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Gender differences in brain activity generated by

unpleasant word stimuli concerning body image:

an fMRI study

NAOKO SHIR AO, YASUMASA OKAMOTO, TOMOYUKI MANTANI,
YURI OKAMOTO and SHIGETO YAMAWAKI

Background We have previously
reported that the temporomesial area,
including the amygdala, is activated in
women when processing unpleasant

words concerning body image.

Aims To detect gender differencesin
brain activation during processing of these

words.

Method Functional magnetic
resonance imaging was used to investigate
{3 menand I3 women during an emotional
decision task consisting of unpleasant
words concerning body image and neutral

words.

Results The left medial prefrontal
cortex and hippocampus were activated
only among men, and the left amygdala
was activated only among women during
the task; activation in the apical prefrontal
region was significantly greater in men

than in women.

Conclusions Our data suggestthatthe
prefrontal region is responsible for the
gender differences in the processing of
words concerning body image, and may
also be responsible for gender differences

in susceptibility to eating disorders.

Declaration of interest None.

Funding detailed in Acknowledgement.
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Eating disorders, which have been asso-
ciated with concerns about body shape
and size (American Psychiatric Association,
1994}, are about 10 times more common in
women than in men {Weissman & Olfson,
1995). A possible reason for this difference
in susceptibility might be a gender differ-
ence in the neural processing of unpleasant
information about body image. We pre-
viously reported that women showed
amygdalar activation while processing
unpleasant words concerning body image
and perceived these words to be emotion-
ally negative (Shirac et al, 2003a). The
medial prefrontal cortex has conmnections
to the amygdala, constituting an interaction
zone between emotional and cognitive pro-
cessing (Drevets 8¢ Raichle, 1998). In this
study we compared the brain activation
between men and women while processing
these words. We predicted that the amyg-
dala would be less activated and the medial
prefrontal .cortex more activated in men
than in women during the emotional
decision task.

METHOD

Study sample

An age-matched sample of 13 men (mean
age 25.3 years, s.d.=2.8, range 21-30)
and 13 women ({mean age 25.2 years,
s.d.=3.2, range 21-30) participated in this
study (P=0.949 by two-tailed, two-sample
Student’s ¢ test). Participants were recruited
by community announcement and paid
incentives equivalent to their transportation
expenses. All of them were right-handed
and were native Japanese speakers. Hand-
edness was determined using the Edinburgh
Handedness Inventory (Oldfield, 1971).
According to self-report, participants had
no history of psychiatric, neurological or
other major medical illness, and had never
been treated with a psychotropic medi-
cation. There was no significant difference
in the average years of education between

men and women: men 15.2 (s.d.=1.6} v.
women 14.9 (s.d.=2.5); P=0.645 by two-
tailed, two-sample Student’s #-test. The
average body mass index of the men was
22.4kg/m? (s.d.=3.2, range 18.0-31.3)
and that of the women was 21.5kg/m?
{s.d.=3.7, range 18.8-28.4); P=0.543 by
two-tailed two-sample Student’s t-test.
The average of the total Eating Disorder
Inventory — 2 (EDI-2; Garner, 1991) scores
of men was 45.5 (s.d.=28.4, range 9-103)
and that of women was 37.9 (s.d.=23.5,
range 7-85); P=0.330 by two-tailed Wil-
coxon single-rank test. The average score
for the item ‘body dissatisfaction’ for the
men was 7.43 (s.d.=5.45, range 2-19)
and for the women was 11.31 (s.d.=7.00,
range 0-22); P=0.330 by two-tailed Wil-
coxon single-rank test. The study was con-
ducted using a protocol approved by the
ethics committee of Hiroshima University
School of Medicine. All individuals
provided written informed consent for
participation in the study.

Emotional decision task

We used the emotional decision task devel-
oped by Tabert et al (2001), with some
modifications. The words used in the task
were selected from the database of Toglia
& Battig (1978), which includes 2854
words that have been rated on several items
such as familiarity and pleasantness, on a
scale of 1 (very unfamiliar; very unpleasant)
to 7 (very familiar; very pleasant), with 4 as
the mid-point. For our study, 30 neutral
words were selected from the database
and translated into Japanese. We also
selected 30  highly
concerning  body chosen from
Japanese-language dictionaries and the-

unpleasant  words

image,

sauri. The two groups of words did not sig-
nificantly differ with regard to word length
(mean length in Japanese letters: body
image words 3.2, neutral words 3.1;
P=0.575 by two-tailed, two-sample Stu-
dent’s £-test). Our previous validation study
comparing women who had eating disor-
ders with a controf group of healthy women
showed that there was no significant differ-
between the two
categories of words (eating disorder group
mean familiarity score: body image words
4.2; neutral words 4.1, P=0.727; control
group mean familiarity score: body image
words 3.9, neutral words 4.1, P=0.218,
by two-tailed Wilcoxon single-rank test)

ence in familiarity

and there was no significant difference in
the familiarity ratings of words concerning



body image between women with eating
disorders and the control group (P=0.365
by two-tailed Wilcoxon single-rank test),
whereas there were significant differences
in pleasantness between the two categories
of words (mean pleasantness score in the
eating disorder group: body image words
2.4, neutral words 3.9, P=0.0002; mean
pleasantness score in the control group:
bady image words 3.0, neutral words 4.0,
P=0.0001, by two-tailed Wilcoxon single-
rank test) and there were significant differ-
ences in the ratings of pleasantness between
the eating disorders group and the control
group (P=0.030 by two-tailed Wilcoxon
single-rank test) (Shirao et af, 2003b). Both
lists of words contained nouns, verbs,
adjectives and adverbs.

The selected words were used to gener-
ate sets of unpleasant words concerning
body image and sets of neutral words. Each
word set comprised a unique combination
of three words. The word sets were pre-
sented in six alternating blocks of two con-
ditions (the task condition and the control
condition) in three cycles (Fig. 1). During
the task condition unpleasant word sets
were presented, and during the control con-
dition peutral word sets were presented.
Each block began with a 3 s cue identifying
the condition by displaying the word ‘task’
or ‘control’. Five word sets were presented

GEMNDER DIFFERENCES IN PROCESSING UNPLEASANT WORDS

in each block. Each word set was shown
for 4s with a 1.4s interstimulus interval
{Fig. 1). The blood oxygen level-dependent
{BOLD) response was recorded during three
blocks of unpleasant words and three
blocks of neutral words. During each inter-
stimulus interval, a fixation cross placed
centrally on the screen replaced the word
set. Baseline functional magnetic resonance
images were obtained during a 9s period
prior to the first block of trials, during
which the individual viewed a centrally
placed fixation cross. During each trial,
the word set was projected to the centre of
the person’s field of view by a Super Video
Graphics adapter computer-controlled pro-
jection system. The timing of presentation
of word sets was controlled by Presentation
Software Version 0.51 (Neurobehavioral
Systems, Inc., San Francisco, CA, USA)
and the word sets were presented in a
randomised order. Immediately before func-
tional magnetic resonance imaging (fMRI)
scanning was begun, each participant was
given ten practice trials (five unpleasant
word sets and five neutral word sets). The
words presented in the practice trials did
not overlap with the experimental words.
Participants were instructed to select the
most unpleasant word from each set of
unpleasant words based on their personal
knowledge and experience, and for each set

{a} W GP8 Cyelt wonln
* T < T C T C
95 30s 30s 30s 30s 305 305
tb}
tasefine cur wordset | + wordset2 4+ wordset 3 ¢ wordserd + wardser 5 + &
ool L 1.1 i1 11 id
T b [ Ul i1 i
7y 3s 4s tds 435 l4s 45 b g 45 14s 43 14
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cue wordsen b b wordset2 ¢ wordset3d b wordset 4+ owordseth 4
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Fig. |

Design of the study task. (a) Six alternating blocks of task condition (T) trials and control condition {C)

trials were presented successively; the total scan time was 189s (3 min and 9s), yielding 63 images of 28 axial

slices (1764 images). (b) Blocks of task condition and co

ntrol condition trials were preceded by a baseline ima-

ging period. Each block began with a cue (‘task’ or ‘control’). The participant selected the word judged to be the

most unpleasant or most neutral in each word set, by p

word sets presented in this study (left-hand block, task

ressing one of three buttons. (C) Translations of typical

condition; right-hand block, control condition).

of neutral words, participants were
instructed to select the word that they
thought was the most neutral; they indicated
their choice by pressing one of three buttons
on a response pad in the MRI scanner.

