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bstract

Declarative memory allows an organism to discriminate between previously encountered and novel items, and to place past encounters in time.
umerous imaging studies have investigated the neural processes supporting item recognition, whereas few have examined retrieval of temporal

nformation. In the present study, functional magnetic resonance imaging (fMRI) was conducted while subjects engaged in temporal recency
nd item novelty decisions. Subjects encountered three-alternative forced-choice retrieval trials, each consisting of two words from a preceding
tudy phase and one novel word, and were instructed to either identify the novel item (Novelty trials) or the more recently presented study item
Recency trials). Relative to correct Novelty decisions, correct Recency decisions elicited greater activation in a network of left-lateralized regions,
ncluding frontopolar and dorsolateral prefrontal cortex and intraparietal sulcus. A conjunction analysis revealed that these left-lateralized regions
verlapped with those previously observed to be engaged during source recollection versus novelty detection, suggesting that during Recency
rials subjects attempted to recollect event details. Consistent with this interpretation, correct Recency decisions activated posterior hippocampus
nd parahippocampal cortex, whereas incorrect Recency decisions elicited greater anterior cingulate activation. The magnitude of this latter effect
ositively correlated with activation in right dorsolateral prefrontal cortex. Finally, correct Novelty decisions activated the anterior medial temporal

obe to a greater extent than did correct Recency decisions, suggesting that medial temporal novelty responses are not obligatory but rather can
e modulated by the goal-directed allocation of attention. Collectively, these findings advance understanding of how subjects strategically engage
rontal and parietal mechanisms in the service of attempting to remember the temporal order of events, and how retrieval goals impact novelty
rocessing within the medial temporal lobe.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Declarative memory supports remembering what items have
een encountered, as well as when they were experienced. Dis-
rimination between experienced and novel items can be based
n recollection—the retrieval of specific contextual details asso-
iated with the item’s occurrence – or on familiarity – the sense
f having encountered the item in the absence of any specific
etails (Yonelinas, 2002). Paralleling item recognition, it has

een argued that recognizing when an item was experienced can
e based on recollecting details about the temporal context in
hich the item appeared, or on an assessment of trace-strength
r item familiarity (Curran & Friedman, 2003; Hintzman, 2001,
003, 2005). Although considerable attention has been focused
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oral context; Retrieval orientation

n specifying the neural mechanisms that support recollection-
nd familiarity-based item recognition (Aggleton & Brown,
999; Curran, 2000; Duzel, Yonelinas, Mangun, Heinze, &
ulving, 1997; Eldridge, Knowlton, Furmanski, Bookheimer,
Engel, 2000; Gonsalves, Kahn, Curran, Norman, & Wagner,

005; Norman & O’Reilly, 2003; Ranganath et al., 2004; Squire,
tark, & Clark, 2004; Wheeler & Buckner, 2004), relatively

ess is known about the neural processes supporting retrieval
udgments about temporal information. Moreover, the few neu-
oimaging studies that have sought to delineate the processes
upporting temporal recency decisions have yielded conflicting
vidence as to whether such decisions depend on the recollection
f event details or on assessments of item familiarity, with these

ifferences potentially stemming from different task constraints
cross studies.

Specifying which prefrontal cortical (PFC) mechanisms
re engaged during temporal recency decisions may provide

mailto:nicoled@psych.stanford.edu
dx.doi.org/10.1016/j.neuropsychologia.2007.02.025
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everage on understanding the bases for such judgments.
xtensive prior neuroimaging evidence indicates that left

ateral PFC regions – most notably frontopolar and dorsolateral
ortices – are selectively engaged when subjects attempt to
ecollect contextual details about an episode, such as the spatial
osition in which a stimulus appeared (e.g., Cansino, Maquet,
olan, & Rugg, 2002; Rugg, Fletcher, Chua, & Dolan, 1999) or
erceptual or conceptual details associated with the item’s prior
ncounter (e.g., Dobbins, Foley, Schacter, & Wagner, 2002;
obbins & Wagner, 2005; Nolde, Johnson, & D’Esposito,
998; Ranganath, Johnson, & D’Esposito, 2000). By contrast,
ight dorsolateral and ventrolateral PFC are often engaged when
ubjects attempt to make familiarity-based discriminations
etween novel and experienced items (Dobbins & Wagner,
005; Henson, Shallice, & Dolan, 1999; Henson, Rugg, Shallice,

Dolan, 2000; Kensinger, Clarke, & Corkin, 2003). A central
uestion with respect to understanding the bases of temporal
ecency judgments is: which PFC subregions are engaged during
ecency decisions relative to item recognition judgments?

Neuropsychological and electrophysiological studies have
mplicated PFC in temporal-order or temporal-recency deci-
ions, though the specific PFC subregions associated with such
udgments are unclear. Neuropsychological studies indicate
hat damage to lateral PFC impairs temporal-order retrieval
o a greater extent than item recognition (Kesner, Hopkins, &
ineman, 1994; Milner, Corsi, & Leonard, 1991; Shimamura,
anowsky, & Squire, 1990); however, these effects often
ppear to be lateralized by stimulus type rather than type of
etrieval decision. Electrophysiologically, while event-related
rain potentials (ERPs) at bilateral PFC electrode sites have been
bserved to be more positive during correct recency retrieval
ompared with item recognition (Tendolkar & Rugg, 1998) and
uring contextually-driven recency decisions compared with
hose that were less driven by contextual retrieval (Curran &
riedman, 2003), it is difficult to discern the neural genera-

ors of these effects, and thus it is unclear which specific PFC
ubregions contribute to such recency decisions.

