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ABSTRACT: Using fMRI, this study examined the relationship
between repetition-related changes in the medial temporal lobe (MTL)
activation during encoding and subsequent memory for similarity of rep-
etitions. During scanning, subjects classified pictures of objects as natu-
ral or man-made. Each object-type was judged twice with presentations
of either identical pictures or pictures of different exemplars of the
same object. After scanning, a surprise recognition test required subjects
to decide whether a probe word corresponded to pictures judged previ-
ously. When a subject judged the word as ‘‘old,’’ a second judgment
was made concerning the physical similarity of the two pictures. Repeti-
tion related changes in MTL activation varied depending on whether or
not subjects could correctly state that pictures were different. More-
over, psychophysiological interactions analyses showed that accuracy in
recalling whether the two pictures were different was predicted by rep-
etition-related changes in the functional connectivity of MTL with fron-
tal regions. Specifically, correct recollection was predicted by increased
connectivity between the left posterior hippocampus and the right infe-
rior frontal gyrus, and also by decreased connectivity between the left
posterior hippocampus and the left precentral gyrus on the second stim-
ulus presentation. The opposite pattern was found for trials that were
incorrectly judged on the nature of the repetition. These results suggest
that successful encoding is predicted by a combination of increases and
decreases in both the MTL activation and functional connectivity, and
not merely by increases in activation and connectivity as suggested pre-
viously. VVC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Recently, a number of studies have explored how repetition-related
changes in brain activation during encoding are related to subsequent
memory (Wagner et al., 2000; Turk-Browne et al., 2006; Manelis et al.,
2011; Xue et al., 2010, 2011). It would seem that subsequent memory

should be predicted by the repetition-related changes
in the medial temporal lobe (MTL), given that suc-
cessful (compared to unsuccessful) encoding is associ-
ated with increased activation in the MTL including
hippocampus (HPC), perirhinal (PRc), and parahip-
pocampal (PHc) cortices (e.g., Brewer et al., 1998;
Wagner et al., 1998; Kirchhoff et al., 2000; Otten
et al., 2001; Jackson and Schacter, 2004; Staresina
and Davachi, 2006; Wimber et al., 2010; for reviews,
see Henson, 2005; Spaniol et al., 2009; Kim, 2010).
Surprisingly, however, only the study of Turk-Browne
et al. (2006) reported that subsequent memory effects
correlate with the magnitude of changes in activation
across repetitions in the MTL. The Turk-Browne
et al. study found that the PHc exhibited greater repe-
tition-related decreases for hits than for misses. A dif-
ferent study looked at the effect of repetition in the
MTL subregions for pictures that were continuously
recognized in the experiment (Yassa and Stark, 2008).
They found repetition-related decreases in activation
of bilateral PHc and anterior PRc and repetition-
related increases in activation of bilateral posterior
PRc. Neither study, however, reported any hippocam-
pal effects.

One potential explanation for the failure to observe
HPC effects in these studies involves the idea that the
HPC is engaged in pattern separation to avoid inter-
ference from the similar representations (e.g., Yassa
and Stark, 2008). Both studies used identical repeti-
tions of the stimuli so that each repetition strength-
ened the existing representation, obviating any need
for pattern separation. Another possible explanation
for the failure to find HPC effects might be the na-
ture of the recognition requirements at test. Both
Turk-Browne et al. (2006) and Yassa and Stark (2008)
used a recognition task that did not allow them to
discriminate between judgments that were based on
familiarity versus recollection. HPC plays a critical
role in encoding the details of the study episode (e.g.,
Davachi et al., 2003; Ranganath et al., 2004; Unca-
pher and Rugg, 2009); therefore, it may be necessary
to test subjects’ recollection in order to detect changes
in HPC activation (e.g., Wheeler and Buckner, 2004;
Montaldi et al., 2006; Diana et al., 2007; Eichen-
baum et al., 2007).

The latter explanation derives support from recent
studies of Gagnepain et al. (2011) and Poppenk et al.
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(2010). These studies examined the effect of recollection vs. fa-
miliarity judgments for stimuli that had been exposed prior to
scanning compared to stimuli that had not been so primed.
They found that HPC activation is modulated by both stimu-
lus repetition and whether the subjects give a recollection
response. Thus, there were stronger source memory effects (i.e.,
source memory vs. no source memory) for repeated (primed)
compared with novel (unprimed) stimuli in the bilateral poste-
rior HPC (Poppenk et al., 2010). In contrast, the right anterior
HPC showed stronger source memory effects (Poppenk et al.,
2010) and stronger recollection effects (i.e., ‘‘Remember’’ >
‘‘Know’’) for novel compared to repeated stimuli (Gagnepain
et al., 2011). Given that the subjects in these studies were not
scanned during the priming phase of the experiment, the rela-
tionship between the repetition-related dynamics in the HPC
and other MTL subregions during encoding and whether the
stimuli are subsequently recollected is yet to be specified.

The present study addresses this matter by examining the
relationship between repetition-related changes in the MTL
during encoding and subsequent memory for pictures of
objects. Subjects viewed either two identical pictures of an
object or two different exemplars from the same basic category
(e.g., a red apple and a green apple). We refer to the first case
as a same-exemplar repetition and the second as a different-exem-
plar repetition. Some previous studies have also examined sub-
sequent memory effects as a function of whether a probe stim-
ulus was an identical or different exemplar from the same cate-
gory of objects (e.g., Garoff et al., 2005), but they did not
involve stimulus repetition during encoding.

A surprise memory test was then given outside the scanner
that required subjects to make old/new judgments about the
images when probed with words that could correspond to pre-
viously viewed pictures. For each ‘‘old’’ judgment, subjects had
to indicate whether they remembered two different or two
identical pictures that corresponded to the probe word. Both
memory judgments, old and same/different, also required a
confidence decision (‘‘sure’’ or ‘‘unsure’’) about the judgment.
Given that increased activity in the HPC and PHc often pre-
dicts subsequent memory strength (e.g., Kirwan et al., 2008;
Wais, 2008; Song et al., 2011) rather then memory accuracy,
this latter procedure allowed us to compare different types of
subsequent memory while controlling for memory strength.
Trials in which a subject correctly and confidently recognized a
probe word as ‘‘old’’ and then correctly and confidently recalled
whether the two presentations were the same or different were
classified as correct recollection. Conversely, trials for which a
subject correctly and confidently recognized a probe word as
‘‘old’’ but then confidently misremembered whether the two
presentations were the same or different were classified as gist
recollection.