Image acquisition and processing

The MRI scanner used was a Magnex
Eclipse 1.5T Power Drive 250 {Shimadzu
Medical Systems, Kyoto, Japan). A time-
course series of 63 volumes was acquired
with T,*-weighted, gradient echo, echo
planar imaging (EPI) sequences. Each vo-
lume consisted of 28 slices, each 4.0 mm
thick with no gap, encompassing the entire
brain. The interval between two successive
acquisitions of the same image (time to
repetition, TR) was 3000 ms, the time to
echo (TE) was 55ms and the flip angle
was 90°. The field of view was 256 mm
and the matrix size 64 x 64, giving voxel
dimensions of 4.0 mm x 4.0 mm x 4.0 mm.
After fMRI scanning, structural scans were
acquired using a T;-weighted gradient echo
pulse sequence (TR 12 ms, TE 4.5 ms, flip
angle 20°, field of view 256 mm, voxel
dimensions 1.0 mm x 1.0 mm x 1.0 mm), to
facilitate localisation and co-registration
of the functional data.

Image processing and statistical analysis
were performed using Statistical Parametric
Mapping (SPM} 99 software (Wellcome
Department of Cognitive Neurology,
London, UK} implemented in Matlab
(Mathworks, Inc., Natick, MA, USA). The
first two volumes of the fMRI run (pre-task
period) were discarded because the magne-
tisation was unsteady, and the remaining
61 volumes were used for the statistical
analysis. Images were corrected for motion
and realigned with the first scan of the
session, which served as the reference. The
T, anatomical images were co-registered
to the first functional images in each indi-
vidual and aligned to a standard stereotaxic
space, using the Montreal Neurological
Institute (MNI) T, template in SPM99.
The calculated non-linear transformation
was applied to all functional images for
spatial normalisation. Finally, the fMRI
images were smoothed with a 12 mm full-
width, half-maximum Gaussian filter.

Using group analysis according to a ran-
dom effect model that allowed inference to
the general population (Friston et al,
1999), we first identified brain regions that
showed a significantly greater response to
unpleasant word sets in comparison with
the response to neutral word sets among
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male and among female participants, as
brain areas related to the cognition of un-
pleasant word stimuli concerning body
image in men and women, respectively.
We then took the data of 13 of the 15
women who had participated in our
previous study (Shirao et al, 2003a) and di-
rectly compared the activation of the entire
brain in the male and female sub-samples
using the two-sample Student’s i-test. The
resulting set of voxel values for each con-
trast constituted an SPM{t) map. The
SPM(t} maps were then interpreted by refer-
ring to the probabilistic behaviour of
Gaussian random fields. The data were
given an initial threshold at an uncorrected
P<0.001 at the voxel level, and regions
about which we had an a priori hypothesis
were reported at this threshold (Elliott ez
al, 2000). For regions about which there
was no clear hypothesis, a more stringent
threshold of P <0.05 corrected at the cluster
level of multiple comparison was used. The
x, y and z coordinates provided by SPM,
which were in MNI brain space, were
converted to the x, y and z coordinates in
Talairach & Tournoux’s (TT) brain space
(Talairach & Tournoux, 1988) using the
following formulae:

(3) X=X pmNy X 0.88 ——0.8;
(b} yrr=ypra % 0.97 —3.32;
(€) Zry=ypn X 00542y, x 0.88 —0.44.

Labels
obtained in Talairach coordinates using
the Talairach Daemon software (Research
Imaging Center, University of Texas, TX,

for brain activation foci were

USA), which provides accuracy similar to
that of neuroanatomical experts (Lancaster
et al, 2000). The labelling of areas given by
this software was then confirmed by com-
parison with activation maps overlaid on
MNI-normalised structural images.

Evaluation of pleasantness
and familiarity of the word stimuli

Each participant was asked to rate the
pleasantness and familiarity of all the
words presented in the tasks on a scale
from 1 {very unfamiliar; very unpleasant)
to 7 (very familiar; very pleasant), immedi-
ately after scanning. For this
procedure the list of words was presented
in randomised order in a table format.

rating

RESULTS

Rating of words

The ratings of familiarity with the two
categories of words did not significantly
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differ among men (mean familiarity score:
unpleasant words 3.8, neutral words 4.4,
P=0.054 by two-tailed Wilcoxon single-
rank test) or women (mean familiarity
score: unpleasant words 4.3, neutral words
4.3, P=0.456). However, all participants
rated the unpleasant words concerning
body image as significantly more unplea-
sant than the neutral words {mean pleasant-
ness score: unpleasant words 3.1, neutral
words 4.1, P=0.007 in men; unpleasant
words 2.7, neutral words 4.1, P=0.002 in
women). Neither the ratings of pleasantness
nor the ratings of familiarity in each word
category significantly differed between the
male and female groups.

Brain activation

In men there was significantly greater activ-
ation of the left hippocampus, left superior
temporal gyrus, left fusiform gyrus and left
medial frontal gyrus when the emotional
decision task involved unpleasant words
compared with neutral words, whereas
the women showed significantly greater
activity of the left parahippocampal gyrus
including amygdala, left thalamus and right
caudate body in the same comparison
(Table 1, Fig. 2).

The two-sample Student’s r-test re-
vealed that there was a significantly higher
BOLD response in the left apical prefrontal
region in men than in women during the

Table |
and neutral words (control}

unpleasant word task compared with neu-
tral word task {Table 1, Fig. 3). No brain
area showed significantly higher activation
in women than in men during any of the
tasks.

Correlation between psychological
data and brain activation

Among the 13 women participants, activ-
ation in the left apical prefrontal area,
which was significantly lower than that in
men during the unpleasant words task,
was negatively correlated with the total
EDI-2 score (Spearman’s rank-order corre-
lation analysis: correlational coefficient
—0.699, P=0.008). There was no correla-
tion between any brain area showing signif-
icant BOLD response and the EDI-2 scores
or the pleasantness rating of the unpleasant
words.

DISCUSSION

We used the emotional decision task to
examine the brain areas engaged in the per-
ception of unpleasant words concerning
body image and to compare the patterns
of brain activation in men and women.
Our results showed that the left medial part
of the frontal gyrus, the left limbic area
excluding the amygdala, the left superior
temporal gyrus and the left fusiform gyrus
play an important part in processing

Relative increases in brain activity associated with unpleasant words concerning body image (task)

Cluster BA t score Coordinates'
x y z

Men (n=13)

Left hippocampus 696* 9.59 -3 —13 —13

Left superior temporal gyrus 21 6.54 —50 -7 —8

Left fusiform gyrus 20 6.35 —43 —-25 —17

Left medial frontal gyrus 359* 9 5.71 —4 53 9

Left superior frontal gyrus 10 5.34 —15 54 18
Women (n=13)

Left parahippocampal gyrus 404* 37 7.08 —1i7 —13 —15

Left thalamus 485* 6.08 -3 —11 it

Right caudate body 4.65 10 1 5
Men>women

Left apical prefrontal region 144 9 4.36 -5 49 20

BA, Brodmann area.

