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Abstract
Evidence suggests that age differences in associative memory are attenuated for associations that are consistent with prior
knowledge. Such knowledge structures have traditionally been associated with the default network (DN), which also shows
reduced modulation with age. In the present study, we investigated whether DN activity and connectivity patterns could
account for this age-related effect. Younger and older adults underwent functional magnetic resonance imaging as they
learned realistic and unrealistic prices of common grocery items. Both groups showed greater activity in the DN during the
encoding of realistic, relative to unrealistic, prices. Moreover, DN activity at encoding and retrieval and its connectivity with
an attention control network at encoding were associated with enhanced memory for realistic prices. Finally, older adults
showed overactivation of control regions during retrieval of realistic prices relative to younger adults. Our findings suggest
that DN activity and connectivity patterns (traditionally viewed as indicators of cognitive failure with age), and additional
recruitment of control regions, might underlie older adults’ enhanced memory for meaningful associations.
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An important and commonly reported finding in the cognitive
literature is the age-related reduction in associative memory.
This effect has been observed across a number of tasks and has
been attributed to multiple factors including deficits in binding
of individual elements at encoding (Chalfonte and Johnson
1996; Naveh-Benjamin 2000; Lyle et al. 2006; but see Campbell
et al. 2010) and lack of strategic, control-based processes at
retrieval (Light et al. 2004; Cohn et al. 2008; Dew and Giovanello
2010). Neurally, age differences in associative memory have
typically been associated with age-related reductions in activity
of hippocampal and frontoparietal regions at encoding (Dennis
et al. 2008; Kim and Giovanello 2011), and lateral and anterior

frontal control regions (dorsolateral prefrontal cortex—DLPFC
and anterior prefrontal cortex—aPFC) at retrieval (Fandakova
et al. 2014; Dulas and Duarte 2016). Yet, another set of findings
suggests that age-related differences in associative memory are
linked to reduced suppression of the default network (DN;
Raichle et al. 2001) (Miller et al. 2008; Duverne et al. 2009;
de Chastelaine et al. 2011)—a set of regions involved in internally
based cognitive processes such as autobiographical memory, and
storage and retrieval of semantic knowledge (Binder and Desai
2011; Rugg and Vilberg 2013; Andrews-Hanna et al. 2014).
Critically, while associative memory, and related DN suppression,
are reduced in advanced age, memory for associations that rely
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on prior knowledge tends to be preserved (Castel 2005; Amer
et al. 2018). Despite evidence for the role of DN regions in struc-
tured, prior knowledge, and its lack of modulation with age, the
relationship between DN activity and older adults’ enhanced
memory for meaningful associations has not yet been
investigated.

Research suggests that the DN, which is commonly active at
rest and in memory retrieval, tends to be deactivated in young
adults during externally oriented tasks, such as working mem-
ory (Anticevic et al. 2010) and memory encoding (Daselaar et al.
2004). Older adults, however, show reduced suppression of the
DN, as well as increased coupling between the DN and control
regions, during external tasks, suggesting decreased top-down
modulation of the network (Lustig et al. 2003; Grady et al. 2006;
Persson et al. 2007; Spreng and Schacter 2012; Turner and
Spreng 2015; Rieck et al. 2017; Samu et al. 2017; for a review see
Damoiseaux 2017). Although reduced DN modulation in older
adults is typically associated with worse behavioral perfor-
mance, the DN may support performance on tasks that rely on
internally stored representations. For example, classic behav-
ioral work (Bransford and Johnson 1972, 1973) has demon-
strated that providing young adults with a semantic context
before (but not after) hearing an ambiguous passage improved
recall for details of the passage. Neuroimaging work using the
same task provided evidence that the DN is involved in orga-
nizing incoming information in relation to prior knowledge
(i.e., when a context is available), which possibly enhances the
encoding of that information for better future recall (Maguire
et al. 1999; Ames et al. 2015; see also Simony et al. 2016).
Similarly, recent memory studies of young adults have pro-
vided strong evidence that areas of the DN are involved in
encoding novel information when it is related to prior knowl-
edge, and that the involvement of those areas is associated
with enhanced memory for that information (Liu et al. 2017;
Sommer 2017; see also Spreng et al. 2014 for similar evidence in
a working memory context). Finally, and most relevant to the
current study, increased interaction between DN and control
regions in older adults has been linked to the use of prior
knowledge and retrieval of familiar information (the default–
executive coupling hypothesis of aging, DECHA; Turner and
Spreng 2015; Spreng et al. 2018).

