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Age-Related Reversals in Neural Recruitment across
Memory Retrieval Phases
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Over the last several decades, neuroimaging research has identified age-related neural changes that occur during cognitive tasks. These
changes are used to help researchers identify functional changes that contribute to age-related impairments in cognitive performance.
One commonly reported example of such a change is an age-related decrease in the recruitment of posterior sensory regions coupled with
an increased recruitment of prefrontal regions across multiple cognitive tasks. This shift is often described as a compensatory recruit-
ment of prefrontal regions due to age-related sensory-processing deficits in posterior regions. However, age is not only associated with
spatial shifts in recruitment, but also with temporal shifts, in which younger and older adults recruit the same neural region at different
points in a task trial. The current study examines the possible contribution of temporal modifications in the often-reported posterior–
anterior shift. Participants, ages 19 – 85, took part in a memory retrieval task with a protracted retrieval trial consisting of an initial
memory search phase and a subsequent detail elaboration phase. Age-related neural patterns during search replicated prior reports of
age-related decreases in posterior recruitment and increases in prefrontal recruitment. However, during the later elaboration phase, the same
posterior regions were associated with age-related increases in activation. Further, ROI and functional connectivity results suggest that these
posterior regions function similarly during search and elaboration. These results suggest that the often-reported posterior–anterior shift may
not reflect the inability of older adults to engage in sensory processing, but rather a change in when they recruit this processing.
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Introduction
Memory complaints are common among older adults and
healthy aging is associated with significant alterations in memory
performance across various tasks and domains (Park et al., 2002).

In an effort to better understand the cognitive processes support-
ing these changes, recent research has attempted to identify
retrieval-related neural mechanisms that show variations across
the adult lifespan. In these studies, one of the most frequently
reported patterns is an age-related decrease in posterior occipital
and parietal activity coupled with increases in prefrontal cortex
(PFC) activity, a pattern known as the posterior–anterior shift in
aging (PASA) (Grady et al., 1994; Davis et al., 2008). This shift has
been explained as a compensatory recruitment of PFC regions
due to age-related sensory-processing deficits in posterior visual
regions (Davis et al., 2008). In other words, as older adults be-
come less able to rely on posterior regions during memory tasks,
they recruit the PFC more heavily to support successful retrieval.

The research described above has focused on age-related
spatial shifts during the memory search phase as people assess
whether they have seen information previously. However, suc-
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Significance Statement

The current study provides evidence that the often-reported posterior–anterior shift in aging may not reflect a global sensory-
processing deficit, as has often been reported, but rather a temporal modification in this processing in which older adults engage
the same neural regions during a detail elaboration phase that younger adults engage during memory search. In other words, older
adults may ultimately be able to engage the same processes as younger adults during some cognitive tasks when given the time to
do so. Future research should examine the generalizability of this effect and the importance of encouraging older adults to engage
in these processes through task instruction or questions.
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cessful retrieval of an event can also include a subsequent elabo-
ration phase in which additional event details are retrieved. For
example, a person may enter a restaurant and first assess whether
they have been there before. After deciding that they have been
there before, they may then bring to mind the details of that prior
meal. Although the neural networks supporting these phases
show substantial overlap, recent work suggests that they are sep-
arable networks in younger adults, with more widespread bilat-
eral recruitment during search and preferential recruitment of
medial PFC during elaboration (Ford et al., 2014a). This pattern
of activity suggests that, at least in younger adults, widespread
associations may be activated during the initial search phase,
whereas later elaboration phases may flesh out particular episodic
details.

It is currently unknown how aging may affect recruitment
differentially during search and elaboration and, more specifi-
cally, whether the PASA pattern will generalize across both
phases. The extant data support two competing hypotheses. First,
the generalizability of the PASA pattern across cognitive domains
(Grady et al., 1994, 2000, 2002; Cabeza et al., 1997, 2004; Madden
and Hoffman, 1997; Madden et al., 1999, 2002; Levine et al., 2000;
Rypma and D’Esposito, 2000; Anderson et al., 2000; Huettel et al.,
2001; Grossman et al., 2002; Iidaka et al., 2002; Daselaar et al., 2003;
Nyberg et al., 2003; Meulenbroek et al., 2004; Dennis et al., 2007)
suggests that aging may be associated with decreased posterior
and increased PFC recruitment across both memory phases. Such
sustained age-related effects across the retrieval trial would sup-
port a general deficit in neural function in sensory-processing
regions. A second alternative is that posterior regions recruited by
younger adults during search will be recruited by older adults
during elaboration, reflecting a change to the temporal dynamics
of related processes. Such age-related shifts in the temporal dy-
namics of brain activity have been reported previously in the PFC
(Paxton et al., 2006, 2008) and medial temporal lobe (Dew et al.,
2012).

The current study uses an extended retrieval period to com-
pare the search and elaboration phases of episodic memory re-
trieval in adults ages 19 – 85. Participants encoded emotional and
neutral images presented with neutral titles. During a scanned
retrieval session, participants viewed the titles and were asked to
retrieve the related image. They pressed a button to indicate
whether the title was “old” (studied during encoding) or “new”
(not studied) and then were asked to elaborate on their memory
for the remainder of the retrieval trial. This approach allows for
the separation of search and elaboration processes across the
adult lifespan and the use of a simple verbal cue to trigger a
complex visual memory.

Materials and Methods
Participants
Data from 63 healthy adults (mean age � 47.92 y, SD � 19.80; mean
education � 16.56 y, SD � 2.34; 30 females) are reported. These partic-
ipants are the same as those included in a prior study using this dataset
(Ford et al., 2014b). The gender distribution did not differ as a function
of age [43– 67% male in each decade; x 2(6) � 0.85, p � 0.99] and age was
not correlated with education ( p � 0.68). Age was treated continuously
for all analyses. For visualization and interpretation purposes, we looked
at the participants on the extreme ends of our sample (i.e., the “youngest-
younger” and the “oldest old”) based on 5 approximately equivalent age
groups (n � 12, 14, 13, 12, and 12) that correspond to theoretically
interesting age ranges: youngest-younger (ages 19 –25), younger adults
(age 26 –39), middle-aged adults (40 –54), younger old adults (55– 69),
and oldest old adults (70 – 85) that have been reported in prior analyses
with this dataset (Ford et al., 2014b; Ford and Kensinger, 2014).

