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Abstract

Older adults recall less episodically rich autobiographical memories (AM), however, the neural basis of this effect is not clear. Using
functional MRI, we examined the effects of age during search and elaboration phases of AM retrieval. Our results suggest that the
age-related attenuation in the episodic richness of AMs is associated with difficulty in the strategic retrieval processes underlying recovery
of information during elaboration. First, age effects on AM activity were more pronounced during elaboration than search, with older adults
showing less sustained recruitment of the hippocampus and ventrolateral prefrontal cortex (VLPFC) for less episodically rich AMs. Second,
there was an age-related reduction in the modulation of top-down coupling of the VLPFC on the hippocampus for episodically rich AMs.
In sum, the present study shows that changes in the sustained response and coupling of the hippocampus and prefrontal cortex (PFC)
underlie age-related reductions in episodic richness of the personal past.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

The main effect of healthy aging on autobiographical
memory (AM) retrieval is attenuation in episodic richness,
which refers to a decrease in the ratio of specific episodic
details compared with broad semantic information. Al-
though this behavioral effect has been observed in several
studies (Levine et al., 2002; Piolino et al., 2002; St Jacques
and Levine, 2007) its neural mechanisms are largely un-
known. In particular, it is unknown when the age effect
occurs during retrieval. A memory cue (Where did I see
these data before?) triggers an effortful search process
guided by semantic knowledge of one’s own life (. . . the
Cognitive Neuroscience Society meeting? . . . Society for
Neuroscience?), which eventually leads to successful recov-
ery of a target memory (in a Society for Neuroscience
poster. . .). Memory for the target might be elaborated by
recovering additional episodic details (. . . it was early in the
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morning. . . ). In the case of AM, search and elaboration
processes can take as long as 15–30 seconds, which allows
the use of functional MRI (fMRI) to disentangle the activations
associated with these 2 phases (e.g., Addis et al., 2007; Daselaar et
al., 2008). The present fMRI study investigated age-effects on
search and elaboration processes during AM retrieval.

The age-related reduction in episodic richness could oc-
cur early during retrieval, while one is searching for the
target memory, or late during retrieval, while one elaborates
upon recovered information. Elaboration processes might
be more sensitive to aging because they depend on an
interaction between the recovery of specific details medi-
ated by the hippocampus and strategic control processes
mediated by the prefrontal cortex (PFC), and both pro-
cesses, and their associated brain regions, are known to
decline with aging (for a review see Dennis and Cabeza,
2008). For example, fMRI studies have shown that hip-
pocampal activity related to recollection is attenuated by
aging, such that older adults rely more on familiarity pro-
cesses associated with other medial temporal lobe (MTL)

regions (e.g., Cabeza et al., 2004; Daselaar et al., 2006).
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Aging also involves changes in strategic control processes
linked to frontal activation, with under-recruitment ob-
served during memory conditions that lack environmental
support (e.g., Logan et al., 2002; Paxton et al., 2008), as well
as compensatory over-recruitment (Cabeza, 2002). Further-
more, episodic richness is mediated by activations that occur
late during AM retrieval (Svoboda et al., 2006; Cabeza and St
Jacques, 2007), and relies on the recruitment of additional
self-initiated retrieval processes (Daselaar et al., 2008). In con-
trast, an age-related reduction in early search processes might
be less likely because AM search tends to be guided by se-
mantic memory (Conway and Pleydell-Pearce, 2000), which is
a memory function relatively well preserved in older adults
(Craik and Jennings, 1992). In sum, aging may have less
impact on the search strategy and cue specification processes in
AM that are guided by semantic information, but have greater
impact on the elaboration of AM which involves additional
control processes that interact with the recovery of episodic
information.

To investigate the neural basis of age-related differences
in episodic richness during search and elaboration phases of
AM retrieval we used a self-paced design in which young
and older adults searched for an AM elicited by a generic
cue word, pressed a key when the memory was found, and
then elaborated on the memory until the end of the trial.
After scanning, participants verbally described the memo-
ries they recalled in the scanner and objective analysis of
these descriptions were used to determine episodic richness.
We investigated the hypothesis that age-related declines in
episodic richness are associated with reduced recovery of
specific details mediated by the hippocampus and strategic
control processes mediated by the PFC during elaboration.

2. Methods

2.1. Participants

There were 17 young (18–35 years of age) and 16 older
participants (60–75 years of age), who were healthy, right-
handed and without history of neurological or psychiatric
episodes. All participants reported that they were not taking
medication known to affect cognitive function, and older adult
participants were screened for uncontrolled hypertension. Par-
ticipants gave written informed consent for a protocol ap-
proved by the Duke University Institutional Review Board.
One young adult and 1 older adult were excluded due to
symptoms of depression as indicated by scores � 13 on the
Beck Depression Inventory (BDI; Beck and Steer, 1978). Fur-
thermore, 2 young adults and 1 older adult were excluded from
the analyses because of problems with completing the task as
instructed. Thus, the reported results are based on data from 14
young (7 females; mean Age � 24.43, SD � 3.73) and 14
older (6 females; mean Age � 64.21, SD � 2.86) participants.

Demographic and psychometric data (Table 1) were
btained in a separate session within 1 week of the

canning session. All participants had obtained at least a
econdary school education (12 years). Participants
cored a minimum of 28 on the MiniMental State Exam
MMSE; Folstein et al., 1975) and a maximum of 11 on
he BDI. There were no age-related differences in the
umber of years of education, MMSE, BDI, the Weschler
bbreviated Scale of Intelligence (WASI; Wechsler,
999), verbal fluency (FAS), or categorical fluency (an-
mal names and supermarket items).