Taken together, the aforementioned findings point to a
potentially beneficial role for the DN (and its connectivity with
control regions) on tasks that rely on prior knowledge, which
might provide a benefit for older adults. Indeed, behavioral
studies support the benefits of prior knowledge use in older
adults, particularly on memory tasks. For example, older adults
show improved recognition memory (even better than younger
adults) for words learned in the context of a meaningful sen-
tence as opposed to individually (Matzen and Benjamin 2013).
Similarly, older adults recall more episodic details (i.e., make
more “Remember” judgments) of incoming information for
which they have prior knowledge (e.g., names of famous actors
from the 1950s vs. the 1990s; Toth et al. 2011). Finally, older
adults show no age-related associative memory deficits when
they learn information about a person that matches versus
mismatches a stereotype (Mather et al. 1999), or when they
learn realistic versus unrealistic prices for familiar grocery
items (Castel 2005; Amer et al. 2018).

In the current study, we investigated the neural correlates
of older adults’ enhanced associative memory performance for
information that is consistent with prior knowledge. Older and
younger adults underwent functional magnetic resonance
imaging (fMRI) as they studied and retrieved realistic and

unrealistic prices of common grocery items in a 2-alternative
forced choice recognition task—a paradigm used by Amer et al.
(2018) and adapted from Castel’s (2005) (Supplementary Fig. S1).
We hypothesized that increased DN activity and coupling with
control regions (patterns that are more typical with old age)
would be associated with older adults’ enhanced memory for
realistic prices, consistent with the idea that DN engagement
provides an advantage on tasks that benefit from prior knowl-
edge. We also hypothesized that younger adults would show
similar beneficial DN activation and coupling patterns in the
realistic condition, given that they should also rely on prior
knowledge and flexibly engage the DN when it aids performance.

In addition to the role of the DN, we investigated the influ-
ence of control regions, particularly at retrieval, on associative
memory patterns. Namely, given the role of control regions,
such as the DLPFC and superior parietal lobule (SPL), in associa-
tive memory and their reduced activity with age (e.g., Kim and
Giovanello 2011; Fandakova et al. 2014), we predicted that those
regions would show differential engagement across conditions
in older adults. In particular, we predicted that those regions
would show increased activity in the realistic, relative to the
unrealistic price condition, consistent with the notion that
meaningful conditions selectively engage cognitive control in
older adults (see Rahhal et al. 2002; May et al. 2005; Hess 2014
for behavioral evidence of that theory). Additionally, we pre-
dicted that age-related reductions in control engagement would
be more evident during the retrieval of unrealistic, relative to
realistic, prices (see Amer et al. 2018). Our hypotheses were
confirmed, illustrating for the first time that DN activity and
connectivity patterns, traditionally viewed as a marker of cog-
nitive decline, might actually confer an age-related benefit on
memory tasks that rely on prior knowledge. Furthermore, addi-
tional recruitment of control regions on these tasks provides
novel neural evidence of selective control engagement in older
adults.