This article examines neural priming in the MTL for correct
recollection vs. gist recollection and reports a different set of anal-
yses on different subsets of data than those previously published
in Manelis et al. (2011). That previous report differs from the
present one in that it compared neural priming for the items
that were subsequently confidently recollected with the items

that were subsequently forgotten (i.e., trials we define as gist
recollection were not included in the previous report and this ar-
ticle does not analyze misses). The main finding reported in
Manelis et al. (2011) was that the degree of neural attenuation
in the temporo-occipital and frontal regions depended on the
interaction between perceptual similarity across repeated presen-
tations and the quality of their encodings.

Based on findings from some previous studies (e.g., Davachi
et al., 2003; Ranganath et al., 2004; Weis et al., 2004), we pre-
dict that there should be a main effect of subsequent memory
in the MTL but with greater activation in HPC and PHc for
correct compared to gist recollection. Although there is no con-
sensus on the role of anterior and posterior HPC in memory
(e.g., Henson, 2005), some studies suggest that the posterior
aspect of the HPC is associated with recollection, whereas its
anterior aspect is associated with novelty (e.g., Daselaar et al.,
2006). Based on these findings, it is possible that in our study,
correct recollection compared to gist recollection will elicit greater
activation in the posterior portion of the HPC. Conversely, the
anterior HPC may show a larger effect for different-exemplar
compared to same-exemplar repetitions because of the novelty
introduced by the presentation of a different exemplar in the
different-exemplar condition.

A growing body of work on pattern completion and pattern
separation in HPC suggests that HPC serves as a pattern sepa-
ration device (e.g., Bakker et al., 2008; Yassa and Stark, 2008,
2011). From that view it follows that one should find the
greatest HPC involvement in our study for different-exemplar
repetitions when subjects actually remember that there were
two different exemplars of the same object category. Different
exemplars taken from the same basic category of objects share
multiple perceptual features (e.g., Rosch et al., 1976). There-
fore, to tease apart the two presentations and recollect that they
were actually two different exemplars requires that a subject
overcome the interference that comes from the similarity of
perceptual features in the two exemplars by separating the
exemplars’ patterns.

The second goal of this article is to explore the repetition-
related changes in the functional connectivity associated with
the different levels of memory. Few studies have examined the
changes in the functional connectivity as a function of repeti-
tion. One of these studies reported that repetition-related
attenuation in regions responsible for processing of object and
spatial information also showed increases in effective connectiv-
ity between these same regions (Büchel et al., 1999). Another
study using MEG (Ghuman et al., 2008) found results consist-
ent with those of Büchel et al. such that stimulus repetition
strengthens the interactions among brain regions. No study,
however, has examined repetition-related changes in connectiv-
ity of MTL and neocortex, especially as a function of subse-
quent memory. The results of several previous studies that
involve subsequent memory (but not the interaction of subse-
quent memory and priming) suggest that functional and effec-
tive connectivity between the MTL subregions (especially,
HPC) and neocortex are important factors predicting the sub-
jects’ performance on memory tasks (e.g., Ranganath et al.,
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2005; Hannula and Ranganath, 2009; Gagnepain et al., 2011;
Westerberg et al., 2011). For example, the analysis of effective
connectivity in the Gagnepain et al. study revealed that success-
ful stimulus encoding is related to the increased connectivity
from the anterior aspect of the superior temporal gyrus
(involved in processing of auditory stimuli) to the HPC. Han-
nula and Ranganath reported that functional connectivity
between HPC and lateral prefrontal cortex (PFC) predicts ac-
curacy for associative memory. Taken together, these findings
suggest that successful encoding may be related to the increased
HPC-neocortex connectivity over repetitions.

MATERIALS AND METHODS

Subjects

Fourteen volunteers (20–35 years old, all right-handed, eight
female) with normal or corrected to normal vision participated
in this fMRI study. One subject was excluded from the study
due to biased responses in the subsequent recognition test
(always answered ‘‘old, confident’’). All subjects were fluent in
English and were treated in accordance with the CMU and
University of Pittsburgh IRB guidelines.

Design and Procedure

Before conducting the experiment, we created a database of
pictures that consisted of two different images for each of 508
different concepts pertaining to a basic level category (e.g.
squirrel, hammer, etc.) The stimuli have gone through multiple
revisions to ensure correspondence between the pictures and
the concept label. Lab members generated labels for each pic-
ture in random order. When one of the photographs was not
correctly labeled, we discarded that category and both pictures.
The photographs comprising a pair for a given category dif-
fered from each other along several dimensions. They were not,
for example, pictures of the same apple taken from different
perspective, but they were pictures of two different types of
apples, chairs, etc.

Inside the scanner, each subject viewed 336 pictures that cor-
responded to 168 concepts randomly selected from the entire
pool with the constraint that half be natural (e.g., apple) and
half man-made (e.g., chair). Furthermore, for half the natural
and half the man-made concepts the two pictures that were
shown were identical, whereas for the other half the two pic-
tures were different. The subject’s task was to indicate whether
the picture was natural or man-made by making a button press
with either the left or right response glove (Fig. 1A). The pre-
sentation order of the pictures was randomly determined with
the constraint that the second picture for any concept was not
shown until all the concepts had had one of their two pictures
shown. The mean lag between stimulus presentations was
415.8 s (SE 5 10.6). The experiment was self-paced such that
a stimulus stayed on until the subject responded. We chose a
self-paced stimulus presentation for two reasons. First, this

allowed fast-responders to spend less time lying in the scanner
off-task. Second, slow-responders would miss fewer trials. After
the response, a fixation cross against a gray background was
shown for 1.5 s before the next stimulus appeared.

