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Abstract

The ability to recover episodic associations is thought to depend on medial-temporal lobe mnemonic mechanisms and frontal
lobe cognitive control processes. The present study examined the neural circuitry underlying non-verbal associative retrieval, and
considered the consequences of successful retrieval on cognitive control demands. Event-related fMRI data were acquired while sub-
jects retrieved strongly or weakly associated pairs of novel visual patterns in a two-alternative forced choice associative recognition
paradigm. Behaviorally, successful retrieval of strongly associated relative to weakly associated pairs was more likely to be accom-
panied by conscious recollection of the pair’s prior co-occurrence. At the neural level, right ventrolateral prefrontal cortex (VLPFC)
and hippocampus were more active during successful retrieval of Strong than of Weak associations, consistent with a role in visual
associative recollection. By contrast, Weak trials elicited greater activation in right anterior cingulate cortex (ACC), which may
detect conflict between the similarly familiar target and foil stimuli in the absence of recollection. Consistent with this interpretation,
stronger ACC activity was associated with weaker hippocampal and stronger right dorsolateral PFC (DLPFC) responses. Thus,
recollection of relevant visual associations (hippocampus and VLPFC) results in lower levels of mnemonic conflict (ACC) and
decreased familiarity-based monitoring demands (DLPFC). These findings highlight the interplay between cognitive control and epi-
sodic retrieval.
© 2004 Published by Elsevier Inc.
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1. Introduction

One challenge we regularly face is that of retrieving
specific knowledge associated with a stimulus. Numer-
ous studies in humans and other animals have clearly
demonstrated the importance of the hippocampus in
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forming and retrieving episodic associations (Brasted,
Bussey, Murray, & Wise, 2003; Cohen & Eichenbaum,
1993; Corkin, 2002; Gabrieli, 1998; Squire, 1992; see
also O’Reilly & Rudy, 2001). Recent evidence indicates
that hippocampal mechanisms may be particularly
important for the ability to consciously recollect prior
experiences (e.g., Baddeley, Vargha-Khadem, & Mish-
kin, 2001; Brown & Aggleton, 2001; Davachi, Mitchell,
& Wagner, 2003; Dobbins, Foley, Schacter, & Wagner,
2002; Eldridge, Knowlton, Furmanski, Bookheimer, &
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Engel, 2000; Holdstock et al., 2002; Yonelinas, Hopfin-
ger, Buonocore, Kroll, & Baynes, 2001; Yonelinas et al.,
2002; but see Stark, Bayley, & Squire, 2002; Manns,
Hopkins, Reed, Kitchener, & Squire, 2003). Beyond
the hippocampus, neuropsychological and neuroimag-
ing findings suggest that prefrontal cortex (PFC) con-
tributes to retrieval, perhaps by playing a role in
guiding or controlling knowledge recovery (e.g., Buck-
ner, Raichle, Miezin, & Petersen, 1996; Incisa della Roc-
chetta & Milner, 1993; Janowsky, Shimamura, & Squire,
1989; Kapur et al., 1995; Moscovitch & Melo, 1997; Pet-
rides, Alivasatos, & Evans, 1995; Rugg & Wilding, 2000;
Schacter, 1997; Shallice et al., 1994; Shimamura, 1995;
Wagner, Desmond, Glover, & Gabrieli, 1998a). For
example, ventrolateral PFC (VLPFC) is thought to sub-
serve mechanisms that support both the formation and
controlled retrieval of associations between representa-
tions (e.g., Bunge, Kahn, Wallis, Miller, & Wagner,
2003; Passingham, Toni, & Rushworth, 2000; Petrides,
2002; Petrides et al.,, 1995; Wagner, Pare-Blagoev,
Clark, & Poldrack, 2001), whereas right dorsolateral
PFC (DLPFC) may mediate the monitoring of stimulus
familiarity (e.g., Dobbins, Rice, Wagner, & Schacter,
2003; Henson, Rugg, Shallice, & Dolan, 2000; Henson,
Shallice, & Dolan, 1999a). Although it is generally ac-
cepted that hippocampal mnemonic mechanisms and
PFC cognitive control processes contribute to episodic
retrieval, the neural substrates of visual-associative re-
trieval and the potential interplay between these mne-
monic and cognitive control processes remain poorly
understood.

Few brain imaging studies have examined visual asso-
ciative recognition in humans; moreover, to our knowl-
edge, extant studies have focused primarily on the role
of the medial temporal lobes (Henke, Buck, Weber, &
Wieser, 1997; Klingberg, Roland, & Kawashima, 1994;
Stark & Squire, 2001a). These studies have shown that
activation of the hippocampus and/or surrounding cor-
tex is greater for retrieval of associative than non-asso-
ciative information (Klingberg et al, 1994), with
activation particularly marking successful retrieval
(Stark & Squire, 2001a).

Complementary electrophysiological and lesion data
from non-human primates provide additional clues
regarding the neural circuitry underlying retrieval of vi-
sual associations. Such studies have implicated infero-
temporal and medial temporal cortices in the long-
term storage of visual associations (Miyashita, 1988;
Murray, Gaffan, & Mishkin, 1993; Sakai & Miyashita,
1991), and have demonstrated that top-down inputs
from prefrontal cortex to temporal regions are critical
for retrieving these associations (Eacott & Gaffan,
1989; Hasegawa, Fukushima, Thara, & Miyashita,
1998; Tomita, Ohbayashi, Nakahara, Hasegawa, &
Miyashita, 1999; see Miyashita & Hayashi, 2000). Fur-
thermore, lesion studies have implicated one PFC subre-

gion in particular—VLPFC—in learning and retrieving
associations between stimuli or between a stimulus and
a response (Passingham et al., 2000).

In humans, left anterior VLPFC has been implicated
in the retrieval of semantic associations (Badre & Wag-
ner, 2002; Buckner, Raichle, & Peterson, 1995; Fiez,
1997; Gabrieli, Poldrack, & Desmond, 1998; Gabrieli
et al., 1996; Petersen, Fox, Posner, Mintun, & Raichle,
1988; Poldrack et al., 1999). This region is particularly
modulated by controlled retrieval demands, exhibiting
greater activation during retrieval of weak than of
strong pre-experimental semantic associations (Bunge,
Badre, & Wagner, in press; Wagner et al., 2001). Left
anterior VLPFC is also recruited during the retrieval
of novel word-word associations (Mottaghy et al.,
1999).

Whereas left VLPFC has been associated with seman-
tic associative retrieval, one possibility is that multiple
VLPFC subregions guide retrieval depending on the tar-
get knowledge domain. Domain-sensitivity has been
observed during episodic encoding and item retrieval—
words vs. faces (Kelley et al., 1998; McDermott, Buck-
ner, Petersen, Kelley, & Sanders, 1999), words vs. visual
textures (Wagner et al., 1998b), and words vs. visual
scenes (Kirchhoff, Wagner, Maril, & Stern, 2000; for re-
view see Buckner, Kelley, & Petersen, 1999; Wagner,
Koutstaal, & Schacter, 1999). These studies suggest that
left VLPFC is preferentially engaged during the con-
trolled processing of verbal-semantic stimuli, whereas
right VLPFC is preferentially engaged during the pro-
cessing of visual-object (non-verbal) stimuli. Evidence
that controlled retrieval is a common function of
VLPFC subregions would come from the finding that
VLPFEC associative strength effects generalize to other
forms of knowledge (e.g., visual) and to novel (i.e.,
experimentally-derived) associations. In the present
experiment, we sought to determine whether engage-
ment of right VLPFC during associative recognition is
modulated by the strength of novel associations between
visual stimuli that lack meaning and that are difficult to
name.

