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It is widely held that long-term memory gradually develops in the temporal neocortex after initial memory encoding into the hippocam-
pus. However, little is known as to whether and where long-term memory can be newly created in the human temporal neocortex. In this
functional magnetic resonance imaging study, we detected brain activity in the temporal neocortex that was developed �8 weeks after
study of unfamiliar pictorial paired associates. Two sets of paired Fourier figures were studied, one �8 weeks before test and the other
immediately before test, keeping the correct performance during the tests balanced across the two sets of stimuli. Significant signal
increase was observed in the right hippocampus during retrieval of newly studied pairs relative to initially studied pairs. In contrast,
significant signal increase was observed in the anterior temporal cortex during retrieval of initially studied pairs relative to newly studied
pairs. The greater activity during retrieval of older memory developed in the temporal neocortex provides direct evidence of formation of
temporal neocortical representation for stable long-term memory.

Introduction
Since the initial report on patient H.M. (Scoville and Milner,
1957), the medial temporal lobe (MTL) has been a focus of inves-
tigation concerning long-term memory (Mishkin and Murray,
1994). Memory-related deficits induced by the damage to the
MTL (Milner et al., 1968) or the hippocampus proper (Zola-Morgan et
al., 1986) include anterograde and retrograde amnesia. The retro-
grade amnesia has been characterized by subsequent studies that
demonstrated a temporally graded role of the hippocampus
proper in memory retrieval (Zola-Morgan and Squire, 1990).
These neuropsychological and experimental approaches con-
verged to a theory of memory consolidation: Long-term memory
initially retrieved via the hippocampus is gradually reorganized in
the neocortex and becomes independent of the hippocampus
(Squire and Alvarez, 1995). Subsequent studies further showed
that the consolidation occurs during slow-wave sleep (Plihal and
Born, 1997; Takashima et al., 2006; Gais et al., 2007; Yoo et al.,
2007). On the other hand, an alternative theory, called multiple trace
theory, has also been proposed: long-term memory traces in the
hippocampus and the neocortex are multiplied, but retrieval contin-
ues to depend on the hippocampus (Nadel and Moscovitch, 1997).
Although the role of the hippocampus in long-term memory forma-
tion differs in these theories, development of the temporal neocorti-
cal representation is consistently predicted.

The neural correlates of memory representation have been
investigated in studies of nonhuman primates using electrophys-
iology, and a population of neurons has been found to be acti-
vated in the inferior temporal (IT) cortex during performance of
a pair-association (PA) task (Sakai and Miyashita, 1991; Naya et
al., 2003). A subsequent combined lesion and electrophysiology
study further showed that the response of the IT neurons was
dependent on the MTL, suggesting the interaction between the
MTL and the IT neurons during formation of memory represen-
tation (Higuchi and Miyashita, 1996; Messinger et al., 2001).
Whereas the role of the hippocampus in long-term memory for-
mation in humans have also been investigated using noninvasive
neuroimaging techniques (Stark and Squire, 2000; Haist et al.,
2001; Takashima et al., 2006; Smith and Squire, 2009), the neo-
cortical stores for more enduring memory representation largely
remain to be explored.

In this study, we used functional magnetic resonance imaging
(fMRI) to identify the neural substrates for memory representa-
tion in the temporal neocortex developed after learning of picto-
rial stimuli. Subjects initially studied a set of Fourier figures by
performing the PA task. Approximately 8 weeks after study, the
subjects studied another new set of figures. The 8 week delay is
consistent with results of a previous study on memory formation
(Zola-Morgan and Squire, 1990). Importantly, performance of
these two sets of stimuli was kept balanced even after the long
delay of 8 weeks by making the number of exposures in the
initial study much greater than that in the subsequent study.
After study of the two sets of pairs, fMRI was used to compare
the brain activity during retrieval of the stimuli learned long
before the test (remote memory) with that during retrieval of
newly learned stimuli (recent memory), to identify the neural
substrates associated with representation of initially learned
words.
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Materials and Methods
Subjects. Written informed consent was obtained from 30 healthy
right-handed subjects (18 males, 12 females; age, 20 –27). They were
scanned using experimental procedures approved by the institutional
review board of the University of Tokyo School of Medicine.

fMRI procedures. The experiments were conducted using a 3T fMRI
system. Scout images were first collected to align the field of view cen-
tered on the subject’s brain. Fast spin-echo images were obtained for
anatomical reference [repetition time (TR) � 3000 ms; echo time (TE) �
85 ms; 80 slices, slice thickness � 2.0 mm; in-plane resolution � 1 � 0.67
mm]. For functional imaging, a gradient echo echo-planar sequence was
used (TR � 3000 ms; TE � 35 ms; flip angle � 90 degrees; 40 � 4 mm
slices; in-plane resolution of 4 � 4 mm). One functional run was col-
lected, and the first four functional images were excluded from the anal-
ysis to take into account the equilibrium of longitudinal magnetization.

