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bstract

We investigated age-related differences in episodic retrieval using a source memory procedure. Age-related differences in retrieval-related
ctivity were analyzed in conditions where source recollection performance was statistically equivalent in young and older subjects. Analyses
f BOLD activity revealed a network of regions where recollection effects were equivalent in magnitude in the two age groups. There were
o regions where these effects were of greater magnitude in young than in older subjects. In some regions, however, there was a crossover
nteraction, such that retrieval-related effects reversed in direction between the two age groups. Further analyses of these interactions revealed
dissociation between a posterior hippocampal region where recollection-related activity was confined to the older group, and right fusiform
nd occipital regions where, in the young group only, activity elicited by studied items was of lower magnitude than activity to new items.

e interpret the first of these age-related effects as an example of ‘over-recruitment’ in response to decline in neural efficiency, and discuss
hether the second effect indexes an age-related decline in repetition priming.
2007 Elsevier Inc. All rights reserved.

eywords: Episodic memory; Extrastriate cortex; fMRI; Medial temporal lobe; Recognition memory; Repetition priming; Source recollection

a
i
i
C
a
n
(
B
a

. Introduction

Healthy cognitive aging is characterized by a decline in
erformance in a range of cognitive domains. One prominent
xample is within the domain of episodic memory—memory
or unique events and their contexts. Episodic memory
eclines markedly with increasing age, in contrast to other
emory functions such as those supporting short-term,

emantic, or implicit memory, which show more modest age-

elated effects (Craik, 1977; Craik and Jennings, 1992; Light,
991; Nilsson, 2003). There have been numerous efforts to
xplain the relatively rapid decline in episodic memory with
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ge. These range from accounts that propose the decline
s merely just one expression of a more general decline
n processing efficiency (e.g., Birren, 1965; Cerella, 1985;
raik and Byrd, 1982; Salthouse, 1985, 1996), to those that
rgue that the decline reflects age-related changes in cog-
itive operations supporting specific mnemonic processes
e.g., Howard et al., 2006; Jennings and Jacoby, 1993; Naveh-
enjamin, 2000; Prull et al., 2006). Proponents of these latter
ccounts have highlighted the seemingly uneven decline
hat is observed with age in the volume of different brain
egions (e.g., Raz, 1996; Raz et al., 2005, 2004). For exam-
le, Daselaar et al. (2006) (see also Scheibel, 1979) note that
egions held to be particularly critical for episodic memory,
uch as the hippocampal formation, show especially marked
ge-related effects.
Numerous studies employing functional neuroimaging
ethods have addressed the question whether there are

ge-related differences in the neural correlates of episodic
emory that might account for the differences in memory
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erformance described above. These studies have investi-
ated age-related effects both at the time of encoding (e.g.,
aselaar et al., 2003a; Grady et al., 2003, 1995; Logan et al.,
002; Morcom et al., 2003) and retrieval (e.g., Cabeza et al.,
000; Daselaar et al., 2003b; Schacter et al., 1996; Schiavetto
t al., 2002; see Park and Gutchess (2005) for review of both
ncoding and retrieval studies), generally reporting reliable
ge-related differences in both cases. Detailed findings differ
cross studies, but arguably the most consistent finding has
een that, relative to younger subjects, older adults tend to
emonstrate a pattern of ‘over-recruitment’, exemplified in
everal studies by a more bilateral pattern of memory-related
ctivity than that evident in the young (e.g., Cabeza et al.,
002, 2004, 1997; Fernandes et al., 2006; Grady et al., 2005;
utchess et al., 2005; Madden et al., 1999b; Maguire and
rith, 2003; Morcom et al., 2003; Rosen et al., 2002; van der
een et al., 2006). In some studies, this pattern is accom-
anied by reduced memory-related activity in other regions
ctivated in the young, prompting some authors to argue that
ver-recruitment reflects a compensatory response to an age-
elated decline in the functional integrity of these regions
e.g., Cabeza et al., 2002, 2004, 1997; Grady et al., 2005;
utchess et al., 2005; Morcom et al., 2003; Rosen et al., 2002;

ee reviews by Cabeza, 2002; Dolcos et al., 2002; Rajah and
’Esposito, 2005; Reuter-Lorenz, 2002; Reuter-Lorenz and
ustig, 2005).

The focus of the present study is on age-related differences
n the neural correlates of recollection. The specific goal of
he study was to address the question whether, when the prob-
bility of successful recollection is equated between young
nd older subjects, age-related differences in the associated
eural activity are none the less evident. As has been dis-
ussed previously (Morcom et al., 2003; Rugg and Morcom,
005), for a variety of reasons age-related differences in the
eural correlates of memory are difficult to interpret in the
ace of parallel differences in memory performance. In short,
he question arises whether the neural differences should be
nterpreted as reflecting age-related differences in the neural
orrelates of memory or, more prosaically, as a reflection of
ifferential memory performance. To address this question,
t is necessary to compare the neural correlates of memory
cross age groups while controlling for differences in perfor-
ance supported by the cognitive processes of interest. It is

mportant to note that this does not necessarily amount to con-
rolling for performance differences per se; if performance
n a memory test is supported by multiple processes, then
quating overall performance will not necessarily equate the
nfluence of any one process, and hence confounds between
ge and the probability or level of engagement of the dif-
erent processes may still exist (Rugg and Morcom, 2005).
his is especially important in the case of recognition mem-
ry, when performance is generally held to be supported by

he independent processes of ‘recollection’ and ‘familiarity’
Yonelinas, 2002). Thus, when overall recognition perfor-
ance is equated between young and older subjects, this

eaves open the possibility that recognition was differentially
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y
m
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upported by recollection and familiarity in the two groups.
his possibility receives support from a study by Daselaar
t al. (2006), who demonstrated that equivalent recognition
erformance between an older and a young group was accom-
anied by significantly lower estimates of recollection in the
lder subjects. Perhaps unsurprisingly, given that recogni-
ion was less likely to be supported by recollection in the
lder group, these authors reported that a putative neural
orrelate of recollection was of greater magnitude in their
oung group. Several other prior reports of age-related differ-
nces in retrieval-related activity are also arguably difficult
o interpret unambiguously due to the confounding of age
ith performance (e.g. Anderson et al., 2000; Cabeza et al.,
002; Daselaar et al., 2006; Daselaar et al., 2003b; Grady et
l., 2005; Schiavetto et al., 2002; however see Cabeza et al.,
997).