.2. Materials

Memory cues consisted of 60 emotionally arousing
ords selected from the affective norms for English words

ANEW) database (Bradley and Lang, 1999), such that
here were 30 positive (Valence mean � 7.93, SD � 0.45;
rousal Mean � 5.96; SD � 0.83) and 30 negative (Valence

Mean � 2.17, SD � 0.52; Arousal Mean � 6.00; SD � 1.03)
words that were equally arousing. In order to create auditory
cues the words were recorded in a female voice and con-
strained to an equal duration of 1 second.

2.3. Procedure

The procedure was similar to Daselaar et al. (2008; also
see Greenberg et al., 2005). During scanning participants
were asked to search for AMs triggered by the auditory cue
words. Participants were instructed to retrieve an AM that
was specific to time and place. They indicated when a
specific AM was found by making a response on the button-
box and then continued to elaborate on the retrieved event in
as much detail as possible for the rest of the trial. Thirty
seconds following the onset of the auditory cue participants
were given auditory instructions to rate the amount of emo-
tion (�4 � negatively arousing to �4 � positively arous-
ing) and reliving (1 � low to 8 � high) associated with the
memory on an 8-point scale. Rating responses were self-
paced (up to 6 seconds) and separated by at least 0.5 sec-
onds. Participants underwent extensive training to familiar-
ize them with the timing of the trials. There were 6
functional runs, with 10 memory cues in each run (5 posi-
tive words and 5 negative word), and an intertrial interval at
least 1.5 to 7.5 seconds. Participants were instructed to keep

Table 1
Participant variables by age group

M SD t (26)

Young Older Young Older Y vs. O

Age (years) 24.43 64.21 3.73 2.86 31.79**
Education (years) 16.50 17.43 2.28 1.91 1.17
MMSE 28.71 28.50 0.61 0.76 �0.82
BDI 3.93 5.07 3.29 3.47 0.89
WASI-Full IQ 122.36 126.00 7.66 10.07 1.08
WASI-Verbal IQ 120.93 123.79 7.87 7.37 0.99
WASI-Performance IQ 118.14 122.00 7.49 11.79 1.03
Verbal Fluency 47.43 42.79 10.87 16.12 �0.89
Categorical Fluency 48.79 41.21 13.55 11.78 �1.58

* p � .0001.
their eyes closed for the duration of each run.
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Immediately following the scanning session participants
were asked to provide a short title for the memory retrieved
during scanning and to answer additional questions on a subset
of the autobiographical memory questionnaire (e.g., Rubin et
al., 2003). Participants were asked to date when the event had
occurred (e.g., within the last day to � 10 years ago), to
ndicate the amount of vividness or how clearly the event was
emembered, the perspective or whether the memory was seen
hrough their own eyes or through the eyes of an outside
bserver, the significance of the memory, and the physiological

response during retrieval (e.g., heart pounding, etc.). Also,
given that AM comprises many different types of events
(Brewer, 1986; St. Jacques and Cabeza, in press) we asked
participants to indicate whether the type of memory retrieved
was a unique event (referring to a particular time and place),
repeated event (memory for an event with multiple occur-
rences), extended event (occurring longer than one day), or
semantic information (long-standing facts about one’s own
life).

Within 2 days of the scanning session, participants returned
for an additional session in which they were cued by the title
they had provided following the scanning session and asked to
verbally recall the memories retrieved during scanning. The
relatively short amount of time between scanning and verbal
recall along with the use of idiosyncratic event titles helped to
minimize potential changes in the properties of the memories
between the 2 sessions. Participants were instructed to freely
recall for at least 1 minute and were not provided with retrieval
support from the experimenter. Following transcription each
memory was coded for the number of episodic details and
semantic details (similar to Levine et al., 2002). Raters were
blind to the age-group of the participant. Episodic details re-
flected information that was specific to time and place, whereas
semantic details reflected long-standing factual information about
one’s self or the world. Details were tallied for each category and
the proportion of episodic details to the total details (episodic �
semantic) was calculated for each memory in each subject as an
estimate of the amount of episodic re-experiencing unbiased with
respect to differences in protocol length.

2.4. fMRI methods

2.4.1. Image acquisition
Scanning was conducted using a 4T GE magnet. Audi-

tory stimuli were presented using headphones and behav-
ioral responses were recorded using an eight-button fiber
optic response box (Resonance Technology, Northridge,
CA). Head motion was minimized using foam pads and a
headband. Anatomical scanning started with a T1-weighted
sagittal localizer series, and then 3D fast spoiled gradient
echo recalled (SPGR) structural images were acquired in the
coronal plane (2562 matrix, TR � 12.3 ms, TE � 5.4 ms,

ip angle � 20°, FOV � 240, 68 slices, 1.9 mm slice
hickness). Coplanar functional images were subsequently
cquired using an inverse spiral sequence (642 image ma-
trix, TR � 2000 ms, TE � 6 ms, FOV � 240, flip angle � e
60°, 34 slices, 3.8 mm slice thickness, and 3.8 � 3.8 � 3.8
mm voxel size).

2.4.2. Image processing
Image processing and analyses were performed using

Statistical Parameter Mapping software in Matlab (SPM5;
Wellcome Department of Imaging Neuroscience). Func-
tional images were corrected for slice acquisition order,
realigned to correct for motion artifacts, and then spatially
normalized to a standard stereotactic space, using the tem-
plate implemented in SPM5. No resampling was conducted
during normalization. Subsequently, the functional images
were spatially smoothed using an 8 mm isotropic Gaussian
kernel. Coordinates are reported in Talairach space using a
transformation from the Montreal Neurological Institute co-
ordinates (Brett, Christoff, Cusack, and Lancaster, 2001).

