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Abstract

Previous behavioral studies suggest that people who
have an abnormal eating behavior may perceive infor-
mation concerning body image distortion more aver-
sively than others. We performed a functional magnetic
resonance imaging (fMRI) study on 15 young women,
using an emotional decision task including unpleasant
words concerning body image and neutral words. The
left amygdala and right parahippocampal gyrus were
activated by unpleasant words concerning body image
relative to neutral words. In addition, activation of the
right parahippocampal gyrus was negatively correlated
with the severity of psychological and behavioral prob-
lems assessed by the Eating Disorder Inventory-2. This
activation also positively correlated with the subjects’
rating of pleasantness of words concerning body image.
These results demonstrated that the temporomesial area
plays an important role in the perception of unpleasant

words concerning body image. In particular, it is sug-
gested that the right parahippocampal gyrus may be
associated with subjective sensitivity to unpleasant in-

formation concerning body image.
Copyright © 2003 S. Karger AG, Basel

Introduction

Eating disorder (ED) is characterized not only by aber-
rant patterns of eating behavior and weight regulation,
but also by disturbances in attitudes toward weight and
body conformation and in the perception of body shape
[1]. A behavioral study showed that restrained eaters who
were informed that they were 5 1b (= 2.3 kg) heavier than
their actual weight exhibited lower self-esteem, displayed
a more negative mood, and ate significantly more food
during a subsequent ‘taste test’ than did other restrained
eaters who were informed that they were 5 1b lighter or
who were not weighed at all [2]. These results suggest that
unpleasant information related to body image strongly
influences the pathophysiology of EDs, and that people
with an abnormal eating behavior are vulnerable to stres-
sors concerning an unpleasant body and perceive them
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with more intensity than healthy people. With regard to
unpleasant picture stimuli related to body image, a func-
tional magnetic resonance imaging (fMRI) study on fe-
male ED patients with a computer-based life image dis-
tortion technique revealed that ED patients had greater
activity in the right amygdala, right fusiform gyrus and
brainstem than healthy female controls when each subject
was presented with her own negatively distorted body
image [3].

In clinical situations, we often observe that unpleasant
words concerning body shape or body weight trigger the
onset of an ED, and that these words remain with patients
as unpleasant memories. Behavioral studies with tasks
requiring word processing using disorder-salient word
stimuli have been performed to reveal the specific cogni-
tive pattern of ED patients in processing word stimuli
related to body image distortion; these studies found a
distorted pattern in the processing of these words in ED
patients [4-8].

With regard to neuroimaging studies of emotional lin-
guistic stimuli, a PET study performed during an emo-
tional color Stroop task, in which subjects were instructed
to name the color of each word stimulus as either threat-
ing or neutral, demonstrated activation of the bilateral
amygdalae, left lingual gyrus and posterior parahippo-

“campal gyrus by color-naming of threating words in con-
trast with neutral words [9]. Furthermore, in an fMRI
study using unpleasant and neutral words derived from a
database of words [10], Tabert et al. {11] found that the
right amygdala and left parahippocampal gyrus showed a
blood oxygen level-dependent (BOLD) signal of greater
amplitude for unpleasant relative to neutral words during
an emotional decision task, in which subjects viewed sets
of three unpleasant or three neutral words while selecting
the most unpleasant or neutral word, respectively.

However, little is known about the nature of the repre-
sentations in the human brain for perception of unpleas-
ant words concerning body image, and it is difficult to
investigate the possibility of a specific neural substrate
underlying the perception of such words even in healthy
subjects. Besides, it is not clear whether there is any corre-
lation between the activity of some brain regions and sub-
jects’ psychological or behavioral features such as body
image distortion, self-esteem, eating behavior and the
like.

To determine which areas of the brain are important
for the perception of unpleasant words concerning body
image and how the severity of psychological and behav-
ioral problems may cause differences in brain activity in
the perception of unpleasant word stimuli concerning

Temporomesial Activation and Body Image
Words

body image, we used fMRI to investigate brain activation
while young female subjects were engaged in an emotional
decision task. We hypothesized that the temporomesial
area may be involved in the processing of unpleasant
words concerning body image used in this study.

Materials and Methods

Subjects

Fifteen women (mean age = SD, 25.0 £ 3.1 years; range 21-30
years) participated in this study; all were right-handed and native
Japanese speakers. Handedness was determined using the Edinburgh
Handedness Inventory [12]. Subjects had no history of psychiatric,
neurological, or other major medical illness, and had never been
treated with psychotropic medication. We limited the study to wom-
en from the age of 20 to 30 years, since ED commonly occurs in
young females, and since young women are often sensitive to body
image information even in the nonclinical population. The average
body mass index (BMI) of the 15 subjects was 21.4 (SD 3.6; range
18-31). Their eating behavior, body image distortion and psycholog-
ical features were assessed by the Japanese version of the Eating Dis-
order Inventory-2 (EDI-2) [13]. The average score of the total EDI-2
was 41.1 (SD 23.5; range 7-85).