To our knowledge, only a single prior study has explicitly
ddressed this question (Morcom et al., 2007; see also Li et al.
2004) for a companion ERP study). In that study, successful
ecollection was operationalized in terms of accurate mem-
ry for both study items (pictures of everyday objects), and
heir encoding context (the study task employed to encode an
bject). The neural correlates of recollection were defined as
he difference in the activity elicited by recollected relative to
orrectly rejected (new) test items. Recollection performance
as equated between age groups by differential repetition of
subset of study items; whereas older subjects saw some

tems a total of three times, young subjects received only one
epetition. In both groups, recollection-related effects were
bserved in many of the regions identified as recollection-
ensitive in prior studies employing only young subjects
e.g., medial and lateral parietal cortex, left prefrontal cortex,
nd the medial temporal lobe (see, Dobbins and Davachi,
006; Rugg et al., 2002; Rugg and Yonelinas, 2003 for
eviews). In several regions however, mostly adjacent to or
butting regions where effects common to the two groups
ere observed, recollection-related activity was of greater
agnitude in the older subjects, that is, there was a pat-

ern of ‘over-recruitment’. More strikingly, no region could
e identified where recollection effects (defined as greater
ctivity for recollected versus new items) were smaller in the
lder subjects; rather, in several regions where young subjects
emonstrated greater activity for new items than recollected
tems, effects in the older group were either non-significant
r showed enhanced activity for recollected items. Morcom
t al. (2007) argued that, in order to sustain the same level of
erformance as young subjects, older individuals do indeed
ppear to ‘over-recruit’ cortical regions. The authors equivo-
ated on whether this pattern reflected a primary, age-related
hange in how brain regions are engaged to support recollec-
ion, or was instead a secondary, compensatory response to a
ecline in cognitive efficiency.
As was acknowledged by Morcom et al. (2007), interpre-
ation of their findings is clouded by the possibility that their
oung and older groups differed with respect to the infor-
ation they retrieved to support source judgments. As noted
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bove, the source attribute that was varied across study trials
as the nature of the study task (animacy judgment versus

ize judgment). The study task varied on a trial-by-trial basis,
nd was signaled ahead of each study presentation by one
f two visually distinctive cues. Thus, the subsequent source
emory judgments could, in principle, have been based either

n memory for the study task itself (that is, retrieval of con-
eptual information) or on memory for the cue associated
ith the study item (retrieval of perceptual information). On

he basis of their findings from a parallel ERP study, in which
he neural correlates of source recollection were found to dif-
er qualitatively according to age, Li et al. (2004) argued that
he young subjects tended to rely on conceptual informa-
ion, whereas older subjects were more reliant on perceptual
etails about the study episode. To the extent this was true in
he study of Morcom et al. (2007), the findings may reflect, at
east partially, a confound between age and retrieval strategy.

The present study builds on that of Morcom et al. (2007)
y employing a similar logic, but with a source memory
rocedure that controls more tightly for retrieval strategy.
sing a single study task, subjects encoded a series of pic-

ures that were presented in one of two physically distinct
isplay contexts. The subsequent retrieval task required sub-
ects to identify study items, and allocate them to the correct
ontext. Hence, accurate performance depended on retrieval
f perceptual information about the study episode, removing
he possibility of differential reliance on conceptual versus
erceptual information in the two groups. As in the study of
orcom et al. (2007), probability of successful recollection
as manipulated by repetition of a sub-set of study items, per-
itting the neural correlates of recollection to be compared

etween age groups when source performance was equated.
n a further refinement of the procedures adopted by Morcom
t al. (2007), the source memory task included a response
ption that permitted subjects to indicate when they recog-
ized the item but could not retrieve its source, minimizing
he ‘diluting’ effects of lucky guesses on recollection-related
ctivity (Rugg and Morcom, 2005). At issue is whether, when
he informational basis of source judgments is controlled
n this manner, the pattern of age-related over-recruitment
escribed by Morcom et al. (2007) is still evident.

. Method

.1. Participants

Sixteen young healthy adults (9 female) aged between 18
nd 26 years (mean age: 21), and 16 older healthy adults
12 female) aged between 65 and 78 years (mean age: 71),
articipated to the experiment. Data collected from five addi-
ional older adults were excluded from analyses because their

ource recollection was at chance in the experimental task.
ne additional older subject was also excluded because of

canner failure and a further older subject was excluded
ecause her brain could not be successfully normalized to the
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NI template (see below). Young adults were recruited from
he undergraduate and graduate student population of Univer-
ity of California, Irvine, and older adults were recruited from
he surrounding community.

All subjects were right-handed, English native speak-
rs, with a minimum of 12 years education and normal
r corrected-to-normal vision. The subjects were free from
eurological, cardiovascular, and psychiatric disease and
one was taking CNS-active medication. Five of the older
ubjects included in the final analyses were taking anti-
ypertensive medication. The study was approved by the
nstitutional Review Board of the University of California
rvine. Informed consent was obtained prior to participation
n the first experimental session.

.2. Neuropsychological testing

A battery of standardized neuropsychological tests was
dministered to all subjects in a separate session from the
MRI procedure. The battery was intended to assess a range
f cognitive functions known to either decline or to be main-
ained with age. The Mini Mental State Examination (Folstein
t al., 1975) was employed as a dementia screening mea-
ure. We adopted a nominal cut-off score of 26/30, although
o potential subject was rejected on the basis of this cri-
erion. Long-term memory was assessed with the California
erbal Learning Test-II (Norman et al., 2000), and the Imme-
iate and Delayed NYU paragraph (Kluger et al., 1999).
hort-term memory was assessed with the Digit Span For-
ard and Backward test of the WAIS-R (Wechsler, 1981).
eneral cognitive functions were further assessed with the
igit/Symbol Coding test of the WAIS-R (Wechsler, 1981),

he Trail Making Test A and B (Gordon, 1972; Soukup et al.,
998), and letter fluency and category fluency tests (Gladsjo
t al., 1999). An estimate of full-scale IQ was obtained from
he Wechsler Test of Adult Reading [WAIS®-III (Wechsler,
001)]. The Beck Depression Inventory (Beck et al., 1961)
as also administered. Paragraph recall and digit span data
ere unavailable for one older subject because of an error in
ow the tests were administered, and category fluency data
ere not obtained from one young subject.

.3. Stimulus materials

The experimental stimuli comprised 120 color pictures
f different common objects. For each yoked pair of older
nd young subjects (see below), pictures were randomly allo-
ated to one of three conditions: 40 pictures were employed
s ‘easy’ study items, 40 as ‘hard’ study items, and the
emaining 40 items were presented in the test phase only,
erving as new (unstudied) items. Sixteen stimulus lists were
enerated and allocated to yoked pairs of young and older

ubjects. The final sample of subjects, however, contained
hree pairs of subjects who were inadvertently administered
ifferent study lists, although they should have been yoked.
t study, pictures were presented in one of two contexts: half
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ere presented to the left side of fixation against green rect-
ngular background whereas the remainder were presented
n the right against a red background. In addition, half of
he study items were presented once only (hard condition),
hereas the other half were presented twice (with the con-

traint that the context was maintained between presentations,
nd the presentations were separated by three or more other
tems).

At test the 80 studied pictures were re-presented, randomly
ntermixed with the 40 new items and 40 null (fixation only)
vents. The critical test items were preceded by two unstudied
ller items. Test sequences were pseudo-randomly ordered
uch that no more than three items belonging to the same
ondition occurred sequentially.