Task. The PA task had a structure that resembled those used in our
previous monkey electrophysiological studies (Sakai and Miyashita,
1991; Naya et al., 2003) (Fig. 1). The PA task began with the presentation
of a Fourier figure (Naya et al., 2003) as a cue stimulus (cue period),
which was followed by the presentation of two figures as a target and a
distracter, one to the right and the other to the left (choice period). The
figure presented as a cue was not presented as a target or a distractor. The
PA task had two variants administered in study and test sessions that
differed in time parameters and presence/absence of feedback stimuli (O:
correct, X: incorrect). The task sequence in the study session was as
follows: cue period for 1 s, fixation gap for 0.5 s, choice period for 2.5 s,
fixation gap for 0.5 s, feedback period for 0.5 s, intertrial interval for 3.0 s.
On the other hand, the task sequence in the test session was as follows:
cue period for 0.5 s, fixation gap for 0.5 s, choice period for 2.5 s, intertrial
interval for 0.5 s, without presentation of feedback stimuli.

Schedule. The subjects underwent study session 1 (S1), study session 2
(S2), and the test session (Fig. 2). Before S1 and S2, 20 unfamiliar Fourier
figures had been presented twice each for 4 s to familiarize the subjects
with the figures. S1 consisted of learning of 10 pairs of the figures [round
1 (R1)] and relearning of the same 10 pairs [round 2 (R2)] that were
separated by �2 weeks. S2 was separated from R2 in S1 by �8 weeks,
during which the formation of memory representation for the learned
stimuli was expected to take place, and the subjects learned a new set of 10
pairs in S2. These two sets of 10 pairs were counterbalanced across sub-
jects, such that one set of pairs presented in S1 in one subject was
presented in S2 in another. To make performance of retrieval of
remote and recent memory in the test session balanced, different
learning criteria were applied to S1 and S2. The learning in S1 was
administered persistently, and both R1 and R2 in S1 continued until
they achieved 100% correct performance in three successive blocks of
20 trials in which each of the 10 pairs was presented twice. On the
other hand, the learning in S2 was made shallower by using the crite-
ria of 70% correct in one block of 10 trials in which each of the 10 pairs
was presented once.

After completing S2, the test session was administered �30 min later
while functional images were acquired (Fig. 2). Ten PA trials in which the
10 pairs from S1 (remote trials) were presented and another 10 PA trials
in which the 10 pairs from S2 (recent trials) were presented, together with
fixation trials used for the event-related fMRI design, were pseudoran-
domly intermixed within an fMRI run.

Confidence scores were collected for each of remote and recent trials
after completing the scan. The subjects were presented with the same
intact PA pairs in the same order, and were asked to provide the confi-
dence score for each PA pair. The validity of the scoring procedure was
later confirmed (see Results, Behavioral data). The score was rated 3
when the subjects evaluated that the PA trial would be correct by 90% or
more. Similarly, the score was rated 2 when the subjects evaluated that
the PA trial would be correct by �70%, and the score was rated 1 when
the subjects judged that the PA trial would be correct by chance (�50%
correct).

To obtain behavioral measures that may reflect stable long-term mem-
ory representation for the learned pairs, before the start of R2 in S1, a
mid-session retention test was administered in which the 10 pairs learned
in R1 in S1 were tested. The task sequence and the time parameters in the
PA trials were the same as those used in the test session, to compare
reaction times in the two tests administered �8 weeks apart. Note that
the same pairs of the Fourier figures were presented in remote trials in the
test session and all the trials in the mid-session retention test, but that the
same pairs were tested in the test session and the mid-session retention
test �8 and 2 weeks after learning, respectively. The reaction time differ-
ence in each subject was used for a subsequent correlation analysis made
based on the following logic: The greater the brain activity in the tempo-
ral neocortex that reflects the stable long-term memory representation
formed during the long interval, the shorter the reaction time in remote
trials in the test session relative to that in the mid-session retention test.