Initial results from positron emission tomography and fMRI
tudies, while offering higher spatial resolution than ERP and
ost patient studies, have yielded conflicting patterns. On the

ne hand, the results from a few studies suggest a prefer-
ntial role of right PFC subregions during temporal recency
etrieval compared to item recognition (Cabeza, Anderson,
oule, Mangels, & Nyberg, 2000; Cabeza et al., 1997) and

o conceptual source recollection (Dobbins, Rice, Wagner, &
chacter, 2003). These studies used relatively long lists of
tudy items (60–80 items/list), which may have increased the
robability that performance on temporal Recency trials was
ifferentially dependent on familiarity. By contrast, other stud-
es suggest that temporal recency retrieval can recruit left PFC
egions typically involved in attempts to recollect source or con-
extual information (Konishi et al., 2002; Suzuki et al., 2002).
hese latter studies used relatively short lists of study items
10–30 items/list) and manipulated the nature of recency deci-
ions by comparing “high demand” Recency trials, in which test
tems had appeared close together in the original study list, with
low demand” Recency trials, in which test items had appeared
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arther apart at study (Konishi et al., 2002) or by comparing
ithin-list recency decisions with between-list recency deci-

ions (Suzuki et al., 2002). These latter studies suggest that
he conditions that elicit activation in left PFC subregions are
hose that decrease subjects’ ability to rely on marked differences
n item familiarity as a basis for their recency judgments, thus
emanding contextual recollection for accurate performance.

A complicating factor for understanding the relation between
tudies demonstrating increased left PFC activation during
demanding” recency conditions and those revealing right PFC
ctivation during recency relative to item recognition judgments
s the fact that a number of the studies in the latter group failed
o match the nature of the test probes across conditions (Cabeza
t al., 1997, 2000; Eyler Zorrilla, Aguirre, Zarahn, Cannon, &
’Esposito, 1996; Nyberg et al., 1996; Rajah & McIntosh, 2006;
uzuki et al., 2002). Specifically, the item memory test probes in

hese experiments contained novel items, whereas the temporal
ecency test probes consisted of studied items. Accordingly, the
rst objective of the current study was to investigate the pattern
f PFC activation during temporal recency versus item recogni-
ion decisions, while ensuring that the test probes were matched
cross conditions. We further sought to directly compare the pat-
ern of PFC activation during temporal recency decisions with
hat seen in prior studies of source recollection.

Beyond PFC, other data indicate that the medial temporal
obe (MTL) may differentially contribute to temporal recency
nd item recognition decisions. For example, rodent studies
ave suggested a distinct role of the hippocampus in encod-
ng and retrieving the temporal order of a sequence of events
Fortin, Agster, & Eichenbaum, 2002; Kesner, Gilbert, & Barua,
002). In humans, some studies of patients with MTL lesions
ave demonstrated that such damage can disproportionately
mpair temporal-order memory in comparison to item recogni-
ion (Downes, Mayes, MacDonald, & Hunkin, 2002; Kopelman,
tanhope, & Kingsley, 1997; Mayes et al., 2001), whereas
ther studies have demonstrated either relatively spared tempo-
al recency memory despite chance-level item memory (Sagar,
abrieli, Sullivan, & Corkin, 1990) or impairments in both

emporal-order memory and item recognition (Hopkins, Kesner,
Goldstein, 1995).
Recent neuroimaging evidence suggests that the MTL is

ecruited as recency retrieval demands increase (Konishi et al.,
002), as well as when recency decisions involve items that
ere studied in a relational as opposed to item-based man-
er (Konishi, Asari, Jimura, Chikazoe, & Miyashita, 2006). By
ontrast, other studies have revealed increased MTL activation
uring item recognition in comparison with temporal recency
etrieval (Cabeza et al., 1997, 2000), though in these instances
he comparisons of recency and item recognition trials were
onfounded by the presence of a novel item solely on item
ecognition trials. Because the MTL is known to differentially
espond to the presence of novel stimuli (e.g., Dolan & Fletcher,
997; Habib, McIntosh, Wheeler, & Tulving, 2003; Kirchhoff,

agner, Maril, & Stern, 2000; O’Kane, Insler, & Wagner, 2005;

tark & Squire, 2001; Tulving, Markowitsch, Craik, Habib, &
oule, 1996), one interpretation for these latter effects is that

he enhanced MTL responses during item recognition may have
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Fig. 1. The experimental design consisted of two main phases, study and test.
During each unscanned study phase, participants made abstract/concrete judg-
ments for each individual word. After a 30-s filled retention interval, participants
were scanned while making Novelty and Recency decisions. On each trial, three
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eflected differential novelty detection processes. Alternatively,
t is possible that greater MTL activity during item recognition
ersus temporal recency judgments may reflect a goal-directed
hift in attentional orienting, wherein there is greater orient-
ng towards item novelty on item recognition trials but greater
rienting towards recollected contextual details on Recency tri-
ls. From this latter perspective, a person’s retrieval goal may
nfluence the processes engaged during retrieval attempts by (a)

odulating the nature of the information processed within, and
erhaps emerging from, the MTL memory system, and/or (b)
ffecting post-retrieval processes brought to bear on such infor-
ation. Accordingly, a second goal of the present study was

o determine whether MTL responses to identical retrieval cues
re modulated by the subject’s retrieval goal, which would indi-
ate that goal-directed shifts in attention can regulate processing
ithin the MTL.
In the present event-related fMRI study, we investigated

he neural processes underlying temporal recency and nov-
lty detection judgments. Importantly, the retrieval cues were
atched such that all test trials consisted of two studied items

nd one novel item, thus ensuring that the critical factor that
aried between conditions was the subject’s retrieval goal (to
ssess relative recency versus detect item novelty). Motivated
y the existing literature, we predicted that, relative to novelty
etection, temporal recency decisions would involve (a) greater
ttempts to recollect event details and, in the face of recollection
ailure, (b) increased monitoring of the relative trace strength or
amiliarity of studied items. Specifically, we expected that dur-
ng temporal recency trials, we would observe activation in the
ame left PFC and parietal regions implicated in previous stud-
es of source or context recollection (Dobbins et al., 2002, 2003;
obbins & Wagner, 2005; Ranganath et al., 2000). By contrast,
e hypothesized that familiarity monitoring would be differen-

ially engaged when contextual recollection failed, and thus we
xpected that activation in right PFC subregions previously asso-
iated with the monitoring of familiarity (Henson et al., 1999,
000) would be greater on incorrect versus correct Recency
rials. Finally, when the retrieval goal requires novelty detec-
ion, we predicted increased MTL activation, suggesting that

TL novelty responses are not obligatory but rather are mod-
lated by how attention is allocated in the service of satisfying
nemonic task demands. A companion behavioral experiment

ssessed whether such goal-directed shifts in attention to item
ovelty has a functional consequence—namely, enhanced item
ncoding.

