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ENTROLATERAL PREFRONTAL CORTEX ACTIVITY ASSOCIATED
ITH INDIVIDUAL DIFFERENCES IN ARBITRARY DELAYED
AIRED-ASSOCIATION LEARNING PERFORMANCE: A FUNCTIONAL

AGNETIC RESONANCE IMAGING STUDY
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bstract—To describe the neural substrates of successful
pisodic long-term memory encoding, we collected func-
ional magnetic-resonance imaging data as participants com-
leted an arbitrary delayed auditory paired-association learn-

ng task. During the task, subjects learned predefined but
idden stimulus pairs by trial and error based on visual
eedback. Delay period activity represents the retrieval of the
elationship between the cue item and its candidate for as-
ociates, that is, working memory. Our hypothesis was that
he neural substrates of working memory would be related to
ong-term memory encoding in a performance-dependent

anner. Thus, inter-individual variance in performance fol-
owing a fixed learning set would be associated with differing
eural activations during the delay period. The number of

earning trials was adjusted such that performance following
ompletion of the learning set varied across subjects. Each
rial consisted of the successive presentation of two stimuli
first stimulus and second stimulus [S2]) with a fixed delay
nterval, allowing extraction of sustained activity during the
elay period. Sustained activities during the delay period
ere found in the bilateral dorsolateral prefrontal cortex,

ntraparietal sulcus, and left ventrolateral prefrontal cortex,
s well as the premotor and pre-supplementary motor areas.

Correspondence to: N. Sadato, Division of Cerebral Integration, De-
artment of Cerebral Research, National Institute for Physiological
ciences, 38 Nishigo-naka, Myodaiji, Okazaki, Aichi 444-8585, Japan.
el: �81-564-55-7841; fax: �81-564-55-7786.
-mail address: sadato@nips.ac.jp (N. Sadato).
bbreviations: BA, Brodmann’s area; DLPFC, dorsolateral prefrontal
ortex; DMSv, visual delayed-matching-to-sample; EPI, echo-planar

maging; FA, flip angle; fMRI, functional magnetic resonance imaging;
OV, field of view; HRF, hemodynamic response function; IFG, inferior

rontal gyrus; IFS, inferior frontal sulcus; IPS, intraparietal sulcus;
PFC, lateral prefrontal cortex; LTM, long-term memory; MNI, Mon-

réal Neurological Institute; MP-RAGE, magnetization-prepared rapid-
cquisition gradient echo; MRI, magnetic resonance imaging; PA,
aired-association learning; PAa, auditory paired-association learning;
FC, prefrontal cortex; PMd, dorsal premotor area; preCu, precuneus;
reSMA, pre-supplementary motor area; rmANOVA, repeated mea-
ures of analysis of variance; SPM, statistical parametric map(ping);
TS, superior temporal sulcus; S1, first stimulus; S2, second stimulus;
b
E, echo time; TR, repetition time; VLPFC, ventrolateral prefrontal
ortex; WM, working memory.
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688
he activities did not change in strength across learning,
uggesting that these effects represent working memory
omponents. The sustained activity in the ventrolateral pre-
rontal region was correlated with task performance. Task
erformance was also positively correlated with the decre-
ent in S2/feedback-related activity during learning in the

uperior temporal sulcus, a region previously shown to be
nvolved in association learning. These findings are consis-
ent with lesion and neuroimaging studies showing that the
entrolateral prefrontal cortex plays an important role in
ong-term memory encoding, and raise the possibility that
orking memory processes interact with long-term memory

ormation as represented by the covariation of activity in the
uperior temporal sulcus and the ventrolateral prefrontal
ortex. © 2009 IBRO. Published by Elsevier Ltd. All rights
eserved.

ey words: controlled selection, fMRI, LTM formation, VLPFC,
orking memory.

umans have a remarkable ability to make arbitrary links
etween events or objects through learning and experi-
nce. This dynamic learning process is called long-term
emory (LTM) formation (Tulving, 1995). LTM formation

upports the encoding and retrieval of memories of events.
ecent research in neuropsychology and neuroimaging
as underscored the importance of the prefrontal cortex
PFC) in promoting successful LTM formation (for a review
ee Blumenfeld and Ranganath, 2007). The lateral pre-
rontal cortex (LPFC) plays a critical role in supporting
orking memory (WM) (Owen, 1997; D’Esposito et al.,
000), a facet of memory characteristically required in any
ask that involves the maintenance and manipulation of
nformation over short periods of time (Baddeley, 1992).
ence the role of PFC in LTM formation is probably related

o WM processes associated with this region.
Work on the functional segregation of the dorsolateral

refrontal cortex (DLPFC) and the ventrolateral prefrontal
ortex (VLPFC) (Owen, 2000; Wager and Smith, 2003;
etrides, 2005; Ranganath, 2006; Blumenfeld and Ranga-
ath, 2007) has suggested that different regions within the
FC might deal with different components of WM process-