Participants were right-handed native English speakers without psy-
chiatric illness or neurological disorder and were recruited from the
greater Boston area. All participants were paid for their participation
($20/h) and gave written informed consent in accordance with the re-
quirements of the Institutional Review Board at Boston College. All par-
ticipants completed the Beck Anxiety Inventory (Beck et al., 1988) to
examine self-reported symptoms of anxiety, as well as the Beck Depres-
sion Inventory (Beck et al., 1961) and the Geriatric Depression Scale
(Sheikh and Yesavage, 1986) to evaluate symptoms of depression. In
addition, participants engaged in a series of tests intended to examine
general cognitive ability, vocabulary, verbal fluency, working memory,
and memory (both immediate and delayed). The relations of age with all
cognitive variables are reported in Table 1. In summary, healthy aging
was associated with decreased anxiety, increased vocabulary, and impair-
ments on tasks involving long-term memory (e.g., delayed visual pairs)
and executive control (e.g., digit/symbol task, mental arithmetic, mental
control, digit span, and set shifting).

Materials
Stimuli were 480 pictures (160 positive, 160 negative, and 160 neutral)
that were each paired with a neutral title (e.g., the neutral title “lettuce”
paired with the negative image of a piece of rotting lettuce with bugs on
it). These stimuli have been used in our prior studies (Ford and Kens-
inger, 2014, 2016; Ford et al., 2014a, 2014b) to allow presentation of a
neutral cue during retrieval to elicit an emotional memory. The 480
title–picture pairs were divided into four sets of 120 pictures each (40
positive, 40 negative, and 40 neutral) for counterbalancing purposes. The
length of the study list was selected to reduce the likelihood of floor or
ceiling effects across the age range.

Procedure
After instruction and a short practice, participants encoded one set of 120
title–picture pairs in an intentional encoding task (outside of the scan-
ner). Participants were given 3 s to make a decision regarding the appro-
priateness of each neutral title as a description of the image (1 � poor
description, 2 � acceptable description, and 3 � very good description).

After a half-hour delay (M � 34.3 min, SD � 7.8), participants took
part in a scanned retrieval task. Participants were presented with 240
neutral titles (the 120 titles that were studied during the encoding phase
and 120 unstudied titles) randomly ordered across 6 retrieval runs of
equal length. Participants were given up to 4 s to decide whether the word
was “old” (i.e., seen previously) or “new” (i.e., not seen previously). The
screen was removed after the participant’s button press.

Immediately after an “old” response, 80% of the time, participants
were asked to “elaborate” on the old item (i.e., think about the image
presented with the title and the experience with that title at encoding) for
5 s. To discourage participants from beginning to elaborate during the
search phase and to distinguish activity during search from activity dur-
ing elaboration, 20% of trials were catch trials; instead of an elaboration
phase, the next trial was presented. After a “new” response, 80% of the
time, participants moved on to the next trial. To minimize the likelihood
that participants would automatically begin preparing for the next trial
after a “new” response, on 20% of the trials, participants were asked to
“imagine” an image that could have accompanied the new item for 5 s.

After the elaboration/imagine phase, participants were asked to con-
sider how well they were able to remember each item in two separate
rating scales order counterbalanced across participants. Participants
were given 5 s each for two scales: (1) on a scale of 1–5, how well did they
remember the details of the image associated with the cue word or phrase
(“external vividness”) and (2) on a scale of 1–5, how well did they re-
member their own personal thoughts and feelings from encoding the
title-picture pair (“internal vividness”). After each trial, participants
viewed a fixation cross for 0 – 6 s to introduce jitter.

After being removed from the scanner, participants were represented
with the same title–picture pairs from the encoding phase. They rated
each image’s valence and arousal on a 1–7 scale and indicated which
specific emotions they experienced with each image. This portion was
self-paced and participants were encouraged to respond based on their
initial reaction. Researchers used this information to confirm valence
assignment of the images.
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Data acquisition
Participants’ heads were stabilized in a Siemens Tim Trio 3 tesla scanner.
A localizing scan and auto-align scout were followed by a high-resolution
multiecho T1 structural scan for anatomical visualization (176 1 mm
slices, TR � 2200 ms, TE1 � 1.64 ms, TE2 � 3.5 ms, TE3 � 5.36 ms,
TE4 � 7.22 ms). Six runs of whole-brain, gradient-echo, echoplanar
images (31 3 mm slices aligned along the line between the anterior and
posterior commissures, 20% skip, TR � 2 s, TE � 30 ms, Flip angle � 90)
were acquired during memory retrieval using interleaved slice acquisi-
tion. A diffusion-weighted scan was collected but will not be discussed.
Response data were collected using a magnet-safe button response box.

Preprocessing and data analysis
Images were preprocessed and analyzed using SPM8 software (Wellcome
Department of Cognitive Neurology, London) implemented in MATLAB.
Images were coregistered, realigned, normalized (resampled at 3 mm at
the segmentation stage and written at 2 mm at the normalization stage),
and smoothed using a Gaussian 8 mm kernel.

Whole-brain univariate analysis. At the subject level, the initial search
phase was modeled as an event-related response at cue onset. The elab-
oration phase was modeled as a 5 s epoch beginning at the old/new
button press. The fMRI analysis examined the effect of emotion (i.e.,
positive, negative, or neutral events) and phase (i.e., search or elabora-
tion) on neural activity during accurate “old” responses to studied items
(i.e., “hits”). Hits were modeled in six conditions: neutral search, positive
search, negative search, neutral elaboration, positive elaboration, and
negative elaboration. Although emotion conditions were modeled sepa-
rately, emotion effects are beyond the scope of the current study and will

not be discussed. Incorrect responses and correct “new” responses to
unstudied items, although not relevant for the current analysis, were
included in each model as two separate nuisance variables. Importantly,
all search trials were included in the analysis, even those that were not
followed by elaboration. Inclusion of such “catch” trials reduced the
influence of collinearity between search and elaboration trials on our
results.