The role of PFC in cognitive control and retrieval is
not restricted to VLPFC. For example, activation in
right DLPFC is commonly observed in studies of epi-
sodic retrieval (Fletcher & Henson, 2001; Henson,
Rugg, Shallice, Josephs, & Dolan, 1999b). One hypoth-
esis is that right DLPFC mechanisms may serve to mon-
itor retrieved information to determine its veracity or
task-relevance (Henson et al., 1999b, 2000). In particu-
lar, right DLPFC activation tends to be greater under
situations that require monitoring of, and decisions
based on, the relative familiarity of stimuli (Dobbins
et al., 2003; Eldridge et al., 2000; Henson et al., 1999a,
1999b), being differentially engaged when making deci-
sions that are near criterion (Henson et al., 2000). These
results suggest that demands on DLPFC monitoring
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and response selection mechanisms should be high when
subjects are unable to select between competing memo-
randa on the basis of episodic recollection, and thus are
forced to consider the relative familiarity of choice
stimuli.

In the present experiment, subjects intentionally
learned novel associations between pairs of visual pat-
terns. The strength of the formed associations was
manipulated by varying the number of times that two
patterns were paired together during learning (11 times
on Strong trials and 4 times on Weak trials), while hold-
ing constant the total number of times (12) that each
pattern was presented at study. We then acquired
event-related fMRI data while subjects performed an
associative recognition task. On each trial of the retrie-
val test, subjects had to decide which of two patterns
had been associated with a cue pattern at study. The foil
pattern (i.e., the incorrect choice) was highly familiar,
having also been studied 12 times, but was irrelevant be-
cause it had never been paired with the cue pattern. Of
central interest was the effect of varying associative
strength (Strong vs. Weak) on the neural correlates of
successful visual associative recognition. In addition to
the fMRI study, we conducted a companion behavioral
study to assess the extent to which successful associative
recognition decisions on Strong and Weak trials were
accompanied by conscious recollection. These behav-
ioral data proved informative in guiding interpretation
of the observed fMRI retrieval responses.

We predicted that the hippocampus and right
VLPFC would be important for successful retrieval of
visual associations, and therefore would be modulated
by the strength of the newly formed associations. We
further expected that, in the absence of associative recol-
lection, mnemonic conflict would be present during rec-
ognition attempts because the target and foil stimuli
were both designed to be highly familiar. Accordingly,
in the absence of recollection and in the face of conflict-
ing familiarity signals, subjects may come to rely more
heavily on cognitive control processes that monitor for
subtle differences in item or associative familiarity. As
numerous studies have suggested that the anterior cin-
gulate cortex (ACC) may detect conflict, we anticipated
that this region would be differentially engaged during
associative retrieval trials that lack recollection. More-
over, given the putative role of right DLPFC in moni-
toring stimulus familiarity, we anticipated that this
region would be differentially engaged during situations
of high mnemonic conflict (i.e., robust ACC engage-
ment) that arise due to low recollection (i.e., weak hip-
pocampal engagement). Thus, we predicted a negative
relation between hippocampal/VLPFC mechanisms that
support recollection of visual associations and ACC/
DLPFC control mechanisms that detect conflict and
aim to resolve this conflict by monitoring for differential
familiarity.

2. Materials and methods
2.1. Subjects

Fourteen right-handed native English-speaking vol-
unteers (7 females; ages 19-34 years, M = 24) were in-
cluded in the study. Three additional subjects were
excluded on the basis of technical difficulties, and six
additional subjects were excluded on the basis of poor
task performance (recognition accuracy lower than
60% in one or more conditions). Informed consent was
obtained in a manner approved by the Committee on
the Use of Humans as Experimental Subjects at MIT,
and the Institutional Review Board of the Massachu-
setts General Hospital. Subjects received $50 remunera-
tion for their participation.

2.2. Study session

During a 1-h study session, subjects viewed a series of
colored patterns on a computer screen. Stimuli were pre-
sented for 1400 ms, with an inter-trial interval of 100 ms.
Each of 210 patterns was presented alone and/or paired
with a specific pattern (Fig. 1). Subjects were instructed
to memorize which patterns were paired together, and
informed that they would later be tested on their mem-
ory for the pattern pairs. Each of 35 pattern pairs were
presented 11 times at study (Strong association condi-
tion), with the members of each pair also being initially
presented alone 1 time (thus totalling 12 presentations of
each pattern). Each of 35 other pattern pairs were pre-
sented 4 times (Weak association condition), with the
members of each pair also being initially presented alone
8 times (thus totalling 12 presentations for each pattern).
An additional 70 patterns were presented alone 12 times;
these stimuli served as foils in the later forced-choice

Study Test

Singleton

Pair

Target Foil

Fig. 1. Examples of stimulus displays during the Study and Test
phases. At study, each pattern was presented as a singleton and/or was
paired with a specific pattern. At test, subjects were instructed to select
which of two alternatives had been paired with the cue pattern at study
(i.e., the target). Foil patterns always appeared as singletons at study.
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associative recognition memory test. Inclusion of the
foils in the study phase ensured that subsequent associa-
tive recognition could not be based simply on large dif-
ferences in item familiarity (see below).

The study session consisted of six phases separated by
short breaks. Each phase contained a fixed number of
single and paired presentations of each stimulus, and tri-
als were pseudorandomly ordered within a phase. Study
lists were counterbalanced across subjects, such that
stimuli that were designated as Strong for half of the
subjects were designated as Weak for the other half.

2.3. Test session

FMRI data were acquired while subjects performed a
two-alternative forced-choice associative recognition
test. On each trial, a set of three patterns—a cue that ap-
peared above a target and a foil—was presented for 4 s
(Fig. 1). Subjects were instructed to press one of two
buttons under their left hand to indicate which of the
choice stimuli had been paired with the cue during
study. Subjects performed a total of 70 test trials over
the course of a 7-min scan, 35 of which tested recogni-
tion of newly-formed, Strong visual associations and
35 of which tested recognition of newly-formed, Weak
visual associations. Periods of visual fixation lasting be-
tween 2 and 8 s, jittered in increments of 2 s, were inter-
spersed between trials as determined by a design
optimization algorithm (Dale, 1999).

2.4. Behavioral study: Assessing associative recollection

Because the fMRI test phase only required subjects to
indicate which of the two choice stimuli had been paired
with the cue at study, evidence regarding the mnemonic
basis for each decision was limited. To determine the de-
gree to which correct associative recognition decisions
were based on conscious recollection, we conducted a
follow-up behavioral experiment with a separate group
of subjects. During the test phase of this experiment,
subjects were asked to indicate whether each recognition
decision was based on associative recollection (‘Remem-
ber’), associative or differential item familiarity
(‘Know’)!, or guessing (‘Guess’) (Conway, Gardiner,
Perfect, Anderson, & Cohen, 1997; Tulving, 1985). Col-
lection of these behavioral data was designed to deter-
mine whether the probability of recollection-based

! In contrast to item recognition, uncertainty remains as to whether
associative recognition decisions can be based on assessed familiarity
of associative knowledge (Yonelinas, 2002; but see Yonelinas, Kroll,
Dobbins, & Soltani, 1999). As the present data indicate that “know”
responses were reliably above chance, these responses may signal
reliance on associative familiarity or on differential item familiarity
between target and foil choice stimuli.

versus familiarity-based associative recognition was
higher during Strong than during Weak trials.

During the behavioral experiment, participants were
11 right-handed native English-speaking volunteers (7
females; ages 19-24 years; M = 21). Data from 3 addi-
tional subjects were excluded because of poor perfor-
mance. Subjects encountered an identical study session
to that used in the fMRI experiment. Following a 30-
min delay, which approximated the retention interval
in the fMRI experiment, subjects performed a two-alter-
native forced-choice test. This test was identical to that
performed by subjects in the scanner, with the additional
requirement that, after making a recognition choice,
they were asked to indicate the basis for this memory
decision: ‘Remember’, ‘Know’, or ‘Guess’ (Conway
et al., 1997). Subjects responded ‘Remember’ if they spe-
cifically remembered seeing the pair of patterns together
at study, and were informed that such remembering
might entail recollecting a image of the co-occurrence
of the two patterns or some other detail about the study
encounter. Subjects responded ‘Know’ when they were
unable to recall a specific episode when the patterns were
paired together but nevertheless felt that they knew the
correct answer. Finally, subjects responded ‘Guess’
when their recognition choice was a guess, rather than
being based on remembering or knowing. Subjects indi-
cated their response by pressing one of three keys.