ng (Petrides, 1994; Owen et al., 1996; D’Esposito et al.,
000; Ranganath, 2006; Badre and Wagner, 2007). Re-
ently, based on psychophysical and neuroimaging stud-

es, Blumenfeld and Ranganath (2007) proposed that the
LPFC contributes to the organization of multiple pieces of

nformation in WM, enhancing memory for associations

etween items in LTM. The function of VLPFC is related to

s reserved.
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he selection of goal-relevant item information that
trengthens the representation of these features during
TM encoding (Blumenfeld and Ranganath, 2007). How-
ver, few neuroimaging studies have tested both WM and
TM formation simultaneously. Thus, the involvement of
M in LTM formation at the neural level is still largely

nknown.
The delayed paired association learning task (Tanabe

t al., 2005) provides a means of exploring the relationship
etween WM and LTM. Tanabe et al. (2005) conducted an
xperiment using cross-modal and intra-modal delayed
aired-association learning (PA) tasks with functional mag-
etic resonance imaging (fMRI). During the task, following
he presentation of the first stimulus (S1), subjects had to
elect a pairing candidate based on information that was
earned in previous trials and retained in memory. When
he second stimuli (S2) and feedback (F) were presented,
ubjects could update information regarding the relation-
hip between S1 and S2. Tanabe et al. (2005) found that
he S2/F-related activity in the superior temporal sulcus
STS) peaked early in the learning phase and then de-
reased, indicating that this area is important for the for-
ation of paired associations. By contrast, fronto-parietal
reas including the DLPFC and VLPFC were activated
uring the delay period, but did not show learning-associ-
ted signal changes. Activity in these latter regions might
ignify a neural substrate for WM processes, which are
istinct from, but interact with, LTM formation (Blumenfeld
nd Ranganath, 2007).

Our first hypothesis was that WM interacts with LTM
ormation in a performance-dependent manner. To test
his hypothesis, we conducted an fMRI experiment with an
ntra-modal audio-auditory paired-association learning
ask (PAa). In order to introduce inter-individual differences
n learning about stimulus pairs, we halved the number of
raining trials (which constitute the learning period) used in

previous study (Tanabe et al., 2005) in which all of the
articipants successfully learned the paired-association
ask by the end of the final session. We also recruited a
arger number of subjects (n�28). This experimental de-
ign ensured a larger variance in task performance at the
nd of the (shortened) learning period in the present study.
n addition, we introduced a visual delayed matching-to-
ample (DMSv) task that was interleaved with the PAa
ask. To minimize contamination between the learning and
he control tasks, we used a different stimulus modality in
he two tasks. The DMSv task entailed active maintenance
f item (S1) without learning, whereas the PAa task re-
uired additional processing such as retrieval of the rela-
ionship between the cue item (S1) and its candidate of
ssociates during the delay period. Therefore performance

n the DMSv task should have been high throughout the
xperiment, allowing us to exclude the possibility that in-
ividual differences in vigilance and/or attentiveness con-
ributed to performance in the learning task. We expected
hat individuals who were faster at learning the paired
ssociations would show more prominent activation of the

M-related fronto-parietal areas during the delay period. v
Our second hypothesis was that the learning-related
ecrement in the S2/F-related activity in the STS is corre-

ated with performance across subjects. Because of the
nduced variability in performance in the present study, the
ecrement-specific regions could not be defined. Thus, we
etermined the location of LTM formation-related STS by
eferring to a previous fMRI study (Tanabe et al., 2005).

EXPERIMENTAL PROCEDURES

ubjects

n total, 28 healthy volunteers participated in the experiment (13
emales and 15 males; mean age�24.8 years; age range�20–39
ears). All of the subjects had normal or corrected-to-normal
isual acuity and normal hearing, and were right-handed accord-
ng to the Edinburgh Handedness Inventory (Oldfield, 1971). The
rotocol was approved by the Ethical Committee of the National
nstitute for Physiological Sciences, Japan. The experiments were
ndertaken in compliance with national legislation and the Code of
thical Principles for Medical Research Involving Human Subjects
f the World Medical Association (Declaration of Helsinki). All of
he subjects gave their written informed consent for participation.

xperimental design and task procedure

PAa task was interleaved with a DMSv task. We employed a
ifferent stimulus modality to minimize contamination between the

earning and the control tasks. Although the experimental design
f the PAa and the DMSv tasks was similar, the DMSv task had
ewer WM demands and was therefore easier rather than the PAa
ask. For this reason we could use the DMSv task as a control for
igilance and/or general attentiveness. In the PAa task, the sub-
ects had to identify three predefined audio-auditory pairs out of 15
ossible pairs in a trial and error manner. The order of presenta-
ion of each pair of stimuli (i.e. S1 and S2) was varied, and 30
ossible different patterns of S1–S2 presentation were produced
rom the six sounds. In the DMSv task, subjects judged whether
he second visual stimulus was the same as the first. The sound
timuli were generated by temporally modulating 500 ms white
oise (sampling rate�44.1 kHz; stereo sound) using MATLAB 6.5
MathWorks, Natick, MA, USA) and GoldWave 4.26 (GoldWave,
nc., St. John’s, NL, Canada). The sound waves are shown on the
eft side of Fig. 1a. We used the same visual stimuli for the DMSv
ask as in our previous study (Tanabe et al., 2005); these com-
rised two-dimensional amorphous texture patterns that were
ownloaded free of charge from the Internet (http://page.freett.
om/amorphis). The size and contrast of the stimuli were modified
o 4�4° and subtended a visual angle of 19�14° (Fig. 1b).