The study was conducted using a protocol that was approved by
the Ethics Committee of Hiroshima University School of Medicine.
All subjects provided written informed consent for their participa-
tion.

Emotional Decision Task

We used thé emotional decision task of Tabert et al. [L1], with
some modification. The words used in this task came from the data-
base of Toglia and Battig [10], which includes 2,854 words that have
been rated concerning several items, such as familiarity and pleasant-
ness, from [ (very unfamiliar; very unpleasant) to 7 (very familiar;
very pleasant), with 4 as the midpoint. For the current study, 30 neu-
tral words were selected from the database and translated into Japa-
nese. Thirty highly unpleasant words concerning body image that
were selected from Japanese dictionaries and thesauri were also used
in this study. These words did not differ significantly in length (mean
word length; body vs. neutral = 3.2 vs. 3.1 in Japanese letters) and in
familiarity (4.1 vs. 4.3) as shown in our previous research {14]. Both
lists contained nouns, verbs, adjectives and adverbs.

The selected words were used to generate both body image and
neutral word sets. Each word set comprised a unique combination of
3 words. Word sets were presented in 6 blocks alternating between
body image and neutral word sets (3 cycles; fig. 1a). Each block began
with a 3-second cue indicating whether the block consisted of un-

- pleasant body image or neutral trials. Five word set trials were pre-

sented during each block, each appearing for 4 s with a 1.4-second
interstimulus interval (fig. 1b, ¢). The BOLD response to 3 blocks of
body image words and to 3 blocks of neutral words was recorded.
During each interstimulus interval, a fixation cross placed centrally
replaced the word set. A 9-second resting baseline preceded the first
block of trials, during which subjects also viewed a centrally placed
fixation cross. During each trial, a word set was projected to the cen-
ter of the subject’s field of view via an SVGA computer-controlled
projection system. Presentation timing of word sets was controlled by

Neuropsychobiology 2003;48:136-142 137



Fig. 1. a Overview of the block-designed stimulus presentation para-
digm for the tasks. Six alternating blocks of body image (B) and neu-
tral (N) trials were presented successively. Total scan time was 189 s
(3 min and 9 s), while yielding 63 images of 28 axial slices (1,764
images). b Blocks of body image and neutral trials preceded by base-
line. Each block began with a cue indicating ‘body image’ or ‘neutral’.
Subjects were instructed to select a word judged to be the most
unpleasant or neutral in each word set, by pressing 1 of 3 buttons.
¢ Typical examples of word sets presented in this study. Actual word
sets consisted of Japanese words.

Presentation Software Version 0.51 and the word sets were presented
in a randomized order.

Immediately before the scanning began, the subjects were given
10 practice trials (5 unpleasant and 5 neutral). Words presented dur-
ing the practice trial did not overlap with the experimental words.

During body image trials, subjects were instructed to select the
most unpleasant word from each word set presented at each trial
based on their personal knowledge and experience. During neutral
blocks, subjects selected the word they thought to be the most neutral
from each word set. Subjects were asked to respond by pressing 1 of 3
buttons on a response pad in the MRI scanner (fig. 1a-c).

Image Acquisition and Postprocessing

fMRI was performed with a Magnex Eclipse 1.5T Power Drive
250 (Shimadzu Medical Systems). A time course series of 63 volumes
was acquired with To*-weighted, gradient echo, echo planar imaging
sequences. Each volume consisted of 28 slices, and the slice thickness
was 4.0 mm with no gap, encompassing the whole brain. The interval
between two successive acquisitions of the same image (TR) was
3,000 ms, echo time (TE) was 55 ms, and the flip angle was 90°. The
field of view was 256 mm, and the matrix size was 64 x 64, giving
voxel dimensions of 4.0 x 4.0 x 4.0 mm. After functional scanning,
structural scans were acquired using a T,-weighted gradient echo
pulse sequence (TR = 12 ms; TE = 4.5 ms; flip angle = 20°; FOV =
256 mm; voxel dimensionsof 1.0 x 1.0 x 1.0mm), which facilitated
localization and coregistration of functional data.

Image processing and statistical analysis were done using the Sta-
tistical Parametric Mapping 99 (SPM99) software (Wellcome De-
partment of Cognitive Neurology, London, UK) implemented in
Matlab (Mathworks, Inc., Natick, Mass., USA). The first two vol-
umes of the fMRI run (pretask period) were discarded because mag-
netization was unsteady, and the remaining 6! volumes were used
for the statistical analysis. Images were corrected for motion and re-
aligned with the first scan of the session as the reference. T) anatomi-
cal images were coregistered to first functional images for each sub-
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ject and aligned to a standard stereotactic space, using the Montreal
Neurological Institute (MNI) T, template implemented in SPM99.
The calculated nonlinear transformation was applied to all function-
al images for spatial normalization. Finally, the functional images
were smoothed with a 12-mm full-width, half-maximum Gaussian
filter.

