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magnetic resonance imaging to study the neural correlates of motivation,
concentrating on the motivation to learn and gain monetary rewards. We compared the activation in the
brain obtained during reported high states of motivation for learning, with the ones observed when the
motivationwas based on monetary reward. Our results show that motivation to learn correlates with bilateral
activity in the putamen, and that the higher the reportedmotivation, as derived from a questionnaire that each
subject filled prior to scanning, the greater the change in the BOLD signals within the putamen. Monetary
motivation also activated the putamen bilaterally, though the intensity of activity was not related to the
monetary reward. We conclude that the putamen is critical for motivation in different domains and the extent
of activity of the putamen may be pivotal to the motivation that drives academic achievement and thus
academic successes.

© 2008 Elsevier Inc. All rights reserved.
Introduction

Motivation is an abstract term to describe a characteristic
possessed bymost humans to varying degrees and at different
times. It acts as a stimulus for action towards a desired goal,
and may be limited in scope, as in the motivation for high
monetary rewards, ormore general, as is foundwith thosewho
are “driven” to achieve in a multiplicity of fields. It has certain
definite corollaries, as well as more general ones. The former
can be summarized as the initiation of action, whether motor
or otherwise, to achieve the desired goal; an expectation
related to the goal; and a reward, which is the goal. In addition,
motivationmust engage theworkingmemory system to relate
what has been achieved to the ultimate goal. This is especially
so during learning, which serves tomaintain “on tap” a limited
amount of currently relevant information so that it is available
for immediate use (Baddeley, 1992; Eliassen et al., 2001).
Hence one might expect that a study of motivation will result
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inwidespread brain activity but especially in the brain systems
that have been shown to be related to reward and expectation,
and possibly in the motor system as well.

Motivation is one of the most important psychological
concepts in education. It can be classified into intrinsic and
extrinsic motivations; intrinsic motivation refers to doing some-
thing because it is inherently interesting or enjoyable, while
extrinsicmotivation refers to doing something because it leads to
a separable outcome (Deci et al., 1991). It has been shown that
intrinsic academic motivation (academic achievement motiva-
tion) results in better educational outcomes, such as higher
academic performances, better quality of learning, increased
persistence and effort in studies, and better psychological
adjustment of learners, in comparison to extrinsic motivation
(Deci et al., 1996; Ryan and Deci, 2000). In addition, it has been
reported that academic achievement motivation is heightened
by academic reward which induce a sense of competence and
achievement (Maehr,1984). In this study,we accordingly focused
on the neural substrates of academic achievement motivation
linked to academic reward. Linear relationships between
strength of subjective feelings and cortical activity measured by
the BOLD signal or cerebral blood flow have been observed
before (Breiter et al., 2001; Callan and Schweighofer, 2008;
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Kawabata and Zeki, 2004; O'Doherty et al., 2001). Therefore, in
order to clarify the neural substrates of academic achievement
motivation, we performed the correlation analysis between the
score of reported motivation as derived from an academic
achievement motivation scale (Waugh, 2002) and the cortical
activity associated with the academic reward.

Many studies have shown the neural substrates of extrinsic
motivation induced by monetary reward (Breiter et al., 2001;
Delgado et al., 2000, 2003; Elliott et al., 2004; Kirsch et al.,
2003; Knutson et al., 2000). In addition, the neural substrates
involved in the relationship between extrinsic motivation
related to monetary reward and learning (Callan and
Schweighofer, 2008) and long-termmemory formation (Witt-
mann et al., 2005) have been shown. Therefore, we compared
the neural substrates of motivation linked to academic reward
to those linked to monetary reward. In this study, we tried to
chart the neural activity produced by motivational states to
learn, by imaging activity in the brain using a 3.0 T functional
magnetic resonance (fMRI) in 14 college students, and
compared the activity produced to that produced by motiva-
tion for monetary reward. Such restriction has advantages in
that it makes the study more manageable, as well as charting
the brain's motivational system, against which we hope in the
future to study other motivational states.

As expected, we found that activity in part of the brain
traditionally associated with reward, the putamen, correlated
positively with the (baseline) academic achievement motiva-
tion score and performance ofworkingmemory task. Although
motivation related to monetary reward also produced activity
in the putamen, no correlation was observed with the degree
of monetary reward, leading us to conclude that there are
different motivational systems in operation, linked to different
kinds of reward.

Materials and methods

Subjects

Fourteen college students [22.4±1.2 years of age (mean±SD),
7 females and 7 males] participated in the present study. The
Fig. 1. Time course of stimulus display sequences of the 0-back (a) and 3-back (b) trials. In the 0
target digit “2”was presented at the centre of a personal computer screen. If any other digits (“1”
the 3-back trials, subjects had to remember for 3 s the last 3 digitswhile being continuously pres
centre of the screenwas the same as the one that had appeared 3 presentations before. If itwas, t
different. In contrast, in the 0-back trials there was no need to remember since it consisted of
subjects were recruited from Osaka City University. They had
normal or corrected-to-normal visual acuity, no history ofmed-
ical illness, and were right-handed according to the Edinburgh
handedness inventory (Oldfield, 1971). The protocol was ap-
proved by the Ethics Committee of the National Institute for
Physiological Sciences, and all subjects gave written informed
consent for participation in the study.

Motivation scale

Waugh's academic achievement motivation scale consists
of 24 motivation-related questions (Waugh, 2002). We
recently developed a Japanese version of this scale (Yoshida
et al., in press). The questions are defined to reveal the
students' desire to learn, their personal incentives, as well as
standards and goals. Each subject could score anywhere
between0 and72, the former reflecting low rates ofmotivation
and the latter high ones, and giving us 14 points (from the 14
subjects) overall, through which we could relate the change in
the BOLD signal to the scores for our population of subjects. All
subjects recorded this scale just before the fMRI experiments.

