RAPID COMMUNICATION

HIPPOCAMPUS 15:141-148 (2005)

Does Hippocampus Associate Discontiguous Events?
Evidence From Event-Related fMRI

Jing Luo'? and Kazuhisa Niki***

ABSTRACT:  To examine the hypothesis that the hippocampus is nec-
essary to overcome temporal or spatial “discontiguity” (Wallenstein et al.,
Trends Neurosci 1998; 21:317-323), subjects were imaged by functional
magnetic resonance imaging (fMRI) when they were making judgments as
to whether two words were semantically related. Two words were pre-
sented, either at the same time (the Simultaneous Presentation Condition)
or one after the other with a short unfilled rest period (the Delayed
Presentation Condition). The latter condition, relative to the former, was
proposed to involve the process of “discontiguity association.” Event-
related fMRI results of eight subjects showed that, relative to the binding
of simultaneously presented words, the binding of delay presented words
was associated with left hippocampus activity. This result provided direct
neuroimaging evidence for the role of the hippocampus in “discontiguity
association.” o 2004 Wiley-Liss, Inc.
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INTRODUCTION

The function of medial temporal lobe (MTL), more specifically the func-
tion of hippocampus in episodic memory, is generally well accepted (Squire,
1992; Eichenbaum et al., 1994). Yet, the critical characteristics of hip-
pocampal processing in episodic memory are unclear. It has been proposed
that the hippocampus is necessary to overcome temporal or spatial “discon-
tiguity” within an episode. That is, to overcome discontiguity one has to
form new associations between stimuli that do not temporally or spatially
overlap (Rawlins, 1985). This hypothesis was consistent not only with the
experimental evidence on the function of hippocampus, but also with recent
theoretical considerations. For example, in classic conditioning, when the
presentation of conditioned stimulus (CS; tone) and the presentation of
unconditioned stimulus (US; air-puff to eye) overlap in time, animals with
hippocampal lesions and normal animals both learn the response equally
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well. However, when there is a brief delay period between
the two stimuli, hippocampal-damaged animals show
marked impairment in learning compared with normal
animals (Thompson et al., 1982). Also, in maze learning,
when visual stimuli used to guide performance are situ-
ated in close proximity to one another, forming a com-
pound cue, both hippocampal-damaged rats and controls
learn maze tasks equally well. However, when the same
cues are distributed around the maze, requiring the ca-
pacity for forming associations among spatially disparate
items to guide performance, hippocampal-damaged rats
typically show significant impairment relative to controls
(O’Keefe and Conway, 1980). Moreover, based on the
confluence of experimental observations and computa-
tional modeling, recent computational work suggested
the contribution of the hippocampus to learning and
memory in the association of discontiguous events (Wal-
lenstein et al., 1998).

However, there is still no functional neuroimaging re-
search that directly investigates this important topic re-
garding hippocampal function. Episodic memory task
includes the retention interval between encoding and
testing, and so involves the process of “discontiguity as-
sociation.” However, episodic memory retrieval can be
accomplished through recognition memory that does not
essentially contain associative components and challenge
hippocampus (Eichenbaum et al., 1994; Aggleton and
Shaw, 1996; Vargha-Khadem et al., 1997; Aggleton and
Brown, 1999). Possible for this reason, episodic memory
retrieval tasks failed to show consistent hippocampal ac-
tivation (Eldridge et al., 2000).

In the present study, the function of the hippocampus
in associating discontiguous events was investigated in an
event-related functional magnetic resonance imaging
(fMRI) experiment, using a 3.0-tesla (T) MRI scanner.
The 3.0-T machine has sufficient field strength to avoid
localization biases toward draining veins and enables us
to record the activation of hippocampus efficiently;
event-related analysis methods permits us to detect the
transient activity that occurred in the moment of contig-
uous or discontiguous events-bridging. The cognitive
task was to make a subjective judgment as to whether the
two words were semantically related (semantic related-
ness judgment). Two words are presented at the same
time (Simultaneous Presentation Condition), or one af-
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FIGURE 1. Examples of the four types of trials in the experiment.