Stimulus presentation and response collection were per-
ormed using Presentation 0.90 (Neurobehavioral Systems, Al-
any, CA. USA) software implemented on a personal computer
Dimension 8200; Dell Computer, Co., Round Rock, TX, USA). A
iquid crystal display (LCD) projector (DLA-M200L; Victor, Yoko-
ama, Japan) located outside and behind the scanner projected
he stimuli through another waveguide onto a translucent screen,
hich the subjects viewed via a mirror attached to the head coil of

he magnetic resonance imaging (MRI) scanner. The auditory
timuli were presented via MRI-compatible headphones (Hitachi
dvanced Systems, Yokohama, Japan). For each subject, the
olume of the sound was adjusted to an appropriate level for task
xecution in the context of the MR scanner noise. Responses
ere collected via an optical button-box (Current Designs, Inc.,
hiladelphia, PA, USA).

The task was explained to the subjects in detail, and they
ere trained to recognize all of the auditory and visual stimuli prior

o the scanning session. The subjects were instructed not to use

erbalization or labeling strategies to memorize the presented

http://page.freett.com/amorphis
http://page.freett.com/amorphis
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timuli and the relationships between them throughout the exper-
ment. During the sessions, the subjects’ eyes were required to
xate a point. Each trial consisted of the successive presentation
f a pair of stimuli (S1 and S2) with a fixed S1–S2 interval (15.5 s);

he duration of each stimulus was 500 ms (Fig. 1c). If the S1 was
resented auditorily, the subject was required to perform the PAa

ask; if the S1 was presented visually, the subject performed the
MSv task. The S2 stimulus subsequently disappeared and the
xation point turned red, cuing the subject to respond using a
re-assigned button with either the right index or middle finger.
he subjects reported whether S1 and S2 were “a pair” or “not a
air” in the PAa task, or “the same” or “different” in the DMSv task.
he subjects were asked to respond as quickly and accurately as
ossible. Pictorial positive (o) or negative (x) feedback (F) was
resented 1500 ms after the disappearance of S2. The subjects
ere asked to correctly pair the stimuli using this feedback infor-
ation in the PAa task. As feedback was also given in the DMSv

ask, the subjects could verify whether each response was correct.
f the subject missed the stimuli (i.e. did not hear or see S1 and/or
2), he/she was asked to make no response. These missed trials
ere excluded to calculate accuracy rates (correct response rate).
he two tasks were randomly interleaved, and the inter-trial inter-
als were pseudo-randomized to be 15.5, 17.5, or 19.5 s in length;
0 s was added every six trials allow for scans of baseline neural
ctivity. Each session contained 18 trials (nine trials of the PAa

ig. 1. Stimuli and schematic diagram of a trial. (a) Auditory stimuli fo
ask. These stimuli were the same as those used in the visual paired
iagram of a trial. Subjects were instructed to perform the PAa task if
as visual. Subjects remembered the S1 (and/or the stimulus with wh
hich they viewed a blue fixation stimulus. Then, a S2 (auditory in PAa

he pre-assigned finger (to indicate “a pair” or “not a pair” in the PAa tas
urned red. Then, visual feedback was presented, allowing the subjects
ubjects could confirm whether their response was correct using the vis
ask and nine trials of the DMSv task), and a total of six sessions a
ere run. The number of the trials in the PAa task containing
aired stimuli which had been associated, and trials containing
on-associated paired stimuli was four and five trials per session,
espectively. This experimental structure was the same as that
sed in our previous study (Tanabe et al., 2005). However, to

ntroduce inter-individual differences in stimulus pair learning, we
alved the number of training trials (which constitute the learning
eriod) used in the previous study. Together with recruitment of a

arger number of subjects, this experimental design ensured a
arger variance in task performance following the (shortened)
earning period.