Data analysis. Data were analyzed using SPM2 software (http://www.
fil.ion.ucl.ac.uk/spm/). Functional images were realigned, slice timing
was corrected, normalized to the baseline template with interpolation to
a 2 � 2 � 2 mm space, and spatially smoothed (full width at half maxi-
mum � 10 mm). Then event timing was coded into a general linear
model (Worsley and Friston, 1995). Events at the time of the correct
remote trials with the confident score 2 or 3 and the correct recent trials
with the confident score 2 or 3, together with other events of no interest
such as error trials, were modeled as events, time-locked to the onset of
cue stimulus presentation using the canonical function in SPM2. Correct
trials with no confidence (score: 1) were included in the regressor that
coded error trials.

The levels of confidence in remote and recent trials that were coded as
events were not necessarily matched in each subject. If, in one particular
subject, all the correct remote trials coded as events were scored 3 and all
the correct recent trials coded as events were scored 2, then the retrieval
success effect, for example, which is expected to correlate with the con-
fidence level, should be confounded in the remote trials. To incorporate
the individual difference related to the confidence level unmatched be-
tween the remote and recent trials, the confidence difference (CD) was
defined as follows: CD � NRem3/(NRem3 � NRem2) � NRec3/(NRec3 �
NRec2), where NRem3, NRem2, NRec3, and NRec2 represent the number of
correct remote trials with confidence score 3, the number of correct
remote trials with confidence score 2, the number of correct recent trials
with confidence score 3, and the number of correct recent trials with
confidence score 2, respectively. The CD reflects the difference in the
proportion of high confidence remote trials versus the proportion of
high confidence recent trials. So, if all the correct remote trials coded as
events were scored 3 and all the correct recent trials coded as events were
scored 2 in one subject, then the subject should be more confident in
remote trials and the CD equals to 1.

The contrast images for remote versus recent trials from each subject
were entered into a second-level group analysis. Only the correct trials
that also received 2 or 3 confidence score were used to generate the
contrast images to enhance memory related signals. The group analyses
were conducted using a random effect model, with a single correlation of
the CD: The constant regressor represents the effect of remote versus
recent trials, whereas the correlation regressor represents the effect of the

Figure 1. PA task. The PA task consisted of cue and choice periods in which a cue was
presented and then a paired associate had to be selected out of two alternatives, a target and a
distractor.
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confidence level. Significant activations were detected using a small vol-
ume correction based on the estimated volume of the gray matter in the
bilateral MTL, i.e., the hippocampi, and Brodmann areas (BA) 28, 34, 35,
and 36 (20 cm 3), and the gray matter in the bilateral temporal neocortex,
i.e., BA 20, 21, 37, and 38 (50 cm 3) (Maldjian et al., 2003).

Results
Behavioral data
The interval between R1 and R2 in S1 was 16.2 � 4.8 d (mean �
SD), and the interval between R2 in S1 and S2 was 62.6 � 10.0 d.
The numbers of trials taken to achieve the criteria for the remote
pairs in S1 were 14.4 � 4.2 (mean � SD) and 8.3 � 1.7 trials in R1
and R2, respectively, and the number of trials taken to achieve the
criteria for the recent pairs in S2 was 3.5 � 1.5 trials.

The correct performance of the mid-session retention test for
the pairs learned in R1 in S1, which was administered just before
R2 in S1, was 76.0 � 3.7% (mean � SEM), and the reaction time
in correct trials was 1176 � 43 ms. In contrast, the correct per-
formance of the test session, which was administered in the scan-
ner, was 71.3 � 3.3% in remote trials and 79.3 � 2.8% in recent
trials, and these were not significantly different. The reaction
time in correct trials was 1219 � 38 ms in remote trials and
1158 � 36 ms in recent trials, and these were not significantly
different, either. Moreover, there was no significant difference in
correct performance and reaction time between remote trials in
the test session and all the trials in the mid-session retention test.