Experimental paradigm

Before scanning, subjects practiced a series of working
memory tasks for 10 min, since working memory speeds up
learning and hence constitutes a means of achieving the
desired purpose. Theworkingmemory task that we usedwas a
digit n-back task (Braver et al., 1997), in which the working
memory load could be varied incrementally. In the version that
we used, there were three incremental levels (Fig. 1). In 0-back
trials, subjects were asked to press a right button with their
right middle finger if the target digit “2” was presented at the
centre of a personal computer screen (Fig.1a). If any other digits
(“1”, “3”, or “4”) appeared, subjectswere to press the left button
with their right indexfinger. In the 3-back trials, subjects had to
remember for 3 s the last 3 digits while being continuously
presented with a new order of digits. They had to judge
whether the target digit presented at the centre of the screen
was the same as the one that had appeared 3 presentations
-back trials, subjects were asked to press a right buttonwith their right middle finger if the
, “3”, or “4”) appeared, subjectswere to press the left buttonwith their right indexfinger. In
entedwith aneworder of digits. They had to judgewhether the target digit presented at the
heywere to press the right buttonwith their rightmiddlefinger and the left button if itwas
a single digit, and thus constituted a control task without working memory processes.
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before (Fig. 1b). If it was, they were to press the right button
with their right middle finger and the left button if it was
different. In contrast, in the 0-back trials there was no need to
remember since it consisted of a single digit, and thus
constituted a control task without working memory processes.

We used 2 types of rewards, academic and monetary ones.
The academic reward [AR(+)] was set to induce a sense of
competence and achievement. In it, since academic achieve-
ment motivation is heightened by a sense of competence and
achievement (Maehr, 1984), subjects were instructed, before
the fMRI experiments, that the test was an intelligence test
(Larisch et al., 1999). When they answered correctly, some of
the white lattices in a square (30×30 lattices) were randomly
changed to blue (Fig. 2a). When they answered incorrectly, the
number of blue lattices did not change. If they answered 9
successive trials correctly, all lattices changed to blue. The
lattices then reverted to white for the next presentation. If
subjects answered correctly again, blue latticeswere increased
in number. For the control condition in this task [AR(−)], when
subjects answered correctly in the first trial, some of the white
lattices were randomly made blue (Fig. 2b). However, if they
gave a correct answer in the next trial, the blue lattices were
not increased in number. Thus, although the white-to-blue
ratio remained the same, the location of each lattice was
randomly altered. If subjects could not answer correctly, the
location of each lattice was left unchanged.

In the monetary reward condition [MR(+)], subjects were
instructed that “200 points” implied 200 yen. In this condition,
Fig. 2. Schematic representation of academic reward condition [AR(+)] (a), control conditio
condition for monetary reward [MR(−)] (d). For the [AR(+)], when they answered correctl
answered incorrectly, the number of blue lattices did not change. If they answered 9 success
correctly in the first trial, some of the white lattices were randomlymade blue. However, if th
For the [MR(+)], subjects obtained “200 red colored points” for each correct response. They w
when subjects answered correctly. When they responded incorrectly, they did not obtain th
only the point (00000) with red color was presented and subjects could not obtain points ev
obtain 200 red colored points, and the point (00000) turned blue.
they obtained “200 red colored points” for each correct
response (Fig. 2c). The points with red color were added when
subjects answered correctly. When they responded incorrectly,
they did not obtain the points, and the total number of points
with blue color was presented. Subjects were not informed
about the precise amount of money associated with points, in
order to avoidmental calculation of gains. They could earn up to
8000 yen (approximately 70 U.S. dollars) if they achieved
correct scores of 75% or more. For the control condition in this
task [MR(−)], only the point (00000) with red color was
presented (Fig. 2d) and subjects could not obtain points even
if they answered correctly. If, however, their response was
incorrect, they could not obtain 200 red colored points, and the
point (00000) turned blue.

The fMRI experiments consisted of 2 reward (academic and
monetary) and2non-reward conditions, i.e. theAR(+) andAR(−),
and the MR(+) and MR(−) conditions. Before the presentation of
each stimulus, information appeared for 4 s on the screen, to
inform subjects what the task will be, i.e., whether it was an
intelligence test or whether it was a monetary test and whether
it would be of a “0-back task” or “3-back task” one (Fig. 2). Each
condition consisted of 20 trials which lasted for 500ms followed
by a blank which lasted 2500 ms, a total of 3000 ms. The
probability of a digit appearing in each trial was 50%. Thus, the
total for each conditionwas 60 s. Each conditionwas repeated 3
times in counter-balanced order. The time interval between
conditions was 20 s. After the fMRI experiments, subjects were
asked to rate their subjective experience of motivation on a
n for academic reward [AR(−)] (b), monetary reward condition [MR(+)] (c), and control
y, some of the white lattices in a square were randomly changed to blue. When they
ive trials correctly, all lattices changed to blue. For the [AR(−)], when subjects answered
ey gave a correct answer in the next trial, the blue lattices were not increased in number.
ere instructed that “200 points” implied 200 yen. The points with red color were added
e points, and the total number of points with blue color was presented. For the [MR(−)],
en if they answered correctly. If, however, their response was incorrect, they could not



Fig. 3. Reported subjective experience of motivation to succeed in 0- and 3-back trials in
academic reward condition [AR(+)], control condition for academic reward [AR(−)],
monetary reward condition [MR(+)], and control condition for monetary reward [MR(−)].
Just after the fMRI experiments, subjects were asked to rate their subjective experience of
motivation on a visual analogue scale for each task condition. Open columns, 0-back trials;
closed columns, 3-back trials. ⁎Pb0.05, significantly different from the 0-back trials in
each condition (two-tailed paired t-test). ⁎⁎Pb0.01, significant difference between MR(+)
and MR(−); n.s., no significant difference between AR(+) and AR(−). Values are the mean
and SD.

Fig. 4. Reaction time (a) and accuracy (b) in 0- and 3-back trials in academic reward
condition [AR(+)], control condition for academic reward [AR(−)], monetary reward
condition [MR(+)], and control condition for monetary reward [MR(−)]. Open columns,
0-back trials; closed columns, 3-back trials. ⁎Pb0.05, ⁎⁎Pb0.01, significantly different
from the 0-back trials in each condition (two-tailed paired t-test). n.s., no significant
difference between reward condition and control condition for reward. Values are the
mean and SD.
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visual analogue scale from0 (complete lack ofmotivation) to 100
(maximum motivation) for each task condition. Such subjective
reports have been used successfully to assess subjective states
against BOLD signals (see for example the use of the Passionate
Love Scale (PLS)) (Bartels and Zeki, 2000).