Using group analysis according to a random effect model that
allowed inference to general populations [15], we identified regions
that showed significant responses during the body image condition
vs. the neutral condition as areas related to the cognition of unpleas-
ant word stimuli concerning body image. The resulting set of voxel
values for each contrast constituted an SPM(T) map. The SPM(T)
maps were then interpreted by referring to the probabilistic behavior
of Gaussian random fields. The data were given an initial threshold
at an uncorrected p < 0.001, and regions about which we had an a
priori hypothesis were reported at this threshold {16]. For regions
about which there was no clear a priori hypothesis, a more stringent
threshold of p < 0.05 corrected for multiple comparisons was used.
Regions were only reported if they survived at this threshold.

The xyz-coordinates provided by SPM, which are in the MNI
brain space, were converted to xyz-coordinates in Talairach and
Tournoux’s (TT) brain space [17] using the following formula:
TT-x=MNI-x x 0.88-0.8; TT-y=MNI-y x 0.97-3.32;
TT-z=MNI -y x 0.05+MNI -z x 0.88 - 0.44. Labels for brain
activation foci were obtained in Talairach coordinates using the Tal-
airach Daemon software, which provides accuracy similar to that of
neuroanatomical experts [18]. The labeling of areas given by this soft-
ware was then confirmed by comparison with activation maps over-
laid on MNI-normalized structural MRI images.

Evaluation of Pleasantness and Familiarity of Word Stimuli

Subjects were asked to rate the pleasantness and familiarity of all
words presented in these tasks by a 7-point scale immediately after
scanning, using a table in which all of the words were printed in ran-
domized order.
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Fig. 2. Statistical parametric maps of brain regions (on the second
level group analysis for the 15 subjects) showing significant activa-
tion associated with the body image condition compared with the
neutral condition at a statistical threshold of an uncorrected p <
0.001 (extent of threshold of 80 voxels). Clusters of activation are
overlaid onto a T -weighted anatomical MR image. T levels of acti-
vation are color-coded from red to yellow. The activation in the left
amygdala and parahippocampal gyrus and right parahippocampal
region are shown.

sagittal coronal

Table 1. Relative increases in brain

activity associated with unpleasant Cluster  BA tscore X Y z
words concerned with body image (task) )

and neutral words (control) Lt pgrahlppocampal gyrus 592 28 7.482 -17 -13 -17
(including amygdala) 35 5.11 -18 -29 -21
4.33 -10 -9 -10
Lt parahippocampal gyrus 562 27 6.66 -6 -32 -4
30 6.64 -10 ~42 -4
Rt parahippocampal gyrus 92 28 5.25 22 ~15 -17

X, ¥, z = Localization according to the standard Talairach coordinates (in mm); BA =
Brodmann area; Lt = left; Rt = right.
@ Area(s) exceeding threshold of t = 7.31 {p < 0.05 corrected) and all the other areas excee-
ding the height threshold of t = 3.79 (p < 0.001 uncorrected) and belonging to a cluster of
activation with an extent of at least 80 voxels are displayed.

Results

Rating of Words

Average rating of familiarity did not differ significant-
ly between the two categories of words (mean, body vs.
neutral = 4.2 vs. 4.3; p = 0.19 by two-tailed Wilcoxon sin-
gle-rank test). However, subjects rated unpleasant words
concerning body image as significantly more unpleasant
than neutral words (body vs. neutral = 2.7 vs. 4.2; p <
0.001).

Temporomesial Activation and Body Image
Words

Functional MRI Scan

Compared with the neutral condition, the body image
condition resulted in the activation of the left parahippo-
campal gyrus, including the amygdala, and right parahip-
pocampal gyrus (table 1, fig, 2).

Correlation between Brain Activity and Psychological,

Behavioral and Biological Data

The BOLD response of the right parahippocampal
gyrus to the negative body condition compared with the
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Table 2. Correlation between psychological and biological data and
the BOLD response of the right parahippocampal gyrus under the
body image condition compared with neutral condition

Correlation  p value
coefficient

EDI-2

Total EDI-2 scores ~0.583 0.022%

Subscales
Drive for thinness 0.055 0.846
Interoceptive awareness -0.661 0.007**
Bulimia -0.563 0.023*
Body dissatisfaction -0.364 0.183
Ineffectiveness -0.672 0.006**
Maturity fear -0.151 0.591
Perfectionism -0.047 0.868
Interpersonal distrust -0.611 0.015*
Asceticism -0.368 0.155
Impulse regulation -0.533 0.041*
Social insecurity -0.561 0.030*

Rating of body image words

Pleasantness 0.551 0.033*

Familiarity -0.394 0.146

Biological data

BMI -0.042 0.881

Age ~-0.026 0.928

Correlation coefficients of EDI-2 and rating of body image words
were calculated grounded on nonparametric (Spearman) correlation
because we used an ordinal scale; coefficients of biological data were
based on standard (Pearson) correlation; * p < 0.05, ** p < 0.01.