Materials and Methods
Participants

Twenty-five younger and 27 older adults were tested. Four older
adults were removed prior to analysis due to incidental find-
ings (n = 2), excess motion (n = 1), and failure to follow instruc-
tions (n = 1). Two younger adults were also removed due to
failure to follow instructions (n = 1), and behavioral perfor-
mance (memory accuracy on the realistic relative to the unreal-
istic condition was more than 2.5 SDs greater than the group
mean; n = 1). The resulting final sample included 23 younger
adults (19–29 years; M = 24.52, SD = 3.01; 8 males) and 23 older
adults (63–85 years; M = 71.52, SD = 6.10; 9 males). All partici-
pants were right-handed, had normal or corrected to normal
vision, had no history of any neurological or psychiatric illness,
and were familiar with local grocery pricing and went grocery
shopping a minimum of twice a month based on self-report.
Older adults were cognitively intact, as indicated by their scores
on Mini-Mental State Exam (MMSE; Folstein et al. 1975; M =
29.44, SD = 0.81) and Montreal Cognitive Assessment (MoCA;
Nasreddine et al. 2005; M = 27.39, SD = 2.36). Older adults (M =
36.35, SD = 2.31) had higher vocabulary scores than younger
adults (M = 33.54, SD = 4.81; data missing from one participant)
on the Shipley-2 (Shipley et al. 2009), t(43) = 2.51, P < 0.05, as
would be expected given the growth of vocabulary and knowl-
edge with age (e.g., Park et al. 2002). The 2 groups (younger
adults: M = 17.65, SD = 2.87; older adults: M = 17.39, SD = 2.48)
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were, however, matched on years of education, P > 0.7.
Informed consent was obtained from all participants, and the
study was approved by the Research Ethics Board of the
Rotman Research Institute.

Experimental Design

Three encoding and 3 retrieval runs were scanned in alternat-
ing order. During encoding, participants viewed a series of gro-
cery store items, presented individually with a realistic or an
unrealistic price. Following each encoding run, participants
retrieved the price of each item in a 2-alternative forced choice
recognition task (see Supplementary Fig. S1). A 5-min baseline
resting state scan with eyes open and an object localizer task
performed at the end of the scanning session (both not ana-
lyzed in the current study) were also administered.

A mixed block/event-related design was used with 3 differ-
ent block types: realistic, unrealistic, and fixation (the current
study was analyzed as a block design with the block types
concatenated across runs). Each run began with 10 s of fixation,
followed by 8 task blocks (4 realistic and 4 unrealistic) of 30 s
(encoding) or 40 s (retrieval) each, interleaved with 8 fixation
blocks of 14 s each. Each task block contained 5 realistic or
unrealistic items, thus there were 20 realistic and 20 unrealistic
items per run (60 realistic and 60 unrealistic items in total). The
task blocks were presented in alternating order (realistic always
presented first), and the order of the blocks was fixed across
participants. The items within each block were also fixed but
presented in a random order for each participant. The items
were counterbalanced, such that each item was equally likely
to be presented with a realistic or unrealistic price. Realistic
prices were selected on the basis of several local grocery stores
(an average price was chosen), and unrealistic prices were
selected by increasing each item’s price by a random value
between $8 and $14 using a random number generator.
Realistic prices ranged from $1.19 to $11.99, and unrealistic
prices ranged from $9.49 to $23.99. As in Castel’s (2005) study,
all prices ended in the digit 9. Each item was presented for 4 s
at encoding and 6 s at retrieval. The interstimulus interval var-
ied randomly between 500 and 3500ms.

Prior to encoding, participants were instructed to remember
the exact price for each item, regardless of whether it was real-
istic or unrealistic and were informed of the nature of the rec-
ognition task. During retrieval, participants selected the price
on the left or right below each item and additionally rated
whether each choice was made with high or low confidence.
Specifically, participants used a response box in their right or
left hand to select the price on the right or left, respectively.
The index finger was used to indicate a high-confidence
response, and the middle finger was used to indicate a low-
confidence response. Hence, on each retrieval trial, participants
pressed one of the 4 keys. Participants practiced the task before
entering the scanner.