2.4.3. fMRI analyses
To account for the fact that we used a self-paced para-

digm in which participants indicated when they recalled a
specific event, we implemented a flexible fMRI design in
the context of the general linear model (GLM). The design
distinguished 6 components in each trial: 4 transient and 2
sustained regressors. Transient regressors included the
memory cue (immediately at onset of the trial), response-
related decision processes (750 ms before the response
indicating a memory was recalled), and the 2 ratings (second
and third response). Sustained regressors included the memory
search period (from trial onset to response) and the elaboration
period (from response to the first rating). The transient regres-
sors were modeled by convolving a canonical hemodynamic
response function with a vector representing period onsets,
while the sustained regressors were modeled by convolving the
hemodynamic response function with a vector of a length that
varied with that of the search and elaboration phases on
each trial. In order to account for differences in the
timing of activations due to the self-paced design, the
response indicating that a memory was accessed deter-
mined the duration of the memory access period as well
as the onsets of the response and elaboration periods. The
use of the self-paced design reduced potential issues of
multicollinearity between the regressors, and as an addi-
tional check we directly evaluated this by calculating the
variance inflation factor (VIF; Cohen et al., 2003). For
each regressor in each run and each participant, we ex-
tracted R2, the squared multiple correlation between a
single regressor and the other regressors, using design
Magic (www.matthijs-vink.com/tools.html) and com-
puted the VIF (1/(1-R2)). The standard cut-off value of 10
Cohen et al., 2003) was used to exclude potential runs
here multicollinearity between the regressors was an

ssue (e.g., Scheibe et al., 2006). On the basis of these
esults, only 4 runs were potentially problematic and
hese runs were excluded from the analysis. Data were
igh pass filtered using a cutoff of 128 Hz, and global

ffects were removed (non-proportional scaling). Head

http://www.matthijs-vink.com/tools.html
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motion was assessed prior to preprocessing, and no indi-
vidual moved more than 3 mm in any direction, in any
run.

To assess the validity of our flexible fMRI design (i.e.,
accuracy of the regressors and potential age-related differ-
ences in the timing of the hemodynamic response function),
we investigated the time courses for fast and slow responses
with respect to the self-paced button press indicating that a
memory was formed. First, fast and slow responses were
determined with respect to the mean reaction time in each
subject. Second, a GLM was created in which trial onsets
time-locked to the cue were modeled with a Finite Impulse
Response basis set of peristimulus time bins of 2-second
duration (equal to the TR) within each participant. The
resulting parameter estimates were subsequently averaged
across subjects for each peristimulus time bin, yielding
estimates of fMRI signal change across the whole 48-sec-
ond trial period for both fast and slow bins. Finally, for the
actual validation, we used a region of interest (ROI) ap-
proach, focusing on auditory and motor cortex defined using
the Talairach Daemon Atlas (Lancaster et al., 1997; Lan-
caster et al., 2000) implemented with PickAtlas software
(Maldjian et al., 2003). The clusters showing significant
(p � 0.005, cluster size � 10) cue-related activity in the
auditory cortex or response-related activity in the motor
cortex based on the GLM analysis were defined as ROIs.
These results show that, in both age groups, cue-related
activity was not modulated by response time, whereas the

Fig. 1. Time Courses for Fast and Slow Responses. The time courses for
orange/peach lines), and did not differ between age groups. In contrast, th
(mot ctx, blue lines). The differences in peak latency in the motor cortex (g

peaks in each age group, although there was a trend for slower responses in the
peak of response-related activity shifted depending on
whether it was a fast or a slow response (Fig. 1). Further-
more, the young and older adults showed similar peaks in
auditory cortex, and a similar average peak response in the
motor cortex. These findings are important because they
potentially suggest that age-related differences in other
brain regions, such as the hippocampus and the frontal
lobes, may not be simply due to a global effect of aging on
the hemodynamic response.

2.4.4. Age-related effects during AM retrieval
In order to determine the impact of aging on search

and elaboration phases of AM retrieval we examined both
age-invariant effects and age-related differences in each
phase. For assessing age-invariant effects associated with
the search and elaboration phases, a conjunction map was
created thresholding each age group’s random effects
separately for each contrast (i.e., Elaboration or Search
vs. implicit baseline) at p � 0.005 and 10 voxels and then
exclusively masking with the age-related differences at p
� 0.005. This procedure yielded an activation map con-
taining only those voxels that showed age-invariant ef-
fects during the search and elaboration phases. We as-
sessed brain areas showing age-related differences by
using a 2 sample t-test to compare young and older adults
separately during the search and elaboration phases (p �
0.005, with a cluster size � 10 voxels), and then inclu-
ively masked this statistical image with the correspond-

d slow responses were nearly identical in the auditory cortex (audio ctx,
course for fast and slow responses was very different in the motor cortex
ws) for fast trials (light colors) and slow trials (dark colors) shows similar
fast an
e time
ray arro
older adults.
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ing statistical map for the group of interest at p � 0.005.
Thus, the resulting pattern of age-related differences in
activity had to pass 2 hurdles: 1) the activation should be
significant within 1 group, and 2) the activation should be
significantly larger within 1 group compared with the
other group. The threshold for whole-brain analysis was
chosen to control for both type I and Type II errors rates
(Lieberman and Cunningham, 2009). Given the a priori
role of the hippocampus in AM retrieval (Maguire, 2001;
Svoboda et al., 2006; Cabeza and St Jacques, 2007;
McDermott et al., 2009; Spreng et al., 2009) and our
predictions regarding its involvement in aging, we con-
ducted an additional ROI analysis (p � 0.01) to examine
both age-invariant and age-related differences using the
Talairach Daemon Atlas Labels (Lancaster et al., 1997;
Lancaster et al., 2000) implemented with PickAtlas soft-
ware (Maldjian et al., 2003).