I. Stereotaxic coordinates were derived fromTakhirach & Tournoux (1988) and refer to the medial—lateral position (x)
relative to the midline (positive=right), anterior—posterior position (y) relative to the anterfor commissure
(positive=anterior) and superior—inferior position (z) relative to the comissural line (positive=superior).

*Areas exceeding the extent threshold of P < 0.05 corrected at the cluster level, all other areas exceeding the height
threshold of P < 0.001 uncorrected at the cluster level and belonging to a cluster of activation with an extent of at least

140 voxels are displayed.
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Sepitoal Corena
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Fesnale subjects {n = 13)
Sagitad

Coroma

Fig. 2 Brain areas showing significantly greater activation during the task condition compared with the con-

trol condition. Three-dimensional ‘look-through' projections of statistical parametric maps of the brain regions

are shown (one-sample Student’s t-test; corrected P < 0.05 at the cluster level; n=13; d.f.=12).

unpleasant words concerning body image
in men.

Lack of amygdalar activation
in men

Consistent with our hypothesis, the amyg-
dala did not show significant activation
among men; however, the gender difference
of the BOLD response in the amygdala was
not significant by two-sample Student’s -
test.

The amygdala has been suggested by
many studies to be strongly associated
signalling threat. Human
lesion and imaging studies consistently indi-

with stimuli

cate that the amygdala is concerned in fear
conditioning (Morris et al, 1998), in the
recognition of fearful facial expressions
{(Adolphs, 1999) and in the evocation of
fearful emotional responses from direct

stimulation (Halgren et al, 1978). The
amygdala is also considered to be import-
ant in the detection of environmental threat
(Scott et al, 1997), including verbal stimuli
(Isenberg et al, 1999). Therefore, the lack
of significant activation in the amygdala
among men suggests that men may not pro-
cess unpleasant words concerning body
image as fearful information, whereas
women seem to do so.

Medial prefrontal cortex
and emotional processing

The significant activation in the medial part
of the frontal gyrus - Brodmann areas
(BAs) 9 and 10; medial prefrontal cor-
tex — was only detected in men, and there
was a significantly higher BOLD response
in men than in women in the left apical pre-
frontal region (BA 9) when performing the

Fig. 3 Brain regions showing significantly greater activation in men than in women during the task condition

of the emotional decision task compared with the control condition. Clusters of activation are overlaid onto a

T -weighted anatomical magnetic resonance image. The white spots show areas of high activation. Two-sample

Student’s t-test; uncorrected P < 0.001 in height; =26 (13 men, I3 women); d.f.=24.

unpleasant word task compared with the
neutral word task by two-sample Student’s
t-test. These results were consistent with
our hypothesis. Many previous studies have
suggested that the medial prefrontal cortex
might have a role generally in emotional
processing. It is reported that visual stimuli
that evoke emotions, such as films or
pictures, activated the medial prefrontal
cortex, and that recall of various emotions
such as happiness, sadness and disgust,
and a mixture of these emotions, all sepa-
rately engaged this brain region (Lane et
al, 1997; Reiman et al, 1997). Several more
recent studies suggest that when people
turn their attention inwards to assess self-
relevant attributes or emotional awareness,
activity increases in the medial prefrontal
cortex (Johnson et al, 2002; Zysset et al,
2002). The medial prefrontal cortex has
connections to limbic structures, including
the amygdala, constituting an interaction
zone between emotional processing and
cognitive processing (Drevets 8 Raichle,
1998), and this region may have a role in
modulating the emotional response in the
amygdala and other limbic structures. Lim-
bic structures, including the amygdala, are
likely to respond to emotional stimuli at a
sensory or perceptual level (Reiman ez al,
1997), whereas the medial prefrontal cor-
tex may be involved in the cognitive aspects
of emotional processing, such as attention
to emotion, appraisal or identification of
emotion (Drevets & Raichle, 1998). From
this viewpoint, the gender differences
detected in our study may demonstrate
differences of cognitive pattern in men
and women. Our results suggest the poss-
ibility that men processed the emotional
decision task including words concerning
body image more cognitively rather than
emotionally, and activation in the medial
prefrontal cortex was prominent; on the
other hand, women processed this task
more emotionally rather than cognitively,
and the medial prefrontal cortex did not
exhibit any significant activation. Both
men and women perceived the unpleasant-
ness of the words concerning body image
to the same degree, according to their
subjective ratings, but the fMRI data sug-
gest that their processes are different:
women are likely to use more intuitive
processing whereas men use more rational
processing. This discrepancy between the
genders in cognitive style related to body
image may contribute to the large gender
difference in susceptibility to
disorders.

eating
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Another possible explanation of the
different patterns of activation in the med-
ial prefrontal cortex between men and
women may be the difference in men’s
familiarity with the unpleasant word set
compared with the words.
Although the ratings of familiarity were

neutral

not different between men and women
{P=0.133 by Mann-Whitney U test), there
was a trend for male participants to be less
familiar with the unpleasant words con-
cerning body image than with the neutral
words (P=0.054 by two-tailed Wilcoxon
single-rank test). When processing unfami-
liar words concerning body image, men
might turn more attention inwards, and
subsequently the BOLD response in the
medial prefrontal cortex was higher than
while processing neutral words.

Among women, correlational analysis
revealed that the BOLD response in the left
apical prefrontal region (BA 9), which was
significantly lower in women than in men,
was negatively correlated with total EDI-
2 scores; in other words women with higher
EDI-2 scores exhibited lower activity in
this brain area. These results suggest the
possibility that the apical prefrontal region
might be involved in the pathophysiology
of eating disorders.

Comparison with other
neuroimaging studies

To our knowledge, two fMRI studies
concerning body image distortion have
investigated the effects of pictorial body
image stimuli in women with anorexia
nervosa and healthy controls (Seeger et al,
2002; Wagner et al, 2003). One study
reported that patients with anorexia nervo-
sa showed activation in the right amygdala,
right fusiform gyrus and brain-stem asso-
ciated with stimulation with their own
body image whereas healthy controls
showed activation only in the fusiform
gyrus (Seeger et al, 2002), and the other re-
ported that patients with anorexia nervosa
showed greater activation in the prefrontal
cortex and the inferior parietal lobule than
did controls (Wagner ez al, 2003). The lat-
ter authors explain the discrepancy between
these results as a consequence of the design
of the task. Many differences in the experi-
mental conditions between these studies
and ours make it difficult to compare the
brain activation data, but a possible expla-
nation of the discrepancy between the study
by Wagner et al (2003) and our study is the
age of the participants: those in the former
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study were adolescents (approximately 15
years old), whereas we recruited young
adults (approximately 25 years old). An
fMRI study which investigated the brain
activation of adult and adolescent men
and women while processing emotional
facial expressions reported that the adult
men and adolescents (both boys and girls)
showed significant activation in the bilat-
eral orbitofrontal cortex and anterior cin-
gulate cortex in response fo an angry face,
whereas the adult women showed signifi-
cant activation in the left amygdala in addi-
tion to these brain areas (McClure et al,
2004). These results suggest that the pat-
terns of neural responses to emotional
stimuli may be different in adults and
adolescents.