fMRI Data Acquisition

Participants were scanned using a Siemens Trio 3 T scanner
(Erlangen, Germany). The scanning session started with an
anatomical scan acquired with a 3D magnetization-prepared
rapid acquisition with gradient echo (MP-RAGE) sequence (rep-
etition time (TR) = 2 s, echo time (TE) = 2.63ms, field of view
(FOV) = 256mm2, 256 × 256 matrix, 160 slices of 1mm thick-
ness). Functional runs were acquired with an echo planar imag-
ing (EPI) sequence, with 181 volumes for encoding runs and 221

volumes for retrieval runs (TR = 2 s, TE = 27ms, flip angle = 62°,
FOV = 192mm2, 64 × 64 matrix, 40 slices of 3mm thickness
with 0.5mm gap, 3.0 × 3.0 × 3.0mm voxel size).

fMRI Data Preprocessing

Preprocessing of the data was performed with a combination of
in house scripts (Churchill et al. 2015) and Analysis of
Functional Neuroimages (Cox 1996). This included rigid motion
and slice time correction, spatial normalization to Montreal
Neurological Institute (MNI) space, and smoothing with a 6-mm
Gaussian filter (the final voxel size was 4 × 4 × 4mm). We also
detrended the data to correct for low-frequency noise effects
and regressed out the white matter, cerebral spinal fluid, vascu-
lature, and motion–time series from each voxel–time series
(Grady et al. 2010; Campbell et al. 2013). Finally, we used a
motion-scrubbing procedure (described in detail by Campbell
et al. 2013) to further reduce the impact of motion, given that
standard motion correction procedures do not eliminate its
influence on activity and connectivity measures (e.g., Power
et al. 2012). This procedure uses a multivariate technique to
identify outliers in both the motion–parameter estimates and
fMRI signal intensity and replaces fMRI volumes where such
outliers co-occur with adjacent values interpolated with cubic
splines (never more than 3.4% of the total volumes in a single
run in the current study). This method has the advantage of
suppressing spikes, yet keeping the length of the time course
intact across subjects. Less than 1% of the total volumes in
each run were replaced for both age groups at encoding and
retrieval (encoding: younger: 0.43%, older: 0.61%; retrieval:
younger: 0.54%, older: 0.64%). The age difference in volumes
replaced was statistically significant at encoding, U = 5299, z =
2.24, P < 0.05, but not retrieval, P > 0.4. One run from 3 older
adults (2 encoding and one retrieval) was removed due to
excess motion.

fMRI Data Analysis

Activation Analysis
Partial least squares (PLS; for full details and a review, see
McIntosh et al. 1996; McIntosh et al. 2004; ; Krishnan et al. 2011)
a multivariate, data-driven approach that identifies whole-brain
patterns of activity associated with task conditions (task-PLS) or
behavioral variables (behavioral-PLS) was used to analyze the
data. PLS uses singular value decomposition to reduce the com-
plexity of the dataset into orthogonal latent variables (LVs) that
explain the maximum covariance between the task conditions
or behavioral variables and the blood–oxygen-level-dependent
(BOLD) signal. When analyzing data from different participant
groups (e.g., age groups), the LVs can identify activation patterns
for the different task conditions that are common across groups
or patterns that are group-specific (i.e., identifies activation pat-
tern differences between the groups). The significance of each
LV was determined with a permutation test (McIntosh et al.
1996), using 500 permutations. For every LV, each brain voxel
has a weight, known as a salience, which indicates how strongly
the voxel contributes to the LV. The reliability of each voxel’s
contribution to a particular LV was tested by submitting all sal-
iences to a bootstrap estimation of the standard errors (SEs;
Efron 1981), using 500 bootstraps. Peak voxels with a salience/SE
ratio ≥3.0 (P < 0.001) are considered to be reliable (Sampson et al.
1989). Clusters containing at least 15 reliable contiguous voxels
were extracted, with a local maximum defined as the voxel with
a salience/SE ratio higher than any other voxel in a 2-cm cube
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centered on that voxel (the minimum distance between peaks
was 10mm). Coordinates of these locations are reported in MNI
standard coordinate space (Mazziotta et al. 2001). To obtain sum-
mary measures of each participant’s expression of an LV spatial
pattern, we calculated “brain scores” by multiplying each voxel’s
salience by the BOLD signal in the voxel, and summing over all
brain voxels for each participant. These brain scores were used
to examine differences in expression of a brain pattern between
conditions and groups in the task-PLS and to examine the corre-
lation between brain pattern expression and memory accuracy
in the behavioral-PLS. Because the extraction of the LVs and the
corresponding brain images is done in a single step (i.e., the
analysis can be considered as “one model”), no correction for
multiple comparisons is required.