An additional pool of 15 pictures served as the practice
tems, permitting the creation of a 10 items study list and 15
tems test list.

.4. Experimental tasks and procedure

The experiment comprised a non-scanned study phase and
scanned test phase. Study and test practice lists were admin-

stered prior to entering the scanner, and were repeated as
ecessary until the subject had mastered the task instructions
nd response button assignments. Inside the scanner, the pic-
ures of each object were displayed using VisuaStim XGA

RI-compatible head-mounted goggles (Resonance Tech-
ology Inc., Northridge, CA) with a field of view of 30◦
orizontal and 23◦ vertical. Each object subtended a visual
ngle of approximately 5◦ × 5◦, and was presented against a
◦ × 12◦ white background. At study, a central fixation cross
nd the two colored backgrounds were displayed continu-
usly. Each background subtended a visual angle of 9◦ × 14◦,
ith a separation of 1◦ between their inner edges. Five hun-
red ms prior to picture onset, the fixation cross changed
olor from gray to white. Each picture was presented for
s (centered 5◦ lateral from fixation), with a stimulus onset
synchrony (SOA) of 4 s. Instructions emphasized the need
o respond before the onset of the subsequent trial. The study
ask required a judgment whether the presented object would
t inside a shoebox. The judgment was signaled by a button
ress with one of the two index fingers (the assignment of
he judgments and button presses was counterbalanced across
ubjects). Speed and accuracy in responding were given equal
mphasis. Subjects were asked to focus on the study judg-
ents were informed that half of the objects would reappear

gainst the same background. A short break was provided
alfway through.

The test phase began about 5 min after the presentation of
he last study item. Pictures were presented at fixation on a
hite background. The sizes of the objects and their back-
rounds was the same as at study. Instructions were to judge

f each item has been studied against the left/green back-
round, the right/red background, or if it was new. A final
esponse category was reserved for items recognized as old
ut for which the study context could not be recollected. At

w
t
f
w
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he beginning of each trial, a continuously presented fixation
ross changed color from white to red. This was followed
00 ms later by the presentation of a test item for 1 s. The
timulus onset asynchrony (SOA) was 4 s (excluding null tri-
ls) and subjects were instructed to respond before the onset
f the subsequent trial. Null events consisted of the contin-
ed presentation of the white fixation cross for an additional
s. Subjects responded with their left and right middle and

ndex fingers. The four response categories (old:left/green,
ld:right/red, old:no source recollection, and new) were,
espectively, assigned to the button presses left middle, left
ndex, right index, right middle or right index, right mid-
le, left index, left middle (the order being counterbalanced
cross subjects). Speed and accuracy were equally empha-
ized. Subjects were given a 30 s rest break at the middle of
he test phase.

.5. MR data acquisition

A Philips Eclipse 1.5 T MR scanner was used to acquire
oth T1-weighted anatomical images (256 × 256 matrix,
mm3 voxels, spoiled gradient-recalled acquisition in a

teady state sequence) and T2*-weighted echoplanar images
EPI; 64 × 94 matrix, 2.6 × 3.9 mm pixels, TE 40 ms) with
lood-oxygenation level-dependent contrast. Each EPI vol-
me comprised 27 axial slices (3 mm thickness, 1.5 mm gap),
ositioned to give full coverage of the cerebral cortex. Func-
ional data were obtained in a descending sequential order in
single session of 320 EPI volumes with a repetition time

TR) of 2.5 s. The first five volumes were discarded to allow
issue magnetization to achieve a steady state.

.6. Data analysis

Data preprocessing and statistical analyses were per-
ormed with Statistical Parametric Mapping (SPM2;

ellcome Department of Cognitive Neurology, London, UK
Friston et al., 1995)) implemented in Matlab 6 (MathWorks,
atick, MS). EPI volumes were spatially realigned to the first
olume. Time series of voxels within each slice were aligned
o the middle slice by synch interpolation. The images were
patially normalized with reference to a sample-specific tem-
late. The template was created by normalizing (Ashburner
nd Friston, 1999) the first EPI image of the functional time-
eries of each of the 32 subjects (16 young and 16 older) with
eference to a standard EPI template based on the Montreal
eurological Institute (MNI) reference brain (Cocosco et al.,
997), and then averaging the resulting images. Images were
e-sampled into 3 mm isotropic voxels prior to normalization.
ormalized images were smoothed with an isotropic 10 mm

ull-width half-maximum Gaussian Kernel to accommodate
esidual anatomical variation between subjects. T1 images

ere normalized using a procedure analogous to that applied

o the EPI images. However, as only 15 images were available
or the older subjects, individual images were first averaged
ithin each age group, and then averaged across age groups,
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o as to equally weight the contribution of the two groups to
he sample-specific template.

Statistical analyses were performed in two stages. In the
rst stage, individuals’ BOLD responses for each event type
ere modeled by a � function (impulse response) at stimu-

us onset. The corresponding BOLD response was modeled
y convolving each of these functions with two hemody-
amic response functions (HRFs). One function (the ‘early’
unction) was the canonical HRF as implemented in SPM2
Friston et al., 1998). A second (‘late’) function was generated
y shifting the canonical HRF one TR (2.5 s) later in time, and
as included to capture possible delayed responses. The late

unction was orthogonalized with respect to the early function
o as to attribute any shared variance to the early covari-
te (Andrade et al., 1999). Convolutions were performed in
igh-resolution time space, and downsampled at the midpoint
f each scan to form covariates in a General Linear Model
GLM).

The design matrix of the GLM included five early and five
ate covariates that modeled events of interest according to
ubjects’ responses at the test phase. These events comprised
tudied items accorded correct source judgments (‘easy
ource hits’ and ‘hard source hits’), studied items accorded
n incorrect source judgment or for which the source could
ot be recollected (‘easy source misses’ and ‘hard source
isses’), and correctly judged new items (‘correct rejec-
ions’). Additional covariates modeled the rest break at the
iddle of the test phase and events of no interest (items that

ailed to elicit a response or elicited multiple responses, new
tems incorrectly judged old (false alarms), old items incor-

3

a

able 1
articipants’ characteristics and raw scores (mean, standard deviation, and ranges)

Young adults

Mean Standard deviation

ge 21 1.9
ears of education 15 1.1
ini Mental State Examination 29.4 0.8
VLTa immediate free recall 11.9 2.3
VLTa immediate cued recall 12.9 2.6
VLTa delayed free recall* 12.8 2.0
VLTa delayed cued recall** 13.6 2.1
UYb,c paragraph immediate recall 8.3 2.3
UYb,c paragraph delay recall* 11.8 2.8
orward/backward Digit Spanc 19.4 2.7
igit/symbol substitution test** 67 8.9
rail Making test A 23.6 6.7
rail Making test B** 48.3 9.0
etter Fluency 40.7 11.4
ategory Fluencyd 23.1 5.2
tar FSIQe 114 4.9

eck Depression inventory* 5.8 3.6
a California Verbal Learning Test.
b New York University.
c Scores for 15/16 older.
d Scores for 15/16 young.
e Wechsler Test of Adult Reading Full Scale Intellectual Quotient.
* Age-related difference significant at P < .05.