A positron emission tomography study
of gender differences in brain activation
patterns during recognition of emotional
facial expressions revealed that greater
amygdalar activation was observed in
women medial

and greater frontal

activation was observed in men (Hall ez
al, 2004); these authors suggest that men
might take a more analytic approach and
might regulate their emotional reaction to
the stimuli more than women. Although
the categories of stimuli are different, these
results support our findings.

Study limitations

Our study has some limitations. First, we
did not administer a structured interview
when selecting the participants; however,
they had no psychiatric or neurological ill-
ness at the time of their participation,
although we cannot rule out its occurrence
in the furure. Second, participants were
asked to rate only the unpleasantness and
familiarity of the words used. If we had also
asked about the fearfulness induced by the
stimuli, we might have found gender differ-
ences in subjective rating and the results
with brain image data would have been
more clear-cut. Last, although our data



suggest that there is differential activation
of the brains of men and women when pro-
cessing unpleasant words concerning body
image, we cannot conclude whether these
results are specific to unpleasant stimuli
concerning body image or would apply to
a wide range of unpleasant stimuli. Among
women, a lower BOLD response in the pre-
frontal region compared with men while
processing unpleasant words concerning
body image exhibited a negative correlation
with the total EDI-2 score, but it is unclear
whether this brain region is the focal area
responsible for susceptibility to eating
disorders.

In conclusion, our study revealed that
the paralimbic area including the amygdala
was activated only in women and that the
left medial prefrontal cortex was activated
only in men while performing the emo-
tional decision task with unpleasant words
These results
suggest that gender differences in brain

concerning body image.

activation might explain the differences in
the style of cognition towards unpleasant
stimuli concerning body image. Further
studies comparing people who have eating
disorders with healthy controls and which
include general unpleasant word stimuli
to contrast with words specific to body
image are needed to elucidate the neural
substrate responsible for the onset of eating
disorders.
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ction of immediate and future mwm‘dg

Saori C Tanaka'~?, Kenji Doya'™, Go Okada**, Kazutaka Ueda>*, Yasumasa Okamoto®* & Shigeto Yamawaki>*

Evaluation of both immediate and future cuicomes of one’s acfions 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 coriex, 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. Our 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

involverment 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

[nn 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 choice 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 a; at each state. In the LONG
condition, action a, at state s, gives a big bonus (++, = 100 yen aver-
age; see Methods), and action a, at state s, results in a big loss (~ry;
Fig. 1¢). The optimal behavior is to receive small losses at state s,
and s, to obtain a large positive reward at state s; 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
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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 rectangie or horizontal

SHORT
condition

6.0 (s)
Time

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
lost) and the past cumulative reward is shown by

SHORT condition

LONG condition

+f2

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

(b,c) The rules of the reward and state transition
for action a; (magenta arrows) and action a,
(blue arrows) in the SHORT (b) and LONG (¢)

conditions. The smalt reward r, was 10, 20 or 30
yen, with equal probability, and the large reward
r, was 90, 100, or 110 yen. The rule of state
transition was the same for all conditions: s3 —
Sy — S — 53 ... for action ay, and 57 — s, — s3
— 5y — ... for action a,. Although the optimal

behaviors are opposite (SHORT: a); LONG: ay), 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 -ry,
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. 2e) also indicate successful
learning. It can be seen from the single-subject data in the LONG

Task schedule

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. 3¢) and the
medial cerebellum (Fig. 3d) (threshold of
P < 0.001, uncorrected for multiple compar-
isons). These areas may be involved in reward

a [T7INO condition  [___] SHORT condition [ "] RANDOM condition [___] LONG condition prediction based on immediate outcome.
: T [ T EF EF [ F R EE ]
Step:0 5 2126 42747 B4 6370 89 105110 126 131 147 152 168
b Instruction step c - -
SHORT condition LONG condition Figure 2 Task scheduie and behavioral results.
al -~z A vy s lf ey ey — ; (a) A set of four condition blocks—NO (4 trials),
AN \[\/ v\/'\[ A : ’ SHORT (15 trials), RANDOM (4 trials), LONG (15
& : : : & : trials)—was repeated four times. At the beginning
;:G : : : g \ }\ ; _ of each condition block, the task condition was
: : : \ i : fyor presented to the subject (instruction step); thus,
: | wﬁ)-o"l"wfj\ FiR T the entire experiment consisted of 168 steps
e 50 az - T4 T a0 0T 45 go (152 trial steps and 16 instruction steps).
Trial Trial (b,c) The selected action of a representative
d e single subject (orange) and the group average
SHORT condition LONG condition ratio of selecting a; (blue) in the (b) SHORT and
400 J 400 : ! {c) LONG conditions. (d,e) The accumulated
2 = ;gg : » . 2 T 300 : . o reward In each block of a representative single
= # g o o T = 200 Wl o ,,"" subject (orange) and the group average (blue) in
25 100 e M Lo F g Mo Mg the (d) SHORT and (e) LONG conditions. To
o 5 Or" ¢ - 33z © M i ’ ” clearly show the learning effects, data from four
~100 = 100} : trial blocks in the SHORT and LONG conditions
1 15 30 45 60 1 15 30 45 60 are concatenated, with the dotted lines indicating
Tria Trial the end of each condition block.
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To identify areas involved in future
reward prediction, we compared the brain
activity during LONG and SHORT condi-
tions. In the LONG versus SHORT contrast,
a robust increase in activity was observed in
the ventrolateral prefrontal cortex (VLPEC),
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. 4¢), the lateral cere-
bellum (Fig. 4d), the posterior cingulate

Figure 3 Brain areas activated in the SHORT versus NO contrast (P < 0.001. uncorrected; extent
threshold of four voxels). {(a) Lateral OFC. (b) tnsula. (c) Striatum. (d) Medial cerebeiium.

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 VLPEQ), 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
VLPEC 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™ !4 1 [y D learning
theory, the predicted amount of future reward starting from a state
s(1) 1s formulated as the ‘value function’

VO =B+ D+ yr(t+ 2) +¥rir+3) + ... (1)
Any deviation from the prediction is given by the TD ervor
8(t)=r(t) +y V1) = V(1 —1), (2)

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 =0, only the immediate reward r(1 + 1) is con-
sidered, but as ¥ approaches 1, rewards in the further future are
taken into account.

We estimated the time courses of reward prediction V(1) and pre-
diction error &(f) from each subject’s performance data and used
them as the explanatory variables in multiple regression analysis with
fMRI data (see Methods). In our Markov decision task, the mini-
mum value of yneeded to find the optimal action in the LONG con-
dition is 0.36, and any small value of v 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 v as 0, 0.3, 0.6, 0.8, 0.9 and 0.99:
small y for immediate reward prediction and large 7 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() 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

Figure 4 Brain areas activated in the LONG
versus SHORT contrast (P2 0.0001,
uncorrected: extent threshold of four voxels for
ittustration purposes). (a) DLPFC. IPC, 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 (biue). (a—¢) 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,
0): blue (18, 12, 3}) where we observed
significant activation in both contrasts. The areas
where activity overiapped area are shown ini green.

voxels within these areas using a gradient of
colors for different y values (red for 7 = 0, blue
for y = 0.99). Activity in the mPFC, temporal
hippocampus with
reward prediction with a longer time scale (y
2 0.6). Furthermore, in the insula, we found a

pole and correlated

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 at a
longer time scale.