After finishing the encoding phase, subjects took a break for
10–15 min outside the scanner. Subjects were then informed
that they had seen two pictures for each concept/word and
were given a surprise recognition test in which they saw the
words (the names of the concepts) that corresponded to the
pictures shown in the scanner (Fig. 1B). Two-thirds of the con-
cepts were old and one-third of the concepts were new (after
Turk-Browne et al., 2006) for a total of 252 test words. For
each test word, subjects made a ‘‘first-order’’ judgment as to
whether they had seen a picture during the encoding phase
that corresponds to the probe word. They made this judgment
by pressing one of three buttons on a keyboard corresponding
to ‘‘old confident,’’ ‘‘old maybe,’’ or ‘‘new.’’ When subjects
responded either ‘‘old confident’’ or ‘‘old maybe,’’ they then
made a ‘‘second-order’’ judgment as to whether the two pic-
tures seen at encoding were identical or different. Subjects were
instructed to press the key labeled ‘‘same, sure’’ if they remem-
bered two identical pictures appearing for the concept and ‘‘dif-
ferent, sure’’ if they remembered two different pictures appear-
ing for the concept. They were instructed to press either ‘‘same,
unsure’’ or ‘‘different, unsure’’ if they were less confident in
their judgment.

Image Acquisition

Functional and anatomical images were acquired on a Sie-
mens 3-T Allegra MR system. A high-resolution structural
image (TR 5 1540 ms, TE 5 3.04 ms, slice thickness 5 1
mm, FOV 5 205, FA 5 88, number of slices 5 192, resolu-
tion 1 3 1 3 1 mm) was acquired using an MPRAGE (a
magnetization-prepared rapid acquisition in gradient echo)
sequence in the beginning of the experiment. Functional data
(BOLD signal) were collected using a gradient echo, echo-pla-
nar sequence (TR 5 2000 ms, TE 5 30 ms, slice thickness 5
3.2 mm, FOV 5 205, FA 5 798, number of slices 5 35, reso-

FIGURE 1. The experimental design.
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lution 5 3.2 3 3.2 3 3.2). Stimuli were presented in a self-
paced manner. This resulted in a variable number of volumes
in subjects’ fMRI data (ranged from 377 to 547 volumes).

fMRI Data Analysis

The images were processed and analyzed with FSL 4.1.7
(FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl) software.
For each raw BOLD dataset, nonlinear noise reduction was
performed using SUSAN (Smallest Univalue Segment Assimi-
lating Nucleus), motion correction with MCFLIRT (Jenkinson
et al., 2002), slice-timing correction with Fourier-space time-se-
ries phase-shifting, non-brain removal with BET (Smith,
2002), and spatial smoothing with a Gaussian kernel of
FWHM 6 mm. Multiplicative mean intensity normalization of
the volume at each time point along with high-pass temporal
filtering was done with a Gaussian-weighted least-squares
straight line fitting using sigma 5 25.0 s.

The preprocessed data served as an input to GLM using
FEAT (http://www.fmrib.ox.ac.uk/fsl/feat5/index.html). A hemo-
dynamic response function (HRF) was modeled using a
Gamma function. Co-registration was carried out using FLIRT
(Jenkinson and Smith, 2001; Jenkinson et al., 2002). BOLD
images were registered to the high-resolution structural
(MPRAGE) images, the high-resolution images were registered
to the MNI152_T1_2mm template, and the two resulting
transformations were concatenated and applied to the original
BOLD image (http://www.fmrib.ox.ac.uk/fsl/flirt/gui.html) to
transform it to the MNI space. Functional localization of the
MTL regions (i.e., right and left HPC, PHc, and PRc) was
determined using the Harvard-Oxford cortical and subcortical
structural probability atlases (http://www.fmrib.ox.ac.uk/fsl/
fslview/atlas.html) with the probability of a voxel being in the
region of interest (ROI) at or above 30%. Given our interest in
the role of anterior and posterior HPC for accurate memory
encoding, we divided HPC on anterior and posterior aspects
along y 5 220 (following Henson, 2005).

The FEAT (FMRI Expert Analysis Tool, v5.98) was used for
the first- and high-level analysis. The length of each event was
modeled in the GLM by specifying the duration of the
response in the second column of a three-column event file.
We back-sorted trials based on subsequent recognition (e.g.,
Brewer et al., 1998; Wagner et al., 1998). Only trials on which
the probes were confidently recognized as ‘‘old’’ and then, con-
fidently judged as same-exemplar or different-exemplar repeti-
tions were selected for the analyses. Table 1 describes in more
detail the trials that are the focus of this article. One first-level
analysis computed a main effect of memory for whether the
two exemplars were identical or different by contrasting correct
recollection with gist recollection for different-exemplar repeti-
tions and a main effect of repetition type by contrasting same-
exemplar correct recollection with different-exemplar correct recol-
lection in the MTL (collapsed across Presentation 1 and Presen-
tation 2). Another first-level analysis calculated the magnitude
of neural priming by contrasting the first and second stimulus
presentations for correct and gist recollection as a function of

same- versus different-exemplar repetition. The summary of all
fMRI data analyses described in this article is presented in the
Supporting Information Table S1.

All higher-level analyses were carried out using OLS (ordinary
least squares) mixed effects that model the subject variability (e.g.,
Mumford and Poldrack, 2007). Group means were computed for
each of the first-level comparisons. In addition, we contrasted the
magnitudes of neural priming for different-exemplar correct recollec-
tion vs. different-exemplar gist recollection, for same-exemplar correct
recollection vs. different-exemplar correct recollection, and for same-
exemplar correct recollection vs. different-exemplar gist recollection.
This last category of trials was of interest because in both cases the
subjects were confident that they saw the two identical images, but
the judgment was correct only for the same-exemplar repetition
type. Given that previous research suggests that it is often difficult
to image the HPC due to an inherently low signal-to-noise ratio
(Greicius et al., 2003; Zeineh et al., 2003), the resulting images of
the MTL ROIs were thresholded at P < 0.005 (uncorrected) and
cluster extent threshold of n 5 5 voxels. If the images passed this
threshold, we tested whether the voxels in the cluster (or at least
the voxel at the maximum z-score) pass the threshold of P < 0.05
corrected for multiple comparisons. The correction was performed
at the voxel level using Gaussian Random Field (GRF) theory
(Worsley, 1992) within the predefined MTL ROIs (anterior and
posterior HPC, PHc and PRc).

Correlation Analysis

The number of trials with correctly remembered exemplars
and those with incorrectly remembered exemplars varied from
subject to subject. Moreover, a small number of the gist recollec-
tion responses for same-exemplar repetitions did not allow us to
compare this category of responses with other response catego-
ries. Therefore, we conducted a correlation analysis in order to
examine whether the subjects with a greater magnitude of neu-
ral priming (Presentation 1–Presentation 2) for collapsed correct
and gist recollection judgments also had a higher percentage of
correct recollection judgments relative to the total number of cor-
rect and gist recollection judgments. The images were thresh-
olded as explained in the ‘‘fMRI Data Analysis’’ section.