neutral condition had a significant negative correlation
with total EDI-2 scores (Spearman’s rank-order correla-
tion coefficient = —0.583; p = 0.022) and with scores of
many subscales of EDI-2, such as interoceptive aware-
ness, bulimia and ineffectiveness (table 2). Furthermore,
the BOLD response of this region to the body image con-
dition had a significant positive correlation with the rat-
ing of pleasantness of words concerning body image
(Spearman’s rank-order correlation coefficient = 0.551;
p = 0.033). Neither BMI nor age of the subjects correlated
with activation of the right parahippocampal gyrus. Be-
sides, no correlation was found between the BOLD re-
sponse of the left parahippocampal gyrus and EDI-2
scores, nor between BMI and age (table 2).

140 Neuropsychobiology 2003;48:136-142

Discussion

In this study, we used an emotional decision task with
unpleasant words concerning body image and neutral
words. Previously, we reported that ED patients com-
pared with healthy subjects rated words concerning body
image as more unpleasant, although the rating for famil-
iarity did not differ significantly between the two groups.
Neither was there a group difference in ratings of pleas-
antness and familiarity with regard to neutral words [14].
Thus, the task was adequate to examine brain regions that
were engaged in the processing of one of the ED-salient
stimuli, unpleasant words concerning body image.

The fMRI study revealed that the left parahippocam-
pal gyrus, including the left amygdala, and the right para-
hippocampal gyrus were associated with the perception of
unpleasant words concerning body image. '

Compared with the neutral condition, the left amyg-
dala and the surrounding area were activated under the
body image condition. Previous studies of patients with a
localized brain lesion provided evidence that the human
amygdala plays a role in the evaluation of emotional facial
expressions related to fearand anger {19, 20], in the evalu-
ation of words denoting negative emotions [21], and in
the recognition of nonverbal threat-related sounds [22].
Thus, the young female subjects who participated in this
study perceived unpleasant words concerning body image
as threat-related, emotionally negative stimuli,

In this study, we detected significant activation in the
area of the amygdala only on the left side. Regarding later-
alization of emotional processing, previous studies have
suggested that the left hemisphere is preferentially in-
volved in positive emotions, whereas the right hemi-
sphere is preferentially involved in negative emotions
[23-26]. Recently, however, a hypothesis has been pro-
posed that this right hemisphere dominance may not be
fitted to the entire hemisphere but is specific to the pre-
frontal cortex [27, 28]. Many functional neuroimaging
studies using unpleasant linguistic stimuli have shown
activation in the left amygdala [29-32] or in the bilateral
amygdalae [9], but Tabert et al. [11] reported activation
only in the right amygdala. The reason for this discrepan-
cy between the results of Tabert et al. [11] and ours is
unclear. However, it may involve differences in word
stimuli used in each task and in methods of analysis,
including image acquisition and postprocessing. The pat-
tern of the predominant left amygdalar activation caused
by unpleasant linguistic materials may be related to left
hemisphere dominance for language.
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Another possible reason for activation only in the left
amygdala in this study is the matter of gender. Several
recent neuroimaging studies suggest that gender differ-
ences influence the laterality of amygdalar responses in
human subjects. For example, a PET study with emotion-
al films [33] and an fMRI study with emotional pictures
[34] showed gender differences in the extent to which
activity in each amygdala correlates with enhanced mem-
ory for emotional stimuli. Both studies suggest that in
male subjects, there is a positive correlation between
memory enhancement and activation of the right amyg-
dala, while in female subjects, there is a positive correla-
tion between memory enhancement and activation of the
left amygdala. Our subjects were all women, and we did
not test their memory performance after the fMRI scan.
Therefore, recognition of a gender difference was not pos-
sible nor could we determine if there was a correlation
between brain activity and memory performance. To clar-
ify these points, an additional study is needed that
includes male subjects and involves memory performance
testing afterwards.

The BOLD response of the right parahippocampal
gyrus during the body image condition compared with the
neutral condition was correlated positively with the rating
of pleasantness of words concerning body image and neg-
atively with the total scores of EDI-2 and with scores of
many subscales. A PET study of healthy subjects report-
ing that the right hemispheric neural network with the
temporomesial area including the hippocampus, parahip-
pocampus and amygdala is engaged in ecphory of affect-
laden autobiographical information [35] supports our re-
sult that the right parahippocampal gyrus was activated in
response to the estimation of unpleasant words based on
individual past experience. Moreover, the results in our
study that the BOLD response in the right parahippocam-
pal gyrus was smaller in subjects with higher EDI-2 scores
and in those who rated the words concerning body image
as highly unpleasant suggest the possibility that subjects
who have a psychological and behavioral dysfunction
such as body image distortion and abnormal eating be-
haviors may have difficulty in tracing their autobiogra-
phical information with a negative valence. Interestingly,
the correlation analysis on the whole brain showed no cor-
relation between the BOLD response of any brain region
and BMI of the subjects. This suggests that the intensity of
brain activation while processing the unpleasant informa-
tion concerning body image may not be determined by
actual body shape but by subjective unpleasantness as
well as psychological and behavioral problems of the sub-
jects.