ter the other with a short rest period (Delayed Presentation Con-
dition) (Fig. 1). By comparing the moment of associative process-
ing in the Simultaneous Presentation Condition and in the
Delayed Presentation Condition, we can evaluate the role of the
hippocampus in associating discontiguous events. In contrast to
the recognition memory that could be achieved through a famil-
farity heuristic, the semantic relatedness judgment can only be
accomplished through an associative process (Henke et al., 1999;
Lepage et al, 2000; Luo and Niki, 2002). Another advantage in
using semantic-relatedness judgment is that it can provide a rea-
sonable reference state for detecting hippocampus activity. It is
now known that the non-memory conditions, which were usually
taken as the reference state in the previous recognition memory
task (Cabeza and Nyberg, 2000), could have caused the “baseline
problem” that critically influenced the detection of hippocampus
activity by neuroimaging method (Stark and Squire, 2001). How-
ever, our design avoids this baseline problem and enables us to
precisely estimate the activity of hippocampus in “discontiguity-
associating,” because both the experimental condition and the con-
trol condition involve the same semantic relatedness judgment.

MATERIALS AND METHODS

Subjects

Eight healthy, right-handed volunteers (six female and two
male, aged 21-33; mean = 27.13) participated in this experiment.
They were interviewed 1 or 2 days before participating in the fMRI
experiment and giving informed consent following the MRI ethics
committee guidelines (Neuroscience Research Institute, AIST).

Cognitive Task

The cognitive task was to judge whether the two words, pre-
sented at the same time or one after the other with a short interval,
were semantically related. In the Simultaneous Presentation Con-
dition, two words were presented at the same time (AB trial). In the
Delayed Presentation Condition, the two words were presented
one after another with an inserted rest condition (in which subjects
were required to simply fix their eyes on the cross-hair [+] pre-
sented in the center of the screen), subjects were required to keep
the first word in their mind and to judge whether the first word was
semantically related to the second one when it was presented (A_B
trial). The presentation durations of each stimulus are given in
Figure 1. To avoid confusion between trials, two small asterisk
marks (**) were presented in the center of the screen for 1.5 s to
mark the beginning of each trial. In the Simultaneous Presentation
Condition, two words were presented simultaneously for 2.0 s,
followed by a varied rest period (2.0—6.0 s; mean: 4.0 s). This
varied rest period was adopted to increase “optimal statistical effi-
ciency,” i.e., the accuracy with which the event-related hemody-
namic response to different stimuli can be estimated for a given
amount of imaging time, in the study (Dale, 1999; Burock et al.,
1998). Subjects were asked to press the left key of the button box
(which was attached to their right leg) with the right index finger,
if they thought the two words were semantically related, or to press
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the right key with the right middle finger if they did not think the
two words were semantically related (see AB trial in Fig. 1). In the
Delayed Presentation Condition, the first word was shown for
1.0 s; then, after a 3.0-s rest period, the second word was presented
for 2.0s, and subjects were required to judge whether the first word
was semantically related to the second word (yes: left key; no: right
key). Again, the second word was followed by a varied rest period
of 4.0 £ 2.0 s (see A_B trial in Fig. 1). In this study, 60 pairs of
low-frequency, two-character Japanese Kanji words were used as
materials. One-half of them were assigned to the Simultaneous
Presentation Condition and one-half to the Delayed Presentation
Condition. Word pairs were counterbalanced across subjects. To
minimize judgment bias and maintain the subjects arousal, one-
half of the pairs in each condition contained obvious semantic
relation, and one-half of them not (Luo and Niki, 2002). Both
conditions included reference trials in which two same words were
presented simultaneously (see AA trial in Fig. 1), or one after an-
other with an inserted 3-s rest period (see A_A trial in Fig. 1). In
those trials, subjects were required to press the left key (“yes” judg-
ment) and were told the reason that “a word is always related to
itself.” The pace of A_A trials was the same as that of A_B trial; the
pace of AA trial was the same as AB trial. To familiarize the subjects
with the procedure and pace of the task, they were trained with
another set of similar materials in the same pace before the formal
experiment.