2.5. FMRI data acquisition

Visual stimuli were projected onto a screen that was
viewed through a mirror. Scanning was performed on a
1.5T Siemens system using a standard whole-head coil.
Functional data were acquired using a gradient-echo
echo-planar pulse sequence (TR =2s, TE =40 ms, 21 ax-
ial slices, 3.125 x 3.125 x 5 mm, 1 mm inter-slice gap, 210
volumes). During the functional scan, the first four vol-
umes were discarded to allow for T1-equilibration effects.
High-resolution T1-weighted (MP-RAGE) anatomical
images were collected. Head motion was restricted using
a pillow and foam inserts that surrounded the head.

Data were preprocessed using SPM99 (Wellcome
Dept. of Cognitive Neurology, London). Images were
corrected for differences in timing of slice acquisition,
followed by rigid body motion correction (using sinc
interpolation). Structural and functional volumes were
spatially normalized to T1 and EPI templates, respec-
tively. The normalization algorithm used a 12-parameter
affine transformation together with a non-linear trans-
formation involving cosine basis functions, and resam-
pled the volumes to 3-mm cubic voxels. Templates
were based on the MNI305 stereotactic space (Cocosco,
Kollokian, Kwan, & Evans, 1997), an approximation of
Talairach space (Talairach & Tourneaux, 1988). Func-
tional volumes were spatially smoothed with an 8-mm
FWHM isotropic Gaussian kernel.
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Statistical analyses were performed using the general
linear model in SPM99. The fMRI time series data were
modeled by a series of events convolved with a canonical
hemodynamic response function. The resulting func-
tions were used as covariates in a general linear model,
along with a basis set of cosine functions that high-pass
filtered the data. Head motion parameters (estimates of
x, y, and z translation and rotation over the course of
the scan) were included in the analysis as covariates
of no interest. The least squares parameter estimates
of height of the best fitting synthetic HRF for each con-
dition were used in pairwise contrasts, and the resulting
contrast images computed on a subject-by-subject basis
were submitted to group analyses. Incorrect recognition
trials were modeled separately from correct trials, and
were not included in the statistical analyses.

At the group level, contrasts between conditions were
computed by performing one-tailed ¢ tests on the con-
trast images, treating subjects as a random effect. Unless
otherwise noted, we used a standard statistical threshold
adopted in numerous prior event-related fMRI studies
(5 or more contiguous voxels exceeding an uncorrected
threshold of p <.001). In addition, following others
(e.g., Davachi & Wagner, 2002; Dobbins et al., 2003; El-
dridge et al., 2000; Strange, Fletcher, Henson, Friston,
& Dolan, 1999), we adopted the slightly more lenient
threshold of p < .005 (5 voxel extent) for the medial tem-
poral lobe (MTL), given the lower signal-to-noise ratio
often observed in MTL regions (Ojemann et al., 1997;
Schacter & Wagner, 1999). Finally, given the limited
power of the present study design—data were collected
in a single 7-min scan, with 35 Strong and 35 Weak tri-
als—we additionally report effects in the a priori ex-
pected ACC region that exceeded this more lenient
threshold. Performance issues required adoption of this
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moderately-powered design, because behavioral piloting
indicated that 35 trials per condition was the maximum
number of pattern pairs that subjects could learn in a
single study session.

Region-of-interest (ROI) analyses were performed to
further characterize the response profiles of brain re-
gions identified from the group analyses. ROIs included
all significant voxels within a 6-mm radius of each max-
imum. Signal within an ROI was calculated for each
subject by selectively averaging the data with respect
to peristimulus time for trials in each condition. Statis-
tics were performed on the peak percent signal change,
which occurred at a peristimulus time of 6 s in all ROIs.
Additionally, regions whose activation was correlated
with ACC activation were identified by a between-sub-
jects regression analysis. The Weak > fixation contrast
image for each subject was submitted to this group anal-
ysis, together with a linear regressor consisting of each
subject’s average peak percent signal change in ACC
on Weak trials. As detailed in the Introduction, the
motivation for this regression analysis was to determine
whether ACC conflict monitoring mechanisms were neg-
atively correlated with hippocampal recollective pro-
cesses, and positively correlated with DLPFC
familiarity-monitoring processes.

3. Results
3.1. Associative recognition performance

As predicted, additional learning with the paired pat-
terns during study was associated with enhanced asso-

ciative recognition at test (Fig. 2A). Specifically,
subjects in the fMRI experiment were more accurate

Il Remember
B Know
[JGuess

Strong Weak

0 L

Correct trials

Incorrect trials

Fig. 2. Behavioral performance levels during the fMRI and the companion behavioral experiments are displayed. (A) Plotted are the proportion of
correct trials and response times (RTs) on correct trials for the Strong and Weak conditions in the fMRI experiment. (B) Shown here are the
proportions of Remember, Know, and Guess responses for correctly and incorrectly performed Strong and Weak trials in the companion behavioral

study.
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(¢(13) =5.2; p<.0002) and responded more quickly
(¢(13) = 7.4; p <.0001) on Strong than on Weak trials.
Similarly, subjects in the supplementary behavioral
study were more accurate (.93 and .76 correct, respec-
tively; #(10) =6.4; p <.0001) and responded more
quickly (1942 and 2313 ms; #10) =6.1; p <.0002) on
Strong than on Weak trials.

3.2. Mnemonic basis for associative recognition: Assess-
ing differential recollection

The objective of the behavioral experiment was to
determine whether correct recognition was differentially
based on recollection during Strong relative to Weak tri-
als. A repeated-measures ANOVA on correct trials, with
factors of Associative strength (Strong, Weak) and
Memory (proportion of Remember, Know and Guess
responses), revealed a significant interaction (F(2,20) =
29.6; p <.0001; Fig. 2B). Post-hoc tests revealed that
the proportion of correct recognition decisions accom-
panied by a Remember judgment was higher for Strong
than for Weak trials (F(1,10) =50.4; p <.0001). The
proportion of Know judgments did not differ between
the two trial types (F < 1), whereas Guessing was more
prevalent on Weak than on Strong trials (F(1,10) =
12.1; p <.003). Importantly, few Strong or Weak trials
resulted in an incorrect response accompanied by a
Remember or Know judgment, indicating that,
although the basis for correct memory decisions differed
between Strong and Weak trials, nevertheless these cor-
rect decisions primarily reflected true memory (rather
than guessing).

3.3. Neural correlates of visual associative recollection

The supplementary behavioral study suggests that
correctly recognized Strong trials were largely based
on successful recollection of the visual associations,
whereas recognized Weak trials were less likely to be
accompanied by recollection. Thus, to identify regions
associated with successful recollection, we examined
the effect of Associative strength (correct Strong > cor-
rect Weak). This contrast identified an anterior region in
right VLPFC (~BA 47; Fig. 3A), as well as regions in
right visual association cortex (middle occipital cortex;
~BA 18), right superior frontal cortex (~BA 8), left
medial frontal cortex (~BA 10), and left precentral cor-
tex (~BA 4; Table 1). Moreover, and importantly, acti-
vation was also observed in right anterior hippocampus
(p <.005; Fig. 3B). These data indicate that right
VLPFC and hippocampus, in conjunction with occip-
ito-temporal cortices, are differentially engaged when
associative recognition is more likely to be based on con-
scious recollection, suggesting that these structures con-
tribute to or are modulated by the recollection of visual
associative knowledge.

Table 1
Regions modulated by associative strength

Region MNI coordinates
~BA x y z Z score

Strong > Weak

Inferior frontal cortex R47 45 39 —-15 339
Medial frontal cortex L10 -12 51 3 348
Precentral cortex L4 —42  —12 27 3.66
Superior frontal cortex R8 21 36 54 4.18
Middle occipital cortex R18 24 -8l 12 4.27
Hippocampus” R 27 —12 —15 3.8
Weak > Strong

Anterior cingulate cortex”  R32 12 18 39 3.60

~BA = approximate Brodmann’s area.
* A priori region of interest identified at p < .005 (uncorrected). A
full list of coordinates at p <.005 is available upon request.