RI data acquisition

ll images were acquired using a 3 T MR scanner (Allegra,
iemens, Erlangen, Germany). For functional imaging during the
essions, an interleaved T2*-weighted gradient-echo echo-planar
maging (EPI) procedure was used to produce 34 continuous
-mm-thick transaxial slices covering the entire cerebrum and
erebellum (repetition time [TR]�2000 ms; echo time [TE]�30
s; flip angle [FA]�75°; field of view [FOV]�192 mm; 64�64
atrix; voxel dimensions�3.0�3.0�4.0 mm). Oblique scanning
as used to exclude the eyeballs from the images. For anatomical

maging, T1-weighted magnetization-prepared rapid-acquisition
radient echo (MP-RAGE) images scanned at the same locations

learning task are shown in waveform. (b) Visual stimuli for the DMSv
ion learning (PAv) learning task in our previous study. (c) Schematic
as auditory. They were required to execute the DMSv task if the S1

aired in the case of the PAa task) during a 15.5 s delay period within
DMSv) was shown. The subjects responded with a button press with

e same” or “not the same” in the DMSv task) when the fixation stimulus
the auditory pairs via trial and error in the PAa task. In the DMSv task,
ack. The two tasks were interleaved and presented pseudo-randomly.
r the PAa
-associat
the S1 w

ich it is p
, visual in

k, and “th
s those used for the EPI were obtained from each subject
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TR�1460 ms; TE�4.38 ms; FA�8°; FOV�192 mm; number of
labs�1; number of slices per slab�36; voxel dimensions�
.9�0.8�4.0 mm). To acquire a finer structural whole-head im-
ge, MP-RAGE images were also obtained (TR�2500 ms;
E�4.38 ms; FA�8°; FOV�230 mm; number of slabs�1; num-
er of slices per slab�192; voxel dimensions�0.9�0.9�1.0 mm).

Each session consisted of a continuous series of 365 volume
cquisitions with a total duration of 12 min 14 s. To avoid subject
atigue, several breaks (approximately 10 min per break) were
nserted within the six sessions (in a typical case, the order of
resentation was three sessions/break/three sessions). The total
uration of the experiment was approximately 180 min, including
he instruction period, the practice time, and the acquisition of the
tructural MR and fMR images.

mage preprocessing

he first seven volumes of each session were eliminated to allow
or stabilization of the magnetization, and the remaining 358 vol-
mes per session (a total of 2148 volumes per subject for six
essions) were used for the analysis. To enable the results to be
ompared with those of our previous study (Tanabe et al., 2005),
he same software and procedure were adopted for the analysis.
tatistical Parametric Mapping software (SPM99, Wellcome De-
artment of Imaging Neuroscience, London, UK) was used for
reprocessing. After correcting for differences in slice timing within
ach image volume, all of the volumes were realigned for motion
orrection. Each structural image volume from the same slice
osition was co-registered with the image volume of the eighth
can, and the whole-head MP-RAGE image volume was then
o-registered with this structural image volume. The whole-head
mage volume was normalized to the Montréal Neurological Insti-
ute (MNI) T1 image template using a nonlinear basis function.
he same parameters were applied to all of the EPI volumes,
hich were spatially smoothed in three dimensions using a 10-mm

ull-width at half-maximum gaussian kernel.

valuation of sustained delay activity

he sustained activity during the S1–S2 delay period was ana-
yzed using a conventional statistical parametric mapping (SPM)
pproach. To depict the neural substrates of the task, the neural
esponses to S1 and S2/feedback (S2/F), as well as the delay
ctivity between S1 and S2, were modeled with a hemodynamic
esponse function (HRF) which combines two gamma functions
as described by Friston et al., 1998a,b, 2007) without a temporal
erivative for each subject. Contrast images of the sustained
ctivity of each subject were used for the group analysis with a
andom-effects model, in order to make inferences at the popula-
ion level (Friston et al., 1999, 2007). The resulting set of voxel
alues for each contrast constituted an SPM of the t statistic
SPM{t}), which was transformed into normal distribution units
SPM{Z}). The threshold for the SPM{Z} was set at Z�3.09
P�0.001) at the voxel level and P�0.05 (minimum cluster vol-
me was 353 voxels) with a correction for multiple comparisons at
he cluster level for the entire brain (Friston et al., 1996, 2007),
nless otherwise indicated.

orrelation between sustained activity and task
erformance

o depict correlations between neural activities during the delay
eriod and performance across the subjects, we conducted a
orrelation analysis between the sustained activity during the
elay period for each subject and the individual’s task perfor-
ance of the final session. Task performance was measured as

esponse accuracy, the number of correct response divided by
otal number of PA trials responded to in the session. As the

ubject was asked to make no response when he/she missed the s
timuli (i.e. did not hear or see S1 and/or S2), these missed trials
ere excluded from the analysis. Parameter estimate (�) of the

egressor of delay period was adopted as the measure of the
ustained activity. The parameter estimates of the regressor of
nterest in each voxel constitute contrast images, representing the
ercent signal change relative to the mean global MR signal,
hich was scaled to 100 (Friston et al., 2007). Contrast images of

he sustained activity of each subject were used for the group
nalysis in a random-effects model, incorporating task perfor-
ance in the final session as a covariate (regressor).