Functional imaging and data analyses

All images were obtained using a 3.0 TMR scanner (Allegra;
Siemens, Erlangen, Germany). For functional imaging, a series
of 900 volumes was acquired using T2-weighted, gradient-
echo, echo planar imaging (EPI) sequences. Each volume
consisted of 32 transaxial slices, each having a thickness of
3.5 mmwith a 0.5mm gap between slices to include the entire
cerebrum and cerebellum [repetition time (TR), 2000 ms;
echo time, 30 ms; flip angle (FA), 75°; field of view (FOV),
19.2 cm; in-planematrix size, 64×64 pixels]. Oblique scanning
was used to exclude the eyeballs from the images. Tight but
comfortable foam padding was placed around the subjects'
head to minimize head movement. For anatomical reference,
T1-weighted magnetisation-prepared rapid-acquisition gra-
dient-echo (MP-RAGE) images, scanned at the same location
as those used for EPI, were obtained for each subject [TR,
1460 ms; TE, 4.88 ms; FA, 8°; FOV, 19.2 cm (one slab); distance
factor, 50%; number of slices per slab, 32; voxel dimension,
0.9×0.8×4.0 mm]. In addition, high-resolution structural
whole-brain MRI images were obtained using a MP-RAGE
sequence [TR, 2500 ms; TE, 4.38 ms; FA, 8°; FOV, 23.0 cm (one
slab); voxel dimensions, 0.9×0.9×1.0 mm].

The first 12 volumes acquired in each MRI session were
discarded due to unsteady magnetisation, and the remaining
288 volumes per session were used for analyses. Data were
analysed using Statistical Parametric Mapping 2 (Wellcome
Department of Cognitive Neurology, London, UK) (Friston et al.,
1995) implemented in MATLAB 6.5.1 (Mathworks, Sherbon,
MA). Following realignment for motion correction of all EPI
images, the same-slice-positioned anatomical images and high-
resolutionwhole-brain T1-weighted images were co-registered
with the first volume of EPI images. Then, the whole-head MP-
RAGE images were normalized to the Montreal Neurological
Institute (MNI) T1 image template (Evans et al., 1994). These
parameters were then applied to all EPI images which were
spatially smoothed in 3 dimensions using a 8 mm full-width
half-maximum Gaussian kernel.

Statistical analyses were performed at 2 levels. First,
individual task-related activation was evaluated. The percent
signal change was proportionally scaled by setting the whole-
brain mean value to 100 arbitrary units in order to normalize
the global signal change. Expected signal changes caused by
the tasks were modeled with a box-car function convolved
with a hemodynamic response function andhigh-passfiltering
(cut off frequency at 128 s). An autoregressive model was used
for whitening the residuals so as to meet the assumptions for
application of a general linear model (GLM). Then, the effect of
each conditionwas evaluated with GLM. The weighted sum of
the parameters estimated in the individual analyses consisted
of “contrast” images. Next, the contrast images corresponding
to each condition in each subject were used for group analyses
with a random-effects model to obtain population inferences
(Friston et al., 1999). The resulting set of voxel values for each
comparison constituted a statistical parametric map of t
statistics (SPM{t}). The SPM{t} was transformed to the unit of
normal distribution (SPM{Z}). The threshold for the SPM{Z} of
individual analyses was set at ZN3.09 for each voxel and P
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value less than 0.05with a correction formultiple comparisons
at the cluster level for the entire brain (Friston et al., 1996). The
threshold for the SPM{Z} of group analyses was also set at
ZN3.09, and the threshold in terms of number of voxels was
set atmore than 10. Comparison of 3-back trials to 0-back trials
(3-back trials minus 0-back trials) was performed in order to
obtain the activation pattern of working memory processing
(Koppelstaetter et al., 2008; Pochon et al., 2002). Anatomic
localization of significant voxels within clusters was done
using the Talairach Demon software (Lancaster et al., 2000)
with the nearest gray matter option enabled.

Behavioral performance was assessed as time to respond
(reaction time) and percentage of correct responses (accu-
racy). The effects of monetary or academic reward on reaction
time and accuracy in the 0- and 3-back trials were analysed
using repeated-measured analysis of variance (ANOVA). All
analyses were performed with SPSS 11.0 software package
(SPSS Inc, Chicago, IL).

Results

Subjective motivation

Visual analogue scale values for the reported subjective
experience of motivation to succeed in each task condition for
all subjects are shown in Fig. 3. Three-way (2×2×2) repeated-
measures ANOVA of visual analogue scale scores revealed
significant main effects of task [F(1,13)=6.13, P=0.028], reward
Table 1
Activated brain regions associated with working memory processing (3-back trials minus 0
monetary reward condition, and control condition for monetary reward

Location Side BA AR(+) AR(−)

Coordinates (mm) Z value Coordinates (m

Middle frontal gyrus R 10 34 50 −3 3.25 32 54
L 10 −36 54 8 4.31 −36 56

Middle frontal gyrus R 46 46 38 20 3.78 46 40
L 46 −46 30 13 3.49 −53 25

Middle frontal gyrus L 11
Middle frontal gyrus R 9 40 21 32 3.19 51 17
Middle frontal gyrus L 8 −53 12 38 3.47 −51 8
Middle frontal gyrus R 6 32 6 51 4.15 32 7

L 6 −36 6 49 3.83 −30 3
Superior frontal gyrus R 10

L 10
Superior frontal gyrus R 6 24 14 49 4.22 16 15

L 6 −4 11 68 3.45 −4 15
Inferior frontal gyrus R 44 50 12 14 3.83 51 14

L 44
Inferior frontal gyrus L 9 −50 11 27 4.04 −46 13
Cingulate gyrus R 32 10 21 41 3.64 8 23

R 23
Insula R 36 20 3 3.81 34 19

L −40 14 7 4.12 −36 18
Thalamus R 16 −22 18 3.47 8 −5

L −10 −17 16 3.60 −8 −17
Superior parietal lobule R 7

L 7 −22 −70
Precuneus R 7 6 −62

L 7 −12 −70 42 4.74 −16 −72
Inferior parietal lobule R 40 38 −47 41 4.57 38 −50

L 40 −44 −31 42 4.81 −46 −35
Inferior parietal lobule R 39
Middle temporal gyrus R 20 55 −43 −13 3.48 61 −45
Cerebellum R 28 −64 −27 4.66 38 −59

L −30 −60 −34 3.38 −10 −79

AR(+), academic reward condition; AR(−), control condition for academic reward; MR(+), mon
area.
Random-effect analysis of 14 subjects (Pb0.001, uncorrected for the entire search volumes)
x, y, z: Talairach coordinates of activated clusters.
[F(1,13)=10.06, P=0.007], and type of reward (academic or
monetary) [F(1,13)=8.55, P=0.012]. However, no other signifi-
cant interaction effects were found. The visual analogue scale
scores for 3-back trials were significantly higher than those for
0-back trials in all of the conditions, suggesting higher levels
of motivation. As noted in previous studies (Goldberg et al.,
1998; Jaeggi et al., 2003), levels of motivation during task trials
may be affected by difficulty or intensity of memory load.
Although visual analogue scale values of 0- and 3-back trials in
the monetary reward condition [MR(+)] were significantly
higher than those in the control condition for monetary
reward [MR(−)], visual analogue scale scores in the academic
reward condition [AR(+)] were not significantly different from
those in the control condition [AR(−)], in either the 0- or 3-
back trials.