3.4. Left VLPFC and visual associative retrieval

To determine whether the left VLPFC region previ-
ously implicated in controlled semantic retrieval also
contributes to the retrieval of novel visual associations
that differ in associative strength, we applied an ROI de-
rived from Wagner et al. (2001; focus centered on —51
21 —12) to the present dataset. This region, which has
been shown to be sensitive to pre-experimental semantic
associative strength (more active during Weak versus
Strong trials), was insensitive to the strength of the new-
ly-learned, visual associations investigated here
(#(1,13) = 48; p = .64). Moreover, in the present study,
a slightly more anterior region in left VLPFC (BA 47;
—48 33 —12) was engaged by performance of our visual
associative recognition task (Strong + Weak trials > fix-
ation). An ROI analysis focusing on left BA 47 revealed
that this region was only marginally more active on
Strong than Weak trials (#(13) = 1.88; p =.08). Thus,
in contrast to right VLPFC, there was limited evidence
that left VLPFC subserves retrieval of visual associa-
tions. Nonetheless, although effects of associative
strength were significant in right but not left VLPFC,
strong conclusions about lateralization are not possible
because ANOVAs with within-subject factors of lateral-
ity and associative strength failed to demostrate a later-
ality x associative strength effect for either of the two left
VLPFC ROIs relative to right VLPFC (Fs < 1).

3.5. Neural correlates of mnemonic conflict and familiar-
ity monitoring

Because the probability of basing a correct recognition
decision on recollection was lower on Weak trials, the
comparison of Weak to Strong trials serves to identify re-
gions that are engaged when associative recognition deci-
sions require discrimination between two choice stimuli
that are both familiar but lack recollection. Accordingly,
we expected that Weak trials would be differentially asso-
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Fig. 3. Displayed are the anatomical locations and hemodynamic
responses for PFC and MTL regions activated by Strong relative to
Weak trials. (A) Right VLPFC (BA 47/12; 45 39 —15; p <.001). (B)
Right anterior hippocampus (27 —12 —15; p < .005).

ciated with greater mnemonic conflict due to having to
adjudicate between two familiar choice stimuli without re-
course to recollection to guide the recognition decision.
Although the comparison of Weak to Strong trials failed
to yield significant activations at the standard statistical
threshold, differential activation was observed in ACC
at the more liberal threshold adopted for a priori expected
regions (p < .005; Fig. 4A).

ACC activity appears to mark the presence of famil-
iarity-based conflict between the target and foil, in the
absence of recollection. To the extent that this is the
case, one would expect a negative correlation between
ACC activation and activation in regions thought to
subserve recollection (i.e., hippocampus); that is, recol-
lection should reduce conflict. In addition, one also
would expect a positive correlation between ACC acti-
vation and activation in regions thought to be engaged
when subjects must monitor levels of familiarity as a ba-
sis for recognition decisions (e.g., right DLPFC; Dob-
bins et al., 2003; Henson et al., 1999b, 2000).

Both predictions were borne out by a between-subjects
whole-brain regression analysis identifying regions in
which the magnitude of activation on Weak trials was cor-
related with the level of ACC activation on Weak trials.
Specifically, activation in right DLPFC (middle/inferior
frontal cortex; ~BA 46) was positively correlated with
that in ACC on Weak trials (p <.001; Fig. 4B). Right
DLPFC was also positively correlated with ACC activity
on Strong trials (R* = .54; p < .003).

In contrast to the positive correlation observed be-
tween ACC and right DLPFC, a negative correlation
was observed between ACC and left anterior hippocam-
pus on Weak trials (p <.005; Fig. 4C). A subsequent
ROI analysis did not obtain evidence for a correlation be-
tween left hippocampus and ACC on Strong trials

B Correlations with ACC:

R2 = 63, p <.001
R DLPFC 8 . P

C

Peak % signal change in ROI

‘-6 : 1 T 1
-2 0 2 4 6

Peak % signal change in ACC

Fig. 4. Depicted are regions identified by a regression analysis as
exhibiting significant between-subject correlations with right ACC
activation. Regression plots display the peak percent signal change in
each ROI relative to the peak percent signal change in right ACC. (A)
Right ACC was differentially activated by Weak relative to Strong
trials. (B) Activation in right DLPFC (BA 46; 51 42 6) exhibited a
positive correlation with that in ACC (p <.001). (C) Activation in left
anterior hippocampus (—33 —12 —18) exhibited a negative correlation
with that in ACC (p < .005).

(R* = .004). However, when Strong and Weak trials were
included together in the SPM regression analysis, a nega-
tive correlation was observed between ACC and left hip-
pocampus at a more liberal threshold (p <.00795),
suggesting that the two regions may have been correlated
across conditions. ROI analysis further revealed that the
left anterior hippocampus was more active on Strong than
Weak trials (#(13) = 2.18; p <.05), similar to the pattern
observed in right anterior hippocampus in the group con-
trast of Strong > Weak trials. As with its left-sided coun-
terpart, activation in the right hippocampal ROI
appeared to have a negative relation with ACC activation.
However, the correlation was only significant when the
subject with the highest ACC activation was excluded
from the analysis (R® = .44; p < .02). Collectively these

2 The correlations of left hippocampus and right DLPFC with ACC
remained reliable (both ps < .01) upon exclusion of this subject.
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data implicate bilateral anterior hippocampus in visual
associative recollection, and suggest that greater hippo-
campal recruitment was associated with lower ACC
activation.

4. Discussion

The present study sought to identify the neural corre-
lates of episodic retrieval of novel associations between
visual stimuli, and to examine interactions between mne-
monic and cognitive control processes. To this end, we
manipulated the strength of association (Strong vs.
Weak) between pairs of colored patterns. Behaviorally,
subjects were more accurate and faster during retrieval
of pairs that had co-occurred a greater number of times
at study (Strong trials). Moreover, a supplementary
behavioral experiment requiring Remember/Know/
Guess judgments indicated that correctly recognized
Strong trials were differentially associated with recollec-
tion (Remember judgements) than were correct Weak
trials. These behavioral findings suggest that brain re-
gions differentially activated by Strong than Weak tri-
als—which included right anterior hippocampus and
right VLPFC—may subserve or be modulated by suc-
cessful recollection of visual associative knowledge. In
contrast, regions differentially activated by Weak rela-
tive to Strong trials—notably the ACC—likely reflect
the greater conflict between competing mnemonic
(familiarity-based) representations in the absence of rec-
ollection. Moreover, greater conflict (ACC activation)
was associated with increased monitoring demands
(DLPFC activation). Thus, under certain situations,
the ability to recollect the past can result in reduced de-
mands on certain forms of cognitive control.

4.1. Hippocampus

Right and, to a lesser extent left, anterior hippocam-
pus was more active at retrieval for strongly than
weakly associated pattern pairs. This finding is consis-
tent with numerous studies emphasizing the role of hip-
pocampus in relational or conjunctive processing
(Cohen & Eichenbaum, 1993; Davachi & Wagner,
2002; Eichenbaum, 2000; O’Reilly & Rudy, 2001;
Squire, 1994; Stark & Squire, 2001a). Extant data sug-
gest that hippocampus binds the various features of an
event into an integrated memory trace at encoding, and
that at retrieval hippocampal mechanisms interact with
neocortical representations to reinstantiate the features
associated with the stimulus that cues remembering.
Consistent with this view, recent event-related fMRI
studies of episodic retrieval have demonstrated that
hippocampal activation is greatest under conditions in
which subjects successfully recollect the context or
other experiential details associated with an item’s prior

encounter (Dobbins et al., 2003; Eldridge et al., 2000;
Yonelinas et al., 2001).