At the local maximum within each region showing an effect in
he correlation analysis (i.e. anterior IFS), we calculated the �
stimates of the sustained activity during each session in each
ubject, and plotted this against session for each individual.

valuation of the learning effect in the STS in
esponse to S2/F

he component of brain activity in the STS showing a learning
ffect was observed based on the peak activity in response to
2/F. The method used to obtain the time course of each trial from

he MR signal time series data was the same as that in our
revious study (Tanabe et al., 2005). The MR signal data were
rst filtered with high-pass (cutoff frequency at 120 s) filters within
session. PAa(1, 1) is the scan volume acquired during the initial
resentation of the auditory S1, and PAa(i, 1) is the ith presenta-
ion of S1 (i�1�54). The ith PAa-condition trial consists of
Aa(i,1), PAa(i, 2), PAa(i, j) . . . . PAa(i, 20), which represents the
onsecutive scan volumes acquired with a time interval of 2 s
j�1�20). Within each trial, percentage normalization was then
erformed. Thus PAa(i, j) is the percentage signal change of the

th scan volume in the ith PAa trial compared with baseline (av-
rage of the first two-volume scan points, j�1, 2) of the same trial.

typical linear detrending method, which computes the least
quares fit of a straight-line to the data and subtracts the resulting
unction from the data, was also applied within each trial. These
R signal data were averaged in each session, so that six time

eries data were obtained in the present study.
To depict the individual differences in learning, we analyzed

he correlations between accuracy in the final PAa session and the
R signal decrease from the first to the final session in the STS at

he thirteenth scan. The STS locus (x��60, y��22, z��4) and
can point (thirteenth scan) in the present study were the same as
hose used by Tanabe et al. (2005) in which a learning-related
ecrement of the S2/F related activity was found only in the STS.

RESULTS

erformance

o evaluate performance between different tasks and ses-
ions, a two-way repeated measures of analysis of vari-
nce (rmANOVA) incorporating the effects of both task and
ession was conducted. This revealed that there were
ignificant main effects of session (F(5,135)�9.08; P�
.001), task (F(1,27)�175.15; P�0.001) and a significant

nteraction between task and session (F(5,135)�5.85;
�0.001). Fig. 2a shows that the learning effect (mea-
ured as improvement in performance) in the PAa task is
ore prominent in than that in the DMSv task, the latter of
hich showed a saturation in accuracy as learning pro-
ressed. In contrast, a two-way rmANOVA of RT showed
ignificant main effects of session (F(5,135)�5.685;
�0.001) and task (F(1,27)�101.519; P�0.001), but no
ignificant interaction (F �1.54; P�0.18). Fig. 2b
(5,135)

hows the reduction in RT for both tasks, suggesting the
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resence of a non-specific learning effect such as famil-
arity with the task procedure. Fig. 2c shows the accuracy
ates (correct response rates) during the final session in
oth the PAa and the DMSv tasks. The results showed a

arge variance in the accuracy rate during the PAa task
filled square; mean�70.7%, standard deviation (SD)�
0.7%), whereas the subjects’ performance was highly
ccurate with only a small variance during the DMSv task
filled triangle; mean�97.6%, SD�4.75%). To confirm this,
he difference in the accuracy rate between the first and
nal sessions (� accuracy) was calculated for each indi-
idual (Fig. 2d). These results also showed a large vari-
nce in PAa task performance (mean�22.1%, SD�
0.7%) compared to the DMSv task (mean�5.88%,
D�9.33%; Fig. 2b). The results of the DMSv showed that
igilance and/or attentiveness was maintained throughout
he experiment for all subjects. During the debriefing ses-
ion following the experiment, many of the subjects stated
hat they had not learned all of the pairs in the PAa task;
his is likely to be due to the small number of trials allowed
or learning the pair associations. The subjects who per-

ig. 2. Plots of the behavioral data. (a) Time course of response ac
MSv task. Error bars indicate 	1 SD. (b) Time course of reaction tim

ask. Error bars indicate 	1 SD. (c) Accuracy rates of all subjects
ndividual subject. Filled square, PAa task; filled triangle, DMSv ta
quare shows the average performance on the PAa task whereas
ars indicate 	1 SD.
ormed at �100% accuracy during the final session re- d
orted that the some of the pairings were ambiguous, and
hat they required feedback to deduce the correct pairs
uring the final session.

ustained activity during the delay period

o detect WM-related activity, sustained activity elicited by
he PAa task during the delay period was analyzed. Acti-
ation of the LPFC, the inferior frontal gyrus (IFG), the
re-supplementary motor area (preSMA), the dorsal part of
he premotor area (PMd), the intraparietal sulcus (IPS), the
recuneus (preCu), and the right cerebellum was observed
Fig. 3a, Table 1). To verify that these activated regions did
ot change during learning, we applied regression analysis
o the delay-period data, similar to that used in our previ-
us study (Tanabe et al., 2005). The results showed that
o significant changes were observed in these brain re-
ions (data not shown). Time course plots of the averaged
ignals of those regions in the first, fourth, and sixth ses-
ions revealed sustained activation during the delay period
hroughout the sessions (i.e. there was no increase or

n the PAa and DMSv tasks. Filled square, PAa task; filled triangle,
PAa and DMSv tasks. Filled square, PAa task; filled triangle, DMSv
e final session in the PAa and DMSv tasks. Each dot indicates an
ifference in accuracy during the first and final sessions. The filled
triangle shows the average performance on the DMSv task. Error
curacy i
e in the