Data Acquisition

All scanning was performed on a 3.0-T MRI scanner (GE 3T
Signa) equipped with EPI capability. 18 axial slices (5.3 mm thick,
interleaved) were prescribed to cover the whole brain. A T2*-weighted
gradient echo EPI was employed. The imaging parameters were TR =
2,000 ms, TE = 30 ms, FA = 70 degrees, FOV = 20 X 20 cm (64 X
64 mesh). To avoid head movement, they wore a neck brace and were

asked not to talk or move during scanning. Motion correction was also
performed by a standard realignment process in SPM99 (SPM, 1999).

Data Analysis

Images were first pre-processed (time slice adjusted, re-
aligned, normalized, and smoothed) by SPM99. Then, the im-
age data of eight subjects were analyzed by the Event-Related
Analysis module of SPM99. The aim of this study is to investi-
gate the transient brain activation in the moment of the asso-
ciative processing or semantic-relatedness judgment. For AB
trials, the associative processing occurred when the two words
were simultaneously presented, whereas for A_B trials, the as-
sociative processing occurred when the second word was pre-
sented. Therefore, the association of discontiguous events was
time-locked to the presentation of the second words in A_B
trials (we called this event Event A_B), while the association of
contiguous events was time-locked to the presentation of the
two words in AB trials (called Event AB) (see Fig. 1). Similarly,
Event A_A or AA was defined in the same way. Besides these
four types of event, the presentation of the first words in A_A
and A_B trials were also defined. Although the processing of the
first words were not considered in this study (because during the
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TABLE 1.

Mean Reaction Time (in sec) in Experiment 1

Event type Event AA Event AB Event A_A Event A_B
Mean (SD) 1.04 (0.33) 1.52 (0.28) 0.75 (0.19) 1.05 (0.15)
N = 8.

presentation of these words, subjects still did not know what
kind of associative processing they would do), it was still nec-
essary to define them in the estimation; otherwise, the brain
responses evoked by these mental events might have a chance to
be falsely attributed to other events. In sum, we defined five
types of events in the estimation: Event AA and AB in the
Simultaneous Presentation Condition, Event A_A, Event A_B,
and the first word of the A_A and A_B trials in the Delayed
Presentation Condition. All events were time-locked to the be-
ginning of stimulus presentation and modeled with canonical
hemodynamic response function (HRF). Conjunction analysis,
which is used to make inferences about a population from a
relatively small number of subjects (N < 12) (Friston et al.,
1999), was adopted to examine the difference between condi-
tions. The threshold of P < 0.05 (corrected) was taken to detect
activation in cerebral cortices, and, a relatively loose threshold,
P < 0.001 (uncorrected), was taken to detect the activation in
hippocampus (this threshold is stringent enough for detecting
the hippocampus activity that is predicted by previous hypoth-
esis, because the signal-to-noise ratio in this area is generally
known to be low) (Ojemann et al., 1997). Locations reported
by SPM99 (SPM coordinates) were converted into Talairach
coordinates (Talairach and Tournoux, 1988) by the transform
specified in the mni2tal.m program (Brett, 1999). These coor-
dinates were used to determine the nearest gray matter (region
and corresponding Brodmann area), using Talairach Daemon
program version 1.1 (Lancaster et al., 2000) with the maximum
range of 11 mm.

RESULTS AND DISCUSSION

Behavior Results

The mean reaction time (RT) to different kinds of events is
given in Table 1. RT of Event AB was significantly longer than that
of Event A_B, t(7) = 7.22, P < 0.001. Different from the old/new
recognition task, which has a standard criterion, the semantic-
relatedness judgments are based on one’s subjective “feeling” of the
word pairs. Therefore, it is difficult to estimate subjects’” response
accuracy. But afterward, the subjects’ reports indicated that they
had no any difficulties or failures in memorizing and retrieving the
first word in Delayed Presentation Condition.