Temporomesial Activation and Body Image
Words

Limitations of our study include the relatively low
resolution of our data due to the smoothing procedure in
order to facilitate intersubject averaging, which made it
impossible to attribute the activation to a particular struc-
ture. Regarding subjects in this study, in selecting them,
we did not use a structured interview. Nevertheless, we
made sure that they did not have a psychiatric illness at
the time of the study, although we could not rule out such
an occurrence in the future. Moreover, because this study
included only young female subjects, we could not exam-
ine differences between genders or between ED patients
and healthy subjects,

Conclusion

Using fMRI, we found that the left amygdala with the
surrounding area and the right parahippocampal gyrus
were activated in the body image condition in the emo-
tional decision task in 15 healthy young female subjects.
In addition, activation of the right parahippocampal gy-
rus was negatively correlated with the scores of EDI-2 and
with the rating of unpleasantness of words concerning
body image.

These results suggest the involvement of amygdala in
the perception of unpleasant stimuli concerning body
image and the possibility of the role of the right parahip-
pocampal gyrus in ecphorizing affect-laden autobio-
graphical information whose activation is negatively cor-
related with the severity of psychological and behavioral
problems.

Further study is needed to compare healthy male with
female subjects and to compare healthy subjects with ED
patients to reveal any gender differences or elucidate dif-
ferences in patients with ED.
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Prediction of immediate and future rewards
differentially recruits cortico-basal ganglia loops

Saori C Tanakal=3, Kenji Doya!~3, Go Okada®*4, Kazutaka Ueda®?, Yasumasa Okamoto®* & Shigeto Yamawaki®*

Evaluation of both immediate and future outcomes of one’s actions is a critical requirement for intelligent behavior. Using
functional magnetic resonance imaging (fMRI), we investigated brain mechanisms for reward prediction at different time scales
in a Markov decision task. When human subjects learned actions on the basis of immediate rewards, significant activity was seen
in the lateral orbitofrontal cortex and the striatum. When subjects learned to act in order to obtain large future rewards while
incurring small immediate losses, the dorsolateral prefrontal cortex, inferior parietal cortex, dorsal raphe nucleus and cerebellum
were also activated. Computational model-based regression analysis using the predicted future rewards and prediction errors
estimated from subjects’ performance data revealed graded maps of time scale within the insula and the striatum: ventroanterior
regions were involved in predicting immediate rewards and dorsoposterior regions were involved in predicting future rewards.
These results suggest differential involvement of the cortico-basal ganglia loops in reward prediction at different time scales.

In daily life, people make decisions based on the prediction of rewards
at different time scales; for example, one might do daily exercise to
achieve a future fitness goal, or resist the temptation of sweets to avoid
future weight gain. Damage to the prefrontal cortex often impairs daily
decision making, which requires assessment of future outcomes!?,
Lesions in the core of the nucleus accumbens in rats result in a ten-
dency to choose small immediate rewards over larger future rewards®.
Low activity of the central serotonergic system is associated with
impulsive behavior in humans?, and animals with lesions in the
ascending serotonergic pathway tend to choose small immediate
rewards over larger future rewards>®. A possible mechanism underly-
ing these observations is that different sub-loops of the topographi-
cally organized cortico-basal ganglia network are specialized for
reward prediction at different time scales and that they are differen-
tially activated by the ascending serotonergic system’. To test whether
there are distinct neural pathways for reward prediction at different
time scales, we developed a “Markov decision task’ in which an action
affects not only the immediate reward but also future states and
rewards. Using fMRI, we analyzed brain activity in human subjects as
they performed this task. Recent functional brain imaging studies have
shown the involvement of specific brain areas, such as the
orbitofrontal cortex (OFC) and the ventral striatum, in prediction and
perception of rewards®-'1. In these previous studies, however, rewards
were given either independent of the subject’s actions or as a function
of the current action. Qur Markov decision task probes decision mak-
ing in a dynamic context, with small losses followed by a large positive
reward. The results of the block-design analysis suggest differential
involvement of brain areas in decision making by prediction of
rewards at different time scales. By analyzing subjects’ performance

data according to a theoretical model of reinforcement learning, we
found a gradient of activation within the insula and the striatum for
prediction of rewards at different time scales.

RESULTS

Behavioral results

In the Markov decision task, a visual signal (one of three shapes) was
presented at the start of each trial to indicate one of three states, and
the subject selected one of two actions: pressing the right or left but-
ton with the right hand (Fig. 1a; see Methods for details). For each
state, the subject’s action cheice affected not only the immediate
reward, but also the state subsequently presented (Fig. 1b,c).