Subject-level contrasts were examined using a full factorial ANOVA at
the group level with phase (search and elaboration) and emotion (neu-
tral, negative, and positive) as within-subject factors and age entered as a
covariate of interest. Primary contrasts of interest for this analysis were
the effects of age (both increasing and decreasing) on activity during
search and elaboration, although effects of emotion were also examined.
The significance threshold for all analyses was set at p � 0.005 (uncor-
rected). Monte Carlo simulations (Slotnick et al., 2003), run with the
normalized voxel size of 2 � 2 � 2, determined that a 29-voxel extent
corrected results to p � 0.05. Therefore, we discuss all clusters that reach
this threshold. Clusters reaching significance were overlaid on anatomi-
cal images from MRICron. For all analyses, reported coordinates reflect
the peak activity within active regions in Montreal Neurological Institute
(MNI) space. These coordinates were converted from MNI coordinates
to Talairach space, localized using the Talairach client, and confirmed
with the Talairach and Tournoux atlas (Talairach and Tournoux, 1988).

ROI vividness analyses. ROI analyses were conducted to examine the
relationship between trial-by-trial ratings of vividness and age-by-phase
interactions in neural recruitment. Specifically, these analyses were con-
ducted on regions in which age was associated with decreased recruit-

Table 1. Age-related effects on cognitive tests with averages and SD from 12 youngest and 12 oldest participants

Measure r p
Youngest participants
(n � 12, ages 19 –25 y)

Oldest participants
(n � 12, ages 70 – 85 y) Reference

Beck Anxiety Inventory �0.33 0.010 7.25 (5.64) 2.17 (2.66) Beck et al., 1988
Beck Depression Index 0.03 0.841 3 (3.02) 2.67 (1.97) Beck et al., 1961
Geriatric Depression Scale–Short Form �0.09 0.475 0.9 (0.99) 0.25 (0.62) Sheikh and Yesavage, 1986
Mini-Mental State Exam 2 �0.37 0.003 29.5 (0.80) 28.33 (1.15) Folstein et al., 2010
Shipley Vocabulary 0.35 0.005 33.33 (3.31) 37.25 (3.44) Shipley, 1986
Generative Naming 0.11 0.386 44.25 (11.27) 46.33 (12.56) Spreen and Benton, 1977
Wechsler Adult Intelligence Scale (Wechsler, 1997a)

Digit Symbol Substitution-60 s �0.51 0.000 45.42 (7.28) 33 (6.34)
Digit Symbol Substitution-90 s �0.51 0.000 68.92 (9.02) 52.27 (8.75)
Mental Arithmetic �0.25 0.050 16.17 (3.33) 14.08 (3.15)
Forward Digit Span �0.26 0.040 12.42 (2.19) 10.73 (2.05)
Backward Digit Span �0.23 0.075 9.17 (2.48) 8.42 (2.19)

Wechsler Memory Scale (Wechsler, 1997b)
Logical Memory–Immediate 0.04 0.735 30.42 (8.04) 31.25 (5.28)
Logical Memory–Delayed �0.03 0.812 32.42 (9.52) 31.08 (7.50)
Logical Memory–Recognition 0.06 0.636 27.33 (2.57) 27.75 (1.48)
Verbal Pairs–Immediate �0.24 0.056 24.42 (6.68) 21.33 (7.00)
Verbal Pairs–Delayed �0.14 0.267 7 (1.60) 6.5 (2.11)
Visual Pairs–Immediate �0.22 0.084 16.75 (1.29) 13.92 (3.75)
Visual Pairs–Delayed �0.38 0.002 6 (0.00) 5.08 (1.44)
Mental Control �0.31 0.015 30.75 (5.08) 26 (4.75)

CogState Research Battery (Maruff et al., 2009)
Set Shifting–Speed 0.63 0.000 2.69 (0.19) 3.22 (0.23)
Set Shifting–Accuracy �0.39 0.002 84.9 (6.54) 74.4 (9.11)
Detection–Speed 0.38 0.003 351.1 (87.15) 536.33 (144.60)
Detection–Accuracy �0.17 0.191 107.18 (32.81) 98.16 (3.87)
Identification–Speed 0.23 0.076 465.8 (85.99) 645.92 (111.95)
Identification–Accuracy 0.11 0.394 95.83 (4.93) 95.78 (4.83)
One Card Learning–Speed 0.36 0.005 916.8 (129.78) 1242.17 (304.74)
One Card Learning–Accuracy �0.21 0.102 69.1 (4.14) 67.36 (12.35)
One-Back–Speed 0.49 0.000 672.2 (138) 1048.92 (224.91)
One-Back–Accuracy �0.26 0.046 107.2 (8.93) 103.58 (12.21)
Two-Back–Speed �0.13 0.320 2.87 (0.12) 3.1 (0.11)
Two-Back–Accuracy �0.24 0.064 93.48 (5.03) 87.29 (7.06)

All values represent raw, nonstandardized means with SDs in parentheses. Significant age-related differences are bolded.
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ment during search and increased recruitment during elaboration to
assess whether the age-by-phase relation had any connection to the viv-
idness of younger or older adults’ memories. New fixed-effects models
were generated for each subject that were identical to those described
above except that two parametric modulators were added to control for
trial-by-trial ratings of internal and external memory vividness. Results
from these subject-level models were included in a random-effects model
identical to the one described above, allowing for the examination of
age-by-phase interactions within our ROIs while controlling for memory
vividness. Specifically, we were able to identify clusters within each ROI
in which age was associated with both a significant decrease in activity
during search and an increase during elaboration.