Neuroimaging Results

Relative to their baselines, both Event AB and A_B were asso-
ciated with activation in left ventrolateral prefrontal cortex (PFC)

and bilateral medial PFC. Relative to Event AA, Event AB was
associated with activation in bilateral inferior frontal gyrus (BA47:
xy,z = —38,21,—11; x,y,z = —30,25,—11; x,y,z = 38,21,—16),
left superior temporal gyrus (BA38: x,y,z = —32,18, —23), bilat-
eral cingulate gyrus (BA32: x,y,z = 12,21,27; x,y,2z = —4,17,30),
and left parahippocampal gyrus (BA19: x,y,z = —16, —53,—4).
Relative to Event A_A, Event A_B was associated with activation
in left inferior frontal gyrus (BA47: x,y,z = —42,17, —14;x,y,z =
—50,19,—4), left superior temporal gyrus (BA38: x,y,z =
—28,18,—26), bilateral medial frontal gyrus (BAS8: x;y,z =
2,25,41; BAG6: x,y,z = 0,33,35), and bilateral superior frontal gyrus
(BA8: x,y,z = 2,43,38; BA9: x,y,z = —4,52,25) (Table 2 and
Fig. 2).

The direct contrast of Event A_B and AB showed that, relative
to Event AB, Event A_B was associated with activation in left
middle temporal gyrus (BA39: x,y,z = —42,—70,27), left middle
occipital gyrus (BA19: x,y,z = —46,—72,—8), and left hippocam-
pus (xy,z = —30,—24,—9; x,y,z = —30,—11,—21; x,y,z =
—34,—22,—17). Relative to Event A_B, Event AB was associated
with activation in left cerebellum (x,y,z = —42,—71, —28) and
right precuneus (BA19: x,y,z = 32,—66,40; x,y,z = 32, —70,33)
(Table 2 and Fig. 3).

With the standard threshold (7 < 0.001, uncorrected), we did
not detect any hippocampus activation in the contrast of “Event
A_B minus A_A” and “Event A_A minus AA.” To estimate pre-
cisely whether there were tendencies of hippocampus activation in
these contrasts, we checked each individual’s data. Among a total
number of eight subjects, three (thresholded at 2 < 0.001, uncor-
rected) or four (thresholded at 2 < 0.005, uncorrected) subjects
showed hippocampus activation (that was located near the one
highlighted in the critical contrast “Event A_B minus AB”) in the
contrast of “Event A_B minus A_A”; but there were only one
(thresholded at P < 0.001, uncorrected) or two (thresholded at
P < 0.005, uncorrected) of the subjects showed similar hippocam-
pus activation in the contrast of “Event A_A minus AA.”

DISCUSSION

Neuroimaging results showed that the general neural network
subserving the associative processing included left ventrolateral
PFC (together with left superior temporal gyrus) and medial PEC.
The left ventrolateral PFC is known to mediate the active compar-
ison of stimuli held in working memory (Petrides, 1994) and es-
pecially subserve the semantic selection (Thompson-Schill et al.,
1997), whereas the medial PFC (including the anterior cingulate
cortex) is involved in a wide range of cognitive activities that re-
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Activation List Shown in the Contrasts