TABLE 1.

Trials of Interest Selected for Behavioral and Neuroimaging Data

Analyses

Repeated exemplars were

Same Different

Subjects said that the two

exemplars were ‘‘same’’

Same-exemplar

correct recollection

Different-exemplar

gist recollection

Subjects said that the two

exemplars were ‘‘different’’

Same-exemplar

gist recollection

Different-exemplar

correct recollection

Note. Only trials for which the probes were confidently recognized as ‘‘old’’
and then, confidently judged as same-exemplar or different-exemplar repetitions
were selected for the analyses.
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Psychophysiological Interactions

We explored whether and how functional connectivity
between each of the MTL regions (revealed by the analyses
described in ‘‘fMRI Data Analysis’’ and ‘‘Correlation Analysis’’
sections) and the rest of the brain changed as a function of sub-
sequent recollection and similarity of repeated stimuli using the
psychophysiological interaction (PPI) method (Friston et al.,
1997). In the PPI analysis models, there are (a) three psychologi-
cal regressors (same-exemplar correct recollection presentation 1
versus same-exemplar correct recollection presentation 2, different-
exemplar correct recollection presentation 1 versus different-exem-
plar correct recollection presentation 2, and different-exemplar gist
recollection presentation 1 versus different-exemplar gist recollection
presentation 2); (b) one physiological regressor—a mean time
course for one of the MTL regions revealed by the 2.4 and the
2.5 analyses; and (c) three interaction terms between the physio-
logical and each of the psychological variables (PPI regressor).
The contrasts between the first and second presentations were
modeled by assigning ‘‘21’’ and ‘‘1’’ to presentations 1 and 2
respectively. In each PPI model, trial types that were not part of
the psychological regressor were included as covariates of no in-
terest. All PPI analyses were conducted on the whole brain.
Cluster size limits for corrected threshold (Pcorrected < 0.05) were
generated by Monte Carlo simulations (1000 iterations) using
the AlphaSim program (http://afni.nimh.nih.gov/pub/dist/doc/
manual/275 AlphaSim.pdf) with FWHM 5 6 mm, uncorrected
voxel-wise P-value 5 0.001 and the image of whole brain as a
mask. According to AlphaSim, the cluster size for this analysis
had to be at least 38 voxels.

RESULTS

In this article, we chose to focus on trials for which subjects
were confident that they had seen pictures corresponding to the

word and for which they were also confident in their second
decision concerning the similarity of the two pictures, regard-
less of whether the second judgment was correct or not. There-
fore, we present here only the analyses pertaining to confident
correct recollection and confident gist recollection, and omit the
analysis of misses and all non-confident responses from either
the first or second recognition judgment. Some of the omitted
analyses can be found elsewhere (Manelis et al., 2011). If a pic-
ture was miscategorized during the encoding phase (e.g. a
‘‘hammer’’ was categorized as natural) or if a subject took lon-
ger than 6 s to make a response, then this concept was
excluded from both behavioral and neuroimaging analyses.
However, this happened infrequently (less than 7% of trials
were excluded on this basis).

Behavioral Results

Subjects confidently recognized the word that corresponded
to the encoded pictures 71% of time both when the two pic-
tures were identical (same-exemplar condition) and when the
two pictures were different (different-exemplar condition). Of
the confident hits for different pairs, subjects were sure and
correct that the two pictures were different 32% of the time
(correct recollection) and confident but incorrect that the two pic-
tures were identical 25% of the time (gist recollection). Of the
confident hits for identical pairs, slightly more than half (63%)
were confidently and correctly reported as two identical pictures
(correct recollection) and confidently but incorrectly reported as
two different pictures 7% of the time (gist recollection). This bias
in the direction of errors (to say ‘‘same’’ more often than ‘‘dif-
ferent’’) was also reflected in the fact that only 9 of the 13 sub-
jects made gist recollection responses for identical pairs.

Figure 2 illustrates subjects’ response times (RTs) to make ar-
tificial/natural judgments during encoding. A repetition type
(same- vs. different-exemplar) 3 Presentation (1 vs. 2) 3 sub-
sequent-memory (correct vs. gist recollection) ANOVA for mean
correct RTs was performed on the nine subjects that had obser-

FIGURE 2. Response times to make man-made/natural judgments about the pictures on
the first and second presentations for same- and different-exemplar repetitions for correct recol-
lection and gist recollection. The same-exemplar gist recollection category of responses is differ-
ently shaded to indicate that this condition represents data from only 9 of 13 subjects. Stand-
ard error bars represent ‘‘within-subject’’ estimated variability of the differences in means across
conditions within subjects.
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vations in all conditions. This analysis revealed a main effect of
repetition type (F(1,8) 5 17.3, P < 0.005) with faster
responses for the same-exemplar than for the different-exemplar
repetition condition, driven by the greater speed-up on the sec-
ond presentation for identical repetitions. That is, there was a
reliable repetition type x presentation interaction (F(1,8) 5
5.8, P < 0.05).

Given that the ANOVA described above was limited to only
nine subjects, we conducted three two-way ANOVAs that
excluded the same-exemplar gist recollection category in order to
use all 13 subjects. A 2 3 2 ANOVA (presentation number x
subsequent-memory) conducted on the different-exemplar correct
recollection vs. different-exemplar gist recollection responses
revealed a marginally significant presentation x memory interac-
tion effect on RT (F(1,12) 5 3.5, P 5 0.09) suggesting greater
repetition-related decreases for correct than gist recollection.
Another ANOVA that also examined presentation number x
subsequent-memory effects but for same-exemplar correct recol-
lection vs. different-exemplar gist recollection, revealed an interac-
tion effect (F(1,12) 5 5.3, P < 0.05) with greater decreases for
same-exemplar correct recollection than for different-exemplar gist
recollection. A 2 3 2 ANOVA (presentation number x repeti-
tion type) conducted on the same-exemplar correct recollection
vs. different-exemplar correct recollection judgments revealed a

main effect of presentation, (F(1,12) 5 8.9, p < 0.05), with
slower RT on the first stimulus presentation than on the second
one.

