Preferred 

none    

Unpredictable > Predictable 

R Medial orbitofrontal cortex including 

Bilateral Nucleus accumbens 

20, 36, -12 

0, 16, -8 

7.31 

7.17 

77 

Bilateral Paracentral lobule 12, -20, 64 6.35 239 

L Mediodorsal nucleus of thalamus -4, -20, 4 5.86 12 

R Cerebellum 44, -68, -24 

16, -76, -28 

5.85 

4.86 

12 
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Predictable > Unpredictable 

R Superior temporal gyrus 56, -40, 16 5.16 98 

L Precentral gyrus -48, 4, 36 4.28 14 

R Lateral orbitofrontal gyrus 32, 16, -16 4.22 13 

(Preferred – Nonpreferred) X (Unpredictable – Predictable) 

L Superior temporal gyrus -48, -4, -16 3.15 5 (p<0.01) 

(Preferred – Nonpreferred) X (Predictable – Unpredictable) 
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R Insula 44, 20, 12 3.61 17 (p<0.01) 

L Posterior cingulate gyrus -12, -40, 8 3.59 46 (p<0.01) 

R Cerebellum 28, -52, -32 3.56 13 (p<0.01) 
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Fig. 1: 
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