2.4.5. Hippocampal-PFC Coupling
In order to examine the effective connectivity between

the hippocampus and PFC, we used dynamic causal mod-
eling (DCM) implemented in SPM5 (Friston et al., 2003).
First, we created 2 volumes of interest (VOIs) in the hip-
pocampus and ventrolateral prefrontal cortex (VLPFC),
based on the peaks from the age-related differences dur-
ing elaboration and the sensitivity of these regions to
episodic richness, using a sphere with an 8-mm radius,
which were adjusted for the task design (i.e., other con-
trasts in the model) in order to isolate the specific contrast
of interest. Second, for each individual subject and rep-
licated over the 6 sessions, we created a model space that
included iterations for the location of the driving input
and modulatory inputs by episodic richness on possible
intrinsic connections between each region. Episodic rich-
ness was determined as those trials with a greater pro-
portion of episodic to semantic details (i.e., � 50%).
Plausible models included combinations of the following
manipulations: driving inputs (in the hippocampus,
VLPFC or both regions), intrinsic connections (recipro-
cal, bottom-up only, top-down only) and modulatory in-
puts (reciprocal, bottom-up only, top-down only). The
final model space included 27 models that were estimated
for each participant and replicated over the 6 sessions.
Third, we used a Bayesian Model Selection (BMS) im-
plemented in SPM8 to select an optimal model separately
within each age-group using random effects (Stephan et
al., 2009). BMS involves calculating the probabilities of
each of the models given the data and bases statistical
inference on the value of the exceedance probability,
which refers to the probability that a particular model is
more likely than other models in the space. Finally, to
assess group effects, the resulting individual participant
coefficients were submitted to a two-sample t-test at

p � .05.
3. Results

3.1. Behavioral results

Participants were able to recall an event matching the cue
on more than 95% of trials (Table 2 for mean behavioral
scores, standard deviations, t-scores, p-values, and effect
sizes). There were no age-related differences in the online
ratings of reliving or emotional arousal. However, older
adults were slower to make emotional ratings and there was
a trend for slower retrieval of AMs compared with young
adults.

As predicted the older adults showed a reduction in the
episodic richness, the proportion of episodic details to the total
number of episodic and semantic details, during the retrieval of
AMs, t(26) � 4.05, p � .0005. There were no differences
between the age-groups in the overall number of episodic and
semantic details recalled, t(26) � 0.99, p � .33, suggesting
that the reported differences cannot be explained by group
differences in verbosity. The values of the episodic richness
scores indicated that memories retrieved by the older adults
(mean � 0.51 SD � 0.17) were 20% less episodically rich
compared with young adults (mean � 0.72, SD � 0.09), and
the effect size, D � 1.54, is large according to Cohen’s
standards (Cohen, 1988). The large effect size of the age-
related differences in episodic richness compared with the
small effect size of the reliving ratings (D � -0.23) suggests
that the latter were not sensitive enough to detect age effects
(also see Rubin and Schulkind, 1997). Consistent with the
finding of an age-related reduction in episodic richness, the
older adults reported that they recalled a smaller proportion
of unique AMs and a greater proportion of repeated AMs
and semantic memories compared with young adults. There
were no age-related differences in postscan ratings of viv-
idness, significance of the memory, physiological responses
or memory perspective. Although there were no age-related
differences in the proportion of memories retrieved from the
most recent periods (i.e., day, week), older adults retrieved
more remote memories (i.e., � 10 years), and young adults
recalled more events from other periods (i.e., month, year, 5
years). The age-related difference in episodic richness could
be related to the observed age-related differences in remote-
ness (Moscovitch et al., 2005; Cabeza and St. Jacques,
2007). However, there was no intraindividual correlation
between remoteness and episodic richness when collapsed
across age, r � �0.04, t(26) � �1.20, p � 0.24, or
separately in young adults, r � �0.05, t(13) � �0.03, p �
0.54, or older adults, r � �0.05, t(13) � �1.32, p � 0.21,
which suggests that more remote memories were not nec-
essarily less episodically rich. This result might seem un-
expected, because remote memories are sometimes associ-
ated with less episodic richness (Alvarez and Squire, 1994;
Moscovitch et al., 2005). However, in the present study,
remote memories were also self-selected, very accessible,
and potentially more detailed than if retrieval was con-

strained to a specific lifetime and remote period (e.g., Cohen
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and Faulkner, 1988; Dijkstra and Kaup, 2005; Rubin and
Schulkind, 1997); thus, it is not so surprising that these
remote events would vary in episodic richness. In sum, the
behavioral results show that the episodic richness of AMs
was greatly reduced in older adults. Below, we turn to the
fMRI results to elucidate the potential neural bases under-
lying this age-related reduction in episodic richness.