** Age-related difference significant at P < .01.
ging 29 (2008) 1902–1916

ectly judged new (misses) and fillers). The design matrix also
ncluded six covariates modeling movement-related variance
three rigid-body translations and three rotations determined
rom the realignment stage) and a constant that modeled the
ean over scans.
The time series in each voxel were high-pass filtered to

/128 Hz to remove low-frequency noise and scaled within
ession to a grand mean of 100 across both voxels and scans.
arameter estimates for events of interest were estimated
sing the aforementioned general linear model. Nonspheric-
ty of the error covariance was accommodated by an AR(1)

odel, in which the temporal autocorrelation was estimated
y pooling over suprathreshold voxels (Friston et al., 2002).
he parameters for each covariate and the hyperparame-

ers governing the error covariance were estimated using
estricted maximum likelihood. In the second stage of the
tatistical analyses, the individual contrasts of interest were
arried forward to a random-effects analysis. For the princi-
al analyses we report results only for clusters that survived
n uncorrected two-sided significance threshold of P < .001,
nd a cluster extent threshold of 5. The peak voxel of clusters
howing reliable effects are reported in MNI coordinates.

. Results
.1. Neuropsychological testing

The raw scores from the neuropsychological test battery
re summarized in Table 1. As is evident from the table, young

on the neuropsychological tests

Older adults

Range Mean Standard deviation Range

18–26 71 3.6 65–78
13–17 16 2.4 12–20
28–30 29.2 1.0 30–26
9–16 10.7 2.3 7–16
8–16 11.9 2.1 9–16

10–15 10.8 2.8 7–15
10–16 11.5 2.2 7–15

6–13 8.4 2.1 6–12
7–13.5 9.6 1.8 7–13

14–22 17.4 3.2 14–23
56–86 49.6 9.9 28–65
12–33 26.9 5.9 18–39
36–64 80.7 24.8 47–136
24–68 44.5 11.8 19–66
12–32 21.8 4.7 14–29

104–120 114 3.0 108–117
1–12 2.9 2.5 0–8
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ubjects out-performed the older group on tests of long-term
emory and tests emphasizing speed of processing/executive

unctioning. The older subjects reported fewer depressive
ymptoms on the Beck depression inventory, although no sub-
ect in either group approached a score indicative of clinically
ignificant depression. All but one older subject scored 28 or
bove on the MMSE. The remaining subject had a score of
6.

.2. Behavioral performance

Percent accuracy on the study phase was analyzed with
n age (young versus older adults) × difficulty (easy versus
ard items) mixed design ANOVA. Performance in the easy
ondition was assessed by responses for the first presenta-
ion of each item only. Results revealed a main effect of
ge (F(1,30) = 10.61, P = .003), showing that young adults
ere more accurate than older adults in the easy condition

83% and 76% of accurate responses for young and older
dults, respectively) and in the hard condition (84% and
0% for each age group, respectively). There was no dif-
erence in accuracy between the two conditions. ANOVA of
he response time (RT) data revealed a significant effect of
tem difficulty (F(1,30) = 13.63, P = .001), reflecting a 63 ms
dvantage for items in the hard condition. There was neither
n effect of age nor, importantly, and age by condition inter-
ction (Fs < 1.5). This otherwise inexplicable difficulty effect
n RT likely reflects a tendency across the study lists for the
rst presentations of items belonging to the easy condition to
ccur earlier rather than later in the list.

Behavioral performance in the test phase is summarized
n Table 2. Proportion of correct rejections did not signifi-
antly differ between the two age groups (F = 2.25, P > .1).

tem recognition performance was indexed by the discrim-
nation index Pr, the proportion of studied items judged
ld, regardless of source accuracy, corrected by the false
larm rate (Pr = p(Hit) − p(False Alarm)) (Snodgrass and

a
e
o
(

able 2
ean scores (and standard deviations in parentheses) on the test phase of the memo

Young adults

Easy items H

esponse rates
Source hit .78 (.15) .5
Source incorrect .06 (.05) .0
Source unrecollected .17 (.15) .3
Correct rejection .94 (.10)

erformance indices
Item recognition (Pr) .91 (.10) .8
Source recollection (Psr) .64 (.20) .3
Response bias (Br) .50 (.28)

atencies
Source hit 1347 (291) 1
Source incorrect 1478 (339) 1
Source unrecollected 1851 (481) 1
Correct rejection 1295 (328)
ging 29 (2008) 1902–1916 1907

orwin, 1988). A mixed age × difficulty ANOVA revealed
significant main effect of age (F(1,30) = 7.76, P = .01)

nd a significant age × difficulty interaction (F(1.30) = 17.13,
< .001). Follow-up pairwise contrasts showed that recog-

ition performance was higher for young adults than for
lder adults in the hard condition (t(30) = 3.31, P = .002)
ut only marginally so in the easy condition (t(30) = 2.02,
= .053). Source recollection was measured using an index

erived from a single high threshold model (Snodgrass and
orwin, 1988). This index (‘Psr’) estimates the propor-

ion of correct source judgments that were associated with
eridical source memory rather than lucky guesses, and
as computed as: Psr = (p(Source Hit) − 0.5(1 − p(Source
nrecollected)))/(1 − (0.5(1 − p(Source Unrecollected)))),
here Source Hit refers to studied items that were recognized

nd assigned to their correct encoding context and Source
nrecollected refers to recognized items for which the source

ould not be recollected (see Section 2). ANOVA revealed
ignificant main effects of age (F(1,30) = 9.23, P = .005)
nd difficulty (F(1,30) = 8.47, P = .007), with no interaction
etween these two factors. Source recollection was greater
n younger adults compared to older adults (.51 versus .33)
nd for easy items compared to hard items (.53 versus .31).
esponse bias was assessed with the index ‘Br’ (False Alarm

ate/(1 − (Hit rate − False Alarm rate))), after adjusting hit
nd false alarm rates according to the formula ((number of
its or false alarms respectively + 0.5)/(number of old or new
tems respectively + 1)) (Snodgrass and Corwin, 1988). As
here was only a single new item condition, the response
ias index was computed using hit rates collapsed across the
wo difficulty conditions. The index did not differ across age
roups (t(30) = .26, P > .1).

ANOVA of response latencies for source hits in the easy

nd hard conditions and for correct rejections revealed a main
ffect of age, with young adults responding more quickly than
lder adults (grand means of 1376 and 1636 ms, respectively;
F(1,30) = 7.28, P = .01). There were no reliable effects for

ry task

Older adults

ard items Easy items Hard items

9 (.13) .66 (.14) .47 (.21)
9 (.09) .17 (.10) .22 (.22)
3 (.15) .17 (.15) .32 (.22)

.88 (.13)

6 (.12) .81 (.16) .67 (.21)
9 (.16) .43 (.20) .22 (.22)

.48 (.24)

484 (290) 1659 (287) 1803 (408)
854 (584) 1671 (440) 1972 (518
794 (406) 2166 (500) 2281 (541)

1445 (217)
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esponse type or for the age × response type interaction
P > .1).