Particularly relevant to the present study, Eldridge
et al. (2000) observed greater bilateral hippocampal acti-
vation during word recognition accompanied by ‘Re-
membering’ than by ‘Knowing’, with the latter
condition not differing from correct rejections. More-
over, Dobbins et al. (2002) observed that hippocampal
activation differentiated between successful and unsuc-
cessful source recollection, but did not discriminate be-
tween successful and unsuccessful recognition when
these decisions were based on assessing differential stimu-
lus familiarity. Moreover, it has been suggested that ante-
rior hippocampus is preferentially engaged under
conditions that encourage relational processing of two
or more stimuli (Dolan & Fletcher, 1997; Henke et al.,
1997; for reviews see Lepage, Habib, & Tulving, 1998;
Schacter & Wagner, 1999). The present hippocampal
findings build on this literature, which to date has focused
primarily on verbal-semantic associations, by demon-
strating greater anterior hippocampal activation during
retrieval conditions that are differentially accompanied
by recollection of recently learned visual associations.

4.2. VLPFC

As predicted, visual associative retrieval engaged not
only the hippocampus but also right VLPFC. The re-
gion in right VLPFC (~BA 47; pars orbitalis) observed
to be differentially activated by retrieval of Strong rela-
tive to Weak pattern associations is similar to a region
implicated in recognizing previously studied patterns
(Cadoret, Pike, & Petrides, 2001; Petrides, Alivisatos,
& Frey, 2002) or faces (Kostopoulos & Petrides, 2003;
although it falls anterior and ventral to that observed
in the pattern recognition study of Wagner et al.,
1998b). The present data extend previous findings by
suggesting that, above and beyond subserving recogni-
tion of individual visual objects, right VLPFC is en-
gaged when retrieving associations between multiple
visual objects. The involvement of BA 47 in memory
for visual associations is consistent with neuroanatomi-
cal evidence indicating that the likely homologue in non-
human primates receives strong inputs from visual
association areas (Pandya & Yeterian, 1996; Petrides
& Pandya, 2001). Furthermore, the present results are
consistent with a growing literature suggesting that
VLPFC activation is domain-sensitive, with right
VLPFC preferentially engaged by visuo-object informa-
tion (Hazeltine, Bunge, Scanlon, Rosen, & Gabrieli,
2003; Kelley et al., 1998; Kirchhoff et al., 2000; Kling-
berg & Roland, 1998; McDermott et al., 1999; Wagner,
2002; Wagner et al., 1998b).

It may be worth noting that the right VLPFC re-
sponses during both Strong and Weak trials fell below
baseline. At present, the functional significance of
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task-induced deactivation relative to a resting baseline is
not yet fully understood. One interpretation is that such
response patterns reflect the interruption of ongoing
cognitive operations that occur at rest, such as visual
imagery and memory recall (Binder et al., 1999; Gus-
nard & Raichle, 2001; Mazoyer et al., 2001; McKiernan,
Kaufman, Kucera-Thompson, & Binder, 2003; Shulman
et al., 1997; Stark & Squire, 2001b). Nevertheless, focus-
ing on the relative difference between activation on
Strong and Weak trials, the present results provide
new evidence that activity in right VLPFC across trials
correlates with the level of successful recollection of
non-verbal associative knowledge.

Left anterior VLPFC, which has been implicated in
retrieving semantic associations (for reviews, see Badre
& Wagner, 2002; Poldrack et al., 1999), does not appear
to be as important as right anterior VLPFC for retriev-
ing visual associations. One region in left VLPFC (BA
47, —48 33 —12) was quantitatively more active on
Strong than on Weak trials, but this effect was not sta-
tistically reliable. This region appears to be anatomically
similar to that observed in several studies of semantic
associative retrieval (Wagner et al., 2001: —48 33 —12;
Bunge et al., in press: —48 30 9). However, those studies
observed the opposite pattern to that observed here in
left VLPFC, as well as in right VLPFC, namely greater
activation during the retrieval of weaker than of stron-
ger associations.

At present it is unclear why the present study revealed
greater activation in right VLPFC during retrieval of
strong relative to weak visual associations, whereas
prior studies have observed less activation in left
VLPFC during retrieval of strong relative to weak
semantic associations. One possibility is that VLPFC
mechanisms are particularly recruited when subjects en-
gage retrieval processes that lead to the successful recol-
lection of knowledge, be it episodic recollection of visual
associations or semantic recollection of the conceptual
relations between stimuli, with these mechanisms being
recruited when recollection is effortful (Wagner et al.,
2001). However, under situations in which initial recol-
lection attempts are unsuccessful and participants shift
to relying on an assessment of stimulus familiarity,
one might then observe diminished reliance on VLPFC
processes (see also Dobbins et al., 2003). According to
this account, one should observe greatest activation in
VLPFC during effortful or controlled recollection, inter-
mediate levels during less effortful or more automatic
recollection, and the least activation during conditions
encouraging familiarity monitoring. The present results
are consistent with the hypothesis that VLPFC is impor-
tant for active mnemonic retrieval under situations in
which relevant associations do not readily spring to
mind—i.e., when relations between representations are
weak, unstable, or ambiguous (Petrides, 2002; see also
Miller & Cohen, 2001).

4.3. ACC and DLPFC

In contrast to VLPFC and hippocampus, right ACC
was more active on Weak than Strong trials. Moreover,
the strongest ACC signal was obtained for subjects who
exhibited the weakest activation in hippocampus. The
ACC focus identified here is close to a focus exhibiting
greater activation when word recognition decisions are
accompanied by ‘Knowing’ relative to ‘Remembering’
(Eldridge et al., 2000; see also Maril, Wagner, & Sch-
acter, 2001). These convergent findings suggest that this
subregion within ACC is differentially engaged under
retrieval conditions in which recollection levels are
poor.

More generally, the present ACC focus also falls in
the vicinity of ACC activations observed during the per-
formance of tasks that have been characterized as
involving conflict between multiple representations
(e.g., Bunge, Hazeltine, Scanlon, Rosen, & Gabrieli,
2002; Carter et al., 2000; for review see van Veen & Car-
ter, 2002). ACC (specifically, the rostral cingulate zone)
has been hypothesized to detect the presence of conflict
between competing response representations (Botvinick,
Nystrom, Fissell, Carter, & Cohen, 1999; Botvinick,
Braver, Barch, Carter, & Cohen, 2001; Carter, Botvi-
nick, & Cohen, 1999; Carter et al., 1998), and it has been
argued that the role of ACC in conflict detection may
generalize to other types of representations (van Veen
& Carter, 2002). The ACC signal in the present study
is likely related to the need to select between two famil-
iar patterns at test. In the absence of reliable recollection
(i.e., on Weak trials), the foil pattern serves as an effec-
tive distractor because it is highly familiar yet irrelevant,
never having been paired with the cue pattern. Accord-
ingly, in the absence of recollection, mnemonic conflict
between competing familiarity signals is present and
may be detected by ACC monitoring mechanisms.

The conflict theory holds that ACC-generated signals
modulate cognitive control processes subserved by
DLPFC—processes that may in turn resolve the conflict
by selectively enhancing the activity of task-relevant rep-
resentations in cortical association areas (Braver, Co-
hen, & Barch, 2002; Cohen, Braver, & O’Reilly, 1996;
MacDonald, Cohen, Stenger, & Carter, 2000; Miller &
Cohen, 2001) or by monitoring for subtle differences in
stimulus familiarity (Dobbins et al., 2003; Henson
et al., 2000; Henson et al., 1999b). Consistent with pre-
vious findings that ACC and DLPFC functionally inter-
act (Gehring & Knight, 2000), we observed that subjects
who recruited right ACC more strongly during retrieval
also tended to recruit right DLPFC more strongly. As
noted previously, right DLPFC activation in memory
retrieval studies has been interpreted as reflecting post-
retrieval monitoring demands, which may be greater
when subjects fail to recollect contextual details of an
item’s study encounter (Henson et al., 1999b; Schacter,
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1997; Wagner et al., 1998a; for review see Fletcher &
Henson, 2001). Supporting this view are data showing
greater activation in right DLPFC during recognition
accompanied by ‘Knowing’ relative to ‘Remembering’
(Henson et al., 1999a), recognition associated with low
relative to high confidence (Henson et al., 2000), and
recognition based on assessments of relative recency
rather than source recollection (Dobbins et al., 2003).
In the context of the present study, a greater conflict sig-
nal from ACC, due to lower levels of recollection (i.e.,
weaker hippocampal signals), may lead to greater famil-
iarity-based monitoring in an effort to select between the
similarly familiar target and foil stimuli.