A second set of fixed-effects models were generated to assess for any
effects of vividness on neural recruitment within the ROIs. The paramet-
ric effects of vividness from these fixed-effects models, one for internal
vividness and one for external vividness, were entered into an ANOVA
with phase (search vs elaboration), emotion (positive, negative, and neu-
tral), and vividness type (internal vs external) as within-subject variables

of interest and age as a continuous covariate of
interest. Using this model, it was possible to
examine the relationship between activity in
our ROIs and vividness ratings, as well as the
interaction of these relations with age and
phase.

Functional connectivity analyses. Finally, to
examine regions exhibiting temporal reversals
in age-related effects (i.e., opposite age effects
during search and elaboration), the current
study examined the extent to which the net-
works connected to these regions varied across
memory phase. These analyses were conducted
in an effort to determine whether these regions
functioned in similar ways during search and
elaboration or if they served distinct functions
depending on when they were recruited dur-
ing retrieval. To this end, the generalized
psychophysiological interactions (gPPI; http://
brainmap.wisc.edu/PPI; McLaren et al., 2012)
toolbox in SPM8 was used to examine whole-
brain connectivity with regions identified in
conjunction analyses that examined the over-
lap between negative effects of age on activity
during search and positive effects of age on ac-
tivity during elaboration and the overlap be-
tween positive effects of age on activity during
search and negative effects of age on activity
during elaboration. The gPPI toolbox, which
is configured to automatically accommodate
multiple task conditions in the same PPI
model, compared functional connectivity to
these seed regions across tasks. Volumes of in-
terest (VOIs) were generated by creating 6 mm
spheres around the peak voxel in all regions
identified in the conjunction analyses de-
scribed above. For each subject, the gPPI
toolbox was used to estimate whole-brain
functional connectivity with this 6 mm VOI
during search and elaboration.

A first analysis examined spatial overlap in
the networks that were functionally connected
to seed regions during search and elaboration.
Specifically, a conjunction analysis of func-
tional connectivity during search and elabora-
tion with each analysis thresholded at p � 0.05
(FWE) was conducted to identify regions that
were functionally connected to these regions
regardless of memory phase. A second analysis
focused on regions exhibiting significant con-
nectivity during one phase (at p � 0.005, with a
29-voxel extent) but not in the other phase (us-

ing an exclusive mask at p � 0.05). For example, we examined regions
that exhibited significant functional connectivity during search that did
not overlap (even at a more lenient p � 0.05 threshold) with regions that
exhibited connectivity during elaboration. Finally, all regions exhibiting
search-specific or elaboration-specific connectivity with these ROIs were
further interrogated to determine whether these differences were being
driven by age-related effects. Specifically, this analysis examined whether
these regions overlapped with those in which connectivity was signifi-
cantly related to age (at p � 0.005, with a 29-voxel extent).

Results
Behavioral results
Behavioral ratings were evaluated using ANOVAs with emotion
(positive, negative, and neutral) as a within-subject factor and age
as a covariate of interest. Participants reported an average appro-
priateness rating of 2.29 (SE � 0.03), with no relation with age

Figure 1. Neural regions recruited during the search (red regions) and elaboration (blue regions) phases of memory retrieval.
Regions recruited during both search and elaboration are presented in purple. All presented regions are significant at p � 0.005
with a 29 voxel extent.

Figure 2. Neural regions in which recruitment was associated with age during the search (a) and elaboration (b) phases of
memory retrieval. Regions in which age was associated with increased recruitment are presented in red and regions in which age
was associated with decreased recruitment are presented in blue. All presented regions are significant at p � 0.005 with a 29 voxel
extent.
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Table 2. Regions in which neural recruitment was related to age

ROI Hemisphere BA

MNI coordinates

x y z t-value k

Positive effect of age on neural recruitment during search
Frontal lobe

Dorsal prefrontal cortex L 8 �34 24 40 4.36 551
R 8 22 30 48 2.97 42

Premotor cortex L 6 �10 �10 62 4.29 1204
Precentral gyrus R 4 28 �14 58 3.56 237
Lateral prefrontal cortex L 46 �36 38 14 3.50 89

R 6 60 0 38 3.24 70
R 6 60 4 14 2.99 64

Ventrolateral prefrontal cortex L 47 �34 32 �10 2.92 36
Temporal lobe

Middle temporal gyrus L 39 �40 �60 30 4.32 308
L 21 �66 �38 �6 3.21 43

Fusiform gyrus R 20 60 �30 �34 3.08 29
Parietal lobe

Supramarginal gyrus L 40 �58 �36 36 3.22 58
Inferior parietal lobule L 40 �58 �44 46 3.16 66

R 40 62 �32 46 2.84 53
Precuneus L 7 �10 �52 64 3.04 37
Postcentral gyrus R 40 60 �24 22 2.89 52

Other
Anterior cingulate L 32 0 46 �12 4.26 858
Posterior cingulate L 31 �6 �56 28 3.49 100
Insula L 13 �58 �34 18 3.19 53

Negative effect of age on neural recruitment during search
Frontal lobe

Premotor cortex L 6 �50 4 54 5.49 721
L 6 0 14 52 3.75 186
L 6 �36 0 28 3.31 34

Lateral prefrontal cortex R 9 56 28 26 4.05 300
Dorsomedial prefrontal cortex R 8 4 38 36 3.50 65

Temporal lobe
Fusiform gyrus L 37 �32 �52 �18 6.11 2670

R 20 38 �42 �20 3.61 331
Parietal lobe

Precuneus L 7 �24 �58 42 4.11 363
R 7 30 �62 44 3.59 237
L 7 �24 �70 60 3.05 34

Occipital lobe
Lingual gyrus R 19 22 �70 �6 3.65 159

Other
Posterior cingulate L 23 0 �30 22 5.54 598

R 31 20 �64 30 3.52 235
Claustrum L NA �30 24 0 3.36 97

Positive effect of age on neural recruitment during elaboration
Frontal lobe

Orbitofrontal cortex L 11 �22 36 �12 3.50 61
Temporal lobe

Angular gyrus L 39 �34 �74 40 3.79 365
Superior temporal gyrus L 22 �58 �4 �10 3.30 132