We also found, in the basal ganglia, significant correlation with
reward prediction error 8(#) 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 vy became more active in the
LONG condition.

i SHORT vs. NO (P< 0.001 uncorrected)
LONG vs. SHORT (P < 0.001 uncorrected)
=i Qverlapped 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?>>*. Thus a
possible interpretation of the activation of
the insula in the LONG condition is that it

Figure 6 Voxels with a significant correfation
@2{% 0 (height threshold P < 0.001, uncorrected; extent
T threshold of four voxels) with reward prediction
Ut and prediction error &t} are shown in
different colors for different settings of the
discount factor y. Voxels correlated with two

or more 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 & 1) 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 blue lines correspond
to the z-coordinate levels of activation peaks in
the insula and striatum shown in Figure 5b,c (red
for the SHORT versus NO and blue for the LONG
versus SHORT contrasts).
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reflected the losses that subjects acquired before getting a large
reward. However, we also ran a regression analysis using losses and
found significant correlation in the ventroanterior region of the
insula. Anatomical and physiological studies of the insula also showed
involvement of its ventroanterior part in perception of aversive stim-
uli*”. Thus we argue that the activation of dorsoposterior insula is not
simply due to losses in the LONG condition.

Previous brain imaging and neural recording studies suggest a role
for the striatum in prediction and processing of reward®!®142124-29,
Consistent with previous fMRI studies®! "', our results showed striatal
activity correlated with the error of reward prediction. Reinforcement
learning models of the basal ganglia'3~!* posit that the striatum learns
reward prediction and action selection based on the reward prediction
error 8(1) represented by the dopaminergic input. Correlation of stri-
atal activity with reward prediction error §(t) could be due to
dopamine-dependent plasticity of cortico-striatal synapses’,

In lateral OFC, DLPFC, PMd, IPC and dorsal raphe, we found sig-
nificant activations in the block-design analyses, but we did not find
strong correlation in regression analyses. This may be because these
areas perform functions that are helpful for reward prediction and
action selection, but their activities do not directly represent the
amount of predicted reward or prediction error at a specific time scale.

In reinforcement learning theory, an optimal action selection is real-
ized by taking the action a that maximizes the ‘action value’ Q(s, a) at a
given state s. The action value is defined as Q(s, a) = E{ r(s, a) + yV(5'(s,
a)}] and represents the expected sum of the immediate reward (s, a)
and the weighted future rewards V(s'(s, a)), where s'(s, a) means the
next state reached by taking an action a at a state s (refs. 12,15).
According to this framework, we can see that prediction of immediate
reward r(s, a) is helpful for action selection based on rewards at either
short or long time scales, that is, with any value of the discount factor
Y. On the other hand, prediction of state transition s'(s, a) is helpful
only in long-term reward prediction with positive values of .

In the lateral OFC, we observed significant activity in both
the SHORT versus NO and the LONG versus NQO contrasts
(Supplementary Table 1 online), but no significant correlation
with reward prediction V(t) or reward prediction error 8(1) in
regression analysis. This suggests that the lateral OFC takes the role
of predicting immediate reward r(s, a), which is used for action
selection in both SHORT and LONG conditions, but not in the NO
condition. This interpretation is consistent with previous studies
demonstrating the OFC’s role in prediction of rewards, immedi-
ately following sensorimotor events®*!*2, and action selection based
on reward prediction?>33-34,

In the DLPFC, PMd and IPC, there were significant activations in
both the LONG versus NO and the LONG versus SHORT contrasts
(Supplementary Table 1 online) but no significant correlation with
either V(1) or &(1). A possible interpretation is that this area is
involved in prediction of future state s'(s, a) in the LONG condition
but not in the SHORT or NO conditions. This interpretation is con-
sistent with previous studies showing the role of these cortical areas in
imagery®”, working memory and planning®37,

The dorsal raphe nucleus was activated in the LONG versus SHORT
contrast, but was not correlated with V(#) or 8(¢). In consideration of
its serotonergic projection to the cortex and the striatum and sero-
tonin’s implication with behavioral impulsivity*®, a possible role for
the dorsal raphe nucleus is to control the effective time scale of reward
prediction’. Its higher activity in the LONG condition, where a large
setting of yis necessary, is consistent with this hypothesis,

Let us consider the present experimental results in light of the
anatomy of cortico-basal ganglia loops (illustrated in Supplementary
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Fig. 2). The cortex and the basal ganglia both have parallel loop organ-
ization, with four major loops (limbic, cognitive, motor and oculomo-
tor) and finer, topographic sub-loops within each major loop™. Our
results suggest that the areas within the limbic loop*?, namely the lat-
eral OFC and ventral striatum, are involved in immediate reward pre-
diction. On the other hand, areas within the cognitive and motor
loops?t, including the DLPFC, IPC, PMd and dorsal striatum, are
involved in future reward prediction. The connections from the insula
to the striatum are topographically organized, with the ventral-ante-
rior, agranular cortex projecting to the ventral striatum and the dorsal-
posterior, granular cortex projecting to the dorsal striatum!” (see
Supplementary Fig. 2). The graded maps shown in Figure 6b,c are
consistent with this topographic cortico-striatal organization and sug-
gest that areas that project to the more dorsoposterior part of the stria-
tum are involved in reward prediction at a longer time scale. These
results are consistent with the observations that localized damages
within the limbic and cognitive loops manifest as deficits in evaluation
of future rewards" 3344941 and learning of multi-step behaviors*2. The
parallel learning mechanisms in the cortico-basal ganglia loops used
for reward prediction at a variety of time scales may have the merit of
enabling flexible selection of a relevant time scale appropriate for the
task and the environment at the time of decision making.

A possible mechanism for selection or weighting of different cor-
tico-basal ganglia loops with an appropriate time scale is serotonergic
projection from the dorsal raphe nucleus” (see Supplementary Fig. 2),
which was activated in the LONG versus SHORT contrast. Although
serotonergic projection is supposed to be diffuse and global, differen-
tial expression of serotonergic receptors in the cortical areas and in the
ventral and dorsal striatum** would result in differential modula-
tion. The mPFC, which had significant correlation with reward predic-
tion V(t) at long time scales (y 2 0.6), may regulate the activity of the
raphe nucleus through reciprocal connection?>#°. This interpretation
is consistent with previous studies using tasks that require long-range
prospects for problem solving, such as the gambling problem!' or
delayed reward task?, which showed involvement of the medial OFC.
Future studies using the Markov decision task under pharmacological
manipulation of the serotonergic system should clarify the role of
serotonin in regulating the time scale of reward prediction.

Recent brain imaging and neural recording studies report involve-
ment of a variety of cortical areas and the striatum in reward pro-
cessing®~i1,16.21.23-2932.3347-89 © Although some neural recording
studies have used experimental tasks that require multiple trial steps
for getting rewards*”*8
ing studies addressed the issue of reward prediction at different time
scales, and considered only rewards immediately following stimuli or
actions. We were able extract specific functions of OFC, DLPFC,
mPFC, insula and cortico-basal ganglia loops using our new Markov
decision task and a reinforcement learning model-based regression
analysis. Qur regression analysis not only extracted brain activities
specific to reward prediction, but also revealed a topographic organ-
ization in reward prediction (Fig. 6). The combination of our
Markov decision task with event-related fMRI and magnetoen-
cephalography (MEG) should further clarify the tunctions used for
reward prediction and perception at different time scales, and at
finer spatial and temporal resolutions.