Overall, analyses of behavioral performance in the test
hase revealed that young adults performed more accurately
nd more quickly than older adults. To determine whether,
s anticipated (see Section 1), recognition performance and
ource recollection were equivalent for older subjects in the
asy condition and young subjects in the hard condition, we
irectly contrasted Pr and Psr across these conditions. Results
evealed no significant effects of age on either index (.86
nd .81, respectively, for young and older adults on Pr, and
39 and .43, respectively, for each age group on Psr; ts < 1).
NOVA of the response latencies for source hits (from the

asy and hard conditions for older and young subjects, respec-
ively) and correct rejections revealed that correct rejections
ere associated with the faster responses (F(1,30) = 22.44,
< .001), but that the effects of age and its interaction with

esponse type were not significant (Ps > .08).
Study judgments were associated with an error rate of

round 19%. A substantial proportion of these errors likely
eflect a degree of ambiguity with respect to the size of
ome of the presented objects relative to a ‘shoe box’.

hen later memory performance was conditionalized on
ccuracy of the study judgment, no impact of accuracy
t study could be detected in either age group on either
ecognition performance or source recollection (Fs < 1.69,
s > .10). Accordingly, the fMRI subsequent memory analy-
es described below were based on all study items regardless
f accuracy of the size judgment.

.3. Functional data

Two main sets of analyses were conducted to identify
he neural activity associated with successful source recol-

ection in young and older adults. The first set of analyses
dentified the activity common to both age groups, and the
econd set of analyses sought for differences between the
wo groups. Activity associated with successful source rec-

c
e
l
n

able 3
eak voxel of regions showing common old > new effects across age groups exclus
ffect

ocation (x, y, z) Peak z N

ld > new effect on the early covariate
−42, 48, 0 4.75 60
−45, 15, 36 4.08 126
−36, 9, 21 3.60 14
−36, 12, −3 3.44 5
−15, −12, −6 3.97 50
−30, −18, 30 3.98 38
−30, −84, 36 4.94 996
9, 0, 6 4.83 313
39, −81, 36 4.45 101

ew > old effect on the late covariate
48, −3, 30 3.55 5
6, −51, 33 3.97 72
ging 29 (2008) 1902–1916

llection was identified by contrasting the BOLD response
ssociated with successful source recollection with the activ-
ty elicited by correctly judged new items. In what follows, the
erm ‘old > new’ effect refers to greater activity for source hits
ompared to correct rejections, whereas the term ‘new > old
ffect’ refers to greater activity for correct rejections. As
lready noted, in the primary analyses described below,
ecollection-related activity was investigated independently
f age-related differences in memory performance by restrict-
ng analyses to the source hit activity for hard items in the
oung group, and easy items in the older group.

Analyses were conducted separately on parameter esti-
ates derived from the early and the late covariates. The

esults obtained from analyses of the late covariate either
eplicated, or did not alter, the interpretation of the results
btained with the early covariate. Therefore, we focus on the
ndings obtained for the early covariate, and we report results
or the late covariate only when they provide additional infor-
ation (the full set of results for the late covariate is available

n request to the first author).

.3.1. Old/new effects common to the two groups
Common effects were identified by exclusively masking

he main effect of the old/new contrast with the two-sided
F) contrast of the age × old > new interaction, thresholded
t P < .05. This procedure identifies voxels exhibiting sta-
istically significant old/new effects that did not differ
ignificantly between the two age groups. Results (see Table 3
nd Fig. 1) revealed an extensive network of neural areas
here activity was greater for source hits than for correct

ejections. These areas included bilateral medial and lateral
arietal cortex, left anterior and lateral prefrontal cortex.

The reverse new > old contrast revealed no area where
orrect rejections than for source hits. However, analyses
mploying the late covariate revealed some regions, mainly
ocated in the right hemisphere, which exhibited a reliable
ew > old effect (see Table 3).

ively masked with the bidirectional interaction between age and old > new

Region Brodmann area

Left middle frontal gyrus BA10
Left middle frontal gyrus BA9
Left insula BA13
Left insula BA13
Subthalamic nucleus
Left insula BA13
Left precuneus BA19
Right thalamus
Right precuneus BA19

Right precentral gyrus BA6
Right precuneus BA31
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ig. 1. Common effects of old vs. new items across age groups (P < .0005)
ffect (P < .05). The differential activity of old > new items is rendered onto

.3.2. Age-related differences in old/new effects
Age-related differences in recollection-related neural

ctivity were identified by analysis of the age × old > new
nteraction effect. In the absence of a pre-experimental
irectional hypothesis, the two sides of the interaction
ere computed with directional t-test, each thresholded at
< .0005 to give a two-sided threshold of P < .001. The tests

dentified voxels where old > new differences were greater
or older than for young subjects, and vice versa.

Six regions demonstrated old > new differences that were
reater in magnitude in the older adults (see Table 4 and
ig. 2). To elucidate these interactions, the interaction con-

rast was inclusively masked with the old/new contrasts for
ach group separately (one-sided threshold of P < .025). This
rocedure revealed that in each of the aforementioned regions
substantial proportion of voxels (around 35% or more of

he voxels in each region) demonstrated a reliable old > new
ffect in the older group. For the young subjects, reliable
ew > old effects were found in four of the regions, namely
ight fusiform and inferior occipital gyri, left anterior hip-
ocampus and middle temporal gyrus (>40% of the voxels
n each region). Thus, these four regions exhibited cross-
ver interactions. These interactions can be appreciated in
he mean parameter estimates for voxels exhibiting the peak

nteraction effect in each region (see Fig. 2). In a fourth region
the left posterior hippocampus), fewer than 20% of the vox-
ls in this cluster showed a reliable new > old effect across the
oung subjects. In the final region (the right middle temporal

w
o
r
i

able 4
eak voxel of regions where old/new effects are greater in magnitude in one of the

ocation (x, y, z) Peak z N

ld > new effects of greater magnitude in older adults on the early covariate
57, 0, −21 3.88 23
33, −18, −21 3.62 10
33, −36, −3 4.73 37

0, −42, −6 3.43 5
8, −57, −21 4.60 56
7, −93, −3 3.87 26

ew > old effect of greater magnitude in young adults on the late covariate
39, 42, 3 3.67 23

0, 60, 9 3.48 7
ely masked with the bidirectional interaction between age and old vs. new
e-dimensional single-subject MNI reference brain.

yrus), no voxels exhibited a reliable new > old effect. Thus,
he age × old/new interactions in these two last regions were
riven largely by the old > new effects in the older group.