during th
sk. (d) D
ecrease as the sessions proceeded) in the PAa task (Fig.
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b–e, left panels). The DMSv task did not activate these
reas during the delay period (Fig. 3b–e, right panels).
o
t

refrontal activation correlated with task
erformance

orrelation analysis was performed to depict the areas
here activation was correlated with task performance
uring the delay period. The results showed that only the

eft VLPFC activity was highly correlated with task perfor-
ance in the final session (Fig. 4a). Overlap between this

egion and those that were associated with WM during the
elay period was explored by applying an inclusive mask
f PAa. This revealed two clusters in the left VLPFC (Fig.
b): one in the anterior portion of the LPFC/inferior frontal
ulcus (IFS; Brodmann’s area (BA) 10; Fig. 4c, left panel),
nd one in the VLPFC/IFG (BA 45/47; Fig. 4c, right panel).
ig. 4d shows the correlation between task performance
uring the final session and the local signal change (pa-
ameter estimate) maximum in the anterior IFS (x��32,
�36, z�6) and the IFG (x��46, y�18, z�0) (Fig. 4d; left
FS, r�0.70, P�0.01; left IFG, r�0.60, P�0.01). To con-
rm the left-lateralization of this activity, we also examined
he coordinates of this local signal change on the opposite
ide of the brain (Fig. 4d; right IFS, r��0.19, P�0.34; right
FG, r�0.36, P�0.06). In addition, the correlation between
he activity in the bilateral DLPFC (left, x��44, y�28,
�30; right, x�50, y�30, z�34) and task performance
onfirmed that only the left VLPFC activity was correlated
ith task performance (Fig. 4d; left DLPFC, r�0.002,
�0.99; right DLPFC, r�0.07, P�0.72).

In the anterior IFS, no subject showed a statistically
ignificant correlation between the estimated delay period
ctivity and performance accuracy in each session, with
veraged correlation coefficient (r) of �0.07 (	0.37). The
veraged delay period activity did not change across
ession (Fig. 4e black; repeated measures ANOVA,

(5,135)�0.418; P�0.84) but varied across subjects: delay
eriod activity was higher throughout the sessions in the
ubjects who performed well (Fig. 4e red and orange), and

ow in those whose performance was lower (Fig. 4e sky
lue and blue).

he learning effect and S2/F-related activity
n the STS

e then focused on the learning-related signal change
ollowing presentation of S2/F. To examine the precise
earning-related activity changes, we calculated the corre-
ation between the MR signal change in the STS and task
erformance across subjects. An individual’s MR signal
hange was calculated as follows: MR signal change�
mean MR signal at the thirteenth scan period during the
rst session of the PAa task)–(mean MR signal at the

ig. 3. Sustained neural activities during the delay period. (a) Activa-
ion map of the PAa task. (b–e) Time courses of activity. (b) Left frontal
ole (x��32, y�54, z�2). (c) Left IFG (x��40, y�18, z�12). (d) Left
LPFC (x��46, y�28, z�28). (e) Left IPS (x��44, y��62, z�54).
he time course was collapsed across trials in sessions # 1 (blue), # 4
green), and # 6 (orange) in the PAa (left) and DMSv (right) tasks. Error
ars indicate 	1 standard error of the mean (SEM). For interpretation

f the references to color in this figure legend, the reader is referred to

he Web version of this article.
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hirteenth scan period during the sixth session of the PAa
ask). The results showed a statistically significant corre-
ation between PAa task performance and STS signal
hange during the PAa task (Fig. 5, r�0.57, P�0.01).
cross participants, larger decreases in the STS signal

rom the early to late learning phases of the PAa task
ccurred in the subjects who learned the pairing associa-
ions well; no such decrease in STS activity was observed
cross DMSv sessions.

DISCUSSION

s expected, accuracy in the PAa task varied greatly be-
ween subjects, even during the final testing session (Fig.
a, b). Response accuracy in the DMSv task was high
cross testing blocks for all subjects, indicating that vigi-

ance and attentiveness were maintained throughout the
xperiment. This suggests that the variable performance
bserved in the PAa task is not related to individual differ-
nces in general attentiveness. Subjects reported no diffi-
ulty in switching between the tasks, and cognitive or
erceptual interference between the tasks is unlikely given
hat performance on the DMSv task remained high
hroughout the experiment.