Behavioral results

The results for task performance are summarized in Fig. 4.
Although 3-way (2×2×2) repeated-measures ANOVA revealed
significant main effects of task on reaction time [F(1,13)=21.04,
Pb0.001] and accuracy [F(1,13)=29.69, Pb0.001], it revealed no
significant main effects of reward on reaction time [F(1,13)=
0.27, P=0.612] or accuracy [F(1,13)=1.37, P=0.264], type of
reward in reaction time [F(1,13)=0.05, P=0.831] or accuracy
[F(1,13)=3.69, P=0.077], or interactions among them in reaction
time or accuracy. The reaction times in 3-back trials were
significantly longer than those of 0-back trials in all conditions
-back trials) in the academic reward condition, control condition for academic reward,

MR(+) MR(−)

m) Z value Coordinates (mm) Z value Coordinates (mm) Z value

1 4.33 34 57 6 4.68 36 59 10 4.21
3 4.81 −34 58 6 4.77 −32 51 10 3.30

20 5.20 44 42 27 3.89 44 40 20 4.36
25 3.81 −50 40 15 5.08 −50 36 13 4.69

−22 38 −15 3.23
30 4.42 34 41 33 3.43 48 21 30 3.33
40 4.02 −48 9 35 4.56 −52 8 40 4.00
53 5.02 30 6 44 5.66 32 8 53 5.55
51 3.89 −28 12 53 5.13 −32 3 51 4.48

26 58 −3 3.68
−38 51 16 4.66 −36 48 23 3.88

60 3.52 20 11 57 4.84 24 12 51 5.19
58 4.53 −6 9 66 4.83 −12 15 60 3.89
18 4.07 53 14 12 3.91 51 14 18 3.69

−57 6 18 3.69 −51 5 18 3.71
25 4.64 −50 11 31 4.50 −46 15 25 4.81
38 4.30 10 25 37 4.85 8 20 41 4.38

2 −32 27 3.66
1 4.23 36 21 1 4.55 32 23 1 4.39

14 3.96 −34 16 12 4.13 −38 14 9 4.35
11 4.61 6 −15 12 4.92 16 −21 16 4.32
12 4.42 −12 −9 15 4.76

28 −64 49 5.65 26 −65 51 4.63
44 4.78 −30 −49 63 4.99 −22 −68 44 4.66
47 5.53 12 −76 42 5.15 10 −64 49 5.18
42 4.95 −18 −72 44 4.96 −24 −66 38 4.89
47 5.51 40 −44 46 4.83 38 −48 43 5.31
44 5.47 −40 −42 45 5.48 −44 −33 42 6.29

34 −60 40 5.90
−11 3.60 53 −36 −12 4.13 55 −41 −13 3.28
−24 3.99 22 −59 −21 5.54 −28 −61 −26 4.59
−20 5.28 −32 −56 −26 4.65 −36 −56 −31 4.11

etary reward condition; MR(−), control condition for monetary reward; BA, Brodmann's

.
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(Fig. 4a). In addition, the accuracy of 3-back trials was
significantly lower around 15% than that of 0-back trials in all
conditions (Fig. 4b).

Interaction of neural substrates of working memory processing
with motivation

In control conditions for AR and MR, working memory was
associated with activation of large part of cortex, as expected
(Braver et al., 1997; Pochon et al., 2002; Ravizza et al., 2004)
(see Table 1). These included subdivisions of the frontal cortex,
right cingulate gyrus (BA 32), bilateral insula, right thalamus,
left superior parietal lobule (BA 7), bilateral precuneus (BA 7),
bilateral inferior parietal lobule (BA 40), right middle temporal
gyrus (BA 20), and bilateral cerebellumwere activated (Table 1).
The brain areas activated during MR(+) completely overlapped
those activated during MR(−) (Table 1 and Figs. 5c, d). However,
the regions of brain activated in MR(+), particularly in bilateral
prefrontal cortex [right superior frontal gyrus (BA 10) and left
middle frontal gyrus (BA 11)], were larger than in MR(−). In
contrast, brain areas activated during AR(+) overlapped com-
pletely those during AR(−), and no additional active brain
regions were found in AR(+) (Table 1 and Figs. 5a, b).

Academic motivation-based regression analyses

In order to find brain regions related specifically to
motivation associated with academic reward involving work-
ingmemory processing, we performed correlation analyses. In
Fig. 5. Statistical parametric maps of activation by working memory processing (3-back
trials minus 0-back trials) in the academic reward condition (a), control condition for
academic reward (b), monetary reward condition (c), and control condition for
monetary reward (d) (random-effect analyses of 14 subjects, Pb0.001, uncorrected).
Statistical parametric maps are superimposed on surface-rendered high-resolution
MRIs. Right (R) and left (L) sides are indicated.
AR(+), activities of both left and right putamenwere positively
correlated with academic achievement motivation scores
(Fig. 6). In order to evaluate the interaction between motiva-
tion score and reward condition (i.e. monetary or academic) in
these brain regions, we performed repeated-measures analy-
sis of covariance (ANCOVA) with reward and type of reward as
within-subject factors and academic achievement motivation
scores as a potential confounding covariate. ANCOVA of left
putamen activity exhibited significant reward×type of re-
ward interaction [F(1,12)=11.14, P=0.006] and reward×type of
reward×academic achievement motivation score interaction
[F(1,12)=6.36, P=0.027]. Activity of the left putamen exhibited
significant correlation with academic achievement motivation
score in AR(+), but not in AR(−) (R=0.183, P=0.532), MR(+)
(R=0.388, P=0.171), or MR(−) (R=0.518, P=0.058). ANCOVA of
right putamen activity revealed no reward×type of reward
interaction [F(1,12)=2.08, P=0.175] or reward×type of reward×
academic achievement motivation score interaction [F(1,12)=
6.36, P=0.248]. No significant correlation was found between
academic achievementmotivation score and activityof the right
putamen in AR(−) (R=0.398, P=0.159), MR(+) (R=0.400,
P=0.157), or MR(−) (R=0.458, P=0.100).