Further analyses of behavioral priming were carried out using
four paired t-tests comparing RT on the presentations 1 and 2
on the four conditions described in Table 1. Bonferroni
adjusted alpha levels for these tests were 0.0125 per test (0.05/
4). These analyses revealed significant decreases in RT on the
second presentation for the same-exemplar trials (t(12) 5 4.3, P
< 0.01 for correct recollection; t(8) 5 3.5, P < 0.01 for gist rec-
ollection). There was no significant facilitation, however, for the
different-exemplar trials for either correct or gist recollection (all
P-values > 0.1).

Neuroimaging Results

Tables 2 and 3 report the results thresholded at P < 0.005
uncorrected, cluster size > 5 voxels. In addition, unless speci-
fied otherwise, the results pertaining to the MTL ROI analyses
passed the P < 0.05 threshold corrected for multiple compari-
sons at least in the voxel with the maximum z-score.

Subjects rarely responded ‘‘different, sure’’ when the two pre-
sentations were actually the same. Therefore, to examine the
differences between correct recollection vs. gist recollection in

TABLE 2.

Comparison of the Magnitude of Neural Priming (Defined as the Difference in Activation on Presentation 1 vs. Presentation 2) in Hippocam-

pus, Parahippocampal, and Perirhinal Cortices

Hemisphere Region N voxels Z-Max

MNI coordinates

x y z

Main effect of subsequent correct vs. gist recollection

Different-exemplar correct recollection > Different-exemplar gist recollection

R Hippocampus, anterior 9 3.09 22 28 222

R Hippocampus, posterior 7 3.01 26 236 26

L Hippocampus, anterior 5 3.04 222 26 222

R Parahippocampal cortex 12 3.59 18 232 218

L Parahippocampal cortex 12 3.42 226 240 212

Main effect of repetition type

Same-exemplar correct recollection > Different-exemplar correct recollection

R Hippocampus, posterior 6 3.2 34 232 28

Presentation (1 vs. 2) 3 Memory (correct vs. gist) interaction

Different-exemplar correct recollection < Different-exemplar gist recollection

R Hippocampus, anterior 11 3.3 24 24 228

L Hippocampus, posterior 8 3.0 232 230 210

Presentation 3 Repetition type interaction

Same-exemplar correct recollection > Different-exemplar correct recollection

L Perirhinal cortex 16 3.5 216 210 224

R Hippocampus/parahippocampal cortex 12 3.2 22 226 212

L Parahippocampal cortex 11 3.5 228 228 224

R Hippocampus, anterior 10 3.4 26 24 228

Presentation 3 Repetition type interaction for the ‘‘same’’ judgments

Same-exemplar correct recollection < Different-exemplar gist recollection

L Hippocampus, posterior 14 3.37 234 234 26
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MTL, we contrasted these two types of judgments for different-
exemplar repetitions. We found a main effect of recollection in
bilateral anterior HPC, right posterior HPC and bilateral PHc
with greater activation for correct compared to gist recollection
(see Table 2). For different-exemplar repetitions there was also
an interaction between presentation (1 vs. 2) and memory ac-
curacy (correct vs. gist recollection) in the right anterior HPC
and left posterior HPC. Both areas revealed greater neural pri-
ming for gist than for correct recollection (Table 2 and Figs.
3C,E). A follow-up analysis showed that, in the left posterior
HPC, this effect was due to significant repetition-related
decreases for different-exemplar gist recollection, t(12) 5 3.2, P
< 0.01, and a lack of significant changes for different-exemplar
correct recollection (P > 0.1). In the right anterior HPC, the
interaction effect was explained by the finding that activity on
the second presentation for trials that produced correct recollec-
tion was significantly greater than for ones that resulted in gist
recollection, t(12) 5 3.1, P < 0.05.

The main effect of repetition type (same-exemplar vs. differ-
ent-exemplar) on the MTL activation for correctly recollected
exemplars was found in the right posterior HPC. The same-
exemplar correct recollection judgments elicited stronger HPC
activation than the different-exemplar correct recollection judg-
ments. A presentation (1 vs. 2) 3 repetition type (same vs. dif-
ferent exemplar) interaction effect was found in left PRc, left
PHc and right anterior and posterior HPC (Table 2 and Fig.
3A,B,F). The anterior HPC area overlapped with the right ante-
rior HPC area found in the different-exemplar correct recollection
vs. different-exemplar gist recollection contrast. A follow-up analy-
sis showed that the interaction effects in the above MTL regions
were explained by the significant repetition-related decreases for
the same-exemplar trials (left PRc: t(12) 5 2.5, P < 0.05; left
PHc: t(12) 5 3.4, P < 0.01; right HPC/PHc region: t(12) 5
2.6, P < 0.05), but marginally significant increases (left PRc:
t(12) 5 22.1, P 5 0.06; right anterior HPC, t(12) 5 21.8, P
5 0.09) or sustained activation (left PHc and right HPC/PHc)
across presentations for the different-exemplar trials.

The effect of veridical memory (subjects say that the two
presentations were the same on the same-exemplar trials) vs.
imprecise memory (subjects say that the two presentations were
the same on the different-exemplar trials) was investigated by
contrasting repetition-related changes for same-exemplar correct
recollection vs. different-exemplar gist recollection. In both condi-
tions, subjects were confident that the two presentations were
identical pictures; however, in the latter case, this judgment was
false. The only region that showed the effect of veridical vs.
imprecise memory was within the left posterior HPC (Table 2
and Fig. 3D), and was located slightly posterior to the left pos-
terior HPC area identified in the different-exemplar correct recol-
lection vs. different-exemplar gist recollection contrast. A follow-
up analysis showed that this effect was primarily due to a sig-
nificant attenuation of the fMRI signal from Presentation 1 to
Presentation 2 for the different-exemplar gist recollection judg-
ments, t(12) 5 3.6, P < 0.005, but not for the same-exemplar
correct recollection judgments.

Correlation Analysis

The goal of this analysis was to provide converging evidence
that less neural priming in MTL is associated with better exem-
plar recall. Table 3 illustrates the results of the correlational
analysis, across subjects, between the magnitude of neural pri-
ming (Presentation 1–Presentation 2) and proportion of trials
for which the nature of the repetition (identical vs. different
exemplar) was correctly recollected. We found a significant nega-
tive correlation between the magnitude of neural priming and
exemplar recall in bilateral HPC for same-exemplar repetition
and in the bilateral HPC and right PRc for different-exemplar
repetition (Table 3). Consistent with the results described in the
section on Neuroimaging Results, subjects with better memory
for whether the two exemplars were identical or different
showed, respectively, less repetition-related neural attenuation for
same-exemplar repetitions but more of an increase for different-
exemplar repetitions in the MTL regions shown in Figure 4.