. Methods

.1. Subjects

Eighteen right-handed, native English speakers (nine female; age range,
8–27 yrs, mean = 20.6 yrs) were paid US$ 40 for their participation in the fMRI

xperiment. Data from two additional subjects were excluded from analysis,
ne due to excessive motion and a second due to poor behavioral performance
accuracy on the novelty detection task was 7 standard deviations below the
roup mean). An additional 12 subjects were paid US$ 15 for participation in
he companion behavioral study. For all subjects, informed consent was obtained
onsistent with the institutional review board at Stanford University.
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a
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ords (two from the preceding study phase and one new) were presented; partic-
pants were asked to either select the novel word or the most recently presented
tudy word.

.2. Materials

The stimuli consisted of 396 nouns (198 abstract; 198 concrete). Abstract
nd concrete noun sets were matched for word length (range = 4–9 letters;
ean = 6.5) and word frequency (range = 1–847; mean = 54.5). Of these words,

72 were divided into 8 lists of 34 study items. Each list was evenly split between
bstract and concrete words, and the lists were matched on mean word length
nd word frequency. The remaining 124 words served as novel items in the test
rials. Mean word length and word frequency for these novel items did not differ
rom that for studied items.

.3. Procedure

The experiment consisted of eight cycles of the following three phases:
tudy phase, retention interval, and test phase (Fig. 1). For all three phases,
ubjects made manual responses using a keypad under their right hand. Each
ycle began with a (non-scanned) 136-s study phase, during which subjects made
n abstract/concrete decision for each of the 34 words. Each word was presented
or 2 s, with an inter-trial fixation interval of 2 s between stimuli. The study phase
as followed by a (non-scanned) 30-s filled retention interval, consisting of 18 s
f an n-back spatial working memory task using dot patterns followed by 12 s
f fixation.

Subjects were scanned while engaging in the test phase, which consisted
f three-alternative forced-choice trials (Fig. 1). All test trials shared an iden-
ical structure, and thus were matched for stimulus history and number of test
robes per trial. Specifically, each trial consisted of two old words that had been
ncountered in the immediately preceding study phase and one new word. The
ocation of old and new words across the three spatial positions (left, center,
nd right) was counterbalanced across trials. On Recency trials, subjects were
ued to indicate the word that they had seen most recently (“Most Recent?”). On
ovelty trials, subjects were cued to indicate the novel item (“New?”). The task

ue appeared simultaneously with the test probes (Fig. 1). Each test phase con-
ained 6 Novelty trials, resulting in a total of 48 Novelty trials across runs, and
ither 9 or 10 Recency trials, resulting in a total of 76 Recency trials across runs.
he two old items within a test trial were selected such that they had appeared
ither 16 or 17 items apart during the study phase. Each trial was presented for
s followed by a 1-s fixation; subjects were instructed to make their responses
uring the 5 s that the test probes appeared on the screen. Test trials were inter-
ixed in an event-related manner with variable duration null periods (2–6 s)
onsisting of 2-s trials of a simple arrows task, wherein subjects pressed one of
wo keys to indicate the direction (left or right) to which an arrow pointed (Stark

Squire, 2001). The order of study items and test trials were counterbalanced
cross subjects. Importantly, across subjects each studied item appeared in both
ecency and Novelty test trials.
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Table 1
Behavioral performance for the recency and novelty tasks, as well as the number
of trials falling into each condition

Proportion RT (ms) No. of trials

Recency
Correct .65 (.09) 2906 (339) 49.7 (6.7)
Incorrect .33 (.09) 3073 (442) 25.4 (6.8)

Novelty
Correct .93 (.05) 2343 (386) 44.7 (2.4)
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in memory retrieval, we performed a second analysis, this time
restricting analyses to data from test runs in which accuracy
on the Recency task was .67 or above. This restricted analy-
sis resulted in a mean accuracy of .77 on the Recency task. At

Table 2
Prefrontal and parietal regions demonstrating greater activation during correct
Recency vs. correct Novelty decisions

Region MNI coordinates ∼BA Z-score

L Intraparietal sulcus −30 −60 48 7 4.06
L Frontopolar cortex −24 57 9 10 3.54
L Mid. dorsolateral PFC −42 24 27 9/46 4.22
L Post. dorsolateral

PFC/premotor
−30 9 51 6/8 3.56

R Superior frontal cortex 33 15 60 6 3.57
27 27 60 8 3.57
30 30 54 8 3.53
33 18 66 6 3.52

L Medial frontal cortex −3 15 51 6 4.55
−6 24 45 8 4.43
N.M. Dudukovic, A.D. Wagner / N

.4. fMRI data acquisition

Whole-brain imaging was performed on a 3T Signa MRI system (GE Med-
cal Systems). Prior to functional imaging, T2-weighted flow-compensated
pin-echo anatomical images [repetition time (TR) = 3000 ms; echo time
TE) = 70 ms] were acquired from 24 contiguous 5-mm axial slices parallel to the
C–PC plane. Functional images, co-localized to the anatomical images, were
cquired using a T2*-weighted 2D gradient echo spiral-in/out pulse sequence
TR = 2000 ms; TE = 30 ms; 1 interleave; flip angle = 70◦; FOV = 20 cm; 64 × 64
oxels] (Glover & Law, 2001). A total of 552 functional volumes were acquired
or each subject across the eight functional scans. Four discarded volumes (a total
f 8 s) were collected at the beginning of each scan to allow for T1 stabilization.
bite bar was used to minimize head motion.

.5. fMRI data analysis

All imaging data were preprocessed using SPM2 (Wellcome Department
f Cognitive Neurology, London). Functional images were corrected for differ-
nces in slice acquisition timing, followed by motion correction. Structural data
ere co-registered to the functional data and then segmented into gray and white
atter and CSF. The gray matter was then stripped of any remaining skull and

ormalized to a gray matter MNI template image. Both structural and functional
ata were then normalized to this skull-stripped gray matter template. Images
ere resampled into 3-mm cubic voxels and spatially smoothed with an 8-mm
WHM isotropic Gaussian kernel.