For the early covariate, no voxels were detected where
ld > new effects were greater in magnitude in the young
roup. However, analyses of the late covariate revealed two
egions – left inferior frontal and right medial frontal gyri –
here old > new effects were larger in the young group (see
able 4). Inclusive masking between the interaction contrast
nd the old/new effects for each age group revealed reli-
ble old > new effects in young adults for both areas. Older
dults showed a reliable new > old effect in left inferior frontal
yrus, but no significant effects in right region.

.3.3. Further analysis of age differences in old/new
ffects

The foregoing analyses employing data from the two con-
itions in which source memory performance was matched
cross the two age groups identified six regions where
ld > new effects (as characterized by the canonical HRF)
ere greater in magnitude in the older group. In four of these

egions, the effects took the form of a cross-over interaction,
uch that younger subjects demonstrated reliable reversed
ffects. These findings raise two important questions: first, to

hat extent do they reflect the confounding effects of number
f study presentations (whereas the hard condition required
etrieval of items presented once only, the easy condition
nvolved retrieval of items presented twice); and second, to

two age groups compared to the other group

Region Brodmann area

Left middle temporal gyrus BA21
Left anterior hippocampus
Left posterior hippocampus
Right middle temporal gyrus BA21
Right fusiform gyrus BA37
Right inferior/middle occipital gyrus BA18

Left inferior frontal gyrus BA45
Right superior frontal gyrus BA10
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Fig. 2. Regions where old > new effects are greater in magnitude for older adults compared to young adults (P < .0005) are displayed on coronal and sagittal
s T1 ima
r ampus;
g

w
t
t

y
b
s
(
b
a

i
f
fi
m
o
i

lices of the sample-specific template (i.e., average of subjects’ normalized
egion and class of test item. A: left middle temporal; B: left anterior hippoc
yrus; F: right inferior occipital gyrus (*P < .05).

hat extent can these effects be linked specifically to recollec-
ive processing, rather than more generic effects of recogni-
ion memory or repetition of across the study and test phases?

To address the first question we repeated the original anal-
sis, but employing data from the easy condition alone, when
oth groups were retrieving items that had received two

tudy presentations. When the age × old > new interaction
thresholded at P < .05, two-sided) was inclusively masked
y the original interaction contrast (thresholded as before
t P < .001, two-sided), only one of the regions identified

w
e
w
2

ges). Graphs represent the parameter estimates of the peak voxel for each
C: left posterior hippocampus; D: right middle temporal; E: right fusiform

n the original analysis – the left anterior hippocampus –
ailed to demonstrate an effect. These results suggest that the
ndings reported for the conditions where performance was
atched do not in general reflect a confound with the number

f study presentations. The outcome of analyses contrast-
ng the parameter estimates illustrated in Fig. 2 adds further

eight to this conclusion. For each region, the parameter

stimates for the easy source hits and the correct rejections
ere subjected to a 2 (source hit versus correct rejection) by
(age group) ANOVA. In every region except for the right
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ig. 3. Parameter estimates of peak voxel in left posterior hippocampus i
asked with the original interaction between age and old vs. new effect, a

dentified with the interaction between age and source misses vs. new items
*P < .05).

nferior occipital gyrus and left anterior hippocampus, there
as a significant condition × age group interaction (mini-
um two-tailed P < .005). Moreover, pairwise contrasts of

he parameter estimates for easy and hard source hits in
he young subjects revealed only one region – right inferior
ccipital gyrus – where these estimates differed significantly
P < .01; all other Ps > .1) Together, these findings suggest
hat, in contrast to the remaining regions, caution is required
n attributing the age × old > new interaction in the right infe-
ior occipital gyrus or the left anterior hippocampus to the
ffects of age per se.

To address the question of the functional significance of
he age × old > new interactions described above, two addi-
ional analyses were performed. Both analyses were based on
n analysis model that collapsed the functional data across
ifficulty conditions. Three events of interest were defined:
ource hits, source misses, and correct rejections (additional
ovariates modeled the rest break, events of no interest,
ovement-related variance, and a constant). By comparing

ource hits with source misses, regions selectively associated
ith successful recollection can be identified. The contrast
etween source misses and correct rejections permits iden-
ification of regions exhibiting either generic recognition
esponses or mere repetition effects.

Inclusive masking of the age × source hit > miss inter-
ction (thresholded at P < .05, two-sided) with the original
idirectional interaction between age and old > new items
P < .001, two-sided), revealed a single cluster in left pos-
erior hippocampus (x, y, z = −30, −36, 0; z = 2.89). As is
vident from the parameter estimates illustrated in Fig. 3,
his effect reflected greater activity for source hits than for

isses in the older group, coupled with no significant effects
n the young subjects.

An analogous analysis was conducted in respect of the
ge × source miss > new item contrast. Two clusters were
dentified: in right fusiform gyrus (x, y, z = 48, −60, −24;

= 3.90) and right inferior occipital gyrus (x, y, z = 33, −87,
12; z = 2.81). The parameter estimates illustrated in Fig. 3

emonstrate that these effects are driven exclusively by
ew > old effects in the young group.

t
t
(
t

d with the interaction between age and source hits vs. misses inclusively
meter estimates of peak voxel in right fusiform and inferior occipital gyri
ely masked with the original interaction between age and old vs. new effect

.3.4. Age-related differences in the lateralization of
ld/new effects

In a final analysis we investigated whether, as predicted by
he HAROLD model (Cabeza, 2002), laterality of retrieval-
elated cortical activity differed between young and older
ubjects. Parameter estimates were extracted from three pairs
f voxels of interest. The regions were initially identified in
he left hemisphere based on the main old > new effect com-

on to both age groups: inferior frontal gyrus (x, y, z = −42,
1, 0), middle frontal gyrus (x, y, z = −45, 15, 36), and inferior
arietal cortex (x, y, z = −30, −84, 36). Parameter estimates
rom these voxels were contrasted with those from homotopic
oci in the right hemisphere. Analyses of variance with factors
f age, old versus new, region (inferior frontal, middle frontal,
arietal), and hemisphere, revealed a main old > new effect
F(1,30) = 28.6, P < .001), which interacted both with region
F(2,29) = 4.90, P = .015) and hemisphere (F(1,30) = 12.40,
= .001). The main effect of age was not significant and,

rucially, age did not significantly interact with any other
actor (Fs < 2.2, Ps > .13)).

. Discussion

The purpose of the present study was to further eluci-
ate age-related commonalities and differences in the neural
orrelates of episodic retrieval, in an experimental context
here memory performance were closely matched between
oung and older adults. Overall, our results are consis-
ent with the key findings of Morcom et al. (2007), and
uggest that there is no major functional reorganization of
he neural substrates of source recollection with increas-
ng age. That said, robust age differences in retrieval-related
ctivity were evident in medial temporal and posterior cor-
ical regions. In a striking parallel with the findings of

orcom et al. (2007), these differences almost invariably

ook the form of larger old > new effects in the older than
he young subjects. Also consistent with Morcom et al.
2007), there was no evidence for a more bilateral distribu-
ion of retrieval-related activity in the older than in the young
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roup, and thus no support for the HAROLD model (Cabeza,
002).