The rule of state transition was fixed during the entire experiment
(Fig. 1), but the rules of reward delivery changed according to the
task condition. In the SHORT condition, action a, gives a small pos-
itive reward (+r, = 20 yen average; see Methods) and action a, gives
a small loss (—r,) in all three states (Fig. 1b). The optimal behavior
for maximizing total reward in the SHORT condition is to collect
small positive rewards by taking action 4, at each state. In the LONG
condition, action a, at state s, gives a big bonus (+r, = 100 yen aver-
age; see Methods), and action 4, at state s, results in a big loss (-5
Fig. 1c). The optimal behavior is to receive small losses at state s
and s, to obtain a large positive reward at state s3 by taking action a,
at each state; this is opposite to the optimal behavior in the SHORT
condition. Whereas the optimal strategy in the SHORT condition
results in small, immediate rewards at each step, the optimal strat-
egy in the LONG condition results in small immediate losses but a
net positive reward by the end of one cycle. Thus, for successful
action in the LONG condition, subjects must consider both the

iDepartment of Bioinfarmatics and Genomics, Nara Institute of Science and Technology, 8916-5 Takayama, tkoma, Nara 630-0101, Japan. 2Department of
Computational Neurobiology, ATR Computational Neuroscience Laboratories, 2-2-2 Hikaridai, Keihanna Science City, Kyoto 619-0288, Japan. 3CREST, Japan
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Figure 1 Experimental design. (a) Sequences of a
stimulus and response events in the task. At the

beginning of each condition block, the condition (Instruction step)

(Trial step)

is informed by displaying text (6 s), such as
'SHORT condition’ (instruction step). in each
trial step, a fixation point is presented on the
screen, and after 2 s, one of three shapes
(square, vertical rectangle or horizontal

SHORT
condition

6.0 (s)
Time

g%%‘-Pl()() yen

rectangle) is presented for 1 s. As the fixation

point vanishes after 1 s, the subject presses

either the right or left button within 1 s. After

a short delay (1 s), a reward for that action is b
presented by a number (indicating yen gained or

jost) and the past cumulative reward is shown by

SHORT condition [

LONG condition
-y . +y

a bar graph. Thus, one trial step takes 6 s.

(b,c) The rules of the reward and state transifion
for action a;, (magenta arrows) and action a,
(blue arrows) in the SHORT (b) and LONG (c)
conditions. The small reward r; was 10, 20 or 30

yen, with equal probability, and the large reward

rp was 90, 100, or 110 yen. The rule of state
transition was the same for all conditions: s3 —
So —> 5] — 83 ... for action a;, and 5) - s, — 53
~> 57 — ... for action a,. Although the optimal

behaviors are opposite (SHORT: a;; LONG: a,), the expected cumulative reward during one cycle of the optimal behavior is 60 yen in both the SHORT

(+20 x 3) and LONG (-20, -20, +100) conditions.

immediate reward and the future reward expected from the subse-
quent state, and for success in the SHORT condition, subjects need
to consider only the immediate outcome of their actions. Subjects
performed 15 trials in a SHORT condition block and 15 trials in a
LONG condition block. There were also two control conditions, NO
(reward was always zero) and RANDOM (reward was +r| or -r),
regardless of state or action), so a total of four condition blocks were
performed (see Fig. 2a for task schedule).

All subjects successfully learned the optimal behaviors: taking
action a, in the SHORT condition (Fig. 2b) and action a, in the
LONG condition (Fig. 2¢). Cumulative rewards within each SHORT
block (Fig. 2d) and LONG block (Fig. 2¢) also indicate successful
learning. It can be seen from the single-subject data in the LONG

Task scheduie

condition (Fig. 2e, orange) that the subject learned to lose small
amounts (—r,) twice to get a big bonus (+r,). The average cumulative
reward in the last block was 254 yen in the SHORT condition and 257
yen in the LONG condition, which was 84.7% and 85.7%, respec-
tively, of the theoretical optimum of 300 yen.

Block-design analysis

To find the brain areas that are involved in immediate reward prediction,
we compared brain activity during the SHORT condition and the NO
condition, in which reward was always zero. In the SHORT versus NO
contrast, a significant increase in activity was observed in the lateral
OFC (Fig. 3a), the insula and the occipitotemporal area (OTA) (Fig. 3b),
as well as in the striatum, the globus pallidus (GP) (Fig. 3c) and the
medial cerebellum (Fig. 3d) (threshold of
P < 0.001, uncorrected for multiple compar-
isons). These areas may be involved in reward
prediction based on immediate outcome.

a
I NOcondition  [_ ] SHORT condiion {____] RANDOM condition [ | LONG condition
[ R W] h B LI B ] ] [ ]
Step: 0§ 5 2126 42 47 84 870 89 105190 126 131 147 152 168
t
instruction step
b c