The data were analyzed in SPM2 under the assumptions of the general linear
odel (GLM) with subjects treated as a random effect. Volumes were treated as
time series, and trials were modeled as 5-s epochs convolved with a canonical
emodynamic response function starting at the trial onset time without temporal
erivatives. Correct and incorrect trials were modeled separately. The resulting
unctions were entered into a GLM, together with a basis set that served to high-
ass filter the data and a covariate representing session effects. Linear contrasts
ere used to obtain subject-specific estimates for each effect. These estimates
ere entered into a second-level analysis treating subjects as a random effect,
sing a one-sample t-test against a contrast value of zero at each voxel. Unless
tated otherwise, effects in a priori expected regions – in lateral PFC, parietal
ortex, and MTL – were considered significant if they exceeded an uncorrected
hreshold of p < .001 and consisted of five or more contiguous voxels. With the
xception of contrasts investigating retrieval success effects, all contrasts were
erformed using only correct trials.

Region of interest (ROI) analyses were used to supplement the voxel-
ased comparisons. ROIs included all significant voxels within a 6-mm
adius of a targeted maximum. Deconvolution was performed using MarsBaR
http://marsbar.sourceforge.net), thus allowing assessment of the percent signal
hange associated with each condition.

. Results

.1. Behavioral results

In the fMRI experiment, accuracy differed between the two
etrieval tasks (t(17) = 17.00, p < .0005), with participants per-
orming more accurately on the Novelty task (.93) than on
he Recency task (.65) (Table 1). Because performance on
he Novelty task was near ceiling, chance performance on the
ecency task was considered to be .50. Importantly, accuracy
n the Recency task was above chance (t(17) = 7.35, p < .0005).
ue to technical difficulties, reaction time data were not col-

ected from two of the subjects. For the remaining 16 subjects,
ean reaction times on correct trials differed between the two
asks (t(15) = 6.77, p < .0005), with participants taking longer on
ecency than on Novelty trials (Table 1). Participants also took

ignificantly longer on incorrect Recency trials than on correct
ecency trials (t(15) = 3.34, p < .005).

R

A
a
L

Incorrect .06 (.05) 3011 (810) 2.9 (2.4)

cores are means. Standard deviations are in parentheses.

.2. fMRI results

.2.1. Neural correlates of temporal recency decisions
Our first objective was to delineate how the neural corre-

ates of declarative remembering differ across temporal recency
ecisions relative to novelty detection. Comparison of cor-
ect Recency trials to correct Novelty trials revealed greater
ctivation in a number of a priori expected lateral PFC and pari-
tal regions, predominantly in the left hemisphere. Specifically,
ecency trials elicited greater activation in left frontopolar cor-

ex (FPC; ∼BA 10), left mid-dorsolateral PFC (∼BA 9/46), and
eft intraparietal sulcus (∼BA 7) (Fig. 2A; Table 2). An addi-
ional PFC response was observed in right superior frontal cortex
∼BAs 6/8) (Table 2), in a region falling close to that observed by
obbins et al. (2003) to be differentially active during temporal

ecency decisions.
Because overall accuracy on the Recency task was relatively

ow (and was considerably lower than accuracy on the Novelty
ask), some of the correct Recency trials likely reflect guessing
ather than memory retrieval. To ensure that the observed dif-
erences between Recency and Novelty trials reflect differences
Medial frontal cortex 12 30 36 8 4.01

nalyses were thresholded at p < .001, uncorrected. A list of all coordinates is
vailable from the authors upon request. ∼BA: approximate Brodmann’s area;
: left; R: right; Mid.: middle; Post.: posterior.

http://marsbar.sourceforge.net/
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Fig. 2. (A) Regions demonstrating greater activation for correct Recency trials in comparison to correct Novelty trials, rendered on a canonical inflated brain. (B)
The bar graphs show integrated percent signal change (area under the observed hemodynamic response function from 4 to 10 s post-stimulus onset) from selected
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egions of interest (ROIs). Data from incorrect Novelty trials are not plotted d
egions demonstrating greater activation for domain-general source recollectio
anonical inflated brain.

he neural level, we again compared correct Recency trials to
orrect Novelty trials, but at a slightly more liberal threshold
p < .005) given that power was reduced because fewer trials
ontributed to the analysis (30.8 for correct Recency; 25.3 for
orrect Novelty). Importantly, this restricted analysis revealed
ecency-related activation in the same left FPC, dorsolateral
FC, and intraparietal regions as in the unrestricted analysis,
ith no new regions being detected.
Extracting the observed hemodynamic response functions

rom the left-lateralized a priori expected regions and submit-
ing the resulting percent signal change data to ANOVA revealed
hat none of these regions showed a reliable difference between
uccessful and unsuccessful Recency trials (Fs < 2.47; ps > .10;
ig. 2B), with both types of Recency trials resulting in greater
ctivation relative to correct Novelty trials (Fs > 7.29; ps < .001).
imilarly, the right superior frontal region did not show a reliable
ifference between successful and unsuccessful Recency trials
F(1,17) = 1.99, p > .10). When this analysis was performed on
he restricted fMRI data (where mean Recency accuracy was
77), we again failed to observe a reliable difference between
uccessful and unsuccessful Recency trials (Fs < 2.83; ps > .10),
uggesting that the absence of such an effect in left frontal and
arietal regions is not a byproduct of contamination of the correct
ecency condition by guesses. Accordingly, the mechanisms
ubserved by left FPC, dorsolateral PFC, and intraparietal sulcus
ere differentially engaged when retrieval was oriented towards

ssessing recency relative to detecting novelty, irrespective of
etrieval success.

t
r
r
c

an insufficient number of trials. MNI coordinates are listed for each ROI. (C)
mparison to novelty detection (from Dobbins & Wagner, 2005), rendered on a

Since Recency decisions took longer than Novelty deci-
ions, we also examined whether the magnitude of the
ecency > Novelty effect in any of these lateral PFC and pari-
tal regions correlated with response latency. For each region,
e computed between-subject correlations between the differ-

nce in percent signal change and in reaction time on correct
ecency and Novelty trials. These correlations were not signif-

cant for the left fronto-parietal regions (ps > .10), but proved
eliable for the right superior frontal region (R2 = .31, p < .05).