In order to determine whether the correlation observed in
the activity of bilateral putamen with the academic achieve-
ment motivation score under AR(+) condition was specific for
the working memory processing, we performed correlation
analyses between the activities of left and right putamen
during the 0-back trials in each task condition [AR(+), AR(−),
MR(+), or MR(−)] and the academic achievement motivation
score. No significant correlation was found between the
activity of the putamen in both hemispheres and the academic
achievement motivation score [AR(+) (R=−0.127, P=0.664),
AR(−) (R=−0.036, P=0.903), MR(+) (R=−0.310, P=0.281), or
MR(−) (R=−0.117, P=0.690) in left and AR(+) (R=−0.222,
P=0.445), AR(−) (R=−0.074, P=0.802), MR(+) (R=−0.343,
P=0.230), or MR(−) (R=−0.036, P=0.903) in right].

Activities of the left and right putamen in each condition
are summarized in Fig. 7. Two-way (2×2) repeated-measures
ANOVA of left putamen activity revealed a significant main
effect of type of reward [F(1,13)=6.68, P=0.023] and reward×
type of reward interaction [F(1,13)=8.19, P=0.013]. However, it
did not reveal a significant main effect of reward [F(1,13)=0.27,
P=0.612]. Two-way (2×2) repeated-measures ANOVA of right
putamen activity also revealed a significant main effect of type
of reward [F(1,13)=9.10, P=0.010]. But it also did not reveal a
significant main effect of reward [F(1,13)=3.58, P=0.081] or
reward×type of reward interaction [F(1,13)=1.01, P=0.333].
Activity of the left putamen in MR(+) was significantly higher
than that in AR(+) and MR(−) and tended to be higher than
that in AR(−) (Fig. 7a). Likewise, activity of the right putamen
in MR(+) was significantly higher than that in AR(+) and AR(−)
and tended to be higher than that in MR(−) (Fig. 7b).

Task performance-based regression analyses

We performed correlation analyses between activities of
the left and right putamen duringworkingmemory processing
(3-back trials minus 0-back trials) and difference in reaction
time from 0-back trials to 3-back trials. The difference in
reaction time from0-back trials to 3-back trialswas calculated as
mean reaction time of each task condition [AR(+), AR(−), MR(+),
or MR(−)] in 3-back trials minus that in 0-back trials. No sig-
nificant correlation was found between the activity of the left



Fig. 6. Correlations between activities of brain regions related to working memory processing (3-back trials minus 0-back trials) during academic reward condition and academic
achievement motivation score. Statistical parametric maps of activation in the academic reward condition were positively correlated with academic achievement motivation score
(random-effect analyses of 14 subjects, Pb0.001, uncorrected) (a). Right (R) and left (L) sides are indicated. Correlations between activities in the left (x, y, z: −20, 4, −7) and right (x, y,
z: 30, 2, −7) putamen and academic achievement motivation score are shown (b). Z value indicates the z-axis value of standard brain according to the Talairach coordinate system.
The linear regression line, P value, and Pearson's correlation coefficient are shown.

375K. Mizuno et al. / NeuroImage 42 (2008) 369–378
putamen and difference in reaction time in AR(+) (R=0.083,
P=0.777), AR(−) (R=0.151, P=0.606), MR(+) (R=0.135, P=0.646),
or MR(−) (R=0.317, P=0.269). A significant correlation was also
not found between the activity of the right putamen and
Fig. 7. Neural activities of the left (a) and right (b) putamen during working memory proce
condition for academic reward [AR(−)], monetary reward condition [MR(+)], and control cond
(two-tailed paired t-test). #Pb0.1, different from MR(+). n.s., no significant difference between
difference in reaction time in AR(+) (R=−0.174, P=0.552), AR(−)
(R=−0.019, P=0.949), MR(+) (R=−0.116, P=0.692), or MR(−)
(R=0.237, P=0.415). However, the activities of the left (Fig. 8a)
and right (Fig. 8b) putamen in AR(+) were negatively correlated
ssing (3-back trials minus 0-back trials) in academic reward condition [AR(+)], control
ition for monetary reward [MR(−)]. ⁎Pb0.05, ⁎⁎Pb0.01, significantly different from MR(+)
AR(+) and AR(−). Values are the mean and SD.



Fig. 8. Correlations between difference in reaction time and activities of left (a) and right (b) putamen during working memory processing (3-back trials minus 0-back trials) in the
academic reward condition and those of left (c) and right (d) putamen in the monetary reward condition. Difference in reaction time was calculated as mean reaction time of 3-back
trials in the academic or monetary reward condition subtracted by that in the control condition for academic or monetary reward condition. The linear regression line, P value, and
Pearson's correlation coefficient are shown.
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with differences in reaction time between AR(+) and AR(−),
which was calculated as mean reaction time of 3-back trials in
AR(+)minus that inAR(−). In contrast, the activities of left (Fig. 8c)
or right (Fig. 8d) putamen in MR(+) were not significantly
correlated with difference in reaction time between MR(+) and
MR(−), whichwas calculated as themean reaction time of 3-back
trials in MR(+)minus that in MR(−).

The difference in reaction time between AR(+) and AR(−)
also correlated with academic achievement motivation scores
(R=0.629, P=0.016; data not shown). In contrast, the differ-
ence in reaction time between MR(+) and MR(−) was not
significantly correlated with academic achievement motiva-
tion score (R=0.250, P=0.392; data not shown).