Cluster
level Voxel level
Talairach coordinates
Contrasts Kg P orrected Z-value P incorrected xy,2) Areas
Event AB > AA 164 0.000 7.81%* 0.000 —38 21 —11 L inferior frontal gyrus, BA47
0.000 7.40% 0.000 —30 25 —11 L inferior frontal gyrus, BA47
0.000 6.76** 0.000 -32 18 -23 L superior temporal gyrus, BA38
39 0.000 6.43** 0.000 38 21 —-16 R inferior frontal gyrus, BA47
23 0.001 5.89** 0.000 12 21 27 R cingulate gyrus, BA32
8 0.003 5.68** 0.000 —4 17 30 L cingulate gyrus, BA32
6 1.000 3.28* 0.001 —16 —53 —4 L parahippocampal gyrus, BA19
Event AA > AB 4 0.000 6.08** 0.000 50 —64 33 R angular gyrus, BA39
Event A_B > A_A 122 0.000 6.98%* 0.000 —42 17 —-14 L inferior frontal gyrus, BA 47
0.000 6.79** 0.000 —50 19 —4 L inferior frontal gyrus, BA47
0.000 6.17** 0.000 —28 18 —26 L superior temporal gyrus, BA38
88 0.000 6.94** 0.000 2 25 41 R medial frontal gyrus, BA8
0.000 6.65** 0.000 0 33 35 L medial frontal gyrus, BA6
0.003 5.68** 0.000 2 43 38 R superior frontal gyrus, BA8
15 0.000 6.60** 0.000 —4 52 25 L superior frontal gyrus, BA9
Event A_A > A_B 138 0.000 7.17** 0.000 6 —48 45 R precuneus, BA7
0.000 7.16** 0.000 10 —35 39 R cingulate gyrus, BA31
0.000 6.25%* 0.000 6 —41 43 R cingulate gyrus, BA 31
29 0.000 6.4** 0.000 48 —54 43 R inferior parietal lobule, BA40
0.000 6.1** 0.000 50 —44 45 R inferior parietal lobule, BA40
9 0.000 6.35** 0.000 16 -76 41 R precuneus, BA7
Event A_B > AB 105 0.000 6.69** 0.000 —42 =70 27 L middle temporal gyrus, BA39
0.002 5.82%* 0.000 —46 =72 -8 L middle occipital gyrus, BA19
134 0.927 4.17* 0.000 =30 —24 -9 L hippocampus
0.994 3.97* 0.000 -30 -1 -21 L hippocampus
1.000 3.44* 0.000 —34 —22 -17 L hippocampus
Event AB > A_B 117 0.000 Inf** 0.000 —42 =71 —28 L cerebellum
76 0.000 7.17** 0.000 32 —66 40 R precuneus, BA19
0.000 711 0.000 32 =70 33 R precuneus, BA19

L, left; R, right; BA, Brodmann area.

Kg, number of voxels contained in the cluster (voxel size: 2.0 * 2.0 * 2.0 mm); P_y, ecteqs the P-value that was corrected for multiple comparisons;
P ncorrecteas P-value that was uncorrected for multiple comparisons; P-value of 0.000 means it was less than 0.001; **significant at P < 0.05

(corrected) level; *significant at P < 0.001 (uncorrected) level.

quire the “executive function” (Vogt et al., 1992). The activity of
left ventrolateral and bilateral medial PFC embodied the general
processes of attentional control and semantic selection involved in
associative processing.

Critically, our study showed that the mental events of binding
discontiguous items (Event A_B), relative to that of binding con-
tiguous items (Event AB), were associated with activities in the
hippocampus and occipital-temporal regions. This result was con-
sistent with the neuroimaging studies on the associative recogni-
tion memory task (e.g., Yonelinas et al., 2001). Yonelinas et al.
(2001) proposed that occipital-temporal regions supported the
processing of the individual aspects that made up a study event
(e.g., object information), while the hippocampal and parahip-
pocampal regions were involved in reconstructing the associations
between aspects of the study event. In the present research, the
to-be-associated words were presented in different temporal con-
text in the A_B trial. Relative to the AB trial, the A_B trial might
evoke more focused processing of the individual word and more

intensive bridging of discontiguous events, which were subserved
by the occipital-temporal regions and hippocampus, respectively.
However, relative to the binding of discontiguous events (Event
A_B), the binding of contiguous events (Event AB) was associated
with activity in the right precuneus and left cerebellum. The pre-
cuneus was proposed to mediate the shifting of spatial attention
between feature dimensions (Nagahama et al., 1999), locations
(Culham et al., 1998), or multiple items that were maintained in
working memory (Phillips and Niki, 2002). The right cerebellum
was known to be involved more extensively in semantic associative
processing when the difficulty of the task was increased (Xiang et
al., 2003). Event AB might differ from Event A_B in two aspects.
First, different from the A_B trails in which the encoding of the
first word had already been finished in the initial stage, both of the
to-be-evaluated words were encoded at the moment of semantic-
relatedness judgment in AB trials. Therefore, the task complexity
might be higher in Event AB than A_B (consistently, the RT of
Event AB was significantly longer than that of Event A_B). Sec-
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Activation in medial PFC (top) and left ventrolateral PFC (bottom) shown in the

contrast of “Event A_B minus A_A” at the threshold of P < 0.05 (corrected). Talairach z-coordi-
nates are shown at the top of each horizontal section.