TABLE 3.

The Results of the Correlation Analysis between the Magnitude of Neural Priming (Presentation 1–Presentation 2) and Subsequent Recollec-

tion of the Exemplar Similarity

Hemisphere Region N voxels Z-max

MNI coordinates

x y z

Negative correlation between neural priming (Presentation 1–Presentation 2) and proportion of correct-exemplar responses

Different-Exemplar repetitions

R Hippocampus 83 3.6 30 238 24

L Hippocampus 6 2.9 228 238 0

R PHc 32 3.55 30 230 216

Negative correlation between neural priming (Presentation 1–Presentation 2) and proportion of correct-exemplar responses

Same-Exemplar repetitions

R Hippocampus 60 4.3 36 226 28

L Hippocampus 11a 3.02 234 216 220

aThis region did not survive correction for multiple comparisons.
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PPI Analysis

The goal of this analysis was to examine whether subsequent
exemplar recollection (i.e., subjects’ ability to remember that
there were two different exemplars in the different-exemplar
condition) can be predicted by the repetition-related changes in
the functional connectivity between HPC and other brain
regions. For this purpose, we compared the repetition-related
changes in the functional connectivity for the different-exemplar
correct recollection and for the different-exemplar gist recollection
responses using the right anterior HPC and the left posterior

HPC as the seed regions, identified in Table 2 and Figures
3C,E. We found no significant interaction for presentation (1
vs. 2) 3 memory accuracy (correct vs. gist recollection) on the
functional connectivity between the right anterior HPC and
other brain regions (at least at the Pcorrected < 0.05).

There was, however, a significant presentation (1 vs. 2)3 mem-
ory accuracy (correct vs. gist recollection) interaction on the func-
tional connectivity between the left posterior HPC and two
regions in the frontal cortex. The functional connectivity between
the left posterior HPC and the right inferior frontal cortex (IFG;

FIGURE 3. Differences in repetition-related changes in hippo-
campus (HPC), parahippocampal (PHc) and perirhinal (PRc) cor-
tices. Boxes around different conditions refer to the contrast. Red
color: same-exemplar correct recollection > different-exemplar cor-
rect recollection contrast. Blue color: different-exemplar correct rec-

ollection < different-exemplar gist recollection contrast. Brown
color: same-exemplar correct recollection < different-exemplar gist
recollection contrast. Same-exemplar gist recollection that were
available only for 9 of 13 subjects are illustrated by the slanted
line pattern.

FIGURE 4. Correlation between repetition-related neural attenuation and percent of cor-
rectly recalled exemplars for same-exemplar (blue) and different-exemplar (red) repetitions.
Negative values of parameter estimates mean increased activation on Presentation 2 relative to
Presentation 1.
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z-max 5 4.16 at [58, 20, 18], number of voxels 5 48) increased
on the second presentation for the correct recollection responses, but
decreased on the second presentation for the gist recollection
responses (Fig. 5). A planned comparison analysis revealed that
both the increases for correct recollection and the decreases for gist
recollection were statistically significant (t(12) 5 2.9, P < 0.05 for
correct recollection; t(12) 5 24.5, P < 0.005 for gist recollection).
In addition, the connectivity was significantly stronger for gist than
correct recollection on the first presentation (t(12) 5 3.4, P <
0.01). On the second presentation, the connectivity was marginally
stronger for correct than gist recollection (t(12)5 1.9, P < 0.1).

A pattern of functional connectivity between the left posterior
HPC and the left precentral gyrus (z-max 5 4.4 at [238, 214,
54], number of voxels 5 40) was opposite to that described above.
The functional connectivity decreased on the second presentation
for correct recollection but increased for gist recollection (Fig. 5). A
planned comparison analysis showed that both the decreases for
correct recollection and the increases for gist recollection were statisti-
cally significant (t(12) 5 23.5, P < 0.01 for correct recollection;
t(12) 5 2.6, P < 0.05 for gist recollection). The functional connec-
tivity was significantly stronger for correct than gist recollection
(t(12) 5 2.6, P < 0.05) on the first presentation; however, on the
second presentation the connectivity was significantly stronger for
gist than correct recollection (t(12)5 2.4, P < 0.05).

DISCUSSION

Neural Priming in the MTL Predicts Subsequent
Memory Accuracy in Judging Whether Encoded
Exemplars were Identical or Different

Recent studies have shown that the magnitude of repetition-
related neural attenuation can be predictive of whether the

stimuli are subsequently remembered or forgotten (Turk-
Browne et al., 2006; Manelis et al., 2011; Xue et al., 2011). It
is unclear, however, whether this effect exists only in cortical
regions or also in the HPC and whether the differences in neu-
ral priming can predict subsequent recollection for two identi-
cal versus different study episodes. The results of our study
provide novel evidence that the patterns of neural priming in
the MTL, including HPC, predict subsequent recollection.

The repetition-related changes in activation of the right ante-
rior HPC and the left posterior HPC were predictive of
whether subjects would correctly recollect seeing two different
exemplars or incorrectly recollect seeing two identical exemplars
on the different-exemplar repetition trials. In both HPC areas,
correct recollection was characterized by sustained activation over
the two encoding presentations. In contrast, gist recollection
(i.e., when subjects were confident that they saw two identical
pictures that were in fact different exemplars) was characterized
by significant decreases in activation on the second presenta-
tion. The finding of sustained activation for correct recollection
is, in general, consistent with the recent report that activation
patterns across repetitions are more similar for subsequently
recognized and recalled stimuli than for stimuli that are later
forgotten (Xue et al., 2010).