Discussion

Our principal finding is that activity in the putamen cor-
relates with academic motivation levels and that the cor-
relation is linearly related to reported levels of motivation.
Motivation is a general term given for a characteristic that has
other attributes from which it can nevertheless be concep-
tually separated. Among these are expectation, reward, and
motor action. All three are attributes that can operate without
a driving motivating force. But motivation itself cannot be
divorced from them. Hence the involvement of the putamen is
not only interesting but, in light of the published evidence, also
not surprising. Both neurophysiological and imaging studies
have linked it strongly to reward magnitude (Cromwell and
Schultz, 2003), reward expectation (Knutson et al., 2001, 2003;
O'Doherty et al., 2002), and predictability (Berns et al., 2001;
McClure et al., 2003; O'Doherty et al., 2003; Wittmann et al.,
2005). For example, ventral putamen has been found to be
responsive to food preferences among humans (O'Doherty
et al., 2006) while other experiments have shown that the
putamen is important for the association between motor
action and reward association (Haruno and Kawato, 2006;
Knutson et al., 2001). Physiologically, several studies have
shown the relationship between single-cell activity and
reward expectation in the putamen. In an important study
(Cromwell et al., 2005), it was shown that the responses of cells
in the striatum, including the putamen, are strongly modu-
lated when one reward was processed in the presence of
alternative rewards, and that this shift was linked to arm
movements and reward prediction, which would seem to
constitute a direct link between motor control, reward and
reward expectation, the characteristics thatwehave attributed
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to motivation above. The putamen is associated not only with
motivation but also with reward-related learning. Activity in it
is reportedly related to prediction errorduring reward learning
(Schultz et al., 1997). In the context of sequential motor
learning, the putamen was found to be more active when a
monkey was performing an already-learned motor sequence
than when it was learning a new one (Hikosaka et al., 1999,
2002; Miyachi et al., 1997, 2002). Since the putamen is as-
sociated with motivation and learning, its bilateral activation
during working memory processing may be crucial for
progress in learning. Such links between expectation and
motor action are not, however, confined to the putamen; they
also seem to occur in other divisions of the striatum, thus
raising the suggestion that different sections of the striatum
may contribute differently during motivational tasks, in ways
which still remain unknown. In our study, we also demon-
strated that the responsiveness of bilateral putamen during
working memory processing may be associated with the
improvement of the motor preparation process in academic
reward-related condition. This indicates that there is a motor
component to academic reward-related activity in the puta-
men, presumably as a result of projections from the premotor
cortex, supplementary motor area, and primary motor cortex
(Alexander et al., 1990; Gerardin et al., 2003; Parthsarathy et
al., 1992; Selemon and Goldman-Rakic, 1985; Takada et al.,
1998).

One of the interesting, and perhaps surprising, findings in
our study is the strong linear relationship between the
reportedmotivational state as derived from the questionnaires
that subjects completed and the change in the BOLD signal
within the putamen. Linear relationships between strength of
subjective feelings and cortical activity measured by the BOLD
signal have been observed before. Notable among earlier
studies has been the demonstration of a linear relationship
between expectation for magnitude of monetary rewards and
BOLD signal in the orbitofrontal cortex (Breiter et al., 2001;
O'Doherty et al., 2001), the relationship between reward-
induced anxiety and BOLD signals of the midbrain, hippocam-
pus, and amygdala (Callan and Schweighofer, 2008), and the
relationship between subjective beauty and BOLD signal in the
orbitofrontal cortex (Kawabata and Zeki, 2004). Hence our
study adds to the growing evidence of a quantitative relation-
ship between subjective mental states and brain activity.
Monetary reward and its expectation and the experience of
beauty can both act as triggers to generate high motivational
states, which suggests that many different subdivisions of the
brain's reward and pleasure centres contribute in different
ways to drive motivation. The putamen is part of the brain's
reward system and is innervated with dopaminergic neurons
which have been considered to mediate reward value (Wise,
1985). The mesolimbic and neostriatal dopamine systems
could play a role in the anticipation of reward (Berridge, 1996;
Berridge and Robinson, 1998), which is naturally intimately
linked to motivation. The positive linear correlation between
activity in the putamen and reported motivational levels
suggests therefore that higher levels of motivation result in
greater dopaminergic activity. This adds to the evidence that
subjective states not only correlate with changes in BOLD
signal, but with neuromodulator activity as well. For example,
it has been shown that the early phase of passionate love
correlates with amarked increase in nerve growth factor and a
decrease in the levels of serotonin to level found in patients
with obsessive-compulsive disorders (Emanuele et al., 2006).
It is also interesting to consider that although the extent of
neural activity in the left and right putamen in the monetary
reward condition was greater than that in the control and
academic reward conditions, neural activities of none of the
brain regions in that condition were correlated with motiva-
tion score or task performance. This finding is mirrored in
other studies which have shown that activity in the brain
correlates linearly with some subjective states and not others,
thus raising the further important question of the determi-
nants of such correlations (Callan and Schweighofer, 2008;
Denton et al., 1999; Kawabata and Zeki, 2004; Patterson et al.,
2002; Tanaka et al., 2006).

In this study, we have concentrated on motivation in the
academic domain, but it seems likely that other motivational
states will also be found to correlate with activity in the
putamen. The extent of activity of the putamen may be pivotal
to the motivation that drives academic achievement and thus
academic successes.We believe that our neuroimaging findings
provide information of great importance to the study of
academic learning.

Acknowledgments

This work was partly supported by the 21st Century COE
Program “Base to Overcome Fatigue”, from the Ministry of
Education, Culture, Sports, Science and Technology, the
Japanese Government. We would like to thank Dr. Mike
Connolly for the editorial help with the manuscript.

References

Alexander, G.E., Crutcher, M.D., Delong, M.R., 1990. Basal ganglia thalamocortical
circuits: parallel substrates for motor, oculomotor, "prefrontal" and "limbic"
functions. Prog. Brain Res. 85, 119–146.

Baddeley, A., 1992. Working memory. Science 255, 556–559.
Bartels, A., Zeki, S., 2000. The neural basis of romantic love. NeuroReport 27, 3829–3834.
Berns, G.S., McClure, S.M., Pagnoni, G., Montague, P.R., 2001. Predictability modulates

human brain response to reward. J. Neurosci. 21, 2793–2798.
Berridge, K.C., 1996. Food reward: brain substrates of wanting and liking. Neurosci.

Biobehav. Rev. 20, 1–25.
Berridge, K.C., Robinson, T.E., 1998. What is the role of dopamine in reward: hedonic

impact, reward learning, or incentive salience? Brain Res. Rev. 28, 309–369.
Braver, T.S., Cohen, J.D., Nystrom, L.E., Jonides, J., Smith, E.E., Noll, D.C., 1997. A

parametric study of prefrontal cortex involvement in human working memory.
NeuroImage 5, 49–62.