3.2. fMRI results

3.2.1. Age-invariant effects during AM retrieval
During AM retrieval several age-invariant effects were

observed during the search phase (Table 3). During search,
both young and older adults recruited a number of the
regions frequently found in AM retrieval (e.g., Cabeza and
St Jacques, 2007; Svoboda et al., 2006) including the left
VLPFC, left hippocampus, bilateral temporopolar cortex,
bilateral retrosplenial cortex, and left parahippocampal cor-
tex. During elaboration, a subset of these age-invariant
search regions continued to remain online in both groups
including the left parahippocampal cortex and the left ret-
rosplenial cortex, and there was additional age-invariant
recruitment of the left ventral parietal cortex (VPC). How-

Table 2
Mean behavioral responses by age group

M

Young Older

canning
AMs Retrieved 0.99 0.97
Reaction Time (s) 6.55 8.68
Reliving

Rating 5.03 5.26
Reaction Time (s) 2.49 2.96

Emotion
Rating 2.53 2.28
Reaction Time (s) 2.14 2.67

Post-Scanning Ratings
Vividness 4.69 4.70
Significance 3.00 3.23
Physiological Response 2.31 1.73
Perspective

Own Eyes 5.78 5.44
Observer 2.37 2.38

Date of Memory
Day 0.05 0.03
Week 0.09 0.06
Month 0.12 0.06
Year 0.26 0.15
5 years 0.25 0.13
10 years 0.14 0.15
�10 years 0.09 0.41

Memory Type
Unique 0.81 0.62
Repeated 0.14 0.24
Extended 0.05 0.12
Fact 0.002 0.02

Verbal Recall
Episodic Richness 0.72 0.51
Total Number of Details 17.10 19.15

* p � .05, ** p � .01, *** p � .005, **** p � .0005.
ever, the pattern of age-related differences during elabora-
tion suggested that the overall amount of activity recruited
by the older adults was reduced when compared with the
young adults.

3.2.2. Age-related differences during AM retrieval
Age-related differences were primarily observed during

elaboration (Table 4). Compared with the age-invariant ac-
tivity observed during the search phase, older adults showed
less activity in the right hippocampus and left VLPFC (Fig.
2A). The reduction in recruitment of the right hippocampus
and VLPFC suggests that fewer details may have been
generated during elaboration in the older adults. Consistent
with this idea, there was an age-related reduction in the
additional recruitment of the right VPC, suggesting less
internal attention driven by the recovery of memory details
(Cabeza et al., 2008). Furthermore, there were additional
age-related reductions observed in the recruitment of the left
posterior cingulate, a region associated with episodic mem-
ory retrieval and self-referential processes (Wagner et al.,
2005; Buckner and Carroll, 2007), and left DLPFC, associ-
ated with manipulation of the products of retrieval (Petrides,
2005). These results suggest an alteration in the recruitment

D t (26) Effect size

oung Older Y vs. O Cohen’s D

.02 0.03 1.45 0.57

.11 3.62 �1.90 �0.72

.07 0.93 �0.62 �0.23

.60 0.66 �2.00 �0.75

.33 0.37 1.74 0.71

.67 0.63 �2.09* �0.81

.78 1.01 �0.42 �0.01

.79 0.95 �0.68 �0.26

.99 0.77 1.74 0.65

.83 0.91 �1.02 0.39

.92 0.90 0.05 �0.01

.04 0.04 0.92 0.50

.06 0.05 1.50 0.54

.08 0.07 2.29* 0.80

.09 0.08 3.20*** 1.29

.11 0.09 2.93** 1.19

.08 0.11 �0.16 �0.10

.06 0.19 �6.07**** �2.27

.15 0.19 2.96** 1.11

.09 0.14 �2.22* �0.85

.06 0.15 �1.66 �0.61

.01 0.03 �1.93 �0.80

.09 0.17 4.05**** 1.54

.22 7.02 �0.99 0.38
S
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of the AM retrieval network during elaboration of AMs in
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older adults, which might contribute to reductions in epi-
sodic richness. In sum, these findings are consistent with the
idea that aging strongly impacts the rich elaboration of
AMs.

We conducted 2 ancillary analyses in order to confirm
that the age-related reduction during elaboration was linked
to older adults’ overall reduction in episodic richness and
difficulty in engaging strategic retrieval processes. First, we
examined activity only on those trials associated with higher
episodic richness, which included AMs containing more
episodic details than semantic details (i.e., � 50% episodic
richness). Thus, this additional analysis included the major-

Table 3
Age-invariant effects

Region BA H Young

x y

earch
Ventrolateral PFC 45 L �45 19

47 L �33 22
Anterior Cingulate 32 L �7 20
Temporopolar Cortex 38/21 L �52 3

38/21 R 52 �1
*Hippocampus – L �26 �22
Parahippocampus – L �19 �37
Retrosplenial Cortex 30 L �22 �51

30 R 15 �44
Cuneus 17/18 R 4 �94
Midbrain L �4 �33

laboration
Retrosplenial Cortex 29/23 L �7 �58
*Hippocampus – L �26 �15
Parahippocampus – L �26 �37
Ventral Parietal Cortex 39 L �48 �71

alaraich Coordinates Reported. BA, Brodmann’s Area; H, Hemisphere.
* Region of Interest.

able 4
ge-related differences

Region BA H x y z T Voxels

Search
Young � Older

Dorsomedial PFC 8/32 L �7 20 44 4.39 47
Older � Young No Significant Voxels

Elaboration
Young � Older

Ventrolateral PFC 45 L �56 19 10 3.34 11
Dorsolateral PFC 9 L �33 24 37 3.96 18
Dorsomedial PFC 8/6 C 0 21 55 3.54 11
Premotor Cortex 6 L �41 �1 46 3.15 11
Middle Temporal

Cortex
21 R 56 �12 �12 3.44 15

Ventral Parietal
Cortex

40/22 R 52 �43 16 4.42 22

*Hippocampus – R 26 �15 �12 3.01 6
Posterior

Cingulate
31 L �11 �46 34 5.44 175

Older � Young No Significant Voxels

Talaraich Coordinates Reported. BA, Brodmann’s Area; H, Hemisphere.