At the behavioral level, memory performance of young
nd older subjects demonstrated the typical pattern of age-
elated differences with respect to item memory and source
ecollection. Crucially, through the manipulation of the num-
er of study presentations, it was possible to compare
etrieval-related activity between young and older subjects
nder conditions where item memory and source recollec-
ion were statistically equivalent, and differences in response
atency were non-significant. Moreover, through the employ-

ent of a test procedure that allowed subjects to signal when
hey could not recollect the source of a recognized study item,
he diluting effects of lucky guesses on recollection-related
ctivity were minimized.

Before discussing the fMRI findings, one caveat should
e noted. In our principal analyses, we operationalized
ecollection-related neural activity in the contrast between
ource hits and correct rejections, as was also the case in
he study of Morcom et al. (2007). Whereas this contrast
ndoubtedly captures activity associated with successful rec-
llection, it is not ‘process pure’; to the extent that recollected
tems also elicited a familiarity signal, the outcome of the con-
rast would also include the neural correlates of familiarity.
hus, if these correlates differ according to age (see Duarte et
l. (2006) for suggestive ERP evidence), the findings depicted
n Fig. 2 may not be attributable solely to age-related differ-
nces in recollection-related activity. Whereas our subsidiary
nalyses go some way toward addressing this issue (see
elow), this caveat should nonetheless be borne in mind.

Turning to the fMRI data, we first discuss recollection-
elated effects common to the two age groups. As already
oted, there was substantial overlap between the groups in
he cortical regions demonstrating old > new effects. Among
hese regions were several that have been consistently iden-
ified in prior studies of episodic retrieval in young subjects,
ncluding medial and lateral parietal cortex bilaterally, as
ell as left dorsolateral and anterior prefrontal cortex (see
ugg et al., 2002; Rugg and Yonelinas, 2003; Wagner et
l., 2005 for reviews). A very similar network of common
ffects was described by Morcom et al. (2007) (see also
abeza et al. (2004) and Daselaar et al. (2003b)). In that

tudy, however, several of these regions were adjacent to
egions where recollection-related activity (in the form of
ld > new effects) was greater in the older group. These find-
ngs were interpreted by Morcom et al. (2007) as evidence
hat, in attaining the same level of performance as younger
ubjects, older subjects demonstrate a rather general pattern
f cortical ‘over-recruitment’. They suggested that this pat-
ern might be a reflection of an age-related reduction in neural
fficiency. In the present study, by contrast, regions exhibit-
ng age-related interactions in retrieval-related activity were

istinct from those showing common effects, and hence there
as no indication of age-related over-recruitment in a com-
on retrieval network. As was noted in Section 1 (see also
orcom et al., 2007), it is possible that the age-related effects

y
2

p

ging 29 (2008) 1902–1916

n the prior study reflected, in part, reliance on recollection
f different types of information in the two groups (sen-
ory/perceptual versus conceptual) rather than differential
rocessing of a single kind of information. This possibil-
ty receives support from the present findings, in that the
mployment of a source memory task that enforced a more
niform retrieval strategy across the two groups (recollection
f perceptual information) appears to have been sufficient to
liminate (or, at, least, to substantially attenuate) most of the
ortical over-recruitment effects described by Morcom et al.
2007).

Although age differences in retrieval-related activity were
onsiderably less widespread than in the study of Morcom
t al. (2007), those that were detected took the same general
orm as in the prior study. For the analyses conducted with
he early covariate, on which we focus below, no region was
ound where old > new effects were smaller in magnitude in
he older group. By contrast, in all but one region, age by
ld/new interactions took the form of a cross-over, such that
ld > new effects in the older group were accompanied by
ew > old effects in the young subjects. Together with the
ndings of Morcom et al. (2007), the present results suggest

hat, when recollection is equated, there is little evidence for
ttenuated activity in older subjects in regions considered to
upport recollection-related processes in the young. These
ndings contrast with those of Daselaar et al. (2006), who
escribed an age-related reduction in recollection-related
ctivity in both the medial temporal lobe and lateral parietal
ortex. As was noted in Section 1, this finding likely reflects
he fact that the probability of successful recollection was
igher in the young than in the older group. A similar expla-
ation may underlie the findings of reduced retrieval-related
ctivity in older subjects that have been reported in some
tudies employing blocked rather than event-related designs
e.g., Anderson et al., 2000; Cabeza et al., 1997; Grady et al.,
005; Madden et al., 1999a; Schiavetto et al., 2002).

In the present study, we attempted to elucidate the func-
ional significance of the age by old/new interaction effects
iscussed above by employing two further contrasts intended
o identify which of these effects were associated specifically
ith source recollection, and which with item-specific mem-
ry. The outcomes of these contrasts should be treated with
ome caution, since they are based on data derived from col-
apsing the two difficulty conditions to yield categories of
ecognized study items associated with successful or unsuc-
essful source retrieval. The contrast between the two classes
f study item revealed, in the left posterior hippocampus, a
ecollection effect (source correct > source incorrect) in older
ubjects, but no significant effects in the young. The finding
f greater hippocampal activity in older subjects for success-
ully recollected relative to unrecollected items is reminiscent
f recollection-selective hippocampal effects in studies of

oung subjects (e.g., Dobbins et al., 2003; Eldridge et al.,
000; Yonelinas et al., 2005).

The question arises however why, in the present case, the
osterior hippocampus demonstrated recollection effects for
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lder subjects only. One possibility is that this finding is a
onsequence of differences in the processing accorded to
ew items. By this argument (Morcom et al., 2007), young
ubjects devoted processing resources to the encoding of
ew items, such that both old and new items activated the
ippocampus (Stark and Okado, 2003). The more limited
esources available to older subjects however were focused
n recollective processing, giving rise to differential old and
ew item activity. A second possible explanation of differen-
ial hippocampal effects concerns an age-related degradation
n hippocampal efficiency, perhaps related to the micro-
tructural and neurochemical changes that occur in this
tructure with increasing age (Driscoll et al., 2003; Schiltz
t al., 2006). By this argument, the enhanced hippocam-
al effects observed here represent a form of compensatory
ver-recruitment, reflecting the need for greater neuronal
ctivation to achieve the same level of recollection perfor-
ance as in younger subjects. Similar proposals have been

dvanced to account for the finding of enhanced hippocam-
al activity in older subjects carrying the e4 allele of the
polipoprotein E (APOE) gene relative to carriers of the e3
llele (Bondi et al., 2005; Bookheimer et al., 2000; see how-
ver Lind et al., 2006, for a different account). Enhanced
ippocampal activity was also observed in patients in the
arly stages of mild cognitive impairment compared to con-
rols (Celone et al., 2006; Dickerson et al., 2004, 2005),
rompting Dickerson et al. (2004, 2005) to argue that hip-
ocampal over-recruitment may be pathognomic of MCI,
eflecting the early pathological changes that eventually cul-
inate in Alzheimer’s disease. The present finding that a

imilar phenomenon can be observed in high functioning
lder adults relative to younger subjects casts doubt on this
roposal, and suggests that hippocampal over-recruitment
ay be a more general response to a decline in neural effi-

iency regardless of whether or not the decline is pathological
n origin.