Parietal lobe
Inferior parietal lobule L 40 �62 �28 32 4.26 1125
Postcentral gyrus R 2 56 �20 28 3.70 461

L 2 �36 �32 72 3.29 71
L 7 �20 �46 58 3.18 117

Precuneus R 7 12 �60 74 3.68 985
Occipital lobe

Fusiform gyrus R 19 34 �84 �10 5.27 2141
R 19 22 �48 2 3.17 156
L 19 �36 �64 14 2.97 55

Middle occipital gyrus L 18 �32 �88 �6 5.15 1462
Lingual gyrus L 17 2 �94 8 3.42 67

Other
Posterior cingulate L 30 �14 �58 12 3.87 885

L 31 �12 �32 48 3.76 288
R 31 4 �46 42 2.99 61

Anterior cingulate R 32 2 48 �6 3.02 43
(Table Continues)
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(F(1,61)� 0.09, p � 0.77, �p
2 � 0.00). Age was associated with

significant decreases in hit rate (M � 0.70, SE � 0.01; F(1,61) �
11.75, p � 0.001, �p

2 � 0.16), but no changes to false alarms (M �
0.11, SE � 0.01; F(1,61) � 2.75, p � 0.10, �p

2 � 0.04). Age was also
associated with increases in retrieval times (M � 1821.19, SE �
41.66; F(1,61) � 9.23, p � 0.004, �p

2 � 0.13).
Vividness was evaluated using and ANOVA with emotion

(positive, negative, and neutral) and vividness type (external vs
internal) as within-subject factors and age as a covariate of
interest. Participants provided higher external (M �3.60, SE �
0.08) than internal vividness ratings (M � 3.11, SE � 0.08; F(1,57) �
10.62, p � 0.002, �p

2 � 0.16), with no effect of age (F(1,57)� 0.04,
p � 0.85, �p

2 � 0.001) or an age-by-vividness type interaction
(F(1,57) � 1.19, p � 0.28, �p

2 � 0.02).
Whereas there were no age-by-emotion interactions for ap-

propriateness, hit rate, or reaction time (RT), there was a signif-
icant age-by-emotion interaction on vividness ratings: whereas
vividness ratings in younger adults were numerically greatest for

negative events (M � 3.57, SE � 0.18), followed by positive
events (M � 3.47, SE � 0.16), then neutral events (M � 3.13,
SE � 0.17) in older adults, vividness ratings for positive events
(M � 3.63, SE � 0.19) were significantly greater than those for
negative events (M � 3.37, SE � 0.18; p � 0.024) and neutral
events (M � 3.32, SE � 0.16; p � 0.001).

Imaging results
Neural recruitment during memory search and elaboration
A complete investigation of the effects of phase on neural recruit-
ment was conducted previously on a younger adult subset of the
current sample (Ford et al., 2014a). The results with the larger age
range analyzed here were generally consistent with that prior
analysis: search and elaboration were both associated with re-
cruitment of a widespread neural network including frontal, pa-
rietal, and occipital regions (Fig. 1), with activation associated
with search extending to cover additional parietal, occipital, and

Figure 3. Regions in which the effects of age on neural recruitment differed significantly as a function of memory phase (i.e., age-by-phase interaction) at p � 0.005 with a 29 voxel extent are
presented in purple. Regions in which age is associated with both significant decreases in recruitment during search and significant increases in recruitment during elaboration (i.e., a conjunction
of p � 0.005 with a 29 voxel extent for both contrasts) are presented in cyan. The elaboration time course of these three ROIs (a: �32, �82, 26; b: �8, �60, 0; c: �18, �60, 10) are presented
for the 12 youngest and 12 oldest adults in the sample.

Table 2. Continued

ROI Hemisphere BA

MNI coordinates

x y z t-value k

Positive effect of age on neural recruitment during elaboration
Frontal lobe

Premotor cortex L 6 �50 6 52 4.30 129
L 6 �28 6 66 3.51 78
R 6 16 4 66 3.13 61

Lateral prefrontal cortex L 9 �58 14 26 3.02 32
Occipital lobe

Lingual gyrus R 18 14 �86 �2 3.16 51

Clusters significant at an uncorrected threshold of p � 0.005, k � 29 voxels.

BA, Approximate Brodmann area.
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medial temporal lobe regions. Elaboration was associated with
more extensive recruitment of prefrontal regions.

Effects of age on neural recruitment during memory search
During memory search, age was associated with increased re-
cruitment of dorsal (BA8), lateral (BA6 and BA46), and ventro-
lateral prefrontal regions (BA47), as well as anterior cingulate
(BA32) that extended into ventromedial PFC (Fig. 2a, red re-
gions, Table 2). Increased age was also associated with increased
recruitment in the middle temporal gyrus (BA21 and BA39), fusi-
form gyrus (BA20), parietal lobe (BA40), precuneus (BA7), pos-
terior cingulate (BA31), and insula (BA13). The reverse contrast,
identifying regions preferentially recruited by younger relative to
older adults, revealed that increased age was associated with de-
creased recruitment in a number of posterior regions such as
fusiform gyrus (BA37 and BA20), precuneus (BA7), lingual gyrus
(BA19), and posterior cingulate (BA23 and BA31), as well as
lateral (BA9) and dorsomedial PFC (BA8; Fig. 2a, blue regions,
Table 2).

Effects of age on neural recruitment during memory elaboration
Age was associated with increased recruitment of posterior re-
gions such as fusiform gyrus (BA19), middle occipital gyrus
(BA18), lingual gyrus (BA17), posterior cingulate (BA30 and
BA31), parietal lobe (BA40), and precuneus (BA7), as well as
orbitofrontal cortex (BA11) and lateral temporal regions (BA39
and BA22) (Fig. 2b, red regions, Table 2). Increased age was also
associated with decreased activity in the lingual gyrus (BA18),
lateral PFC (BA9), and three clusters of the premotor cortex
(BA6) (Fig. 2b, blue regions, Table 2).