fl* Region of Interest.
ity of AMs recalled in young adults (81%), but only a subset
of the memories recalled by older adults (55%). The fMRI
analysis revealed that when both groups recalled more ep-
isodically rich AMs there were fewer age-related differ-
ences during elaboration. Along with the regions previously
showing age-invariant activity across all trials during elab-
oration (see Table 3), episodically rich AMs were also
associated with age-invariant effects in the right hippocam-
pus and left VLPFC (see Fig. 2B). These results suggest that
the aforementioned age-related reductions in the right hip-
pocampus and left VLPFC were related to older adults’
overall difficulty in elaboration of episodically rich AMs. A
few regions continued to show age-related reductions dur-
ing the elaboration of episodically rich AMs, including the
left posterior cingulate, left DLPFC, and dorsomedial PFC
(see Table 4). Additional age-related differences were also
observed in the left anterior PFC (Brodmann’s Area 9;
Talairach coordinates: X � �15, Y � 53, Z � 32; T �
.31, 11 voxels). In sum, these findings show that older
dults recruited the right hippocampus and left VLPFC to a
reater extent, which was equivalent to activation levels in
oung adults, on those trials in which they recalled more
pisodically rich AMs.

Second, we examined whether individual differences in
trategic retrieval processes could account for group differ-
nces in the recruitment of the VLPFC during elaboration of
Ms. Phonological and categorical fluency are associated
ith strategic retrieval processes involving the VLPFC

e.g., Gold and Buckner, 2002), and performance on these
easures may account for age-related differences in the

ecall of AMs (Addis et al., 2009). Further, in the current
tudy we found a significant correlation between average

Older Voxels

T x y z T

8.22 �41 23 13 5.55 276
7.14 �48 29 �11 5.34 276

10.47 �15 13 38 6.50 48
6.06 �52 3 �19 4.61 73
6.71 56 3 �19 5.06 75
3.70 �19 �26 �8 4.35 21
3.43 �15 �37 �8 6.49 39
5.37 �11 �54 10 5.34 83
4.91 11 �47 2 5.86 18
5.81 11 �94 5 5.34 20
4.83 �7 �30 �14 5.00 39

9.24 �11 �54 13 3.72 50
4.71 �26 �19 �15 4.12 6
6.82 �26 �30 �14 4.17 19
5.25 �48 �68 24 3.88 20
z

17
�4
41

�16
�16
�9
�8
10
2
5

�14

13
�19
�11

32
uency scores and the mean response in the VLPFC (Fig.
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3), R � 0.44, p � 0.05. Based on these observations, we
ncluded phonological and categorical fluency scores as
ovariates at the second level using an ANCOVA model to
etermine whether individual differences on strategic re-
rieval processes could account for the age-related differ-

Fig. 2. Age Effects During AM Retrieval. (A) Age-invariant activity was o
showed reductions in this region during elaboration. Dotted line represent
activation show areas where, compared with young adults, older adults had
left VLPFC were attenuated for highly episodic rich AMs. High and low

Fig. 3. Relationship Between Fluency and VLPFC. There was a significant
correlation between the average fluency score (phonological and categor-
ical) and the mean response in the VLPFC during elaboration. Activity in
athe VLPFC is expressed as a Beta Estimate. ROI, Region of Interest.
nces in the VLPFC during elaboration. The results of the
ovariate analysis revealed that including categorical and
honological fluency reduced the age-related differences in
he VLPFC, such that it was no longer significant at the
pecified threshold. This result suggests that the recruitment
f the VLPFC may reflect strategic retrieval or controlled
rocesses that operate during the elaboration of AMs and
hich are reduced in older adults. In contrast, the fluency
easures did not account for the age-related effects ob-

erved in the hippocampus or the posterior cingulate, al-
hough it did somewhat reduce the spatial extent of age-
elated differences in the DLPFC (from 18 to 8 voxels). In
um, these results support the interpretation that older adults
ely less on strategic retrieval processes, as reflected by
ge-related reductions in the VLPFC during elaboration,
hich potentially contribute to the reduced episodic rich-
ess of AM.

.2.3. Hippocampal-PFC coupling
The analyses above indicate that the right hippocampus

nd left VLPFC were the only regions showing both sig-
ificant age-related reductions during elaboration and sen-
itivity to episodic richness. Given that these 2 brain regions
ay interact during episodic retrieval, our next fMRI anal-

ses investigated the effect of aging on the coupling be-
ween these regions. It is important to note that the level of

in the right hippocampus and left VLPFC during search, but older adults
ak of the average motor cortex response for the button press. Clusters of
ruitment during elaboration. (B) Age effects in the right hippocampus and
episodic richness.
bserved
s the pe
less rec
ctivity is not directly dependent upon coactivation among



a
t
b
m
s
r
i
a
e
m
o
A
d
r
r
u

4

r
c
g
w
d
e
V
h

e
v
r
V
e
t

4
m

a
o
a
t
e
c
i
e
W
R
i
a
b
e

t
i
t
t

Y

O

1306 St Jacques et al. / Neurobiology of Aging 33 (2012) 1298–1310
brain regions (Nyberg et al., 1996; Stephan, 2004). Al-
though the right hippocampus and left VLPFC showed less
activity during elaboration in the older adults, there was
sufficient variance within each of these regions for effective
connectivity analysis, as indicated by the observation of
age-invariant effects here for highly episodically rich AMs.