ond, in making a relatedness judgment in Event AB, subjects
might shift their attention more frequently between the to-be-
evaluated items than they did in Event A_B. It was for this reason
that Event AB relative to Event A_B showed elevated activation in
the cerebellum and precuneus, which were the areas known to be
involved in task complexity and attention shifting, respectively.
In summary, in the A_B trial, subjects processed the first word
and kept the results of the semantic processing in their working
memory. When the second word was presented, they processed the
second one, matched the results with the information kept in
working memory, and made a relatedness judgment. In the AB

-2 0mm

FIGURE 3.

trial, subjects had to alternatively process the two words and match
their meaning till they were able to make a decision. For this
reason, relative to Event AB, Event A_B might contain more com-
ponents of memory retrieval and “discontiguity association.” Rel-
ative to Event A_B, Event AB might involve more processes of
semantic matching and attention shifting.

However, there were still distinctions between “discontiguity
association” and working memory retrieval, and our findings could
not be simply interpreted as a role of the hippocampus in working
memory retrieval. In particular, working memory retrieval can be
accomplished by the process of “discontiguity association” or/and

Hippocampus activation shown in the contrast of “Event A_B minus AB” at the
threshold of P < 0.001 (uncorrected). Talairach z-coordinates are shown at the top of each hori-
zontal section.



by the process of “familiarity heuristic.” Generally speaking, work-
ing memory retrieval does not typically rely on the function of
hippocampus unless when the delay period was long (6-15 s) and
the stimulus was novel and complex (e.g., Aggleton et al., 1992;
Buffalo et al., 1998; Holdstock et al., 1995; Owen et al., 1995;
Squire et al., 1988; Ranganath and D’Esposito, 2001)—a possible
reason for this was that the long delay period and the novelty and
complexity of stimulus made the “familiarity heuristic” less effi-
cient, and thus the working memory retrieval had to rely more on
“discontiguity association” that was supported by hippocampus.
Given the stimulus we used were very simple and highly familiar
and the delay period were very short (3 s), we believe that the
working memory component contained in the moment of associa-
tive processing in Event A_B was not dominant. Consistent with
the view Event A_B only involved few working memory retrieval
components, the prefrontal activation, which was typically re-
ported in working memory retrieval, was not observed in the con-
trast of “Event A_B minus Event AB.”

The effects of working memory retrieval on hippocampus can be
estimated approximately by considering the situation in A_A trials
in which the same word was presented twice, because the process-
ing of the second word in Event A_A corresponded to working
memory retrieval. The results, however, were inconsistent. On the
one hand, compared with Event A_A, Event A_B did not show
significant hippocampus activation. This might be caused by the
fact that Event A_A also evoked a hippocampus activity tendency,
and this tendency might eliminate the possible difference between
Event A_B and A_A. In contrast, Event A_A relative to Event AA
also did not show significant hippocampus activation. This obser-
vation excluded the possibility that the working memory retrieval
alone challenged the hippocampus. In fact, only 1/8 or 1/4 of the
subjects exhibited significant hippocampus activation in “Event
A_A minus AA” (in contrast, 3/8 or 1/2 of the subjects exhibited
such an activation in “Event A_B minus A_A”), this implied the
contribution of working memory retrieval to the observed hip-
pocampus activation in “discontiguity association” might be fairly
limited if there were any.

Elliott and Dolan (1999) showed that the long delay was asso-
ciated with more hippocampus activation than the short delay in
delayed-match-to-sample (DMS) and delayed-non-match-to-
sample (DNMS) task. This observation was consistent with the
hypothesis of the role of the hippocampus in associating discon-
tiguous events. However, Elliott and Dolan’s study did not exam-
ine this hypothesis directly, given that both long and short delays
could be regarded as “discontiguous” and that block designs did
not reveal the time when the hippocampus was activated. Although
the study carried out by Monk et al. (2002) showed the involve-
ment of hippocampus in DMS and DNMS tasks by event-related
fMRI, just as with other studies that used pictures, it remained
unclear whether hippocampal activation could be attributed to
sensory or mnemonic processes, especially given that there was also
hippocampal activation during the encoding period (Phase 1). The
present study directly compared the binding processes of “contig-
uous” (simultaneous) and discontiguous (delay) events by a event-
related method and provided direct evidence for the role of the
hippocampus in “discontiguity association.”