.2.2. Relation between temporal recency and source
ecollection effects

Consideration of the pattern of activation observed in the
ecency > Novelty comparison suggests that it is similar to a net-
ork of left fronto-parietal regions previously identified to show
reater activation when subjects make source recollection versus
ovelty detection decisions (Fig. 2C; Dobbins & Wagner, 2005;
ee also, Dobbins et al., 2002, 2003; Ranganath et al., 2000).
o directly assess the overlap of regions observed in the present
ecency > Novelty comparison with that in the Source > Novelty
omparison of Dobbins and Wagner (2005), we rendered the
onjunction of these two effects (each thresholded at p < .001).
otably, even though the two studies differed along a number
f dimensions – independent subject samples, distinct inciden-

al encoding tasks, and word (present) versus object (D&W)
etrieval cues – this comparison revealed overlap between these
etrieval effects in mid-dorsolateral PFC, medial superior frontal
ortex, and intraparietal sulcus (Fig. 3). In addition, the present
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the differential posterior hippocampus activation on successful
versus unsuccessful Recency trials, in the present experiment
it is likely that on incorrect Recency trials subjects failed to
recollect relevant contextual details and thus attempted (and

Table 3
Regions demonstrating greater activation during incorrect Recency vs. correct
Recency decisions

Region MNI coordinates ∼BA Z-Score

R Superior frontal cortex 12 9 69 6 3.81
9 27 57 8 3.25

L Superior frontal cortex −9 3 72 6 3.64
R Ant. cingulate cortex 9 24 42 32 3.61

L Ant. Cingulate Cortex −6 27 33 32 3.36
−9 18 42 32 3.31

L Post. ventrolateral PFC −48 12 12 44 3.47
ig. 3. A conjunction analysis assessed the overlap between regions showing g
reater activation during source recollection vs. novelty detection. The latter
onceptual and perceptual source recollection judgments compared with novelt

ecency > Novelty response in left FPC fell just medial to that
bserved in the Source > Novelty comparison. Accordingly, the
eft-lateralized regions in the present study of temporal recency
ecisions appear to be a subset of those observed in prior studies
hen subjects are instructed to attempt to recollect contextual
etails. While this conjunction analysis must be interpreted with
aution because the co-localized effects need not reflect over-
apping mnemonic processes, it is important to emphasize that
his analysis revealed a set of brain regions (rather than a sin-
le region) that overlaps when subjects make Recency versus
ovelty and Source versus Novelty judgments. As argued by
oldrack (2006), “the analysis of sets of regions . . . might pro-
ide greater selectivity than the analysis of single brain regions,
o the degree that specific processes engage specific networks”
p. 62). As such, this conjunction suggests that one potential
ifference between the Recency and Novelty trials is that par-
icipants were attempting to recollect contextual details to guide
heir recency decisions.

.2.3. Recency success analysis
While none of the frontal and parietal regions observed in the

ecency > Novelty contrast showed a recency success effect, it
emains possible that other structures might have demonstrated
uch a pattern. A voxel-level analysis that directly contrasted
orrect and incorrect Recency trials revealed no regions that
ere positively modulated by recency success at a standard

tatistical threshold (p < .001). However, lowering the thresh-
ld to a slightly more liberal level (p < .005) revealed greater
ctivation during correct versus incorrect Recency trials in right

osterior hippocampus (MNI coordinates: 30, −36, −3). Given
rior observations that successful recollection is accompanied
y increased hippocampal activity (e.g., Dobbins et al., 2003;
ldridge et al., 2000; Yonelinas, Otten, Shaw, & Rugg, 2005),

L
R

A
m

r activation during recency decisions vs. novelty detection with those showing
e recollection data were defined as demonstrating greater activation for both
ction (from Dobbins & Wagner, 2005).

his observation further suggests that subjects attempted to rec-
llect contextual details to guide their Recency decisions.

The reverse pattern of activation (Recency incor-
ect > correct) was observed in several regions (Table 3),
ncluding bilateral anterior cingulate cortex (ACC). A similar
attern of ACC activation, along with a response in right
orsolateral PFC, was observed by Dobbins et al. (2003) when
omparing incorrect versus correct temporal recency decisions.
n a related study, Bunge, Burrows, & Wagner (2004) observed
hat ACC activation may be associated with the conflict that
rises during episodic retrieval attempts when one is forced
o choose between items of similar familiarity in the absence
f recollection. As proposed at the outset and as suggested by
Medial frontal cortex −3 30 42 8 3.23
Insular cortex 42 9 0 13 3.32

nalyses were thresholded at p < .001, uncorrected. ∼BA: approximate Brod-
ann’s area; L: left; R: right; Ant.; anterior; Post.: posterior.
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nce between incorrect and correct Recency trials for right dorsolateral PFC
elative to ACC. Activation differences in these two ROIs were positively cor-
elated.

ltimately failed) to discriminate between the two studied items
n the basis of differential trace strength/familiarity. From
his perspective, demands on familiarity monitoring would be
reater during incorrect versus correct Recency trials, perhaps
esulting in a parallel retrieval situation as in the Bunge et al.
tudy. Notably, Bunge et al. also observed that ACC activation
as positively correlated with that in right dorsolateral PFC,

onsistent with findings from Henson et al. (1999) that suggest
hat right dorsolateral PFC activation is greater on trials in
hich demands on the monitoring of item familiarity are high.
Motivated by the observations of Dobbins et al. (2003),

unge et al. (2004), and Henson et al. (1999), we sought to
etermine whether right dorsolateral PFC tended to show a
reater response during incorrect versus correct Recency tri-
ls, and, if so, whether the magnitude of this effect correlated
ith that in ACC. Consistent with this possibility, when we

dopted a slightly more liberal threshold (p < .005) for the incor-
ect > correct Recency contrast, an effect was observed in right
orsolateral PFC (MNI coordinates: 33, 42, 33; ∼BA 9), with
o corresponding effect in the MTL. Analysis of percent sig-
al change in right ACC and dorsolateral PFC revealed that
he magnitude of the incorrect > correct Recency effect in ACC
as positively correlated with that in dorsolateral PFC (R2 = .42,
< .005; Fig. 4). When the subject with the highest ACC and dor-

olateral PFC activation was excluded from the analysis, a trend
or a relation between activation in ACC and dorsolateral PFC
emained (R2 = .21, p = .066).