The present results support the view that greater con-
flict detection during attempts to remember the past is
associated with greater allocation of specific forms of
cognitive control. As such, the present data highlight
the interplay between mnemonic mechanisms and cogni-
tive control processes. Accordingly, it appears that our
ability to remember the past is an emergent product of
interacting hippocampal and prefrontal processes, some
of which support recovery of experiential details
whereas others support attempts to work with memory
in the absence of recollection.

Acknowledgments

The authors thank Punita Bhansali, Brian Gonsalves,
David Badre, and Russell Poldrack for their contribu-
tions. Supported by the National Science Foundation
(0133126), McKnight Endowment Fund for Neurosci-
ence, and Ellison Medical Foundation.

References

Baddeley, A., Vargha-Khadem, F., & Mishkin, M. (2001). Preserved
recognition in a case of developmental amnesia: Implications for
the acquisition of semantic memory?. Journal of Cognitive Neuro-
science, 13, 357-369.

Badre, D., & Wagner, A. D. (2002). Semantic retrieval, mnemonic
control, and prefrontal cortex. Behavioral and Cognitive Neurosci-
ence Reviews, 1, 206-218.

Binder, J. R., Frost, J. A., Hammeke, T. A., Bellgowan, P. S., Rao, S.
M., & Cox, R. W. (1999). Conceptual processing during the
conscious resting state. A functional MRI study. Journal of
Cognitive Neuroscience, 11, 80-95.

Botvinick, M., Nystrom, L. E., Fissell, K., Carter, C. S., & Cohen, J.
D. (1999). Conflict monitoring versus selection-for-action in
anterior cingulate cortex. Nature, 402, 179-181.

Botvinick, M. M., Braver, T. S., Barch, D. M., Carter, C. S., & Cohen,
J. D. (2001). Conflict monitoring and cognitive control. Psycho-
logical Review, 108, 624-652.

Brasted, P. J., Bussey, T. J., Murray, E. A., & Wise, S. P. (2003). Role
of the hippocampal system in associative learning beyond the
spatial domain. Brain, 126, 1202-1223.

Braver, T. S., Cohen, J. D., & Barch, D. M. (2002). The role of
prefrontal cortex in normal and disordered cognitive control: A

cognitive neuroscience perspective. In S. A. Knight (Ed.), Principles
of frontal lobe function (pp. 428-447). New York, NY: Oxford
University Press.

Brown, M. W., & Aggleton, J. P. (2001). Recognition memory: What
are the roles of the perirhinal cortex and hippocampus?. Nature
Reviews Neuroscience, 2, 51-61.

Buckner, R. L., Kelley, W. M., & Petersen, S. E. (1999). Frontal cortex
contributes to human memory formation. Nature Neuroscience, 2,
311-314.

Buckner, R., Raichle, M. E., & Peterson, S. E. (1995). Dissociation of
human prefrontal cortical areas across different speech production
tasks and gender groups. Journal of Neurophysiology, 74,
2163-2173.

Buckner, R. L., Raichle, M. E., Miezin, F. M., & Petersen, S. E.
(1996). Functional anatomic studies of memory retrieval for
auditory words and visual pictures. Journal of Neuroscience, 16,
6219-6235.

Bunge, S. A., Badre, D., & Wagner, A. D. (in press). Analogical
reasoning and prefrontal cortex: Evidence for separable retrieval
and integration mechanisms. Cerebral Cortex.

Bunge, S. A., Hazeltine, E., Scanlon, M. D., Rosen, A. C., & Gabrieli,
J. D. (2002). Dissociable contributions of prefrontal and parietal
cortices to response selection. Neuroimage, 17, 1562-1571.

Bunge, S. A., Kahn, 1., Wallis, J. D., Miller, E. K., & Wagner, A. D.
(2003). Neural circuits subserving the retrieval and maintenance of
abstract rules. Journal of Neurophysiology, 90, 3419-3428.

Cadoret, G., Pike, G. B., & Petrides, M. (2001). Selective activation of
the ventrolateral prefrontal cortex in the human brain during active
retrieval processing. European Journal of Neuroscience, 14,
1164-1170.

Carter, C. S., Botvinick, M. M., & Cohen, J. D. (1999). The
contribution of the anterior cingulate cortex to executive processes
in cognition. Reviews in the Neurosciences, 10, 49-57.

Carter, C. S., Braver, T. S., Barch, D. M., Botvinick, M. M., Noll,
D., & Cohen, J. D. (1998). Anterior cingulate cortex, error
detection, and the online monitoring of performance. Science,
280, T47-749.

Carter, C. S., Macdonald, A. M., Botvinick, M., Ross, L. L., Stenger,
V. A., Noll, D., & Cohen, J. D. (2000). Parsing executive processes:
Strategic vs. evaluative functions of the anterior cingulate cortex.
Proceedings of the National Academy of Sciences USA, 97,
1944-1948.

Cocosco, C. A., Kollokian, V., Kwan, R. K.-S., & Evans, A. C. (1997).
BrainWeb: Online interface to a 3D MRI simulated brain database.
Neurolmage, 5, S425.

Cohen, J. D., Braver, T. S., & O’Reilly, R. C. (1996). A computational
approach to prefrontal cortex, cognitive control and schizophrenia:
Recent developments and current challenges. Philosophical Trans-
actions of the Royal Society of London. Series B: Biological
Sciences, 351, 1515-1527.

Cohen, N. J., & Eichenbaum, H. (1993). Memory, amnesia and the
hippocampal system. Cambridge: MIT Press.

Conway, M. A., Gardiner, J. M., Perfect, T. J., Anderson, S. J., &
Cohen, G. M. (1997). Changes in memory awareness during
learning: The acquisition of knowledge by psychology undergrad-
vates. Journal of Experimental Psychology. General, 126, 393-413.

Corkin, S. (2002). What’s new with the amnesic patient H.M.?. Nature
Reviews Neuroscience, 3, 153-160.

Dale, A. M. (1999). Optimal experimental design for event-related
fMRI. Human Brain Mapping, 8, 109-114.

Davachi, L., Mitchell, J. P., & Wagner, A. D. (2003). Multiple routes
to memory: Distinct medial temporal lobe processes build item and
source memories. Proceedings of the National Academy of Sciences
USA, 100, 2157-2162.

Davachi, L., & Wagner, A. D. (2002). Hippocampal contributions to
episodic encoding: Insights from relational and item-based learn-
ing. Journal of Neurophysiology, 88, 982-990.



S.A. Bunge et al. | Brain and Cognition 56 (2004) 141-152 151

Dobbins, 1. G., Foley, H., Schacter, D. L., & Wagner, A. D. (2002).
Executive control during episodic retrieval: Multiple prefrontal
processes subserve source memory. Neuron, 35, 989-996.

Dobbins, I. G., Rice, H. J., Wagner, A. D., & Schacter, D. L. (2003).
Memory orientation and success: Separable neurocognitive com-
ponents underlying episodic recognition. Neuropsychologia, 41,
318-333.

Dolan, R., & Fletcher, P. (1997). Dissociating prefrontal and hippo-
campal function in episodic memory encoding. Nature, 388,
582-585.

Eacott, M. J., & Gaffan, D. (1989). Interhemispheric transfer of visual
learning in monkeys with intact optic chiasm. Experimental Brain
Research, 74, 348-352.

Eichenbaum, H. (2000). A cortical-hippocampal system for declarative
memory. Nature Reviews Neuroscience, 1(1), 41-50.

Eldridge, L. L., Knowlton, B. J., Furmanski, C. S., Bookheimer, S. Y.,
& Engel, S. A. (2000). Remembering episodes: A selective role for
the hippocampus during retrieval. Nature Neuroscience, 3,
1149-1152.

Fiez, J. (1997). Phonology, semantics, and the role of the left inferior
prefrontal cortex. Human Brain Mapping, 5, 79-83.