In the present study, we focused on the WM function,
hich refers to the processes that enable the maintenance
nd manipulation of information just experienced, but no

onger existing in the external environment, or retrieved
rom LTM, during paired association learning. In the PA
ask, fronto-parietal areas (e.g. the DLPFC, VLPFC,
reSMA, PMd, IFG and IPS) were active throughout the
elay period. The stimulus-related effect shows a pattern
ith two peaks, likely reflecting a non-specific attentional
ffect, as this was also observed in the DMSv task. As no
uditory area showed delay period activity (see supple-
entary figure), the delay period activity of the fronto-
arietal areas is unlikely to be directly related to the prior
resentation of acoustic stimuli. The activated areas

able 1. Fields showing sustained activity during the delay period in

Condition Cluster level P-value Cluster size MNI coordinates

x y

Aa �0.001 4366 �44 �54
�10 �72 46 5.97

10 �68 52 4.64
�0.001 12,001 �30 2

�44 30 28 6.62
�32 28 10 6.62
�12 6 60 6.13
�36 52 8 6.04
�0.001 2335 40 30
40 18 14 4.39
�0.001 1605 40 �50

0.004 707 32 �62

The result of the random-effects analysis for the sustained activity d
t P�0.05 (minimum cluster volume 353 voxels) with a correction for m
as set at Z�3.09 (P�0.001, uncorrected) at voxel level.
hown in Fig. 3 coincide well with those that were identified i
y Tanabe et al. (2005) as being activated during the delay
eriod of a delayed PA paradigm, irrespective of the mo-
alities (auditory, visual) of the paired stimuli. The present
nd the previous studies (Tanabe et al., 2005) adopted a
aired-association task that enables investigation of the
eural substrates of memory formation and organization
Eacott and Gaffan, 1992; Gutnikov et al., 1997; Hase-
awa et al., 1998; Sakai and Miyashita, 1991; Tomita et al.,
999). The delay inserted between presentation of stimuli
equires subjects to hold a stimulus “on line” before re-
ponding to a choice of S2, and hence recruits WM (Bad-
eley, 1992; Smith and Jonides, 1998). In the present and

he previous studies (Tanabe et al., 2005), we added to the
xperimental design a learning component, that is, the
election of the correct paired association item, as well as
he retention of this information during the delay period.

Here, selection is considered as a top-down process,
ecause selection of the item paired to S1 was based on

nformation about the association acquired by previous trial
nd error learning. Recent evidence from lesion and elec-
rophysiological studies suggests that association memory
etrieval requires top-down modulation (Eacott and Gaffan,
992; Gutnikov et al., 1997; Hasegawa et al., 1998; Tomita
t al., 1999). This notion is further supported by human
unctional neuroimaging studies (Bunge et al., 2004; Ran-
anath et al., 2004). One of the functions of the LPFC is to
ake selections from multiple conceptual representations
uring task performance (Kan and Thompson-Schill,
004). According to the biased-competition model (Desi-
one and Duncan, 1995), selection is mediated by an
ttentional template that encodes stimulus properties rel-
vant to the goal of a task (Kan and Thompson-Schill,
004). In the present study, this template can be consid-
red to be the learned relationship between the items.
hen the probe signal (S1) was presented, selection of

he paired stimulus was biased by this attentional template.
hus, sustained activity in the fronto-parietal cortices dur-

ask

Z-value Voxel level P-value Side Location BA

7.57 �0.001 L IPS 7/40
01 L preCu 7
01 R preCu 7

7.23 �0.001 L PMd 6
01 L DLPFC 46
01 L IFG 45
01 L preSMA 6
01 L FP 10

5.81 �0.001 R DLPFC 9/46
01 R IFG 45

5.42 �0.001 R IPS 7/40
5.25 �0.001 R Cerebellum

delay period in the PAa task is listed. The extent threshold was set
mparisons at the cluster level for the entire brain. The height threshold
the PAa t

z

48
�0.0
�0.0
62
�0.0
�0.0
�0.0
�0.0
26
�0.0
52

�38

uring the
ultiple co
ng paired association learning might represent the active
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nd transient relationship between the items (attentional
emplates), the selected items, and the selection process
tself (Fuster et al., 2000). Recent studies implicate the
arietal cortex in WM storage (Vogel et al., 2005), whereas

rontal areas are responsible for executive control of func-
ions (Bor and Owen, 2006).
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Sustained activity during the delay period was un-
hanged as learning progressed (Fig. 3b–e). This finding
uggests that the workload related to WM was unchanged
uring learning in each individual, on the other hand, the
elay period activity varies across subjects. We hypothe-
ized that better performance in the paired association

earning task would be associated with more prominent
ctivation of the WM-related fronto-parietal areas during
he delay period. The results demonstrate a statistically
ignificant correlation between association learning task
erformance, as observed in the final testing session, and
he strength of the sustained activity during the delay pe-
iod in the left VLPFC (Fig. 4a). This region overlaps with
ronto-parietal areas that might support WM processes

ig. 4. Correlation between brain activation during the PAa task and
ask performance in the final session. (a) Regions showing brain
ctivity that correlated with task performance (across the whole brain).
b) Common regions showing brain activity that correlated with task
erformance and learning-related sustained activity during the delay
eriod (masked inclusively with a PAa activation map). (c) Local
axima of the activity superimposed on sections of a high-resolution
R image. The panel on the right shows the IFS region (x��32,