.2.4. Goal-dependent modulation of MTL novelty activity
As a final objective, we sought to determine if any regions

ere more active when the mnemonic goal was to detect Novelty
ersus assess relative Recency. In particular, we were inter-

sted in whether the commonly observed differential response
o novelty within the MTL (e.g., Dolan & Fletcher, 1997; Habib
t al., 2003; Kirchhoff et al., 2000; Knight, 1996; O’Kane et
l., 2005; Saykin et al., 1999; Stark & Squire, 2001; Stern et

r
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l., 1996; Tulving et al., 1996) might be modulated depend-
ng on the subject’s mnemonic goal. Although the retrieval
robes were identical across Novelty and Recency trials, with
nly the retrieval goal differing, comparison of Novelty versus
ecency trials revealed activation in multiple regions, including
ffects in lateral prefrontal cortices and regions within the MTL.
pecifically, greater activation on Novelty trials was observed

n left dorsolateral (∼BA 9/46) and posterior ventrolateral PFC
∼BA 44), as well as in right ventrolateral PFC (∼BA 44/45/47)
Fig. 5A; Table 4). It is worth noting that this left dorsolat-
ral PFC response is anatomically distinct from that observed
n prior studies of source recollection (e.g., see Fig. 2C), and
s, by definition, distinct from that showing a greater response
n Recency versus Novelty trials in the present experiment
Fig. 2A). Importantly, when this analysis was recomputed
n the restricted test phase data, where mean Recency accu-
acy was .77, the voxel-level comparison of Novelty versus
ecency trials again revealed activation in these same left dor-

olateral and bilateral ventrolateral PFC regions (thresholded at
< .005).

Within the MTL, greater activation on Novelty versus
ecency trials was present in several regions: left anterior
ippocampus/entorhinal cortex, left posterior parahippocam-
al cortex, and right entorhinal cortex (Fig. 5B; Table 4). At
he acquired functional resolution, it is difficult to definitively
iscern entorhinal cortex from the medial extent of perirhi-
al cortex, and thus the right entorhinal focus may include
portion of perirhinal cortex (a Novelty > Recency pattern
as also observed in right anterior fusiform cortex, which
ay partially encompass lateral perirhinal cortex; Table 4).

nterestingly, when we extracted the observed percent signal
hange from these left and right MTL regions, the left posterior
arahippocampal region showed a reliable difference between
uccessful and unsuccessful Recency trials (F(1,17) = 14.69;
= .001; Fig. 5B), a pattern that parallels the posterior hippocam-
al Recency success observation discussed above. By contrast,
he left anterior hippocampal/entorhinal and right entorhinal
egions did not differ according to Recency success (Fs < 1).
inally, the recomputed voxel-level analysis of Novelty ver-
us Recency trials, restricted to higher accuracy Recency test
uns, revealed that bilateral anterior hippocampal regions were
ifferentially activate during Novelty versus Recency decisions
thresholded at p < .005). The left anterior hippocampal region
verlapped the left hippocampal region observed in the unre-
tricted analysis, whereas the right anterior hippocampal region
MNI coordinates: 21, −12, −15) overlapped, but was slightly
ore anterior and dorsal to, the right entorhinal region from the

nrestricted analysis. Collectively, these findings suggest that
n Novelty trials participants may have differentially oriented
ttention to the novel stimulus, thus enhancing MTL novelty
ncoding processes. That is, novelty-related MTL responses
re not obligatory, but rather are gated by attention and task
emands.
Further consideration of the activation patterns seen in
egions showing a Novelty > Recency effect revealed that acti-
ation levels tended to fall below the arrows-task baseline
n Recency trials and then returned to or exceeded (in some
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Fig. 5. Frontal and medial temporal regions demonstrating greater activation during correct Novelty vs. correct Recency trials. The bar graphs show integrated
p effect
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ercent signal change from selected ROIs. (A) Lateral PFC regions showing this
ctivation levels plotted below. (B) Medial temporal ROIs are displayed in gree
lotted below.

nstances) baseline on Novelty trials (Fig. 5). Given this pat-

ern, we explored whether the Novelty > Recency pattern might
tem from there being more time to engage in non-task related
ognition in the Novelty trials due to the faster reaction times
n this condition. Specifically, since Novelty decisions took less

N
t
S
t

able 4
ateral prefrontal and medial temporal lobe regions demonstrating greater activation

egion MNI coordinates

Ant. dorsolateral PFC −36
Mid. dorsolateral PFC −27
Post. ventrolateral PFC −48
Ant. ventrolateral PFC 57
Post. ventrolateral PFC 63
Ant. hippocampus/entorhinal cortex −21
Post. parahippocampal cortex −33
Entorhinal cortex 21
Ant. fusiform cortex 30

nalyses were thresholded at p < .001, uncorrected. A list of all coordinates is availab
: right; Ant.: anterior; Mid.: middle; Post.: posterior.
are rendered on a canonical inflated brain, with the observed condition-specific
roup averaged T2 anatomical images, with condition-specific activation levels

ime than Recency decisions, the greater neural activation during

ovelty trials may reflect processes that were engaged during

ime spent off task (Binder et al., 1999; Shulman et al., 1997;
tark & Squire, 2001). When we divided our participants into

wo groups – those with relatively fast Novelty reaction times

during correct Novelty vs. correct Recency decisions

∼BA Z-score

45 24 46 3.92
24 36 9 3.69

3 15 44 6.04
33 3 45/47 4.94
15 9 44 5.28

−18 −18 27/34 3.61
−42 −9 35/36/19 4.69
−15 −30 28/34 3.51
−3 −48 20 3.84

le from the authors upon request. ∼BA: approximate Brodmann’s area; L: left;
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ersus those with relatively slow Novelty reaction times – the
ercent signal change data from these lateral PFC and MTL
egions did not significantly differ across groups (ps > .05), argu-
ng against such an interpretation. Nevertheless, to further test
he possibility that the greater activation during Novelty trials
eflects time spent off task, we conducted several additional
nalyses that examined whether the Novelty > Recency pattern
as correlated with reaction time. First, we computed between-

ubject correlations between the difference in Novelty versus
ecency activation levels and in reaction time, assessing these
orrelations both at the voxel level and the region level. At the
oxel level, none of the aforementioned lateral PFC or MTL
egions correlated with mean reaction time differences even at
he extremely liberal threshold of p < .10. At the region level,
he Novelty > Recency activation pattern was uncorrelated with
eaction time in the majority of regions (ps > .10), with only the
eft ventrolateral PFC region showing a significant correlation
R2 = .25, p = .051). However, this correlation in left ventrolat-
ral PFC was negative, indicating that increased time spent on
he Novelty trials was associated with greater activation, ruling
ut a “time off task” explanation.