We used DCM in order to distinguish potential age-
related differences in the direction of the hippocampal-PFC
coupling (i.e., bottom-up vs. top-down) and the influence of
episodic richness. Bayesian Model selection revealed the
identical optimal model within each age group (for means
and SD of parameters see Table 5). A DCM (Fig. 4) with a
driving input on the VLPFC, reciprocal intrinsic connec-
tions between the hippocampus and the VLPFC, and mod-
ulation of episodic richness on the top-down influence of the
VLPFC on the hippocampus, was the best model in both
young adults (exceedance probability � 0.63) and older
dults (exceedance probability � 0.15). These results show
hat in both age-groups it is the top-down rather than the
ottom-up influence of the PFC on the hippocampus that
odulates the episodic richness of AMs, which suggest that

trategic retrieval processes importantly contribute to the
ecall of specific details during elaboration. Although the
dentical model was optimal in both age groups, there were
ge-related differences in the strength of the model param-
ters. There was a significant age-related reduction in the
odulation of episodic richness by the top-down influence

f the VLPFC on hippocampus, t(26) � 2.89, p � 0.01.
dditionally, there were also age-related reductions in the
riving input of the VLPFC, t(26) � 3.29, p � 0.01. These
esults suggest that the age-related reduction in episodic
ichness is associated with a decrease in the top-down mod-
lation of the hippocampus by the VLPFC.

. Discussion

The results of the present study suggest that the age-
elated attenuation in the episodic richness of AMs is asso-
iated with difficulty in the strategic retrieval processes that
uide the recovery of information during elaboration. There
ere 2 main findings supporting this idea. First, age-related
ifferences in functional activations were greater during
laboration than during search in the hippocampus and
LPFC. The age-related differences were attenuated for

Table 5
Parameters in the Dynamic Causal Model

Driving
input (C)

VLPFC to
HIPP (A)

HIPP to
VLPFC (A)

Episodic
richness (B)

oung
Mean 0.016 0.089 0.047 0.101
SD 0.013 0.083 0.050 0.100

lder
Mean 0.003 0.043 0.018 0.008
SD 0.007 0.050 0.040 0.067
ighly episodically rich AMs and when individual differ-
nces in strategic retrieval processes were included as co-
ariates in the analysis. Second, there was an age-related
eduction in the amount of top-down modulation of the
LPFC on the hippocampus by episodic richness during

laboration. These findings are discussed in separate sec-
ions below.

.1. Age-related effects during autobiographical
emory retrieval

To our knowledge this is the first fMRI study to examine
ge-invariant and age-related differences in search and elab-
ration processes underlying AM retrieval. We found that
ging had less of an impact on functional activations during
he initial search process, but a greater impact on later
laboration processes. The results of the present study are
onsistent with evidence from event-related potential stud-
es showing that aging effects later retrieval processes in
pisodic memory (Trott et al., 1997; Trott et al., 1999;
egesin et al., 2002, see also Li et al., 2004; Mark and

ugg, 1998), and to functional neuroimaging studies show-
ng age-invariant effects in the retrieval network (Maguire
nd Frith, 2003; Morcom et al., 2007; Duverne et al., 2008),
ut they extend these findings by linking the age-related
ffects to both spatial and temporal components of retrieval.

The current results show preservation in older adults in
he recruitment of search processes relying on semantic
nformation (i.e., temporopolar cortices) and to the access of
he memory trace (i.e., hippocampus and retrosplenial cor-
ices; Botzung et al., 2008; Conway et al., 2001; Daselaar et

Fig. 4. Age-Related Differences in the DCM. A similar DCM was observed
in both young and older adults. However, older adults showed a reduction
in modulation of episodic richness by top-down influence of the VLPFC on
hippocampus. There was also an age-related reduction in the driving input
on the VLPFC. B, value of the modulatory input; C, value of the driving

input.
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al., 2008). A subset of the age-invariant regions observed
during search continued to remain online during elabora-
tion, in the left hippocampus, left parahippocampal cortex
and left retrosplenial cortex. Conjointly, these regions have
been linked to scene construction, the ability to generate a
complex and coherent scene or event, which is commonly
engaged across a number of tasks including AM (Hassabis
and Maguire, 2007; Hassabis, Kumaran, Vann, Maguire,
2007). Thus, both age groups are potentially able to envi-
sion the context of the AM.

Older adults, however, had deficits in the recruitment of
additional regions that support the rich elaboration of the
constructed scene. First, although age-invariant activity was
observed in the left hippocampus, older adults showed a
reduction in the additional recruitment of the right hip-
pocampus. In contrast to the current findings, Maguire and
Frith (2003) found that aging led to a more bilateral pattern
of hippocampal activity on an AM recognition task. Several
methodological differences in the current study could po-
tentially account for the observed differences such as the
trial design (segregation of search and elaboration processes
vs. no segregation of retrieval processes), the methodology
to elicit memory (generic cues vs. prescan interview), the
greater number of memories recalled (60 vs. 24), and the
nature of retrieval (recall vs. true/false decision). Moreover,
several studies have found bilateral recruitment of the hip-
pocampus during AM retrieval in young adults (e.g., Addis,
Moscovitch, Crawley, and McAndrews, 2004; Piefke et al.,
2003; Piolino et al., 2004), and previous functional neuro-
imaging studies of AM have linked the recruitment of bi-
lateral or right hippocampus to greater episodic richness
(e.g., Piolino et al., 2008; Viard et al., 2007; see also
Graham et al., 2003; Svoboda et al., 2006). Further, damage
to the hippocampus can affect the detailed recall of AMs
(e.g., St-Laurent et al., 2009; Steinvorth et al., 2005). Con-
sistent with these ideas, the age-related reduction in the right
hippocampus was also coupled with reductions in posterior
regions that support the rich elaboration of AMs, such as the
posterior cingulate (Addis et al., 2004; Levine et al., 2004;
see also Levine et al, 2009) and the VPC (e.g., Levine et al.,
2004; Berryhill, Phuong, Picasso, Cabeza, and Olson,
2007). Further, we found age-invariant activity in the right
hippocampus when elaboration was restricted to highly ep-
isodically rich AMs, suggesting that this region is sensitive
to variability in episodic richness.