METHODS

Subjects. Twenty healthy, right-handed volunteers {18 males and 2 females,

, none of the previous functional brain imag-

ages 22-34 years) gave informed consent to participate in the experiment,
which was conducted with the approval of the ethics and safety committees of
Advanced Telecommunication Research Institute International (ATR) and
Hiroshima University.
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Behavioral task. In the Markov decision task (Fig. 1), one of three states was
visually presented to the subject using three difterent shapes, and the subject
selected one of two actions by pressing one of two buttons using their right
hand (Fig. 1a). The rule of state transition was the same for all conditions: 53
— 5, —> 5y = 55 ... foraction aj, and 5| — 5y —= 53 — 5, = ... for action a,. The
rules for reward, however, changed in each condition. In the SHORT condition
(Fig. 1b), action a, results in a small positive reward (+r, = 10, 20 or 30 yen,
with equal probabilities), whereas action a, results in a small loss (—r;) at any
of the three states. Thus, the optimal behavior is to collect small positive
rewards al each state by performing action a,. In the LONG condition
(Fig. 1c), however, the reward setting is such that action a, gives a large positive
reward (+r, = 90, 100 or 110 yen) at state s,, and action a, gives a large loss
(—r,) at state s,. Thus, the optimal behavior is to receive small losses at states s,
and s, to obtain a large positive reward at state 53 by taking action a, at cach
state. There were two control conditions: the NO condition, where the reward
was always zero, and the RANDOM condition, where the reward was positive
(++ry) ot negative (—r;) with equal probability, regardless of state or action.

Subjects completed 4 trials in a NO condition block, 15 trials in a SHORT
condition block, 4 trials in a RANDOM condition block and 15 trials in a
LONG condition block. A set of four condition blocks (NO, SHORT, RAN-
DOM, LONG) was repeated four times (Fig. 2a). Subjects were informed of
the current condition at the beginning of each condition block by text on the
screen (first slide in Fig. 1a); thus, the entire experiment consisted of 168 steps
(152 trial steps and 16 instruction steps), taking about 17 min. The mappings
of the three states to the three figures, and the two buttons to the two actions,
were randomly set at the beginning of each experiment, so that subjects were
required to learn the amount of reward associated with each figure-button
pair in both SHORT and LONG conditions. Furthermore, in the LONG condi-
tion, subjects had to learn the subsequent figure for each figure-action pair
and take into account the amount of reward expected from the subsequent fig-
ure in selecting a button.

fMRI imaging. A 1.5-tesla scanner (Shimadzu-Marconi, Magnex Eclipse) was
used to acquire both structural Tl-weighted images (repetition time,
TR =12 ms, TE = 4.5 ms, flip angle = 20°, matrix = 256 x 256, FoV = 256 mm,
thickness = 1 mm, slice gaP = 0 mm) and T2*-weighted echo planar images
(TR = 65, TE = 55 ms, flip angle = 90°, 50 transverse slices, matrix = 64 x 64,
FoV = 192 mm, thickness = 3 mm, slice gap = 0 mm) showing blood oxygen
level-dependent (BOLD) contrasts,

Because the aim of the present study was to identify brain activity underlying
reward prediction over multiple trial steps, we acquired functional images every
65 (TR = 65), in synchrony with single trials. Although shorter TRs and event-
related designs are often used in experiments that aim to distinguish brain
responses to events within a trial®! =126 analysis of those finer events in time
were not the focus of the current study. With this longer TR, the BOLD signal in
a single scan contained a mixture of responses for a reward-predictive stimulus
and reward feedback. However, because of the progress of learning and the sto-
chastic nature of the amount of reward, the time courses of reward prediction
V(t) and prediction error &(t) over the 168 trial steps were markedly different.
Thus, we could separate activity corresponding to reward prediction {rom that
corresponding to outcomes by using both reward prediction V(t) and reward
outcome r(t) in multiple regression analysis, as described below.

Data analysis. The data were pre-processed and analyzed with SPM99
(www.fil.ion.uclac.uk/spm/spm99.html). The first two volumes of images
were discarded to avoid T1 equilibrium effects. The images were realigned to
the first image as a reference, spatially normalized with respect to the Montreal
Neurological Institute EPI template, and spatially smoothed with a Gaussian
kernel (8 mm, full-width at half-maximum).

We conducted two types of analysis. One was block-design analysis using
four boxcar regressors covering the whole experiment, convolved with a
hemodynamic response function as the reference waveform for each condition
(NO, SHORT, RANDOM, LONG). We did not find substantial differences
between SHORT versus NO and SHORT versus RANDOM contrasts, or
between LONG versus NO and LONG versus RANDOM contrasts. Therefore
we report here only the results with the NO condition as the control condition.
The other method was multivariate regression analysis using explanatory vari-

ables, representing the time course of the reward prediction V(t) or reward
prediction error &(t) at six different timescales v, estimated from subjects’ per-
formance data (described below).

In both analyses, images of parameter estimates for the contrast of interest
were created for each subject. These were then entered into a second-level
group analysis using a one-sample t test at a threshold of P < 0.001, uncor-
rected for multiple comparisons (random effects analysis) and extent thresh-
old of four voxels. Small-volume correction (SVC) was done at a threshold of
P < 0.05 using an ROT within the striatam (including the caudate and puta-
men), which was defined anatomically based on a normalized T1 image.

Procedures of performance-based regression analysis. The time courses of
reward prediction V(1) and reward prediction error 8(1) were estimated from
each subject’s performance data—state s(t}), action a{t) and reward r{t)—as
described below.

Reward prediction. To estimate how much of a forthcoming reward a subject
would have expected at cach step during the Markov decision task, we took the
definition of the value function (equation 1) and reformulated it based on the
recursive structure of the task. Namely, if the subject starts trom a state s(#) and
comes back to the same state after k steps, the expected cumulative reward V(1)
should satisfy the consistency condition V(1) = r(t + 1) + Yy r(t + 2) + ...
YR ) + YRV,

Thus, for each time t ot the data file, we calculated the weighted sum of the
rewards acquired until the subject returned to the same state and estimated the
value function for that episode as

‘}(f):[r(t +D)+yr(re 2)“:/\ Y e+ k)]

1-y n

The estimate of the value function V(1) at time t was given by the average of all
previous episodes from the same state as at time ¢

vO=137() o

where {t, ..., f;} are the indices of time visiting the same state as s(r), that is,
s(ry) = ..o=s(1) = s{1).

Reward prediction error. The TD error {equation 2) was calculated from the
difference between the actual reward (1) and the temporal difference of the
estimated value function V(1).

We separately calculated the time courses of V(t) and () during SHORT
and LONG conditions; we concatenated data of four blocks in the SHORT
condition, and calculated V(1) and 8(t) as described above. We used the same
process for the LONG condition data. During the NO and RANDOM condi-
tions, the values of V(1) and &(r) were fixed at zero. Finally, we reconstructed
the data corresponding to the real time course of the experiment, Examples of
the time course of these variables are shown in Supplementary Figure 1
online. We used either V(f) or §(1) as the explanatory variable in a regression
analysis by SPM. To remove any effects of factors other than reward predic-
tion, we concurrently used other variables in the regression, namely the four
box-car functions representing each condition (NO, SHORT, RANDOM,
LONG). Because the immediate reward prediction V(1) with ¥ = 0 can coin-
cide with reward outcome (1) if learning is perfect, we included the reward
outcome r{t) in regression analyses with V(r). Thus, the significant correla-
tion with V(t) (Fig, 6a,b) should represent a predictive component rather
than a reward outcome.