Thus far, there is no consensus on the role of anterior and
posterior HPC on memory performance (e.g., Henson, 2005).
Some studies suggest that the posterior aspect of the HPC is
associated with recollection, whereas its anterior aspect is associ-
ated with novelty (e.g., Daselaar et al., 2006). Another view is
that anterior HPC is more specialized for successful associative
encoding compared to posterior HPC (Sperling et al., 2003;
Jackson and Schacter, 2004; Chua et al., 2007). Still another
view proposes that the anterior HPC is involved in flexible re-
trieval of relational information, whereas the posterior HPC is
involved in retrieval of repeated representations (Giovanello

FIGURE 5. Functional connectivity between the left posterior HPC and frontal regions for
different-exemplar pairs subsequently remembered as old, as a function of presentation (1 vs.
2) and accuracy for type of repetition (correct vs. gist recollection).
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et al., 2009). In our study, anterior and posterior regions
showed similar sensitivity to memory for exemplars suggesting
that co-activation of these two regions may be especially impor-
tant for recollection (and reintegration over repetitions, and cat-
egorization) of two encoding episodes that appear at two differ-
ent time points of the experiment. This idea is consistent with
the recent finding that right anterior and left posterior HPC
were co-activated when subjects had to remember the order of
the stimuli presented in the experiment (Tubridy and Davachi,
2011).

In addition to a joint role of anterior and posterior HPC in
recollection, it is likely that each of the regions makes a unique
contribution during successful encoding. For example, sustained
activation in the posterior HPC may be important for binding
each representation to a specific time frame and to a specific
category of objects in the experiment, which later helps deter-
mine whether the two instances of an object were identical or
different. One piece of evidence for this view comes from the
finding that sustained activation in the posterior HPC was
found not only for the contrast between different-exemplar cor-
rect recollection and different-exemplar gist recollection, but also
in the contrast that compares same-exemplar correct recollection
versus different-exemplar gist recollection. The left posterior HPC
region that showed sustained activation in the latter contrast
was close to the posterior HPC region found in the different-
exemplar correct recollection vs. different-exemplar gist recollection
contrast. Notably, both of these regions in the left posterior
HPC correspond to the HPC area [232, 230, 212 in Kim,
2011] that, according to a recent meta-analysis (Kim, 2011), is
more active for associative encoding than for item encoding of
pictures.

Another piece of evidence for the role of posterior HPC in
correct recollection of two encoding episodes came from the cor-
relation analysis between the magnitude of neural priming (for
correct and gist recollection collapsed) and the proportion of cor-
rectly recollected exemplars. The findings support the idea that
formation of strong representations occurs when activation of the
posterior HPC on the second presentation is equivalent or stron-
ger than on the first. We found a negative correlation between
the magnitude of neural priming and the proportion of correct
responses in the right posterior HPC for same-exemplar repeti-
tions and the bilateral posterior HPC and the right PHc for dif-
ferent-exemplar repetitions. This indicates that subjects with better
recollection of whether the two presentations were identical or
different showed less neural priming in HPC and PHc. More-
over, in the different-exemplar condition, subjects with better
exemplar recollection showed repetition-related increases in HPC
and PHc activation, whereas subjects with poor recollection
showed repetition-related decreases in these regions.

Functional specificity of the right anterior HPC was revealed
through the analysis involving the same- vs. different-exemplar
correct recollection judgments. Although both conditions repre-
sent confident, correct responses, the area in the right anterior
HPC (that overlapped with the right anterior HPC area
observed in the different-exemplar correct recollection vs. differ-
ent-exemplar gist recollection contrast) showed differential activa-

tion patterns for these two conditions. The slight repetition-
related decreases in activation of the right anterior HPC for
same-exemplar repetitions were paralleled by the repetition-
related increases for different-exemplar repetitions. This finding
may be related to the fact that the presentation of a different
exemplar from the same category of objects elicited a novelty
response in HPC, a view consistent with earlier work (e.g.,
Tulving et al., 1996; Kirchhoff et al., 2000; Daselaar et al.,
2006; Kumaran and Maguire, 2006; Poppenk et al., 2010).

Some previous studies suggest that novelty detection in HPC
occurs automatically (e.g., Yamaguchi et al., 2004). Automatic-
ity in novelty detection predicts no difference in repetition-
related changes in HPC activation for correct and gist recollec-
tion in the different-exemplar condition because the second
stimulus presentation is different from the first presentation in
both cases. Despite this prediction, we found that the HPC
response depended on whether the subjects actually remem-
bered having seen two different exemplars. This finding sug-
gests that the novelty detection is not an automatic property of
HPC but depends on the quality of encoding.

Pattern Separation and Pattern Completion in
HPC

Our findings contribute to the growing body of literature on
pattern separation and completion in the HPC (e.g., Bakker
et al., 2008; Yassa and Stark, 2011) as these two phenomena
seem to account for subjects’ successes and failures to recollect
whether the two instances are of the same object. It is impor-
tant to emphasize that the analyses reported in this article
excluded unsure responses (as well as misses) from the first-
order judgments and unsure responses from the second-order
judgments concerning with whether the two presentations were
identical. Therefore, both correct recollection and gist recollection
responses were confident judgments. To confidently decide that
a stimulus is ‘‘old’’ requires only that there be a strong memory
trace for one of the two presentations. Whether the subsequent
judgment is a correct recollection or a gist recollection depends on
whether both presentations have strong traces in memory.

If both traces are strong, subjects can correctly and confi-
dently recollect whether the two exemplars were identical or
different objects. Such recollection requires ‘‘pattern separation’’
to overcome the interference that comes from the similarity in
perceptual features between the two exemplars from the same
category. The ‘‘pattern separation’’ is thought to be expressed in
brain regions as sustained activation on the second presentation
of the stimulus (‘‘the activity should resemble that of an initial
presentation’’; Yassa and Stark, 2011, p.518). Consistent with
this view, our study demonstrates that correct recollection of dif-
ferent exemplars relies on sustained activation in HPC, whereas
gist recollection is associated with significant neural attenuation
on the second presentation. On the other hand, the results of
our correlational analysis also indicate that even identical repe-
titions can produce sustained activation because subjects with
better recollection did not show repetition-related decreases.
That is, ‘‘pattern separation’’ seems to be required not only for
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recollection of two different exemplars but also for recollection
of two identical exemplars.

An alternative explanation of the encoding processes, that
better fits with the correlation analyses, is that correct recollec-
tion involves having recollected the first presentation when the
second one is presented and storing that the two presentations
differed. Support for this view comes from a similar paradigm
using ERP in which we found evidence that the amplitude of
recollection (LPC) signal during the second presentation pre-
dicts the level memory accuracy at test (Griffin et al., in
preparation).