The confidence scores collected after the scan were compatible
with the percentage of correct performance in remote and recent
trials. In remote trials, the percentage of correct trials out of those
trials that received score 1 was 54.2 � 10.3% (mean � SEM), and
the percentage of correct trials out of those trials that received score 2
or 3 was 73.6 � 3.4%, and these were significantly different [t(48) �
2.1, p � 0.05]. Similarly, in recent trials, the percentage of correct
trials out of the score-1 trials was 65.5 � 7.5%, and the percentage
of correct trials out of the score-2 or -3 trials was 80.9 � 2.9%,
and these were significantly different (t(50) � 2.1, p � 0.05). These
results validate the procedures of using only the correct trials that
received confidence score 2 or 3 to generate the contrast images of
remote versus recent trials. Moreover, in remote trials, the per-
centage of correct trials out of the score-2 trials was 64.4 � 5.3%,
and the percentage of correct trials out of the score-3 trials was
84.0 � 3.7%, and these were also significantly different (t(55) �
3.0, p � 0.005). Similarly, in recent trials, the percentage of cor-
rect trials out of the score-2 trials was 71.5 � 6.1%, and the
percentage of correct trials out of the score-3 trials was 87.0 �
4.0%, and these were also significantly different (t(51) � 2.2, p �
0.05). These results validate the definition of the CD based on the
difference between the score-3 trials and the score-2 trials. Addi-
tionally, there was no significant difference between the percent-
age of correct trials out of the score-1 and score-2 trials in remote
or recent trials.

The confidence scores were used for
calculation of the contrast of remote ver-
sus recent trials. The percentage of the tri-
als in the test session used for the imaging
analyses (i.e., the correct trials that also
received the confidence score 2 or 3) was
62.3 � 3.7% (mean � SEM) in remote
trials and 65.3 � 4.0% in recent trials, and
these were not significantly different. The
reaction time in these trials was 1198 � 39
ms in remote trials and 1130 � 35 ms in
recent trials, and these were not signifi-
cantly different, either.

Imaging data
A group analysis was conducted using a simple correlation that
contained a constant regressor and a correlation regressor (see
Materials and Methods). The constant regressor, which is of cen-
tral interest of this study, reflects remote versus recent trials, and
was calculated based on the correct trials that also received con-
fidence score 2 or 3 (Fig. 3). The posterior part of the hippocam-
pus in the right hemisphere at (26, �38, 0) elicited greater brain
activity in recent trials than in remote trials (t � 3.6, p � 0.05
SVC) (Fig. 3A). In contrast, the anterior temporal region in the
left hemisphere at (�28, 14, �26) elicited greater brain activity in
remote trials than in recent trials (t � 4.4, p � 0.05 SVC). The
single voxel in the anterior temporal region in the right hemi-
sphere at (28, 14, �26) that corresponds to the peak voxel in the
left anterior temporal activation also elicited greater brain activity
in remote trials (t � 3.4), although its peak was not significant
after SVC. No significant brain activity was observed outside the
anterior temporal cortex above uncorrected p � 0.001 or after
correction of whole-brain multiple comparisons.

The left anterior temporal activation was examined further, by
using across-individual variability of the reaction time difference
between remote trials in the test session and all the trials in the
mid-session retention test. The same pairs of the Fourier figures
were presented in the test session and the mid-session retention
test using the same task structures and time parameters, but �8
and 2 weeks after learning, respectively. The percentage of correct
performance and the reaction time in these two tests were not
significantly different (see Behavioral data). We reasoned that, if
the anterior temporal activation reflected consolidated memory
contents, then the memory trace should help to choose the an-
swer efficiently and the reaction time should decrease as a result.
More specifically, the greater the anterior temporal activation
that reflected the stable long-term memory representation, the
shorter the reaction time in remote trials in the test session rela-
tive to that in the mid-session retention test. Only trials that were
correct in both of the two tests were included in this analysis.
Figure 3B demonstrates significant correlation in the left anterior
temporal region (r � 0.53, p � 0.005), with shortened reaction
time difference correlated with greater brain activity.