In order to examine activation patterns in older and younger
adults associated with encoding and retrieval of realistic and
unrealistic items, task-PLS was performed on the 4 conditions
(realistic encoding, unrealistic encoding, realistic retrieval,
unrealistic retrieval) for both age groups simultaneously.
Additionally, behavioral-PLS was performed on the 4 conditions
to identify regions at encoding and retrieval associated with
better memory performance for the 2 item types in older and
younger adults.

Connectivity Analysis
To investigate how network connectivity patterns are associ-
ated with memory accuracy for different item types, we
focused on regions identified from the behavioral-PLS analysis,
in which activity level was associated with behavioral perfor-
mance. In particular, we applied an anatomical mask from the
Schaefer et al.’s (2018) atlas on the activation pattern from the
behavioral-PLS analysis and then determined peak voxels from
the different regions of the analysis to use as coordinates for
our nodes. Network affiliation for each node was determined
based on the network membership of its corresponding parcel
from the Schaefer et al. (2018) atlas (400 parcel resolution/7 net-
work membership was used). Nodes from the DN and nodes
from 3 control networks—dorsal attention, frontoparietal, and
cingulo-opercular (also referred to as “ventral attention” in the
atlas)—were identified (see Yeo et al. 2011). Then, each node
was defined by a spherical ROI (5mm radius) centered on the
identified coordinate. Pairwise correlations between all the
nodes across the fMRI time series of the realistic and unrealistic
price conditions at encoding and retrieval were calculated for
each participant using the CONN toolbox (Whitfield-Gabrieli
and Nieto-Castanon 2012), and the correlation (r) values were
transformed using Fisher’s z. Between-network and within-
network connectivity measures were calculated for each partic-
ipant by averaging the pairwise correlations between all nodes
belonging to the different or same networks, respectively.

Recent work has demonstrated that increased between-
network interaction for a frontoparietal control network is asso-
ciated with reduced DN within-network interaction, particularly
in older adults (Grady et al. 2016; see also Geerligs et al. 2015).
Another study showed that a similar network interaction pat-
tern (increased DN–frontoparietal control interaction and
reduced global within-network connectivity) was associated
with enhanced episodic memory retrieval, suggesting that
greater between and reduced within-network interaction is asso-
ciated with accessing internal representations (Westphal et al.
2017). Based on those findings, we calculated one score to char-
acterize that interaction pattern. Specifically, for each partici-
pant, we subtracted the within-network DN–DN correlation from

the between-network DN–control correlation (all correlations
were group median-centered) for the realistic and unrealistic
price conditions at encoding and retrieval. Hence, a larger score
is indicative of greater between-network and less within-
network connectivity. Finally, in order to examine if network
interaction patterns at encoding and retrieval predicted memory
for realistic and unrealistic item types, we used 2 bootstrapped
multiple regressions with 1000 bootstrap resamples. The net-
work interaction score at encoding (“encoding score”) and at
retrieval (“retrieval score”), age group, age*encoding score, and
age*retrieval score were entered simultaneously as predictors
with realistic or unrealistic memory as the outcome variable.

In order to identify which control network to use in our
interaction analyses, we assessed DN–control network interac-
tions for each control network in relation to realistic memory
performance, given our interest in the association between
these interactions and memory for information consistent with
prior knowledge. In particular, we ran separate bootstrapped
multiple regressions (using all the predictors outlined above)
for each control network with realistic memory as the outcome
variable. Only the interaction between the DN and cingulo-
opercular network (CON) showed a robust effect on memory,
whereas interactions between the DN and the other control
networks did not show a reliable association with realistic
memory performance. Hence, nodes from the CON were used
to define the control network in all the DN–control interaction
analyses (see Table 1 and Supplementary Table S6 for coordi-
nates of all nodes and Supplementary Tables S7 and S8 for
interaction analyses results with the 2 other control networks).