Gist recollection can occur whenever only one of the two pre-
sentations has a strong trace in memory. There was a bias to
respond ‘‘same, sure’’ and presumably subjects used this whenever
they were confident that they saw a picture of the object probed
but could not remember two different pictures. Consider the case
where the first presentation of two identical pictures is well
encoded, but the second presentation is not. All features encoded
on the second presentation will reestablish the features already
encoded on the first presentation. This will create a feeling that
the two presentations match (supported by ‘‘pattern completion’’),
which will result in the subsequent correct response that the two
presentations are identical. Given that in this scenario, the correct
responses are not based on two strong memory representations,
this correct response should be considered more of a ‘‘lucky
guess’’ than a correct recollection. Given that separating ‘‘lucky
guesses’’ from pure recollection was not possible, the correct recol-
lection responses for same-exemplar repetitions were the mixture of
true correct recollection and ‘‘lucky guesses’’.

The proportion of ‘‘lucky guesses’’ would be of no concern if
it were the same in all conditions. However, the probability of
‘‘lucky guesses’’ in the different-exemplar condition was much
lower than in the same-exemplar condition. Whether the subjects
formed a strong memory trace for the first presentation and a
weak one for the second or vice versa, they will tend to respond
that they saw two identical exemplars because they remember
only one exemplar but know that there were two presentations
of each object (because we told them so). This explains why
there was a bias to respond ‘‘same’’ and why there were almost
twice as many correct recollection responses for same-exemplar
than for different-exemplar repetitions even though the number
of ‘‘confident hits’’ was equivalent for both conditions. This also
explains why, according to the correlation analysis, the subjects
that were able to correctly recollect that there were two different
exemplars in the different-exemplar condition increased HPC
activation on the second presentation, whereas the subjects that
were able to correctly recollect that there were two identical
exemplars in the same-exemplar condition showed no changes
between Presentation 1 and Presentation 2.

Differences in Functional Connectivity Related
to Type of Stimulus Repetition and Quality of
Subsequent Memory

The HPC is anatomically connected to a wide range of areas
in the brain, thereby enabling information encoded by different

regions to be bound together (e.g., Suzuki and Eichenbaum,
2000). It is useful to then ask whether the subsequent memory
effect in HPC is related to the changes in the functional con-
nectivity of HPC with other regions in the brain. The increases
in connectivity between HPC and prefrontal regions were
observed in several previous studies (e.g., Hannula and Ranga-
nath, 2009; Westerberg et al., 2011). Our study adds to these
findings by showing that successful encoding is not necessarily
predicted by greater HPC activation or stronger functional con-
nectivity but rather by the changes in neural dynamics from
one presentation to the next (that includes local activation and
functional coupling of HPC with other brain regions). Specifi-
cally, we found that for correct recollection judgments, there was
strengthening of connectivity on the second stimulus presenta-
tion between the left posterior HPC and the right IFG, but
weakening of functional connectivity between the left posterior
HPC and the left precentral gyrus. The opposite was true for
gist recollection that showed repetition-related decreases in the
functional connectivity between the left posterior HPC and the
right IFG but repetition-related increases in the functional con-
nectivity between the left posterior HPC and the left precentral
gyrus.

One way to think about successful encoding is that memory
for distinct encoding episodes requires a chain of events to
occur. Both frontal regions, right IFG and left precentral gyrus,
which were functionally connected to HPC in our study, are
involved in subsequent memory effects (see Kim, 2011 for
review). Successful encoding on the first presentation establishes
the coupling between the posterior HPC and precentral gyrus.
One previous study (Zysset et al., 2002) reported that the brain
region located in proximity to the left precentral region we
report here (Talairach coordinates [239, 214, 47] in the Zys-
set et al. study and MNI coordinates [238, 214, 54] in our
study) showed a stronger response when subjects had to make
semantic judgments (e.g., ‘‘Leipzig is the capital of Germany’’)
compared to evaluative judgments (‘‘I like Leipzig’’). This sug-
gests that the coupling between the posterior HPC and left pre-
central gyrus may be related to semantic processing of a picture
to make an artificial/natural judgment. The second presentation
strengthens the connectivity with IFG. Given that some studies
found greater involvement of PFC in associative memory
than for item memory (Hales and Brewer, 2010), the increased
functional connectivity between the HPC and IFG for success-
ful encoding may determine the formation of an associative
link between the two presentations based on their semantic
similarity .

Not much is known about how decreases in functional con-
nectivity can support memory encoding. One recent study,
however, sheds light on this phenomenon by examining
changes in the functional connectivity related to consolidation
of face-location associations (Takashima et al., 2009). Accord-
ing to this study, decreases in the functional connectivity of
posterior HPC with the fusiform face area and posterior parie-
tal cortex characterized the consolidation of information in
memory. Given these recent findings, we speculate that
decreases in the functional connectivity between the left poste-
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rior HPC and left precentral gyrus (that characterized successful
encoding of details) reflect a consolidation process. A problem
with this explanation is that consolidation occurs gradually, of-
ten during sleep (like in the Takashima et al. study). On the
other hand, it has been demonstrated that under certain cir-
cumstances the consolidation process can occur quite rapidly,
maybe even on-line (Tse et al., 2007).

An alternative explanation for decreased connectivity between
HPC and left precentral gyrus on the second presentation for
correctly recollected different exemplars is that during the first
stimulus presentation subjects had to make a semantic judg-
ment about the stimulus to classify it as natural or man-made.
On the second presentation, subjects were already primed with
that specific category of objects, so making the artificial/natural
judgment was easier with less semantic involvement required.

Summary

In summary, our study provides novel findings that whenever
encoding involves two stimulus presentations, subsequent mem-
ory for these presentations is determined by the changes in
brain activation between the two stimulus presentations in the
HPC as well as by the changes in functional connectivity
between the HPC and frontal cortex. Importantly, successful
encoding is predicted by the combination of increases and
decreases in HPC activation and functional connectivity, not
by mere increases as suggested in previous studies. This article
also adds to the understanding of the functional dissociation
between anterior and posterior aspects of HPC. Both of these
regions jointly contribute to recollection of two distinct encod-
ing episodes. However, the role of posterior HPC may be to
bind memory representations to specific time points in the
experiment, whereas the role of anterior HPC may be to detect
whether the exemplars from the same category of objects are
identical or different.
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