- St

Q.
®

LONG condition

R

Figure 2 Task schedule and behavioral results.
(a) A set of four condition blocks—NO (4 trials),
SHORT (15 trials), RANDOM (4 trials), LONG (15
trials)—was repeated four times. At the beginning
of each condition block, the task condition was
presented to the subject (instruction step); thus,
the entire experiment consisted of 168 steps

Mﬂ\f\m

a0 g0 {152 trial steps and 16 instruction steps).
Trial (b,c) The selected action of a representative
single subject (orange) and the group average
LONG condition ratio of selecting a; (blue) in the (b) SHORT and

Cumulative
Cumulative

(c) LONG conditions. (d,e} The accumulated
reward in each block of a representative single
subject (orange) and the group average (blue) in
the (d) SHORT and (e) LONG conditions. To
clearly show the learning effects, data from four
trial blocks in the SHORT and LONG conditions

Trig!

are concatenated, with the dotted lines indicating
the end of each condition block.

Trial
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To identify areas involved in future
reward prediction, we compared the brain
activity during LONG and SHORT condi-
ttons. In the LONG versus SHORT contrast,
a robust increase in activity was observed in
the ventrolateral prefrontal cortex (VLPFC),
the insula, the dorsolateral prefrontal cortex
(DLPFC), the dorsal premotor cortex
(PMd), the inferior parietal cortex (IPC)
(Fig. 4a), the striatum, GP (Fig. 4b), the dor-
sal raphe nucleus (Fig. 4c), the lateral cere-
bellum (Fig. 4d), the posterior cingulate

ARTICLES

Figure 3 Brain areas activated in the SHORT versus NO contrast (P < 0.001, uncorrected; extent
threshold of four voxels). (a) Lateral OFC. (b) tnsuia. (¢) Striatum. (d) Medial cerebelium.

cortex and the subthalamic nucleus
(P < 0.001, uncorrected). Activity in the
striatum was highly significant (threshold at
P < 0.05, corrected for a small volume when using an anatomically
defined region of interest (ROI) in the striatum; see Methods).
These areas are specifically involved in decision making based on
the prediction of reward in multiple steps in the future. In the
LONG versus NO contrast, the activated areas were approximately
the union of the areas activated in the SHORT versus NO and
LONG versus SHORT contrasts. These results were consistent with
our expectation that both immediate and future reward prediction
were required in the LONG condition. The results of block-design
analysis, including the LONG versus NO contrast, are summarized
in Supplementary Table 1 online. Activitions in both SHORT and
LONG conditions were stronger in the first two blocks, when sub-
jects were involved in active trial and error, than in the last two
blocks when the subjects’ behavior became repetitive.

We compared the activitions in the SHORT versus NO contrast
and the LONG versus SHORT contrast, and observed that three
regions showed significant activity in both contrasts: the lateral pre-
frontal cortex (lateral OFC and VLPFC), the insula and the anterior
striatum (Fig. 5). In the lateral PFC (Fig. 5a), although the activities
in lateral OFC for the SHORT versus NO contrast (red) and in the
VLPFC for the LONG versus SHORT contrast (blue) were close in
location, they were clearly separated on the cortical surface. Activities
in the insula were also separated (Fig. 5b). In the anterior striatum
(Fig. 5¢), we found limited overlaps between the two contrasts
(green). In all three areas, activations in the SHORT versus NO con-
trast were found in the ventral parts, whereas activations in the
LONG versus SHORT contrast were found in the dorsal parts.

These results of block-design analysis suggest differential involve-
ment of brain areas in predicting immediate and future rewards.

Performance-based multiple regression analysis

To further clarify the brain structures specific to reward prediction at
different time scales, we estimated how much reward the subjects
should have predicted on the basis of their performance data and
used their time courses as the explanatory variables of regression

analysis. We took the theoretical framework of temporal difference
(TD) learning'?, which has been successfully used for explaining
reward-predictive activations of the midbrain dopaminergic system
as well as those of the cortex and the striatum®! 113716 T TD learning
theory, the predicted amount of future reward starting from a state
s(t) is formulated as the ‘value function’

VIO =E[r(t+ 1) +yr(t+2) +¥2r(t + 3) +...]. (1)
Any deviation from the prediction is given by the TD error
(1) =r(t) +y V() = V(= 1), @

which is a crucial learning signal for reward prediction and action
selection. The ‘discount factor’y (0 £y < 1) controls the time scale
of prediction: when Y= 0, only the immediate reward r(t + 1) is con-
sidered, but as Y approaches 1, rewards in the further future are
taken into account.