Fletcher, P. C., & Henson, R. N. (2001). Frontal lobes and human
memory: Insights from functional neuroimaging. Brain, 124,
849-881.

Gabrieli, J. D., Poldrack, R. A., & Desmond, J. E. (1998). The role of
left prefrontal cortex in language and memory. Proceedings of the
National Academy of Sciences USA, 95, 906-913.

Gabrieli, J. D. E. (1998). Cognitive neuroscience of human memory.
Annual Review of Psychology, 49, 87-115.

Gabrieli, J. D. E., Desmond, J. E., Demb, J. B., Wagner, A. D., Stone,
M. V., Vaidya, C. J., & Glover, G. H. (1996). Functional magnetic
resonance imaging of semantic memory processes in the frontal
lobes. Psychological Science, 7, 278-283.

Gehring, W. J., & Knight, R. T. (2000). Prefrontal-cingulate interac-
tions in action monitoring. Nature Neuroscience, 3, 516-520.

Gusnard, D. A., & Raichle, M. E. (2001). Searching for a baseline:
Functional imaging and the resting human brain. Nature Reviews
Neuroscience, 2, 685-694.

Hasegawa, 1., Fukushima, T., Thara, T., & Miyashita, Y. (1998).
Callosal window between prefrontal cortices: Cognitive interaction
to retrieve long-term memory. Science, 281, 814-818.

Hazeltine, E., Bunge, S. A., Scanlon, M. D., Rosen, A. C., & Gabrieli,
J. D. (2003). Material-dependent and material-independent selec-
tion processes in the frontal lobes: An event-related fMRI
investigation of response competition. Neuropsychologia, 41,
1208-1217.

Henke, K., Buck, A., Weber, B., & Wieser, H. G. (1997). Human
hippocampus establishes associations in memory. Hippocampus, 7,
249-256.

Henson, R. N., Rugg, M. D., Shallice, T., & Dolan, R. J. (2000).
Confidence in recognition memory for words: Dissociating right
prefrontal roles in episodic retrieval. Journal of Cognitive Neuro-
science, 12, 913-923.

Henson, R. N., Shallice, T., & Dolan, R. J. (1999a). Right prefrontal
cortex and episodic memory retrieval: A functional MRI test of the
monitoring hypothesis. Brain, 122, 1367-1381.

Henson, R. N., Rugg, M. D., Shallice, T., Josephs, O., & Dolan, R. J.
(1999b). Recollection and familiarity in recognition memory: An
event-related functional magnetic resonance imaging study. The
Journal of Neuroscience, 19, 3962-3972.

Holdstock, J. S., Mayes, A. R., Roberts, N., Cezayirli, E., Isaac, C. L.,
O'Reilly, R. C., & Norman, K. A. (2002). Under what conditions is
recognition spared relative to recall after selective hippocampal
damage in humans?. Hippocampus, 12, 341-351.

Incisa della Rocchetta, A., & Milner, B. (1993). Strategic search and
retrieval inhibition: The role of the frontal lobes. Neuropsychologia,
31, 503-524.

Janowsky, J. S., Shimamura, A. P., & Squire, L. R. (1989). Source
memory impairment in patients with frontal lobe lesions. Neuro-
psychologia, 8, 1043-1056.

Kapur, S., Craik, F. I. M., Jones, C., Brown, G. M., Houle, S., &
Tulving, E. (1995). Functional role of the prefrontal cortex in
memory retrieval: A PET study. Neuroreport, 6, 1880-1884.

Kelley, W. M., Miezin, F. M., McDermott, K. B., Buckner, R. L.,
Raichle, M. E., Cohen, N. J., Ollinger, J. M., Akbudak, E.,
Conturo, T. E., Snyder, A. Z., & Petersen, S. E. (1998).
Hemispheric specialization in human dorsal frontal cortex and
medial temporal lobe for verbal and nonverbal memory encoding.
Neuron, 20, 927-936.

Kirchhoff, B. A., Wagner, A. D., Maril, A., & Stern, C. E. (2000).
Prefrontal-temporal circuitry for episodic encoding and subse-
quent memory. Journal of Neuroscience, 20, 6173-6180.

Klingberg, T., & Roland, P. E. (1998). Right prefrontal activation
during encoding, but not during retrieval, in a non-verbal paired
associates task. Cerebral Cortex, 8, 73-79.

Klingberg, T., Roland, P. E., & Kawashima, R. (1994). The human
entorhinal cortex participates in associative memory. Neuroreport,
6, 57-60.

Kostopoulos, P., & Petrides, M. (2003). The mid-ventrolateral
prefrontal cortex: Insights into its role in memory retrieval.
European Journal of Neuroscience, 17(7), 1489-1497.

Lepage, M., Habib, R., & Tulving, E. (1998). Hippocampal PET
activation of memory encoding and retrieval: The HIPER Model.
Hippocampus, 8, 313-322.

MacDonald, A. W., Cohen, J. D., Stenger, V. A., & Carter, C. S.
(2000). Dissociating the role of the dorsolateral prefrontal and
anterior cingulate cortex in cognitive control. Science, 288,
1835-1838.

Manns, J. R., Hopkins, R. O., Reed, J. M., Kitchener, E. G., & Squire,
L. R. (2003). Recognition memory and the human hippocampus.
Neuron, 37, 171-180.

Maril, A., Wagner, A. D., & Schacter, D. L. (2001). On the tip of the
tongue: An event-related fMRI study of semantic retrieval failure
and cognitive conflict. Neuron, 31, 653-660.

Mazoyer, B., Zago, L., Mellet, E., Bricogne, S., Etard, O., Houde, O.,
Crivello, F., Joliot, M., Petit, L., & Tzourio-Mazoyer, N. (2001).
Cortical networks for working memory and executive functions
sustain the conscious resting state in man. Brain Research Bulletin,
54, 287-298.

McDermott, K. B., Buckner, R. L., Petersen, S. E., Kelley, W. M., &
Sanders, A. L. (1999). Set- and code-specific activation in frontal
cortex: An fMRI study of encoding and retrieval of faces and
words. Journal of Cognitive Neuroscience, 11, 631-640.

McKiernan, K. A., Kaufman, J. N., Kucera-Thompson, J., & Binder,
J. R. (2003). A parametric manipulation of factors affecting task-
induced deactivation in functional neuroimaging. Journal of
Cognitive Neuroscience, 15, 394-408.

Miller, E. K., & Cohen, J. D. (2001). An integrative theory of
prefrontal cortex function. Annual Review of Neuroscience, 24,
167-202.

Miyashita, Y. (1988). Neuronal correlate of visual associative long-
term memory in the primate temporal cortex. Nature, 335, 817-820.

Miyashita, Y., & Hayashi, T. (2000). Neural representation of visual
objects: Encoding and top-down activation. Current Opinion in
Neurobiology, 10, 187-194.

Moscovitch, M., & Melo, B. (1997). Strategic retrieval and the frontal
lobes: Evidence from confabulation and amnesia. Neuropsycholo-
gia, 35, 1017-1034.

Mottaghy, F. M., Shah, N. J., Krause, B. J., Schmidt, D., Halsband,
U., Jancke, L., & Muller-Gartner, H. W. (1999). Neuronal
correlates of encoding and retrieval in episodic memory during a
paired-word association learning task: A functional magnetic
resonance imaging study. Experimental Brain Research, 128,
332-342.



152 S.A. Bunge et al. | Brain and Cognition 56 (2004) 141-152

Murray, E. A., Gaffan, D., & Mishkin, M. (1993). Neural substrates of
visual stimulus-stimulus association in rhesus monkeys. Journal of
Neuroscience, 13, 4549-4561.

O'Reilly, R. C., & Rudy, J. W. (2001). Conjunctive representations in
learning and memory: Principles of cortical and hippocampal
function. Psychological Review, 108, 311-345.

Ojemann, J. G., Akbudak, E., Snyder, A. Z., McKinstry, R. C.,
Raichle, M. E., & Conturo, T. E. (1997). Anatomic localization
and quantitative analysis of gradient refocused echo-planar fMRI
susceptibility artifacts. Neurolmage, 6, 156-167.