�36, z�6). The panel on the left shows the IFG region (x��46,
�18, z�0). (d) Correlation between the accuracy at the final session
n the PAa task and the parameter estimate (�) at the final session in
he bilateral IFS (x�	32, y�36, z�6), IFG (x�	46, y�18, z�0), and
LPFC (left, x��44, y�36, z�6; right, x�50, y�30, z�34), respec-

ively. (e) Effect sizes of activation (parameter estimates) in the IFS in
ach session averaged across subjects (black, filled square), for two
ubjects with good performance (red and orange filled circles, respec-
ively) and two subjects with poor performance (sky blue and blue filled
ircles, respectively). Error bars indicate 	1 SD. For interpretation of
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nd task performance. Correlation between the PAa performance in

he final session and the difference in MR signal between the first and
ixth session in the STS. The STS locus (x��60, y��22, z��4) and
can point (thirteenth scan) were the same as those used by Tanabe
t al. (2005).
he references to color in this figure legend, the reader is referred to
he Web version of this article.
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Fig. 4b). As there was no such correlation with the DLPFC
r parietal activation, the VLPFC might represent specific
ubcomponents of WM function in associative memory
earning (Petrides, 1994; Owen et al., 1996; D’Esposito et
l., 2000; Ranganath, 2006). In the present study, the

earning performance of each subject was predicted by the
agnitude of the VLPFC activity during the delay period;

hus subjects who learned the association faster showed
igher delay-related VLPFC activity. Previous psychologi-
al studies have reported that inter-individual performance
ifferences in WM capacity are partly determined by the
fficiency with which irrelevant items are excluded (Vogel
t al., 2005; Bor and Owen, 2006), and therefore related to
he selection process. Hence, correlation between task
erformance requiring LTM encoding and the sustained
ctivity in the left VLPFC during the delay period might
uggest that a subcomponent of WM responsible for stim-
lus selection is involved in LTM formation.

According to previous studies, the VLPFC is involved
n the active retrieval and selection of relevant items (Pet-
ides, 1994; Ranganath and D’Esposito, 2005; Badre and

agner, 2007; Murray and Ranganath, 2007). One possi-
le explanation for the correlation between the VLPFC
ctivity and task performance is that the learning process
equires controlled (top-down) selection to identify the ob-
ect to be retrieved (Badre and Wagner, 2007; Blumenfeld
nd Ranganath, 2007). “Proactive interference” demon-
trates how learning a previous association (A–B) makes it
ore difficult to learn a new and overlapping association

A–C) (Barnes and Underwood, 1959; Badre and Wagner,
005). The PA tasks used in the present study required the
ubjects to form paired associations that were compared
ith feedback information in each trial. Thus, in a subse-
uent trial, it was essential to direct attention towards the
oal-relevant information (i.e. correct association) or to

nhibit the influence of irrelevant information (i.e. incorrect
ssociation). Overcoming proactive interference requires
he engagement of controlled selection processes to re-
olve this competition (Badre and Wagner, 2005, 2007;
lumenfeld and Ranganath, 2007); presumably, the better

he resolution of the proactive interference, the easier the
etrieval of the associated stimuli. Using a recent probe
ask with positron-emission topography, Jonides et al.
1998) showed that left IFG activity was related to the
esolution of proactive interferences. D’Esposito et al.
1999) demonstrated similar results with fMRI (for a re-
iew, see Jonides and Nee, 2006). Thus, the VLPFC might
ontribute to PA through the resolution of proactive inter-
erence for the active retrieval and selection of relevant
tems.

In the present study, the decrement of the S2/F-related
ctivity in the STS was correlated strongly with perfor-
ance on the PAa task across subjects (Fig. 5). Although
oth STS and VLPFC are related to LTM formation in a
erformance-dependent manner, the former showed a

earning-related temporal change in activity, whereas the
atter showed time-invariant activation. This implies that
he VLPFC and the STS contribute to different stages of

TM formation. Previously Tanabe et al. (2005) found that
he S2/F-related STS activity gradually decreases as
earning proceeds. S2/F stimuli prompt the comparison of
he items held in WM with S2, leading to the possible
pdating of learned associations. The arbitrary relationship
etween two paired stimuli gradually becomes strength-
ned as learning proceeds and feedback becomes in-
reasingly congruent with expectations, and progressively

ess work is required to build this link. Thus, the STS is part
f a neural system that supports LTM formation, function-

ng as a “comparator” (Tanabe et al., 2005), the function of
hich is to evaluate goal-relevant similarities and differ-
nces between items in the perceived item and those held

n WM. Without selection of the relevant items in the WM,
“comparator” could not function. Thus it is conceivable

hat WM processes might be the primary determinant of
erformance in tasks that rely on LTM formation.

CONCLUSION

n the present study, we demonstrated that the activity of
he left VLPFC during the delay period is highly correlated
ith final task performance in a delayed PA task. This
rovides direct evidence for a relationship between WM-
elated activity and learning of paired associations over
ime, and supports the hypothesis that WM processes,
uch as active selection and retrieval, are of central impor-
ance to the VLPFC’s contribution to successful LTM
ormation.
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