In a final analysis, within-subject, between-trial variance due
o reaction time was modeled by using trial reaction time as

nuisance covariate in the GLM. Specifically, reaction time
as modeled as a parametrically-modulated epoch using trial-

pecific reaction times for each subject, thus allowing a test for
ondition-specific effects that cannot be explained by reaction
ime differences. Importantly, when factoring out signal variance
ue to reaction time, the same lateral PFC and MTL regions
ere differentially activated on Novelty trials in comparison

o Recency trials. Specifically, the Novelty > Recency pattern
as present in left dorsolateral PFC and bilateral ventrolateral
FC at the standard threshold (p < .001), and in left posterior
arahippocampal cortex and right entorhinal cortex at a slightly
ore liberal threshold (p < .005). This effect also was apparent

n left anterior hippocampus/entorhinal cortex, though at a more
elaxed threshold (p < .01); accordingly, we suggest caution is
arranted regarding whether differential activation was present

n hippocampus proper.
Collectively, while we cannot definitively rule out the pos-

ible role of reaction time differences in Novelty > Recency
ctivation patterns in lateral PFC and MTL cortices, the preced-
ng analyses suggest that reaction time had a limited impact on
his activation pattern. According, we propose that the observed
ovelty-related responses in MTL and PFC reflect a goal-
irected attentional orienting to novel test probes, modulating
ovelty effects within the MTL and elsewhere.

.2.5. Functional consequences of attention-gated novelty
rocessing

To assess whether the goal-directed gating of MTL novelty
esponses carries a functional consequence for novelty encoding,
e conducted a follow-up behavioral study with an indepen-

ent sample of participants (N = 12). In this study, participants
nderwent the identical behavioral procedures as in the fMRI
tudy but with the addition of an unexpected subsequent recog-
ition memory test that included 48 items that had served as

d
s
i
r
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ovel probes during the Recency trials, 48 items that had served
s novel probes during the Novelty trials, along with 96 foils
i.e., items not previously encountered). The results from this
ubsequent test confirmed that participants were more likely to
ater recognize the novel items from the Novelty trials (.68)
han the novel items from the Recency trials (.44; t(11) = 5.25,
< .0005); the false alarm rate was .26. This finding suggests that

he differential MTL activation observed during Novelty versus
ecency trials in the present fMRI study may have reflected not
nly increased attention to the novel items but also enhanced
ncoding of these test probes.

. Discussion

Declarative memory supports the encoding and retrieval of
nformation about what items were experienced, as well as infor-

ation that can serve to guide judgments about when items were
xperienced. While much is known about the neural mechanisms
upporting item recognition (Aggleton & Brown, 2006; Rugg &
onelinas, 2003; Wheeler & Buckner, 2004), the neural under-
innings of temporal-order retrieval remain relatively under
pecified. The present fMRI study used matched test condi-
ions to investigate the neural processes engaged during temporal
ecency and novelty detection decisions. There were four main
ndings. First, we observed that a network of left-lateralized
egions, including FPC, dorsolateral PFC, and intraparietal sul-
us, was differentially active during temporal recency decisions
ompared with novelty detection. Second, a conjunction anal-
sis revealed that these left-lateralized regions overlapped with
hose previously observed to be engaged during source recollec-
ion versus novelty detection. Third, correct Recency decisions
ctivated posterior hippocampus and parahippocampal cortex,
hereas incorrect Recency decisions elicited greater ACC acti-
ation; the magnitude of this latter effect positively correlated
ith activation in right dorsolateral PFC. Finally, correct Nov-

lty decisions activated the anterior MTL to a greater extent than
id correct Recency decisions. Below we discuss the theoretical
mplications of these findings, as well as their relation to the
roader literature on PFC and MTL contributions to declarative
emory.

.1. Temporal recency and contextual recollection

Relative to novelty decisions, judgments of temporal recency
licited greater activation in a set of left-lateralized PFC and
arietal regions, with the particular left fronto-parietal regions
ngaged during recency judgments overlapping with regions
reviously reported to be selectively activated during attempts
o recollect contextual details about a past encounter (Cansino
t al., 2002; Dobbins et al., 2002, 2003; Dobbins & Wagner,
005; Kahn, Davachi, & Wagner, 2004; Ranganath et al., 2000).
his inter-experimental overlap suggests that the participants

n the present study were attempting to recollect contextual

etails to guide their recency decisions. While this conclu-
ion constitutes a reverse inference, it is worth noting that this
nference rests on inter-experiment overlap of a set of brain
egions (rather than simply a single region). Moreover, con-
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istent with this inference, the present data revealed that right
osterior hippocampus and left parahippocampal cortex demon-
trated greater activation during successful versus unsuccessful
ecency decisions. Accordingly, although temporal recency
ecisions often depend on monitoring relative trace strength
r item familiarity (Dobbins et al., 2003; Mitchell, Johnson,
aye, & Greene, 2004; Rajah & McIntosh, 2006), the present
ata indicate that, at least under some conditions, subjects may
lso attempt to recollect contextual details in the service of
ecency decisions (Curran & Friedman, 2003; Konishi et al.,
002; Suzuki et al., 2002).

.2. Prefrontal cortex and temporal recency decisions

In contrast to the present left-lateralized PFC activity during
orrect Recency versus Novelty trials, previous neuroimaging
tudies have reported a preferential role of right FPC and dor-
olateral PFC during temporal recency retrieval compared to
tem recognition (Cabeza et al., 1997, 2000) and to conceptual
ource recollection (Dobbins et al., 2003). One interpretation
f right dorsolateral PFC activation during episodic retrieval is
hat it is associated with familiarity monitoring processes, espe-
ially when trace strength levels are near one’s decision criterion
Henson et al., 1999). From this perspective, right dorsolateral
FC is differentially engaged when stimulus-based evidence
long mnemonic or non-mnemonic dimensions must be evalu-
ted in relation to a decision criterion, with such evidence-based
onitoring demands increasing the closer the evidence falls

o criterion (Henson et al., 1999; Rugg, Henson, & Robb,
003; for related findings, see Fleck et al., 2006; Wagner,
esmond, Glover, & Gabrieli, 1998). Alternatively, Dobbins