An additional analysis was made on the correlation regressor
in a random effect model that reflects the effect of the confidence
level. Figure 4A shows the significant correlation observed in
multiple brain regions including the right hippocampal region
(22, �30, �8) (t � 4.8, p � 0.05 FDR whole-brain corrected) and
the left parietal region at (�56, �36, 50) (t � 4.8, p � 0.05 FDR
whole-brain corrected). The scatter plots in the hippocampal and
parietal regions demonstrate that the greater the CD (i.e., the
more confident on remote trials), the greater the signal in remote
trials, and conversely, the smaller the CD (i.e., the more confident

Figure 2. Time schedule for detection of long-term memory formation. The subjects first learned 10 paired figures in session 1,
and after �8 weeks, learned another 10 pairs in session 2. Then fMRI test session was administered.
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on recent trials), the greater the signal in recent trials (Fig. 4B).
We also examined to what degree the hippocampal region of
interest (ROI) revealed by the confidence level correlation anal-
ysis (22, �30, �8) was the same or different than the ROI re-
vealed by the recent � remote analysis (26, �38, 0). The region
revealed by the confidence level correlation analysis (22, �30,
�8) did not show significant signal difference in the recent �
remote analysis (t � �0.9, p � 0.05), suggesting one dissociable
aspect of these regions. Conversely, the region revealed by the
recent � remote analysis (26, �38, 0) showed significant corre-
lation in the confidence level correlation analysis (t � 2.4, p �
0.05), similarly to the other region.

Finally, basic contrasts were calculated to compare activation
with previous fMRI studies of paired associate retrieval (Jackson
and Schacter, 2004; Kirwan and Stark, 2004; Ranganath et al.,
2004; Tanabe et al., 2005; Lewis-Peacock and Postle, 2008). Spe-
cifically, remote � recent trials were contrasted against fixation
baseline (supplemental Fig. S1, available at www.jneurosci.org as
supplemental material). Compared with fixation baseline, many
regions were activated. Occipital regions were activated in re-
sponse to the visual demands of the task, and the left motor cortex
and supplementary motor cortex were activated, presumably be-
cause of the demand of making a button press. Outside these

sensory/motor regions, activated regions were also observed in
many areas of the frontal and parietal regions, basal ganglia and
thalamus. Although the precise functional characterization of the
regions identified by this contrast provides little insight into spe-
cific correlates of paired associate retrieval, this activation pattern
is similar to that observed in previous paired associate retrieval
tasks.

Discussion
In the present fMRI study, retrieval of initially learned figures was
compared with retrieval of newly learned figures. The right hip-
pocampal region elicited greater brain activity during retrieval of
newly learned figures than retrieval of initially learned figures. In
contrast, the left anterior temporal region showed the opposite
activation pattern. These results suggest that the cortical sub-
strates for enduring memory representation can be experimen-
tally created in the temporal neocortex.

Although the different roles of the hippocampus have been
proposed by different theories of long-term memory formation
(Gaffan and Gaffan, 1991; Squire and Alvarez, 1995; Nadel and
Moscovitch, 1997; Rolls, 2000), hippocampal activity is typically
observed during memory encoding in the context of subsequent
memory effects (Wagner et al., 1998a; Otten et al., 2001; Ofen et
al., 2007) or immediately after memory encoding (Ranganath

Figure 3. A, Statistical activation map for the contrast of recent versus remote trials (top)
and remote versus recent trials (bottom). The activation map is displayed as a sagittal or trans-
verse section and is overlaid on top of the anatomic image averaged across subjects. Significant
activations in the right hippocampal region (top) and the left anterior temporal region (bottom)
are indicated by green arrows. Statistical significance is indicated using the color scale to the
right, and the section level is indicated using the X or Z coordinate of the Talairach space.
B, Scatter plots of the anterior temporal activation against reaction time difference between
remote trials in the test session and all the trials in the mid-session retention test (see Materials
and Methods). One plot indicates data from one subject. L, Left; R, right.

Figure 4. A, Statistical maps for the effect of the confidence level during retrieval indepen-
dent of trial types remote/recent. The format is similar to Figure 3A. The right hippocampal
region and the left parietal region are pointed by green arrows. B, Scatter plots of the activations
in the right hippocampal and the left parietal regions against confidence difference (see Mate-
rials and Methods for details). The format is similar to Figure 3B. L, Left; R, right.
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and D’Esposito, 2001) in human neuroimaging studies. The hip-
pocampus, as well as the parietal cortex, is also known to be
activated during retrieval success (Henson et al., 1999; Eldridge et
al., 2000; Konishi et al., 2000; Yonelinas, 2002; Manns et al.,
2003), consistent with the results of the hippocampal and parietal
activation in the present study that correlated with the level of
confidence. The hippocampal involvement has also been shown
to disappear in the passage of time (Squire and Alvarez, 1995), as
revealed by decreasing hippocampal activity during retrieval of
encoded information (Takashima et al., 2006; Smith and Squire,
2009). Consistent with the previous studies, our results demon-
strated smaller brain activity in the hippocampal region during
retrieval of initially learned figures than during retrieval of newly
learned figures.