Results
Behavioral Results

Trials with no responses and trials with a reaction time (RT)
faster than 250ms (unintentional responses) were first elimi-
nated from all analyses (1.8% of trials for older adults and
0.80% for younger adults). Accuracy, RT for correct trials, and
confidence ratings (i.e., the proportion of correct responses
made with high confidence) were each analyzed by conducting
a 2 × 2 mixed analysis of variance (ANOVA) with Age (old and
young) as a between-subjects variables and Item Type (realistic
and unrealistic) as a within-subjects variable. RT for correct
trials was winsorized at the 90% level per subject and trial type
by replacing the top and bottom 5% of trials with the 95th and
5th percentile, respectively. Confidence ratings from one older
adult who failed to follow instructions on how to report confi-
dence were removed from the analysis.

Accuracy
The ANOVA showed main effects of Age, F(1, 44) = 30.41, P <
0.0001, ηp2 = 0.41, with better performance by younger than old-
er adults, and Item Type, F(1, 44) = 13.02, P < 0.001, ηp2 = 0.23,
with better performance on realistic relative to unrealistic
trials. The latter main effect was qualified by a significant inter-
action between the 2 variables, F(1, 44) = 4.21, P < 0.05, ηp2 =
0.09. As illustrated in Figure 1A, older, t(22) = 3.57, P < 0.005, d =
0.74, but not younger, P > 0.2, adults showed better memory for
realistic than unrealistic items. Additionally, while younger
adults outperformed older adults on the realistic items, t(44) =
3.77, P < 0.0005, d = 1.14, the difference was more pronounced
for the unrealistic items, t(44) = 5.85, P < 0.0001, d = 1.76, consis-
tent with previous work (Castel 2005; Amer et al. 2018).
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Reaction Time
For RT (Fig. 1B), there were main effects of Age, F(1, 44) = 28.68,
P < 0.0001, ηp2 = 0.39, with faster performance by younger than
older adults, and Item Type, F(1, 44) = 13.02, P < 0.001, ηp2 =
0.23, with faster performance on realistic than unrealistic trials,
but no Age × Item Type interaction, F < 1.

Confidence
The ANOVA on the proportion of correct responses made with
high confidence showed no main effect of Age, F(1, 43) = 3.16,

P = 0.08, but a main effect of Item Type, F (1, 43) = 19.42, P <
0.0001, ηp2 = 0.31, with a greater proportion of high-confidence
correct responses for realistic than unrealistic items, which
was qualified by a significant interaction, F(1, 43) = 13.02, P <
0.005, ηp2 = 0.21. As shown in Figure 1C, older, t(21) = 5.46, P <
0.0001, d = 1.16, but not younger, P > 0.4, adults showed a
greater proportion of high-confidence correct responses for
realistic than unrealistic items, and age differences were signif-
icant only for the unrealistic items, t(403) = 2.74, P < 0.01, d =
0.84. Thus, the confidence data augment the accuracy data and
provide more support to the notion that age differences in
memory are attenuated for realistic items.