nd Han (2006) propose that dorsolateral PFC activation may
eflect rule-based rather than evidence-based decision processes,
ith activation tracking the number of stimulus classifications

equired for performance.
When we compared correct Recency to correct Novelty

rials, we did not observe differential activation in right dor-
olateral PFC nor right FPC. However, right dorsolateral PFC
id demonstrate greater activation on incorrect compared to
orrect Recency trials, with the magnitude of this effect pos-
tively correlating with that in ACC (Fig. 4). This pattern is
onsistent with the prediction that mnemonic or response con-
ict would be differentially present on incorrect Recency trials,
hich in turn would increase monitoring, selection, or deci-

ion demands. These increased demands presumably occurred
n incorrect Recency trials because, in the absence of contex-
ual recollection, participants were forced to select between two
lternatives that had similar levels of familiarity. Indeed, as with
revious studies that observed right dorsolateral PFC activation
uring episodic retrieval conditions associated with familiar-
ty monitoring processes, response latencies were significantly
onger on incorrect versus correct Recency trials, suggesting
hat on incorrect Recency trials participants were engaged in

ffortful monitoring processes that required additional decision
ime (Gallo, Kensinger, & Schacter, 2006; Wheeler & Buckner,
004). Although this difference in reaction time does not pro-
ide definitive evidence that participants differentially engaged

s
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g
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n familiarity monitoring processes on incorrect Recency trials,
he present fMRI data also revealed that activation in poste-
ior hippocampus and parahippocampal cortex was weaker on
ncorrect than correct Recency trials, suggesting that recollec-
ion differed across these conditions. Moreover, the coupled
hange in dorsolateral PFC and ACC activation (Fig. 4) par-
llels other reports of functional coupling between ACC and
orsolateral PFC activation (Gehring & Knight, 2000), includ-
ng under conditions where recollection fails and participants

ust select between two equally familiar stimuli (Bunge et
l., 2004) (for related right dorsolateral PFC-ACC correla-
ions, see Badre & Wagner, 2004; Kondo, Osaka, & Osaka,
004).

.3. Temporal recency, novelty, and the MTL

Activation in the hippocampus and posterior parahippocam-
al cortex has been previously associated with recollection of
ontextual details (Cansino et al., 2002; Eldridge et al., 2000;

heeler & Buckner, 2004; Yonelinas et al., 2005). The present
ata demonstrate that posterior MTL responses can be differ-
ntially modulated by successful versus unsuccessful Recency
ecisions, suggesting that these Recency success effects reflect
uccessful attempts to recollect stimulus-specific contextual
etails. This finding concurs with previous rodent and some
uman neuropsychological data indicating that the MTL plays
n important role in memory for temporal-order (Downes et al.,
002; Fortin et al., 2002; Kesner et al., 2002; Kopelman et al.,
997; Mayes et al., 2001), and builds on previous fMRI stud-
es that have observed MTL recruitment during relative recency
ecisions (Konishi et al., 2006, 2002). It is possible that the hip-
ocampus is particularly necessary for temporal-order decisions
hen such decisions cannot be based on differential item famil-

arity (due to test items having similar levels of familiarity), as
uch conditions would require contextual recollection for suc-
essful performance. While further investigation is necessary
o address this possibility, it may provide a partial account for
hy human MTL damage results in variable consequences for

emporal-order memory (Downes et al., 2002; Hopkins et al.,
995; Kopelman et al., 1997; Mayes et al., 2001; Sagar et al.,
990).

The present data also indicate that MTL responses can be
odulated by one’s mnemonic goal and task demands. The

ecruitment of MTL regions during novelty detection is not
ncommon (e.g., Dolan & Fletcher, 1997; Habib et al., 2003;
irchhoff et al., 2000; Knight, 1996; O’Kane et al., 2005; Saykin

t al., 1999; Stark & Squire, 2001; Stern et al., 1996; Tulving et
l., 1996). What is striking in the present data is the demonstra-
ion that MTL activation was influenced by retrieval goals, rather
han stimulus attributes, with activation being greater during
ovelty trials compared to Recency trials. Because the retrieval
robes were held constant between the Recency and Novelty
asks, this difference in MTL activation must be attributed to

trategic differences in attentional orienting at retrieval. Dur-
ng Recency decisions, subjects are likely to have differentially
riented attention towards the familiar probes in attempts to trig-
er recollection of stimulus-specific contextual details and/or to
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ssess relative levels of familiarity. By contrast, during Nov-
lty decisions, subjects are likely to have differentially oriented
ttention towards the novel probe.

While it remains possible that activation during the Nov-
lty trials reflects neural processes engaged during time off
ask, the behavioral companion study provides evidence that is

ore consistent with the interpretation that this MTL response
eflects increased processing of the novel probes encountered
uring Novelty trials, since these items were subsequently bet-
er remembered than the novel probes seen during Recency
rials. Such attentional modulation of MTL responses comple-

ents recent demonstrations that when subjects attentionally
elect against an item at encoding, activation decreases in
arahippocampal cortex and subsequent explicit memory perfor-
ance is poor (Dudukovic & Wagner, 2006; Gazzaley, Cooney,
cEvoy, Knight, & D’Esposito, 2005; Yi & Chun, 2005). Impor-

ant issues for future research include (a) elucidating how such
odulation occurs (e.g., via fronto-parietal mechanisms directly

nfluencing MTL function or indirectly via fronto-parietal mod-
lation of representations in posterior neocortical structures),
nd (b) determining whether there are conditions under which
TL encoding and retrieval responses are obligatory or whether
TL mechanisms are always modulated by the goal-directed

llocation of attention.

.4. Conclusion

Temporal context facilitates the integration of life events
nto meaningful episodes. The present data expand our under-
tanding of mechanisms that support memory decisions about
emporal recency, demonstrating that recency decisions engage
a) fronto-parietal neural processes often recruited during
ttempts to recollect contextual details, with (b) the additional
licitation of processes supporting the assessment or monitoring
f stimulus familiarity, especially when contextual recollection
ails. The present data also illustrate that our mnemonic goals
t retrieval impact processing in multiple structures, including
he MTL memory system. Such goals not only influence what
s remembered in the present, but also what is encoded during
hese acts of memory. As such, how we work with memory in
he present can have long-term consequences for what will be
emembered in the future.
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