Second, there was an age-related reduction in the sus-
tained response in the left VLPFC, as well as in the addi-
tional recruitment of left DLPFC during elaboration. Lateral
ventral and dorsal PFC regions work conjointly during AM
retrieval (Cabeza and St Jacques, 2007) through the con-
trolled recovery and manipulation of information, respec-
tively (Petrides, 2005; Miller and Cohen, 2001). Supporting
these roles, during elaboration the recovery of highly epi-
sodic rich AMs was associated with age-invariant VLPFC

recruitment, whereas DLPFC continued to show an age-
related reduction. Further, individual differences in strategic
retrieval ability accounted for the age-related effects in the
VLPFC, but had less effect on the DLPFC. Together, these
results suggest that the VLPFC potentially contributes to
age-related reductions in episodic richness via its role in
strategic retrieval processing, whereas the DLFPC might
contribute to additional age-related differences in the con-
trolled manipulation of recovered information.

In sum, the results of the present study underscore the
importance of decomposing the time course of retrieval
processes when examining age-related effects by showing a
differential pattern of functional activation across search
versus elaboration processes in AM retrieval, particularly in
the recruitment of the hippocampus and the PFC.

4.2. Age-related effects on top-down modulation

The findings from the effective connectivity analysis
suggest that, despite a similar pattern of coupling between
the hippocampus and VLPFC during elaboration, there was
an age-related reduction in top-down modulation associated
with episodic richness. The PFC is associated with strategic,
controlled processes involving the recovery of information
(Petrides, 2005; Miller and Cohen, 2001), which impor-
tantly contributes to the recall of episodically rich AMs
(e.g., McKinnon et al., 2006; Smith et al., 2010). Here we
show that individual differences in strategic retrieval ability
as measured by categorical and phonological fluency ac-
counted for age-related effects in the VLPFC during elab-
oration. There are several lines of evidence suggesting that
aging impacts the strategic, controlled processes mediated
by the frontal lobes, possibly as the result of an age-related
deficit in dopamine function (for a review see West, 1996).
According to the resources deficit theory of cognitive aging
(Craik and Byrd, 1982) older adults are impaired on tasks
that require self-initiated behavior such that providing en-
vironmental support (i.e., retrieval cues) can attenuate age-
deficits. Consistent with this latter idea, providing additional
retrieval cues during AM recall increases episodic richness
(e.g., Levine et al., 2002). The present findings emphasize
that age-related attenuations during elaboration are the re-
sult of the interaction between the PFC and hippocampus
(cf. West, 1996). The hippocampus and PFC work together
during memory retrieval (Moscovitch, 1992), and interac-
tions between these regions are particularly important dur-
ing more complex recall (for a review see Simons and
Spiers, 2003) and contribute to the rich recollection of AMs
across the lifespan (Viard et al., 2010). Further, lesion
evidence shows that disconnecting these regions results in
AM retrieval deficits (Levine et al., 1998).

The age-related reduction in the top-down modulation of
the PFC on the hippocampus for episodically rich AMs is
potentially one factor leading to behavioral differences dur-
ing AM recall (Levine et al., 2002; Piolino et al., 2002;
Piolino et al., 2006; St Jacques and Levine, 2007). Previous

studies have associated the age-related reduction in the
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episodic richness of AMs with a more general aging phe-
nomenon that tends to impair memory for specific details,
but not memory for global information, and which has been
associated with deficits in frontal function (for a review see
Craik and Grady, 2002). However, to our knowledge, this is
the first study to link the age-related reduction in episodic
richness to a decline in the top-down influence of the PFC.
Although older adults may recall less episodic information
in their AMs, it is important to note that reduced reliance on
specific details may infuse older adults’ AMs with a richer
narrative that imparts more wisdom or serves a different
purpose (Labouvie-Vief, 1982; Mergler and Goldstein,
1983; James et al., 1998; Bluck, 2003) when compared with
the AMs of young adults. In sum, the findings demonstrate
that elaboration involves the interaction between the recov-
ery of details mediated by the hippocampus and controlled
strategic retrieval processes directed by the PFC, and sug-
gest that older adults recall less episodically rich AM be-
cause of a reduction in top-down modulation.

5. Conclusions

In the present fMRI study, we examined age-related
differences in episodic richness on the spatiotemporal dy-
namics of AM retrieval. Age-related reductions were pri-
marily observed during the later elaboration processes of
AM retrieval, with older adults showing a reduction in the
recruitment of the hippocampus and PFC. Linking these
results to the behavioral reductions in episodic richness in
older adults, we found that functional activity in these re-
gions was attenuated for AMs that were more episodically
detailed. Further, we found an age-related reduction in the
top-down modulation of the PFC on the hippocampus by
episodic richness, possibly reflecting fewer controlled pro-
cesses operating on the recovery of information in the hip-
pocampus. In sum, the present findings suggest that the
age-related deficit in the episodic richness of AMs is asso-
ciated with an overall reduction in the rich elaboration of
these memories, where older adults show less top-down
modulation of the PFC on the hippocampus.
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