The amplitude of explanatory variables &(t) with all y were large in early trials
and decreased as subjects learned the task {Supplementary Fig. 1 online). This
decreasing trend causes a risk that areas that are activated early in trials, such as
those responsible for general attentiveness or novelty, have correlations with
&(t). Because our aim in regression analysis was to clarify the brain structures
involved in reward prediction at specific time scales, we removed the areas that
had similar correlation to &(r) at all settings of y from considerations in Figure 6
and Supplementary Table 3 online. To compare the results of regression analysis

VOLUME 7 | NUMBER 8 | AUGUST 2004 “ATURE SFURDIACE N



o
©
=
2
o
17
Q
=
3
Q
=
4]
£
=
2
@
=
£
£
Q
9
o
£
=1
2
3}
=
F
£,
2
£
(=3
=
2
]
=)
£
£
o
8
=
a
g
3
2
©
Zz
<
(=]
(<]
o~
@

with six different values of v, we used display software that can overlay multiple
activation maps in different colors on a single brain structure image. When a

voxel is significantly activated in multiple values of v, it is shown by a mosaic of

multiple colors, with apparent subdivision of the voxel (Fig. 6).

Note: Supplementary information is available on the Nature Newroscience website.
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Abstract Behavioral disinhibition in Go/No-Go task
is thought fo be associated with impulsiveness in hu-
mans. Recent imaging studies showed that neural cir-
cuits involving diverse areas of the frontal cortex and
other association cortex sites such as the parietal cortex
are implicated in the inhibition of response during No-
Go trials. The aim of the present study was to investigate
the association between regional cerebral activation
during No-Go trials and impulsiveness. Seventeen right-
handed healthy volunteers participated in the study. We
used functional magnetic resonance imaging to mea-
sure the brain activation during a Go/No-Go task. The
Barratt Impulsiveness Scale, 11™® version (BIS-11) was
used to measure impulsiveness. Activated regions in-
cluded the right middle frontal gyrus and the inferior
parietal lobe, which is consistent with previous neu-
roimaging studies. A negative correlation was observed
beiween the motor impulsiveness of BIS-11 and No-Go-
related activation in the right dorsolateral prefrontal
cortex (RDLPFC). Our results suggest that the RDLPFC
is the area most sensitive to differences in individual
motor impulsiveness and its activity may be an indica-
tor of the individual capacity for response inhibition.
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Introduction

Impulsiveness is a dimensional personality trait that is
important for a wide range of different human behav-
iors. Although a strict definition of impulsiveness is dif-
ficult to establish, biological, psychological and social
studies have regarded impulsiveness as‘a predisposition
toward rapid, unplanned reactions to internal or exter-
nal stimuli without regard to the negative consequences
of these reactions to the impulsive individual or to oth-
ers’ [34]. Recent laboratory investigations of impulsive-
ness showed two dominant models: (1) Reward-delay
impulsivity, which is the inability to delay reward and
leads to an increased tendency to choose immediate
small rewards over larger delayed ones [35]; and (2)
Rapid-response impulsivity,which is the inability to con-
form responses to environmental context and leads to
errors of commission on tests that require careful check-
ing of stimuli [16]. The latter model appeared to be more
closely related to trait impulsiveness, which was mea-
sured by the Barratt Impulsiveness Scale (BIS), a popu-
lar self-reporting impulsiveness scale [37], and was in-
creased in subjects with a lifetime Axis I or Axis II
diagnosis [49].

The ability to inhibit behavioral responses that are
inappropriate in the current context is a response inhi-
bition essential for normal behavior, and is thought to be
associated with Rapid-response impulsivity in humans.
This inhibitory function has been investigated fre-
quently using the Go/No-Go task, in which the partici-
pants are required to refrain from responding to desig-
nated items within a series of stimuli. The prefrontal
cortex (PFC) has been implicated in behavioral inhibi-
tion, based on animal, clinical and neuroimaging stud-
ies. Studies in monkeys demonstrated that lesions in the
PEC resulted in difficulties in behavioral inhibition [8,
24, 45}, as well as the studies of patients with lesions in
the same region [22]. Recent neuroimaging studies us-
ing PET or fMRI have shown a right hemispheric domi-
nance of inhibitory control that involves diverse areas of
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the frontal cortex and other association cortex sites,
such as the parietal cortex, which are implicated in re-
sponse inhibition during No-Go trials (21, 26, 30]. Al-
though human impulsiveness was revealed to associate
with some biological markers [1, 17, 42, 50], the region
of the brain that is directly correlated with human im-
pulsiveness is still unclear.

Some experiments used only behavioral laboratory
measurements of impulsiveness {11, 21}, which do not
incorporate the cognitive or social aspects of impulsive-
ness and do not measure long-term patterns of behav-
ior. This may explain the inconsistency in the findings of
those previous studies {9, 33, 38]. Another way to exam-
ine impulsiveness is to use self-reporting measurements
such as BIS, which has the advantage of generating in-
formation on a variety of types of acts and on whether
these acts continue as long-term patterns of behavior. In
general, a closer association and a greater consistency
has been demonstrated among different self-report im-
pulsiveness scales {3, 9, 15].

The aim of the present study was to clarify the brain
areas associated with impulsiveness, as measured by
BIS-11. Based on the studies cited above, we hypothe-
sized that the degree of activation in some areas within
the right hemispheric dominance of neural networks
was correlated with the degree of impulsiveness.

Subjects

Seventeen right-handed healthy volunteers (10 men and 7 women),
aged 23-30 years (mean: 25.1 years), and with no history of neuro-
logical or psychiatric illness, participated in the study. Handedness
was assessed by the Edinburgh Handedness Inventory [36]. The sub-
jects were recruited from the Kansai area in Japan and were paid
¥7,000 for their participation in the study. The study was conducted
under a protocol that was approved by the Ethics Committee of Hi-
roshima University School of Medicine. All subjects submitted in-
formed written consent of their participation.

Barratt Impulsiveness Scale, 11th version

The BIS-11 [37], a short questionnaire designed to measure impul-
siveness, has been validated in impulsive and normal populations.
The questionnaire contains a total of 30 items, each of which is an-
swered on a 4-point Likert scale (rarely/never = 1, occasionally =2, of-
ten =3, almost always/always =4), and the level of impulsiveness is
calculated by summing up the scores for each item. All items are de-
fined as identifying impulsiveness within the structure of related per-
sonality traits and are divided into three subscales: attention (inat-
tention and cognitive instability), motor (motor impulsiveness and
lack of perseverance), and non-planning (lack of self-control and in-
tolerance of cognitive complexity). The Japanese version of the BIS-
11 was developed using a back-translation method and was judged to
be a reliable and valid measure in the Japanese population [47]. Sub-
jects completed the BIS-11 after the task procedure.

Experimental tasks

The task consisted of eight alternating 36-s epochs of Go and No-Go
conditions. During the experiment, subjects viewed a series of letters

once every 1500 ms and responded with a key press to every letter ex-
cept the letter X’, to which they were instructed to withhold response.
All subjects responded using the forefinger of the right hand. Stimu-
lus duration was 500 ms and the interstimulus interval was 1000 ms
for both conditions. Subjects were instructed to try to respond while
the stimulus was on the screen. In the Go (control) condition, subjects
were presented a random sequence of letters other than the letter X",
In the No-Go condition, subjects were presented with the letter X
50% of the time, thus requiring a respense to half the trials (Go tri-
als) and a response inhibition to the other half (No-Go trials). The
high frequency of targets was maintained across the entire experi-
ment, which generated a compelling tendency to respond. In order to
ensure correct performance, the subjects were trained outside the
task scanner until they understood the task completely. Motor re-
sponses were made using a fiber-optic response pad ( Current Designs
Inc, Philadelphia). The task consisted of eight blocks, each of which
continues without being preceded by an instruction. The subjects
could not distinguish the boundary between the conditions; there-
fore, different strategies are not imposed on the subject for the differ-
ent conditions.