Age-by-phase interactions during memory retrieval
As would be predicted based on the results reported above, age-
by-phase interactions in neural recruitment were identified in
number of prefrontal regions such as dorsal PFC (BA8 and BA9),
anterior PFC (BA10), lateral PFC (BA9 and BA46), ventrolateral
PFC (BA 47 and BA11), and dorsomedial PFC (BA8), as well as
posterior visual regions such as middle occipital gyrus (BA19),
posterior cingulate (BA30), fusiform gyrus (BA37 and BA19),
precuneus (BA7), and cuneus (BA19), suggesting that age was
differentially related to neural recruitment in these regions dur-
ing search versus elaboration (Fig. 3, purple regions, Table 3).
Conjunction analyses revealed that three clusters, the middle
occipital gyrus (BA19), fusiform gyrus (BA19), and posterior cin-
gulate (BA30) (Fig. 3, cyan regions), actually exhibited a com-
plete temporal reversal in age effects from search to elaboration.
In these regions, there was a significant negative effect of age
during search (i.e., decreased recruitment as a function of age)
and a significant positive effect of age during elaboration (i.e.,
increased recruited as a function of age). No regions were iden-
tified in the opposite conjunction (i.e., a significant positive effect
of age during search and a negative effect of age during elabora-
tion). Critically, there were no interactions with emotion or va-
lence in any of the three clusters identified in the conjunction
analysis, suggesting that the temporal age reversal in these regions
occurred regardless of emotional content.

To determine whether the age-by-phase interactions were
driven by age differences in hit rate or RT, ANOVAs were con-
ducted on all three ROIs with emotion (neutral, positive, and
negative) and phase (search and elaboration) as between-subject
factors and age and either hit rate or RT as between-subject fac-
tors. Hit-by-phase interactions and RT-by-phase interactions
were insignificant for all three ROIs (p � 0.1 for all compari-
sons), suggesting that these behavioral differences may not be

responsible for age effects. Further, the critical age-by-phase in-
teractions remained significant in all analyses except one: when
hit rate was included in the ANOVA examining activity in the
middle occipital gyrus, the significant age-by-phase interaction
was reduced to a trending effect of p � 0.07.

Vividness analyses in regions showing temporal reversals in
age-related effects on neural recruitment
Conjunction analyses revealed that age was associated with both
decreased recruitment during search and increased recruitment
during elaboration in all three ROIs, the middle occipital gyrus
(BA19; peak p � 0.002, k � 21), fusiform gyrus (BA19; peak p �
0.003, k � 13), and posterior cingulate (BA30; peak p � 0.001,
k � 67), when controlling for vividness ratings. Vividness ratings
were related to activity in all three ROIs, the middle occipital
gyrus (BA19; peak p � 0.002, k � 90), fusiform gyrus (BA19; peak
p � 0.003, k � 4), and posterior cingulate (BA30; peak p � 0.001,
k � 28). The relation with vividness within these ROIs did not
differ as a function of phase, age, or the age-by-phase interaction
(no significant voxels reaching p � 0.005). Therefore, it is un-

Table 3. Age-by-phase interactions in neural recruitment during memory retrieval

ROI Hemisphere BA

MNI coordinates

x y z t-value k

Frontal lobe
Premotor cortex L 6 �52 4 56 4.50 786

L 6 �8 �10 60 3.60 72
L 6 �36 0 28 3.43 52
L 6 0 14 52 3.04 51
L 6 �24 14 68 3.06 40
R 6 28 �12 56 2.94 38

Dorsal prefrontal cortex L 8 �34 24 40 4.33 467
L 9 �24 42 44 3.13 58
L 9 �6 58 38 2.92 32

Lateral prefrontal cortex R 9 56 28 26 4.00 224
L 46 �36 38 14 3.51 114

Dorsomedial prefrontal cortex R 8 6 38 36 3.67 65
Precentral gyrus L 4 �24 �16 66 3.66 148
Anterior prefrontal cortex L 10 �14 54 16 3.66 182
Ventrolateral prefrontal cortex L 47 �54 22 �10 3.01 30

L 11 �2 44 �12 3.82 270
Temporal lobe

Fusiform gyrus L 37 �32 �52 �18 6.16 5858
Middle temporal gyrus L 39 �40 �60 30 3.81 161

L 21 �66 �38 �6 3.04 30
R 39 40 �56 16 2.99 44

Superior temporal gyrus R 22 52 �40 4 2.88 31
Parietal lobe

Precuneus L 7 �24 �58 42 4.09 371
R 7 30 �64 42 3.61 302

Inferior parietal lobule L 40 �56 �46 46 3.42 110
Occipital lobe

Fusiform gyrus R 19 42 �70 �8 4.01 615
L 19 �8 �60 0 3.16 36

Middle occipital gyrus L 19 �32 �82 26 3.23 57
Cuneus R 19 30 �80 20 3.17 74

Other
Posterior cingulate R 23 6 �30 24 5.23 518

L 30 �18 �60 10 3.50 72
Insula L 13 �30 24 0 3.81 129

R 13 32 30 2 3.16 42
Anterior cingulate L 24 �2 �20 46 3.43 257
Posterior cingulate L 31 �6 �56 28 3.35 77

Bolded coordinates reflect regions associated with a significant negative effect of age during search and a significant
positive effect of age during elaboration at p � 0.005, k � 29 voxels for both contrasts. Clusters significant at an
uncorrected threshold of p � 0.005, k � 29 voxels.

BA, Approximate Brodmann area.
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likely that age differences in memory vividness were driving the
reported age-by-phase interactions in posterior regions.