We estimated the time courses of reward prediction V(r) and pre-
diction error 8(f) from each subject’s performance data and used
them as the explanatory variables in muitiple regression analysis with
fMRI data (see Methods). In our Markov decision task, the mini-
mum value of ¥ needed to find the optimal action in the LONG con-
dition is 0.36, and any small value of 7y is sufficient in the SHORT
condition. From the results of our block-design analysis, we assumed
that different networks involving the cortex and basal ganglia are
specialized for reward prediction at different time scales and that
they work in parallel, depending on the requirement of the task.
Thus, we varied the discount factor y as 0, 0.3, 0.6, 0.8, 0.9 and 0.99:
small ¥ for immediate reward prediction and large ¥ for long future
reward prediction. An example of these time courses is shown in
Supplementary Figure 1 online.

We observed a significant correlation with reward prediction V(1) in
the medial prefrontal cortex (mPFC; including the anterior cingulate
cortex (ACC) and the medial OFC) (Fig. 6a) and bilateral insula (Fig.
6b), left hippocampus and left temporal pole
(P < 0.001, uncorrected; see Supplementary
Table 2 online). Figure 6 shows the correlated

T-value

Figure 4 Brain areas activated in the LONG
versus SHORT contrast (P < 0.0001,
uncorrected; extent threshold of four voxels for
ilfustration purposes). (a) DLPFC, tPC, PMd. (b)
GP, striatum. (c) Dorsal raphe nucleus. (d) Left
lateral cerebellum.
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Figure 5 Comparison of brain areas activated in
the SHORT versus NO contrast (red) and the
LONG versus SHORT contrast (blue). (a—c) These
figures show activation maps focused on (a) the
lateral OFC (red (x, y, 2) = (38, 46, -14); blue {46,
47, 3)) (b) the insula (red (-36, 13, -4); blue
{-30, 18, 1)), and {(c) the striatum (red (18, 10,
Q); blue (18, 12, 3)) where we observed
significant activation in both contrasts. The areas
where activity overlapped area are shown in green.

voxels within these areas using a gradient of
colors for different y values (red fory =0, blue
for = 0.99). Activity in the mPFC, temporal
pole and hippocampus correlated with
reward prediction with a longer time scale (Y
> 0.6). Furthermore, in the insula, we found a
graded map of activity for reward prediction
at different time scales (Fig. 6b). Whereas activity in the ventroanterior
region correlated with reward prediction at a shorter time scale, activ-
ity in the dorsoposterior region correlated with reward prediction ata
longer time scale.

We also found, in the basal ganglia, significant correlation with
reward prediction error &(f) using a wide range of time scales
(Fig. 6¢; P < 0.001, uncorrected; see Supplementary Table 3 online
and Methods). Again, we found a graded map, which had a short
time scale in the ventroanterior part and a long time scale in the
dorsoposterior part. The coincidence of the ventroanterior-dorso-
posterior maps and the ventroanterior-dorsoposterior shifts in
activities (Fig. 6b,c) indicate that, while the ventroanterior regions
with smaller y were predominantly active in the SHORT condition,
the dorsoposterior regions with larger ¥ became more active in the
LONG condition.

SHORT vs. NO (P < 0.001 uncorrected)
LONG va. SHORT (P< 0.001 uncorrectad)
Overlapped area

DISCUSSION

The results of the block-design and performance-based regression
analyses suggest differential involvement of brain areas in action
learning by prediction of rewards at different time scales. Both block-
design and performance-based regression analyses showed activity in
the insula and the anterior striatum. Activations of the ventral region
in the SHORT versus NO contrast and the dorsal region in the LONG
versus SHORT contrast in each area (Fig. 5) are consistent with the
ventroanterior-dorsoposterior maps of the discount factor y found in
performance-based regression analysis (Fig. 6).

The insula takes a pivotal position in reward processing by receiv-
ing primary taste and visceral sensory input'’ and sending output to
the OFC'® and the striatum!?. Previous studies showed that the insula
is activated with anticipation of primary reward!" and that insular
lesion causes deficits in incentive learning for primary reward®". Qur
results confirm the role of the insula in pre-
diction of non-primary, monetary reward?!,
and further suggest heterogeneous organiza-
tion within the insula. Previous imaging
studies also showed involvement of the
insula, especially the ventroanterior region,
in processing aversive outcomes?223, Thus a
possible interpretation of the activation of
the insula in the LONG condition is that it

Figure 6 Voxels with a significant correlation
(height threshold P < 0.001, uncorrected; extent
threshold of four voxels) with reward prediction
W) and prediction error &1) are shown in
different colors for different settings of the
discount factor y. Voxels correlated with two

or maore regressors are shown by a mosaic of
colors. (a, b) Significant correlation with

reward prediction W#). (a) mPFC. (b) Insula.

(c) Significant correlation with reward prediction
error &t) restricted to ROl in the striatum (slice
at white line in horizontal slice at z= 2 mm).
Note the ventroanterior-to-dorsoposterior
gradient with the increase in yboth in the insula
and the striatum. Red and biue lines correspond
to the zcoordinate levels of activation peaks in
the insula and striatum shown in Figure Sb,c (red
for the SHORT versus NO and blue for the LONG
versus SHORT contrasts).
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