MBI acquisition

Functional magnetic resonance imaging (fMRI) was performed using
a Magnex Eclipse 1.5T Power Drive 250 (Marconi Medical Systems,
USA). A time-course series of 107 volumes was acquired with T2*-
weighted, gradient echo, echo planar imaging (EPI) sequences. Bach
volume consisted of 38 slices, and the slice thickness was 4.0 mm with
no gap to cover the entire cerebral and cerebella cortex. The interval
between two successive acquisitions of the same image (TR) was 4000
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 di-
mensions of 4.0 x 4.0 ¥ 4.0 mm. After functional scanning, structural
scans were acquired using Tl-weighted gradient echo pulse sequence
(TR =12 ms; TE=4.5 ms; Flip angle =20 FOV =256 mm; voxel di-
mensions of 1.0 x 1.0 x 1.0 mm), which facilitated the localization and
coregistration of functional data.

Analysis

The image data were analyzed by statistical parametric mapping
(SPM99 software from the Wellcome Department of Cognitive Neu-
rology, London, UK) implemented in Matlab (Mathworks Inc., Sher-
born, MA). The first three volumes of each fMRI run (prescan period)
were discarded because the magnetization was unsteady. The re-
maining 104 volumes were used for the statistical analysis. Images
were corrected for motion and realigned, using the first scan of the
session as a reference. T1 anatomical images were coregistered to the
first functional scans and aligned to the T1 template included in
SPM99. The calculated nonlinear transformation was applied to all
functional images for spatial normalization. Finally, the functional
images were smoothed with an 8mm full-width, half-maximum
(FWHM) Gaussian filter. Using group analysis according to a random
effect model [18], we identified regions that showed significant re-
sponses to the No-Go condition compared with that of the Go condi-
tion as areas related to response inhibition. The group analysis con-
sisted of two Jevels. In the first level, the signal time course of each
subject was modeled with a delayed box-car function convolved with
a hemodynamic response function in the context of a general linear
model. One contrast image per subject was created by contrasting the
No-Go conditions with the Go conditions. These images were entered
into a one-sample t-test, which allowed us to identify regions of the
brain that were significantly activated by the response inhibition
function during the No-Go coudition as compared to the Go condi-
tion. The resulting foci were then characterized in terms of spatial ex-
tent (k) and peak height (u). The significance of each region was esti-
mated using distribution approximations from the theory of
Gaussian {ields. This characterization is in terms of the probability
that a region of the observed number of voxels (or greater) could have
occurred by chance (extent threshold) over the entire volume ana-
lyzed. After locating and analyzing areas of the brain that showed sig-



nificant activation during the No-Go condition, we then performed a
regression analysis on these areas only, to determine the association
between the magnitude of brain activation in each area and the scores
of the BIS-11. Activations were reported if they exceeded p <0.001
(uncorrected) on the single voxel level and p < 0.05 (corrected) on the
cluster level. In regression analysis, we masked with the regions that
showed significant responses to the No-Go condition compared with
that of the Go condition, as the areas related to response inhibition de-
scribed above, to avoid identifying regions that were not activated for
the No-Go condition compared with the Go condition. However,
when using a lower threshold, an activation that was at a lower level
but consistent with the significant activation noted above was seen
over more widespread areas of the brain. This occurred because the
threshold for this mask was set at p <0.05 and larger areas are in-
cluded in the final analysis of the response inhibition data. Therefore,
significance was considered at a threshold of p <0.001 and an extent
of > 40 contiguous voxels. Labels for brain activation foci were ob-
tained in Talairach coordinates using the Talairach Demon software,
which provides an accuracy similar to that of neuroanatomical ex-
perts [28].

# Behavioral analysis
Errors of commission (respense to ‘X’} and omission (not to response

to targets) were recorded, and the average response times to targets
were calculated for each subject.

Results

Behavioral and BIS-11 results

Subjects performed well on the task, making a few com-
mission errors (7.3 %) and a few omission errors (1.3%).
The response times to targets averaged 325.8+ 20.8 ms.
Average scores of the total BIS-11, attention-key, motor-
key and non-planning-key were 68.9+11.0, 19.7+3.3,
21.1+4.1 and 28.1 5.3, respectively. Some correlation
was detected among the BIS-11 scales. The total score of
BIS-11 was strongly correlated with all of the 3 subscales
(attention-key: r=0.69, p<0.01; motor-key: r=0.89,
p <0.01; non-planning-key: r=0.93, p<0.01). Among
the subscales, the non-planning-key and attention-key
(r=0.51, p < 0.05), or non-planning-key and motor-key
(r=0.79, p<0.01) were correlated. There was also a
trend between attention-key and motor-key, though not
significant (r = 0.48, p=0.05). These results were natural
because the BIS-11 has sufficient internal consistency
reliability {47]. No correlation was observed between the
performance data (i. e., number of commission errors or
omission errors, average response time fo targets) and
the BIS-11 scores.

MRl data

For fMRI data analysis, the threshold for activation was
set at p <0.001 for voxel level. In Fig. 1 and Table 1, the
activation, which was corrected for multiple compar-
isons at the extent threshold of p <0.05, is shown. Four
independent areas of activation, which were predomi-
nantly right-lateralized, were observed to underlie re-
sponse inhibition. These areas, including the Talairach
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Fig. 1 Statistical parametric maps of brain regions {on the second level group
analysis for the 17 subjects) showing significant activation associated with the NO-
GO condition, compared with the GO condition at a statistical threshold of
P < 0.001 {uncorrected) on the single voxel level and P < 0.05 (corrected) on the
cluster levet. For exact coordinates, see Table1, Clusters of activation are shown as
through-projections onto representations of standard stereotactic space. Sagittal
side view; coronal view from back; transverse view from above

coordinates of their centers-of-mass, are presented in
Table 1. The No-Go condition, in comparison to the Go
condition, resulted in the significant activation of the
right middle and superior temporal gyrus, the right pre-
central gyrus, the right middle frontal gyrus, and the
right cuneus and precuneus.

Regression analysis revealed a significant negative
correlation between the motor-key score of BIS-11 and
the magnitude of brain activation during response inhi-
bition in the right middle frontal gyrus (x,y, z=34, 22,
29; area 9; t-value=5.66; 42 voxels; r=-0.93; p <0.01)
showed in Fig. 24, B. Other BIS-11 scores (i. e., total BIS-
11, attention-key and non-planning-key) did not show a
significant association with the magnitude of brain ac-
tivation during response inhibition. Furthermore, no
significant correlation was observed between the per-
formance data (i.e., the number of commission errors
and omission errors, response time) and the magnitude
of brain activation during response inhibition.

By analyzing the mean percentage signal changes in
the regions shown in Fig. 1 and Table 1, we sought to find
the possible functional connectivity among the regions
concerning response inhibition. Consequently, we de-
tected a correlation between the areas including the
right middle frontal/the right precentral gyrus and the
right cuneus/precuneus (r =0.65,p < 0.01). There was no
correlation between the other regions.