HIPPOCAMPUS AND DISCONTIGUOUS EVENTS ASSOCIATION

147

REFERENCES

Aggleton JP, Brown MW. 1999. Episodic memory, amnesia, and the
hippocampal-anterior thalamic axis. Behav Brain Sci 22:425-444.
Aggleton JP, Shaw C. 1996. Amnesia and recognition memory: a reanal-

ysis of psychometric data. Neuropsychologia 34:51-62.

Aggleton JP, Shaw C, Gaffan EA. 1992. The performance of postenceph-
alitic amnesic subjects on two behavioural tests of memory: concurrent
discrimination learning and delayed matching-to-sample. Cortex 28:
359-372.

Brett, M. 1999. The MNI Brain and the Talairach Adlas. (http:// www.mrc-
cbu.cam.ac.uk/Imaging).

Buffalo EA, Reber PJ, Squire LR. 1998. The human perirhinal cortex and
recognition memory. Hippocampus 8:330-339.

Burock MA, Buckner RL, Woldorff MG, Rosen BR, Dale AM. 1998.
Randomized event-related experimental designs allow for extremely
rapid presentation rates using functional MRI. NeuroReport 9:3735—
3739.

Cabeza R, Nyberg L. 2000. Imaging cognition. II. An empirical review of
275 PET and fMRI studies. ] Cogn Neurosci 12:1-47.

Culham JC, Brandt SA, Cavanagh P, Kanwisher NG, Dale AM, Tootell
RB. 1998. Cortical fMRI activation produced by attentive tracking of
moving targets. ] Neurophysiol 80:2657-2670.

Dale AM. 1999. Optimal experimental design for event-related fMRI.
Hum Brain Mapp 8:109-114.

Eichenbaum H, Otto T, Cohen NJ. 1994. Two functional components of
the hippocampal memory system. Behav Brain Sci 17:449-472.

Eldridge LL, Knowlton BJ, Furmanski CS, Bookheimer SY, Engel SA.
2000. Remembering episodes: a selective role for the hippocampus
during retrieval. Nat Neurosci 3:1149-1152.

Elliot R, Dolan R. 1999. Differential neural responses during perfor-
mance of matching and nonmatching to sample tasks at two delay
intervals. ] Neurosci 19:5066-5073.

Friston KJ, Holmes AP, Worsley KJ. 1999. How many subjects constitute
a study? Neuroimage 10:1-5.

Henke K, Weber B, Kneifel S, Wieser HG, Buck A. 1999. Human hip-
pocampus associates information in memory. Proc Natl Acad Sci USA
96:5884-5889.

Holdstock JS, Shaw C, Aggleton JP. 1995. The performance of amnesic
subjects on tests of delayed matching-to-sample and delayed match-
ing-to-position. Neuropsychologia 33:1583-1596.

Lancaster JL, Woldorff MG, Parsons LM, Liotti M, Rainey CSFL,
Kochunov PV, Nickerson D, Mikiten SA, Fox PT. 2000. Automated
Talairach atlas labels for functional brain mapping. Hum Brain Mapp
10:120-131.

Lepage M, Habib R, Cormier H, Houle S, McIntosh AR. 2000. Neural
correlates of semantic associative encoding in episodic memory. Brain
Res Cogn Brain Res 9:271-280.

Luo J, Niki K. 2002. Role of medial temporal lobe in extensive retrieval of
task-related knowledge. Hippocampus 12:487-494.

Monk CS, Zhuang J, Curtis WJ, Ofenloch IT, Tottenham N, Nelson CA,
HuX. 2002. Human hippocampal activation in the delayed matching-
and nonmatching-to-sample memory tasks: an event-related func-
tional MRI approach. Behav Neurosci 116:716-721.

Nagahama Y, Okada T, Katsumi Y, Hayashi T, Yamauchi H, Sawamoto
N, Toma K, Nakamura K, Hanakawa T, Konishi J, Fukuyama H,
Shibasaki H. 1999. Transient neural activity in the medial superior
frontal gyrus and precuneus time locked with attention shift between
object features. Neuroimage 10:193-199.