Breiter, H.C., Aharon, I., Kahneman, D., Dale, A., Shizgal, P., 2001. Functional imaging of
neural responses to expectancy and experience of monetary gains and losses.
Neuron 30, 619–639.

Callan, D.E., Schweighofer, N., 2008. Positive and negative modulation of word learning
by reward anticipation. Hum. Brain Mapp. 29, 237–249.

Cromwell, H.C., Schultz, W., 2003. Effects of expectations for different reward magnitudes
on neuronal activity in primate striatum. J. Neurophysiol. 89, 2823–2838.

Cromwell, H.C., Hassani, O.K., Schultz, W., 2005. Relative reward processing in primate
striatum. Exp. Brain Res. 162, 520–525.

Deci, E.L., Vallerand, R.J., Pelletier, L.G., Ryan, R.M., 1991. Motivation in education: the
self-determination perspective. Educ. Psychol. 26, 325–346.

Deci, E.L., Ryan, R.M., Williams, G.C., 1996. Need satisfaction and the self-regulation of
learning. Learn. Individ. Differ. 8, 165–183.

Delgado, M.R., Nystrom, L.E., Fissell, C., Noll, D.C., Fiez, J.A., 2000. Tracking the
hemodynamic responses to reward and punishment in the striatum. J. Neurophy-
siol. 84, 3072–3077.

Delgado, M.R., Locke, H.M., Stenger, V.A., Fiez, J.A., 2003. Dorsal striatum responses to
reward and punishment: effects of valence and magnitude manipulations. Cogn.
Affect. Behav. Neurosci. 3, 27–38.

Denton, D., Shade, R., Zamarippa, F., Egan, G., Blair-West, J., McKinley, M., Fox, P., 1999.
Correlation of regional cerebral blood flow and change of plasma sodium
concentration during genesis and satiation of thirst. Proc. Natl. Acad. Sci. U. S. A.
96, 2532–2537.

Eliassen, J.C., Souza, T., Sanes, J.N., 2001. Human brain activation accompanying
explicitly directed movement sequence learning. Exp. Brain Res. 141, 269–280.

Elliott, R., Newman, J.L., Longe, O.A., William Deakin, J.F., 2004. Instrumental responding
for rewards is associated with enhanced neuronal response in subcortical reward
systems. NeuroImage 21, 984–990.

Emanuele, E., Politi, P., Bianchi, M., Minoretti, P., Bertona, M., Geroldi, D., 2006. Raised
plasma nerve growth factor levels associated with early-stage romantic love.
Psychoneuroendocrinology 31, 295–296.



378 K. Mizuno et al. / NeuroImage 42 (2008) 369–378
Evans, A.C., Kamber, M., Collins, D.L., MacDonald, D., 1994. An MRI-based probabilistic
atlas of neuroanatomy. In: Shorvon, S.D. (Ed.), Magnetic Resonance Scanning and
Epilepsy. Plenum Press, New York, pp. 263–274.

Friston, K.J., Ashburner, J., Frith, C.D., Heather, J.D., Frackowiak, R.S., 1995. Spatial
registration and normalization of images. Hum. Brain Mapp. 2, 165–189.

Friston, K.J., Holmes, A., Poline, J.B., Price, C.J., Frith, C.D., 1996. Detecting activations in
PET and fMRI: levels of inference and power. NeuroImage 4, 223–235.

Friston, K.J., Holmes, A.P., Worsley, K.J., 1999. How many subjects constitute a study?
NeuroImage 10, 1–5.

Gerardin, E., Lehericy, S., Pochon, J.B., Tezenas du Montcel, S., Mangin, J.F., Poupon, F.,
Agid, Y., Le Bihan, D., Marsault, C., 2003. Foot, hand, face and eye representation in
the human striatum. Cereb. Cortex 13, 162–169.

Goldberg, T.E., Berman, K.F., Fleming, K., Ostrem, J., Van Horn, J.D., Esposito, G., Mattay, V.S.,
Gold, J.M., Weinberger, D.R., 1998. Uncoupling cognitive workload and prefrontal
cortical physiology: a PET rCBF study. NeuroImage 7, 296–303.

Haruno, M., Kawato, M., 2006. Different neural correlates of reward expectation and
reward expectation error in the putamen and caudate nucleus during stimulus-
action-reward association learning. J. Neurophysiol. 95, 948–959.

Hikosaka, O., Nakahara, H., Rand, M.K., Sakai, K., Lu, X., Nakamura, K., Miyachi, S., Doya,
K., 1999. Parallel neural networks for learning sequential procedures. Trends
Neurosci. 22, 464–471.

Hikosaka, O., Nakamura, K., Sakai, K., Nakahara, H., 2002. Central mechanisms of motor
skill learning. Curr. Opin. Neurobiol. 12, 217–222.

Jaeggi, S.M., Seewer, R., Nirkko, A.C., Eckstein, D., Schroth, G., Groner, R., Gutbrod, K.,
2003. Does excessive memory load attenuate activation in the prefrontal cortex?
Load-dependent processing in single and dual tasks: functional magnetic
resonance imaging study. NeuroImage 19, 210–225.

Kawabata, H., Zeki, S., 2004. Neural correlates of beauty. J. Neurophysiol. 91, 1699–1705.
Kirsch, P., Schienle, A., Stark, R., Sammer, G., Blecker, C., Walter, B., Ott, U., Burkart, J.,

Vaitl, D., 2003. Anticipation of reward in a nonaversive differential conditioning
paradigm and the brain reward system: an event-related fMRI study. NeuroImage
20, 1086–1095.

Knutson, B., Westdorp, A., Kaiser, E., Hommer, D., 2000. fMRI visualization of brain
activity during a monetary incentive delay task. NeuroImage 12, 20–27.

Knutson, B., Fong, G.W., Adams, C.M., Varner, J.L., Hommer, D., 2001. Dissociation of reward
anticipation and outcome with event-related fMRI. NeuroReport 12, 3683–3687.

Knutson, B., Fong, G.W., Bennett, S.M., Adams, C.M., Hommer, D., 2003. A region of
mesial prefrontal cortex tracks monetarily rewarding outcomes: characterization
with rapid event-related fMRI. NeuroImage 18, 263–272.