The present study demonstrated the long-term representation
for unfamiliar figures in the temporal neocortex. There are sev-
eral previous neuroimaging studies that attempted to show the
shift of retrieval mechanisms from the hippocampus to the tem-
poral neocortex (Stark and Squire, 2000; Takashima et al., 2006).
Although it was shown that the activity in the hippocampus de-
creased with the passage of time, consistent with the time-limited
role of the hippocampus, these studies did not show temporal
neocortical representation that developed after learning. One no-
table exception is reported by Takashima et al. (2007), where
similar anterior temporal activation was observed during re-
trieval of remote (stabilized) pairs relative to retrieval of recent
(labile) pairs. The anterior temporal activation reported in the
study by Takashima et al. (2007) was located in the lateral part of
the anterior temporal cortex (��50 in x-coordinate), whereas
the anterior temporal activation reported in this study was lo-
cated more medially (��30 in x-coordinate). One possible ex-
planation for the different results would be that the remote pairs
in Takashima et al. (2007) were studied for 1 week and scanning
was conducted 1 d after the end of the study, whereas the remote
pairs in this study were studied �8 weeks before scanning. Thus,
it is possible that localization of long-term representations
formed in the anterior temporal cortex depends on how much
time has passed since the memory content was encoded.

The anterior temporal activation during retrieval of initially
learned figures observed in the present study is consistent with
past studies, in terms of both localization and laterality. The an-
terior temporal activation converges with the results of neuro-
psychological studies showing permanent retrograde amnesia
following anterior temporal cortical damage and with the results
of neuroimaging studies on semantic knowledge (Kapur et al.,
1992; Damasio et al., 1996; Gorno-Tempini et al., 1998; Cabeza
and Nyberg, 2000; Bar et al., 2001; Martin and Chao, 2001;
Tsukiura et al., 2002; Thaiss and Petrides, 2003; Ploran et al.,
2007). Although the right hippocampal activation during re-
trieval of newly learned figures followed the rule of the right
hemisphere dominance in nonverbal processing (Milner, 1971;
Kelley et al., 1998; Wagner et al., 1998b; Gazzaniga, 2005), the
anterior temporal region did not. However, the final memory
representation can be formed primarily in the left hemisphere
even for nonverbal items, as demonstrated by the results of a
previous study showing that the anterior temporal cortex in the
left hemisphere is involved in retrieval of familiar names whereas
the anterior temporal cortex in the right hemisphere is involved
in retrieval of newly learned names (Tsukiura et al., 2002).

The memory representation for the remote and recent pairs
might not be the same kind. The temporopolar cortex may form
configural representation that supports memory retrieval based
on familiarity after repeated exposures to the pair (Haskins et al.,

2008). However, the hippocampus encodes relational repre-
sentation that supports conscious recollection of recent
events. Although the present results cannot discriminate whether
the anterior temporal activation reflects the consolidated mem-
ory representation that is similar to the one encoded into the
hippocampus, or configural representation based on familiarity,
the present results demonstrate the formation of long-term rep-
resentation in the anterior temporal cortex.

The temporal neocortical region was more activated when
older memory had to be retrieved. The results may be parallel to
our previous monkey electrophysiological study of the PA task
using the same Fourier figures that the monkeys had never seen
before. Thus, the stimulus-selective activity in the IT neuron in
our electrophysiological study (Miyashita, 1988; Sakai and Mi-
yashita, 1991) may correlate with the temporal cortical activation
during retrieval of the initially learned figures in this study. Al-
though more investigation is required to elucidate the precise role
of the anterior temporal cortex, the present fMRI study, collec-
tively with previous neuropsychological studies of retrograde
amnesia (Kapur et al., 1992; Tsukiura et al., 2002), provides con-
verging evidence for stable memory representation developed in
the anterior temporal cortex.
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