Pandya, D. N., & Yeterian, E. H. (1996). Comparison of prefrontal
architecture and connections. Philosophical Transactions of the
Royal Society of London. Series B: Biological Sciences, 351,
1423-1432.

Passingham, R. E., Toni, I., & Rushworth, M. F. (2000). Specialisation
within the prefrontal cortex: The ventral prefrontal cortex and
associative learning. Experimental Brain Research, 133, 103-113.

Petersen, S. E., Fox, P. T., Posner, M. 1., Mintun, M., & Raichle, M.
E. (1988). Positron emission tomographic studies of the cortical
anatomy of single-word processing. Nature, 331, 585-589.

Petrides, M. (2002). The mid-ventrolateral prefrontal cortex and active
mnemonic retrieval. Neurobiology of Learning and Memory, 78,
528-538.

Petrides, M., Alivasatos, B., & Evans, A. C. (1995). Functional
activation of the human ventrolateral frontal cortex during
mnemonic retrieval of verbal information. Proceedings of the
National Academy of Science, 92, 5803-5807.

Petrides, M., Alivisatos, B., & Frey, S. (2002). Differential activation of
the human orbital, mid-ventrolateral, and mid-dorsolateral pre-
frontal cortex during the processing of visual stimuli. Proceedings
of the National Academy of Sciences USA, 99, 5649-5654.

Petrides, M., & Pandya, D. N. (2001). Comparative cytoarchitectonic
analysis of the human and the macaque ventrolateral prefrontal
cortex and corticocortical connection patterns in the monkey.
European Journal of Neuroscience, 16, 291-310.

Poldrack, R. A., Wagner, A. D., Prull, M. W, Desmond, J. E., Glover,
G. H., & Gabrieli, J. D. (1999). Functional specialization for
semantic and phonological processing in the left inferior prefrontal
cortex. Neurolmage, 10, 15-35.

Rugg, M. D., & Wilding, E. L. (2000). Retrieval processing and
episodic memory. Trends in Cognition Science, 4, 108-115.

Sakai, K., & Miyashita, Y. (1991). Neural organization for the long-
term memory of paired associates. Nature, 354, 152-155.

Schacter, D. L. (1997). The cognitive neuroscience of memory:
Perspectives from neuroimaging research. Philosophical Transac-
tions of the Royal Society of London. Series B: Biological Sciences,
352, 1689-1695.

Schacter, D. L., & Wagner, A. D. (1999). Medial temporal lobe
activations in fMRI and PET studies of episodic encoding and
retrieval. Hippocampus, 9, 7-24.

Shallice, T., Fletcher, P., Frith, C. D., Grasby, P., Frackowiak, R. S.
J., & Dolan, R. J. (1994). Brain regions associated with acquisition
and retrieval of verbal episodic memory. Nature, 368, 633-635.

Shimamura, A. P. (1995). Memory and the prefrontal cortex. Annals of
the New York Academy of Sciences, 769, 151-159.

Shulman, G. L., Fiez, J. A., Corbetta, M., Buckner, R. L., Miezin, F.
M., Raichle, M. E., & Petersen, S. E. (1997). Common blood flow
changes across visual tasks: II. Decreases in cerebral cortex.
Journal of Cognitive Neuroscience, 9, 648—663.

Squire, L. R. (1992). Memory and the hippocampus: A synthesis from
findings with rats, monkeys, and humans. Psychological Review, 99,
195-231.

Squire, L. R. (1994). Declarative and nondeclarative memory: Multiple
brain systems supporting learning and memory. In D. L. Schacter
& E. Tulving (Eds.), Memory Systems 1994 (pp. 380-415). Cam-
bridge, MA: MIT Press.

Stark, C. E., Bayley, P. J., & Squire, L. R. (2002). Recognition memory
for single items and for associations is similarly impaired following
damage to the hippocampal region. Learning and Memory, 9,
238-242.

Stark, C. E., & Squire, L. R. (200la). Simple and associative
recognition memory in the hippocampal region. Learning and
Memory, 8, 190-197.

Stark, C. E., & Squire, L. R. (2001b). When zero is not zero:
The problem of ambiguous baseline conditions in fMRI.
Proceedings of the National Academy of Sciences USA, 98,
12760-12766.

Strange, B. A., Fletcher, P. C., Henson, R. N., Friston, K. J., & Dolan,
R. J. (1999). Segregating the functions of human hippocampus.
Proceedings of the National Academy of Sciences USA, 96,
4034-4039.

Talairach, J., & Tourneaux, P. (1988). Co-planar stereotaxic atlas of
the human brain. Stuttgart: Thieme.

Tomita, H., Ohbayashi, M., Nakahara, K., Hasegawa, 1., & Miyash-
ita, Y. (1999). Top-down signal from prefrontal cortex in executive
control of memory retrieval [see comments]. Nature, 401, 699-703.

Tulving, E. (1985). Memory and consciousness. Canadian Psychology,
26, 1-12.

van Veen, V., & Carter, C. S. (2002). The anterior cingulate as a
conflict monitor: fMRI and ERP studies. Physiology & Behavior,
77, 477-482.

Wagner, A. D. (2002). Cognitive control and episodic memory. In L.
R. Squire & D. L. Schacter (Eds.), Neuropsychology of Memory
(third ed., pp. 174-192). New York: The Guilford Press.

Wagner, A. D., Desmond, J. E., Glover, G. H., & Gabrieli, J. D.
(1998a). Prefrontal cortex and recognition memory. Functional-
MRI evidence for context-dependent retrieval processes. Brain,
121, 1985-2002.

Wagner, A. D., Koutstaal, W., & Schacter, D. L. (1999). When
encoding yields remembering: Insights from event-related neuroi-
maging. Philosophical Transactions of the Royal Society of London.
Series B: Biological Sciences, 354, 1307-1324.

Wagner, A. D., Pare-Blagoev, E. J., Clark, J., & Poldrack, R. A.
(2001). Recovering meaning: Left prefrontal cortex guides con-
trolled semantic retrieval. Neuron, 31, 329-338.

Wagner, A. D., Poldrack, R. A., Eldridge, L. L., Desmond, J. E.,
Glover, G. H., & Gabrieli, J. D. (1998b). Material-specific
lateralization of prefrontal activation during episodic encoding
and retrieval. Neuroreport, 9, 3711-3717.

Yonelinas, A. P. (2002). The nature of recollection and familiarity: A
review of 30 years of research. Journal of Memory and Language,
46, 441-517.

Yonelinas, A. P., Hopfinger, J. B., Buonocore, M. H., Kroll, N. E., &
Baynes, K. (2001). Hippocampal, parahippocampal and occipital-
temporal contributions to associative and item recognition mem-
ory: An fMRI study. Neuroreport, 12, 359-363.

Yonelinas, A. P., Kroll, N. E., Dobbins, I. G., & Soltani, M. (1999).
Recognition memory for faces: When familiarity supports associa-
tive recognition judgments. Psychonomic Bulletin & Review, 6,
654-661.

Yonelinas, A. P., Kroll, N. E., Quamme, J. R., Lazzara, M. M., Sauve,
M. J., Widaman, K. F., & Knight, R. T. (2002). Effects of extensive
temporal lobe damage or mild hypoxia on recollection and
familiarity. Nature Neuroscience, 5, 1236-1241.



	Prefrontal and hippocampal contributions to visual associative recognition: Interactions between cognitive control and episodic retrieval
	Introduction
	Materials and methods
	Subjects
	Study session
	Test session
	Behavioral study: Assessing associative recollection
	FMRI data acquisition

	Results
	Associative recognition performance
	Mnemonic basis for associative recognition: Assessing differential recollection
	Neural correlates of visual associative recollection
	Left VLPFC and visual associative retrieval
	Neural correlates of mnemonic conflict and familiarity monitoring

	Discussion
	Hippocampus
	VLPFC
	ACC and DLPFC

	Acknowledgments
	References