O’Keefe J, Conway DH. 1980. On the trial of the hippocampal engram.
Physiol Psychol 2:229-238.

Ojemann JG, Akbudak E, Snyder A, McKinstry R, Raichle M, Conyuro
T. 1997. Anatomic localization and quantitative analysis of gradient
refocused echo-planar fMRI susceptibility artifacts. Neuroimage

6:156-167.



148 LUO AND NIKI

Owen AM, Sahakian BJ, Semple ], Polkey CE, Robbins TW. 1995.
Visuo-spatial short-term recognition memory and learning after tem-
poral lobe excisions, frontal lobe excisions or amygdalo-hippocampec-
tomy in man. Neuropsychologia 33:1-24.

Petrides M. 1994. Frontal lobes and working memory: evidence from
investigations of the effects of cortical excisions in nonhuman pri-
mates. In: Boller F, Grafman ], editors. Handbook of neuropsychol-
ogy. Vol 9. Amsterdam: Elsevier. p 59-81.

Phillips S, Niki K. 2002. Separating relational from item load effects in
paired recognition: temporoparietal and middle frontal gyral activity
with increased associates, but not items during encoding and reten-
tion. Neuroimage 17:1031-1055.

Ranganath C, D’Esposito M. 2001. Medial temporal lobe activity associ-
ated with active maintenance of novel information. Neuron 31:865—
873.

Rawlins JNP. 1985. Associations across time: the hippocampus as a tem-
porary memory store. Behav Brain Sci 8:479-496.

SPM. 1999. Statistical parameter mapping. Computer program manual
(heep:/fwww.fil.ion.ucl.ac.uk/spm/).

Squire LR. 1992. Memory and the hippocampus: a synthesis from find-
ings with rats, monkeys, and humans. Psychol Rev 99:195-231.

Squire LR, Zola-Morgan S, Chen KS. 1988. Human amnesia and animal
models of amnesia: performance of amnesic patients on tests designed
for the monkey. Behav Neurosci 102:210-221.

Stark CE, Squire LR. 2001. When zero is not zero: the problem of am-
biguous baseline conditions in fMRI. Proc Natl Acad Sci USA 98:
12760-12766.

Talairach J, Tournoux P. 1988. Co-planar stereotaxic atlas of the human
brain: 3-dimensional proportional system: an approach to cerebral
imaging. New York: Thieme.

Thompson RF, Berger TW, Berry SD, Clark GA, Kettner RE, Mawk
MD, McCormick DA, Solomon PR, Weisz DJ. 1982. Neuronal sub-
strates of learning and memory: hippocampus and other structures. In:
Woody CD, editor. Conditioning: representation of involved neural
functions. New York: Plenum. p 115-129.

Thompson-Schill SL, D’Esposito M, Aguirre GK, Farah MJ. 1997. Role
of left inferior prefrontal cortex in retrieval of semantic knowledge: a
reevaluation. Proc Natl Acad Sci USA 94:14792-14797.

Vargha-Khadem F, Gadian DG, Watkins KE, Connelly A, Van Paess-
chen W, Mishkin M. 1997. Differential effects of early hippocam-
pal pathology on episodic and semantic memory. Science 277:
376-380.

Vogt BA, Finch DM, Olson CR. 1992. Functional heterogeneity in cin-
gulate cortex: the anterior executive and posterior evaluative regions.
Cereb Cortex 2:435-443.

Wallenstein GV, Eichenbaum H, Hasselmo ME. 1998. The hippocam-
pus as an associator of discontiguous events. Trends Neurosci 21:317—
323.

Xiang H, Lin C, Ma X, Zhang Z, Bower JM, Weng X, Gao JH. 2003.
Involvement of the cerebellum in semantic discrimination: an fMRI
study. Hum Brain Mapp 18:208-214.

Yonelinas AP, Hopfinger JB, Buonocore MH, Kroll NE, Baynes K. 2001.
Hippocampal, parahippocampal and occipital-temporal contributions
to associative and item recognition memory: an fMRI study. Neuro-

Report 12:359-363.