Whole-brain functional connectivity with regions showing
temporal reversals in age-related effects on neural recruitment
Whole-brain functional connectivity during search and elaboration
was examined using the three clusters identified in the conjunction
analysis described above, the middle occipital gyrus (BA19), fusi-
form gyrus (BA19), and posterior cingulate (BA30) (Fig. 3, cyan
regions), as seed regions. All three seed regions exhibited significant
connectivity with a number of prefrontal regions, including dorsal
PFC (BA9 and BA8), ventromedial PFC (BA25, BA11, and BA 10),
and medial PFC (BA10), during search but not during elaboration
(Table 4). Connectivity between these seed regions and medial tem-
poral lobe regions such as right amygdala and left hippocampus was
also specific to the search phase of retrieval. Elaboration-specific
connectivity was not as reliable across seed regions, with the greatest
consistency in the cerebellum. The posterior cingulate also exhibited
elaboration-specific connectivity in posterior regions such as

the lingual gyrus (BA18 and BA19) and parahippocampal
gyrus (BA36), whereas the fusiform gyrus exhibited
elaboration-specific connectivity in the caudate as well as the
posterior (BA23) and anterior (BA24) cingulate. Critically,
none of the regions exhibiting search-specific or elaboration-
specific connectivity was related to age.

Despite these phase-specific patterns, all three regions exhibited
widespread whole-brain connectivity during both search and elabo-
ration, revealing substantial overlap across phases. Indeed, a con-
junction analysis of connectivity during search and elaboration with
a more conservative threshold (FWE, p � 0.05 for both contrasts)
revealed that these posterior regions were functionally connected to
bilateral medial and lateral frontal, parietal, temporal, and occipital
regions, with the greatest connectivity in posterior occipital and lat-
eral temporal lobes (Fig. 4). In other words, although search and
elaboration connectivity patterns exhibited some distinctions, their
commonalities were far more extensive and suggest overwhelming
similarities in how these regions function across phases.

Table 4. Regions exhibiting connectivity with three posterior regions identified in the conjunction analysis (�18, �60, �10; �32, �82, 26; �8, �60, 0) during search
and elaboration

ROI

Posterior cingulate (�18, �60, 10) Middle occipital gyrus (�32, �82, 26) Fusiform gyrus (�8, �60, 0)

Hem BA

MNI coordinates

t-value k Hem BA

MNI coordinates

t-value k Hem BA

MNI coordinates

t-value kx y z x y z x y z

Regions exhibiting significant connectivity during search ( p � 0.005, k � 29 voxels) but not elaboration ( p � 0.05)
Frontal lobe

Dorsal prefrontal cortex R 9 20 44 34 4.62 155 R 8 14 42 42 4.11 44
Ventromedial prefrontal cortex R 25 6 20 �8 4.42 177 R 11 2 52 �18 4.18 95 L 25 2 14 �10 3.41 32

L 10 �14 58 12 5.03 410 R 10 16 54 20 4.14 37
Medial prefrontal cortex R 10 18 48 �2 3.32 51

Temporal lobe
Middle temporal gyrus L 21 �42 �12 �16 4.75 757 L 21 �42 �10 �16 5.18 142
Superior temporal gyrus R 22 46 �16 �2 4.5 435 R 38 40 4 �18 3.95 106

Occipital lobe
Lingual gyrus R 18 22 �92 �8 3.95 49 R 18 24 �90 �4 4.8 64

L 18 �16 �88 �12 3.82 44
Other

Amygdala R NA 26 4 �24 3.23 45 R NA 24 �8 �14 4.48 139 R 34 20 �2 �24 3.81 54
Anterior cingulate R 32 16 42 2 4.59 717

R 24 6 22 �6 3.47 42
Hippocampus L NA �32 �24 �12 4.49 48
Caudate L NA �10 24 �4 4.03 79
Parahippocampal gyrus L 36 �16 �12 �24 3.9 75
Insula R 13 50 �2 �2 3.69 31

Cerebellum L NA �8 �44 �18 3.51 43
Regions exhibiting significant connectivity during elaboration ( p � 0.005, k � 29 voxels) but not search ( p � 0.05)

Temporal lobe
Inferior temporal gyrus L 20 �42 0 �36 3.35 30

Occipital lobe
Lingual gyrus L 18 �28 �80 2 5 77

L 18 �24 �56 0 3.91 32
R 19 36 �70 4 4.93 115

Other
Parahippocampal gyrus R 36 22 �22 �26 3.38 92
Thalamus L NA �4 �6 4 4.18 45 L NA �2 �20 14 3.76 70
Caudate R NA 16 �2 24 3.95 86
Posterior cingulate R 23 14 �40 22 3.87 49
Anterior cingulate L 24 �10 �2 30 3.81 137

R 24 10 18 20 3.54 41
Cerebellum L NA �46 �52 �28 5.22 33 L NA �14 �48 �42 3.95 76 L NA �20 �34 �36 4.05 63

L NA �18 �32 �36 4.6 370
R NA 4 �70 �12 5.18 1670 R NA 6 �68 �10 3.86 51
R NA 20 �50 �40 4.76 251 R NA 18 �42 �42 3.71 178

Hem, Hemisphere; BA, approximate Brodmann area; NA, not applicable.
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Discussion
The current study was the first to examine how the well doc-
umented posterior–anterior shift in aging may be eliminated
during elongated task trials. Specifically, age-related effects in
posterior recruitment exhibited a temporal reversal during re-
trieval, in which younger adults recruited these regions more
than older adults during an initial search phase and older adults
recruited these regions more than younger adults during a sub-
sequent elaboration phase. Evidence from ROI and functional
connectivity analyses suggests that these posterior regions func-
tion in comparable ways in search and elaboration, contributing
to overall memory vividness ratings and interacting with similar
neural networks. Critically, these findings suggest that the poste-
rior–anterior shift does not reflect an overall failure of older
adults to engage posterior regions during cognitive tasks, but
rather a delay in engagement that has not been captured by prior
designs. Dew et al. (2012) proposed that this effect, called the
“early-to-late shift in aging” (ELSA), may be a generalized feature
of aging rather than a specific effect of a particular region or
cognitive task. In other words, depending on the particular de-
mands of a cognitive task, ELSA may be seen in different neural
regions and may help to explain a number of age differences
currently reported in the cognitive neuroscience literature.