Koppelstaetter, F., Poeppel, T.D., Siedentopf, C.M., Ischebeck, A., Verius, M., Haala, I.,
Mottaghy, F.M., Rhomberg, P., Golaszewski, S., Gotwald, T., Lorenz, I.H., Kolbitsch, C.,
Felber, S., Krause, B.J., 2008. Does caffeine modulate verbal working memory
processes? An fMRI study. NeuroImage 39, 492–499.

Lancaster, J.L., Woldorff, M.G., Parsons, L.M., Liotti, M., Freitas, C.S., Rainey, L., Kochunov,
P.V., Nickerson, D., Mikiten, S.A., Fox, P.T., 2000. Automated Talairach atlas labels for
functional brain mapping. Hum. Brain Mapp. 10, 120–131.

Larisch, R., Kötter, R., Kehren, F., Tosch, M., Shah, N.J., Kalveram, K.T., Jäncke, L., Müller-
Gärtner, H.W., 1999. Motivation effects in a dichotic listening task as evident from
functional magnetic resonance imaging in human subjects. Neurosci. Lett. 267,
29–32.

Maehr, M.L., 1984. Meaning andmotivation: toward a theory of personal investment. In:
Ames, R.E., Ames, C. (Eds.), Research on Motivation in Education. Academic Press,
New York, pp. 115–144.
McClure, S.M., Berns, G.S., Montague, P.R., 2003. Temporal prediction errors in a passive
learning task activate human striatum. Neuron 38, 339–346.

Miyachi, S., Hikosaka, O., Miyashita, K., Karadi, Z., Rand, M.K., 1997. Differential roles of
monkey striatum in learning of sequential handmovement. Exp. Brain Res.115,1–5.

Miyachi, S., Hikosaka, O., Lu, X., 2002. Differential activation of monkey striatal neurons
in the early and late stages of procedural learning. Exp. Brain Res. 146, 122–126.

O'Doherty, J., Kringelbach, M.L., Rolls, E.T., Hornak, J., Andrews, C., 2001. Abstract reward
and punishment representations in the human orbitofrontal cortex. Nat. Neurosci.
4, 95–102.

O'Doherty, J.P., Deichmann, R., Critchley, H.D., Dolan, R.J., 2002. Neural responses during
anticipation of a primary taste reward. Neuron 33, 815–826.

O'Doherty, J.P., Dayan, P., Friston, K., Critchley, H., Dolan, R.J., 2003. Temporal difference
models and reward-related learning in the human brain. Neuron 38, 329–337.

O'Doherty, J.P., Buchanan, T.W., Seymour, B., Dolan, R.J., 2006. Predictive neural coding of
reward preference involves dissociable responses in human ventral midbrain and
ventral striatum. Neuron 49, 157–166.

Oldfield, R.C., 1971. The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia 9, 97–113.

Parthsarathy, H.B., Schall, J.D., Graybiel, A.M., 1992. Distributed but convergent ordering
of corticostriatal projections: analysis of the frontal eye field and the supplemen-
tary eye field in the macaque monkey. J. Neurosci. 12, 4468–4488.

Patterson II, J.C., Ungerleider, L.G., Bandettini, P.A., 2002. Task-independent functional
brain activity correlation with skin conductance changes: an fMRI study. Neuro-
Image 17, 1797–1806.

Pochon, J.B., Levy, R., Fossati, P., Lehericy, S., Poline, J.B., Pillon, B., Le Bihan, D., Dubois, B.,
2002. The neural system that bridges reward and cognition in humans: an fMRI
study. Proc. Natl. Acad. Sci. U. S. A. 99, 5669–5674.

Ravizza, S.M., Delgado, M.R., Chein, J.M., Becker, J.T., Fiez, J.A., 2004. Functional
dissociations within the inferior parietal cortex in verbal working memory.
NeuroImage 22, 562–573.

Ryan, R.M., Deci, E.L., 2000. Intrinsic and extrinsic motivations: classic definitions and
new directions. Contemp. Educ. Psychol. 25, 54–67.

Schultz, W., Dayan, P., Montague, P.R., 1997. A neural substrate of prediction and reward.
Science 275, 1593–1599.

Selemon, L.D., Goldman-Rakic, P.S., 1985. Longitudinal topography and interdigitation of
corticostriatal projections in the rhesus monkey. J. Neurosci. 5, 776–794.

Takada, M., Tokuno, H., Nambu, A., Inase, M., 1998. Corticostriatal projections from the
somatic motor areas of the frontal cortex in the macaque monkey: segregation
versus overlap of input zones from the primary motor cortex, the supplementary
motor area, and the premotor cortex. Exp. Brain Res. 120, 114–128.

Tanaka, M., Sadato, N., Okada, T., Mizuno, K., Sasabe, T., Tanabe, H.C., Saito, D.N., Onoe, H.,
Kuratsune, H., Watanabe, Y., 2006. Reduced responsiveness is an essential feature of
chronic fatigue syndrome: a fMRI study. BMC Neurol. 6, 9.

Waugh, R.F., 2002. Creating a scale to measure motivation to achieve academically:
linking attitudes and behaviours using Rasch measurement. Br. J. Educ. Psychol. 72,
65–86.

Wise, R.A., 1985. The anhedonia hypothesis: mark III. Behav. Brain Sci. 8, 178–186.
Wittmann, B.C., Schott, B.H., Guderian, S., Frey, J.U., Heinze, H.J., Düzel, E., 2005. Reward-

related FMRI activation of dopaminergic midbrain is associated with enhanced
hippocampus-dependent long-term memory formation. Neuron 45, 459–467.

Yoshida, M., Tanaka, M., Mizuno, K., Ishii, A., Nozaki, K., Urakawa, A., Cho, Y., Kataoka, Y.,
Watanabe, Y., in press. Strategies specifically designed for supporting the academic
motivation of individual college students. Int. J. Neurosci.


	The neural basis of academic achievement motivation
	Introduction
	Materials and methods
	Subjects
	Motivation scale
	Experimental paradigm
	Functional imaging and data analyses

	Results
	Subjective motivation
	Behavioral results
	Interaction of neural substrates of working memory processing with motivation
	Academic motivation-based regression analyses
	Task performance-based regression analyses

	Discussion
	Acknowledgments
	References