As was noted previously, some prior studies of healthy
ging have reported attenuated retrieval-related medial tem-
oral lobe activity in older relative to young subjects (Cabeza
t al., 2004; Daselaar et al., 2006; Grady et al., 2005;
chiavetto et al., 2002; see however Maguire and Frith
2003) for age-related enhancement of hippocampal activity
n autobiographical event memory). We have already noted
hat findings of reduced retrieval-related activity may be a
eflection of differences in performance between the two
roups. In the present study, however, the finding of greater
ecollection-related hippocampal activity in older subjects
as obtained from data that, because they were collapsed

cross the two difficulty conditions, were associated with
ubstantially poorer source recollection in the older subjects.
n the assumption that the ‘source miss’ responses in the
resent study would have been divided equally between cor-

ect and incorrect source judgments in a conventional forced
hoice test of source memory, had such a test been employed
ere approximately 76% of younger subjects’ correct source
udgments would have been associated with veridical source

a
a
1
r
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emory, whereas only 55% of the older subjects’ judgments
ould have been veridical (Rugg et al., 1998). Under these

ircumstances, therefore, recollection-related activity in the
lder group would have been diluted by lucky guesses to a
arkedly greater extent than in the young. To the extent that

ubjects in the present study employed the ‘no source rec-
llection’ option as instructed, however, the proportion of
ource correct trials due to lucky guessing would be neg-
igible. Thus, the impact of the aforementioned age-related
ifference in source recollection was substantially mitigated
y the employment of this response option.

In a second analysis, we addressed the question whether
ny of the regions demonstrating an age × old/new interac-
ion were associated with item-specific memory, rather than
ource recollection. This was accomplished by contrasting
ctivity elicited by recognized items for which source recol-
ection was inaccurate or unavailable, with activity elicited
y correctly judged new items. The results revealed that the
ffects of age on retrieval-related activity in right fusiform
ortex were driven by a new > old effect in young subjects,
n the absence of a reliable effect in either direction in older
ubjects. The interpretation of these findings is uncertain.
n the one hand, ‘repetition suppression’ effects in extras-

riate visual cortex have consistently been associated with
isual repetition priming, a form of implicit memory (see
enson, 2003 for review). From this perspective, the fact

hat the locus of the fusiform region demonstrating new > old
ffects in the current study overlaps right fusiform regions
mplicated in visual object repetition priming in prior studies
Buckner et al., 1998; Koutstaal et al., 2001) might be taken
s evidence that present effects reflect an influence of age
n such priming processes. On the other hand, the present
ffects were obtained in a direct test of recognition mem-
ry, wherein repeated items were overtly discriminated from
he new items. Thus, it is not possible to definitively rule
ut an association between these effects and item-specific
ecognition memory. Whereas new > old effects in anterior
edial temporal cortex have been linked to familiarity-driven

ecognition memory (Henson et al., 2003), however, we are
naware of prior evidence supporting such a link between
ecognition memory and new > old effects in other corti-
al regions. For the present, therefore, we assume that the
usiform effects obtained here in our young subjects are more
ikely to reflect processes linked to repetition priming than to
vert recognition memory.

If the age by old/new interaction observed in right fusiform
ortex does indeed reflect an age effect on the neural corre-
ates of repetition priming, how should this be explained?
umerous studies have reported that behavioral measures of

mplicit memory, including repetition priming, differ little, if
t all, as a function of age (see Fleischman and Gabrieli, 1998;
ight et al., 2000 for reviews). It is noteworthy, however, that

few behavioral studies have reported age-related attenu-

tion of perceptual priming effects (Cherry and St Pierre,
998; Maki et al., 1999; Pilotti et al., 2003). Moreover, a
ecent fMRI study (Daselaar et al., 2005) reported age-related
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ttenuation of the neural correlates of word-stem completion
riming in right occipital regions. Further, using an adap-
ation procedure, Chee et al. (2006) reported an age-related
ttenuation of repetition suppression effects in fusiform cor-
ex for visual objects. Importantly, this finding was selective
or a condition in which the background context associated
ith the objects varied across successive presentations. To the

xtent that the present study implemented a similar manip-
lation (objects were presented against laterally positioned
olored backgrounds at study, and against a central black
ackground at test), the present findings may also reflect an
ge-related sensitivity to the effects of context change on
usiform repetition suppression effects.

Alternatively, the findings might be a reflection of age-
elated changes in the functional organization of visually
elective processing in extrastriate cortex (see also Chee et
l., 2006). This account is motivated by the finding that,
elative to young subjects, older subjects demonstrate a ‘de-
ifferentiation’ in the functional response of this cortical
egion (Park et al., 2004). That is, regions that in young
ubjects demonstrate selectivity for specific classes of visual
timuli (e.g. faces, objects, or scenes) are more uniformly
esponsive (i.e. less selective) in older subjects. By this
ccount, the present findings reflect a shift from a relatively
ocal locus for visual object processing in young subjects, to
more diffusely distributed network of neural populations in
lder individuals. This breakdown in functional specializa-
ion would lead to a repetition priming effect that is diffusely
istributed over a relatively large cortical expanse, such that
he effect is weaker (and, in the present case, undetectable)
t the voxel level. In support of this account, it is noteworthy
hat, in the present study, the magnitude of the right fusiform
esponse to new items was reliably smaller in the older group
P < .02, two-tailed). This is consistent with the possibility
hat compared to young subjects, the magnitude of right
usiform functional response in older subjects is spatially
iluted. Adjudicating between these two hypotheses, that pro-
ose an age-related decline in processes supporting priming,
nd age-related changes in cortical functional organization,
espectively, will require the combined study of behavioral
nd neural indices of object repetition priming in the setting
f an indirect memory test.

. Concluding comments

The present findings are consistent with prior results sug-
esting that successful recollection engages much of the same
eural circuitry in young and older subjects (Cabeza et al.,
004; Daselaar et al., 2003b; Morcom et al., 2007). The
ndings further suggest that, when differences in retrieval
trategy and memory performance between age groups are

ontrolled, age-related differences in retrieval-related activ-
ty are confined to relatively few regions, and provide little
vidence for a diminution in such activity with increas-
ng age. Furthermore, these differences do not appear to

C

ging 29 (2008) 1902–1916

e easily subsumed under a single explanatory principle.
hereas the age-related differences in hippocampal activity

hat were observed here may reflect a compensatory response
o a decline in neural efficiency (Dickerson et al., 2004,
005), differential effects in extrastriate visual cortex may
e better explained as a consequence of de-differentiation of
ortical function (Park et al., 2004), or a decline in context-
ependent repetition priming (Chee et al., 2006). A crucial
ssue for future research is to determine whether these age-
elated changes in the neural correlates of memory retrieval
ontribute to, or ameliorate, age-related decline in memory
erformance.
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