In the current task, participants were asked to engage in an
initial search phase in which they accessed the memory trace and
a subsequent elaboration phase in which they retrieved addi-
tional event details. During search, age was associated with in-
creased recruitment of regions within the PFC and decreased
recruitment of more posterior sensory regions. These findings
were consistent with prior findings of a PASA (Davis et al., 2008).
Critically, by using a protracted retrieval trial consisting of both a
search and elaboration phase, the current study was able to dem-
onstrate that this PASA effect was limited to the initial search
phase and did not extend to elaboration. In fact, activity in three

posterior sensory regions exhibited the opposite effect of age in
the elaboration time period, when age was associated with in-
creased recruitment. In other words, although older adults may
rely on prefrontal regions to compensate for a lack of posterior
recruitment during search, they are able to recruit these same
posterior regions later in the retrieval trial if given the opportu-
nity for elaboration.

Follow-up analyses revealed that these three ROIs were related
to enhanced vividness ratings regardless of memory phase or
participants age. In addition, they exhibited widespread and overlap-
ping whole-brain connectivity during both search and elaboration.
Critically, the extensive overlap in connectivity across the two re-
trieval phases suggests that these regions were associated with simi-
lar neural networks regardless of when during retrieval they were
recruited. These findings may reflect the ability of older adults to
engage in similar processes during elaboration as younger adults
do during search. In other words, the initial age-related decrease
in posterior recruitment may reflect a delayed implementation of
processing in occipital regions during retrieval rather than a
global deficit in such processing.

Prior behavioral studies have demonstrated that younger and
older adults often focus on different types of details during mem-
ory retrieval, with younger adults more likely to report perceptual
details and older adults more likely to report personal thoughts
and feelings related to the event (Hashtroudi et al., 1990; Com-
blain et al., 2004; Schaefer and Philippot, 2005). These distinct
detail types were evaluated in the current study using measures of
internal and external vividness and exhibited no age effects. One
possibility for this null result is that the inclusion of an elabora-
tion period, as well as the explicit instruction to think about and
rate both internal and external details, allowed older adults the
opportunity to recruit processes typically engaged by younger
adults during search. In other words, the age-related differences
in detail focus in memory studies may reflect shifts in how

Figure 4. Neural regions exhibiting significant functional connectivity with the left fusiform gyrus (red), left posterior cingulate (blue), or left middle occipital gyrus (green) during both search
and elaboration.
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younger and older adults initially access event details and in the
information that they tend to focus on in a natural setting. How-
ever, when asked explicitly to consider both internal and external
details and when given the time to do so, behavioral age differ-
ences may be minimal. Although this explanation is consistent
with our neuroimaging data, it is based on an interpretation of a
null behavioral finding. Therefore, additional work is still needed
to evaluate the relation between this temporal reversal and behav-
ioral retrieval of memory detail.

The current study suggests that age is associated with changes
to the temporal dynamics of posterior visual recruitment rather
than an inability of older adults to recruit these regions during
memory retrieval. As with many cognitive aging studies, it can be
important to consider how differences in performance may in-
fluence effects of age on neural recruitment. The results of the
current study suggest that behavioral changes were not the pri-
mary cause of age-related neural effects. Further, if the temporal
reversal were simply a product of the well documented cognitive
slowing in aging (Salthouse, 1996), then one would expect to see
the age-related enhancement during elaboration for all regions in
which there was an age-related decrease in recruitment during
search. This was not the case and, in fact, there were several re-
gions exhibiting age-related decreases in recruitment during both
phases. Finally, Dew et al. (2012) revealed that their ELSA effect
in the medial temporal lobe was inversely related to RT in both
younger and older adults, the opposite of what would be pre-
dicted by cognitive slowing. However, because RT and hit rate
may be tightly linked to the sorts of retrieval strategies used by
younger and older adults, future work is needed to disentangle
these effects more fully.

In addition, it is important to consider the fact that age can not
only influence the neural signal contributing to the fMRI BOLD
measures, but can also be associated with significant vascular
changes that alter the BOLD signal and can exaggerate age-related
effects (D’Esposito et al., 2003; Hutchinson et al., 2013, 2013).
Indeed, by controlling for such vascular changes in the BOLD
signal, a recent study eliminated age-related decreases in poste-
rior recruitment during a sensorimotor task (Tsvetanov et al.,
2015). These physiological changes may also contribute to a de-
layed rise time of the hemodynamic response in older adults
(Taoka et al., 1998). However, there is evidence suggesting that
delays in rise time may not exist in visual regions (Huettel et al.,
2001) and no evidence suggesting a specific slowing in posterior
visual regions, as would be required to produce the effects pre-
sented in the current study.

Finally, it is important in studies of cognitive aging to consider
potential selection biases in our sample. The older adults in our
sample were highly educated individuals who had been screened
for potential health problems and dementia. In addition, they
were older adults who are interested in research and motivated to
come to the MR scanner for a 3 h session. In the current study, we
must also consider the generalizability of the middle-aged adults
because it is often difficult for individuals in this age range to take
the time to come into laboratories for study sessions. Therefore, it
is possible that the reported effects of age reflect a particular
subsample.

The current study demonstrated, for the first time, that the
posterior–anterior shift in aging that is commonly reported in
cognitive tasks (Davis et al., 2008) may be limited to the initial
search phase of memory retrieval. Importantly, three posterior
regions showing age-related decreases in recruitment during
search showed significant age-related increases during elabora-
tion, suggesting that older adults can rely on similar regions dur-

ing elaboration as younger adults do during search. Further,
follow-up connectivity analyses suggested that these posterior
regions may function at least partially in a similar fashion regard-
less of memory phase. Together, these results suggest that re-
ported age-related decreases in posterior recruitment in cognitive
tasks do not reflect global sensory-processing deficits, but rather
that older adults may be capable of engaging similar retrieval
processes as younger adults if given sufficient processing time.
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