Imaging Results

Activation Results
Task-PLS. The first LV from the task-PLS analysis (P < 0.001),
which accounted for 37.99% of the covariance in the data, iden-
tified a pattern of activity that differentiated between encoding
and retrieval (irrespective of item type) in older and younger
adults (Fig. 2A). Areas active during encoding (shown in warm
colors/assigned positive “brain scores”) included areas typically
active during associative encoding such as the left hippocam-
pus (HPC) and left inferior frontal gyrus, as well as other DN
areas such as the medial PFC (mPFC), posterior cingulate cortex
(pCC), and left angular gyrus (AG), possibly reflecting knowl-
edge of the familiar grocery items (Binder and Desai 2011;
Spreng et al. 2014). A different set of areas, which included
areas associated with cognitive control (shown in cool colors/
assigned negative “brain scores”), such as the bilateral frontal
eye fields, medial superior PFC (msPFC), precuneus, and bilat-
eral anterior insula were more active during retrieval (see
Supplementary Table S1). A mixed ANOVA on the brain scores
(a measure of the degree to which each individual expresses
the identified brain pattern for each condition) with Age (old
and young) as a between-subjects variable and Condition (real-
istic encoding, unrealistic encoding, realistic retrieval, unrealis-
tic retrieval) as a within-subjects variable showed that there
were no age differences in the activation of the identified
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Figure 1. Performance on the behavioral task. The plots show (A) accuracy, (B) reaction time, and (C) the proportion of correct responses made with high confidence

in younger and older adults. Error bars are standard errors of the mean.

Table 1 Node coordinates from the DN, CON, and DAN

Region Hem X (mm) Y (mm) Z (mm)

DN nodes
Ventral medial prefrontal
cortex

L −4 48 −4

R 4 52 −8
Anterior temporal lobe L −52 0 −20

R 48 8 −24
Precuneus R 8 −48 44
Posterior cingulate cortex L −8 −56 16
Angular gyrus L −40 −80 28

CON nodes
Dorsolateral prefrontal cortex R 28 40 24

R 44 12 20
Superior frontal gyrus R 12 8 68
Cingulate cortex R 8 4 44
Insula L −48 8 0

R 36 20 8
Anterior inferior parietal lobule R 64 −24 36

DAN nodes
Inferior precentral sulcus L −48 0 24
Middle temporal motion
complex

L −52 −56 −16

Superior parietal lobule R 36 −56 48
R 12 −64 64

Note: Hem = hemisphere; R = right; L = left
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ity in cool colored regions (error bars are 95% CIs of the mean). (A) The first LV identified a pattern of activity that differentiated between encoding and retrieval in both age groups. (B) The second LV identified a set of regions

that were more active during the retrieval of realistic, relative to unrealistic, prices, particularly in older adults. (C) The third LV identified a pattern that differentiated between realistic and unrealistic conditions (at encoding and

retrieval in younger adults, but at encoding only in older adults). (D) The behavioral-PLS, which identifies patterns of brain activity associated with behavioral performance, produced an LV that differentiated between the realistic

and unrealistic conditions in both age groups. The extent of activation (measured by brain scores from the behavioral-PLS analysis) in warm colored regions at encoding and retrieval was positively correlated with memory for

realistic prices in younger and older adults. The extent of activation in cool colored regions was associated with memory for unrealistic prices (scatterplots in Supplementary Fig. S2). The color gradient bars in all panels indicate

the bootstrap ratio of salience/SE for each voxel. The minimum thresholds used were 4 (or −4) for LV1 and 3 (or −3) for LVs 2 and 3 in the task-PLS, and 3 (or −3) in the behavioral-PLS. Brain images were visualized with BrainNet

Viewer (Xia et al. 2013).
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regions at encoding or retrieval, as evidenced by the lack of a
main effect of Age, F < 1, or Age × Condition interaction,
F(3, 132) = 1.75, P > 0.1 (the main effect of Condition was signifi-
cant as would be expected from the condition differences
reflected in the positive and negative brain scores derived on
this first LV).

The second LV (P < 0.005) accounted for 23.73% of the covari-
ance in the data and identified a set of regions that were more
active during retrieval of realistic relative to unrealistic items,
particularly in older adults (Fig. 2B). These regions (warm col-
ors/positive scores) included a set of right-lateralized control
regions, such as the right SPL and right middle frontal gyrus,
and other control regions, such as bilateral aPFC, and anterior
cingulate cortex (aCC) (Supplementary Table S2). The ANOVA
on the brain scores showed a main effect of Age, F(1, 44) = 5.44,
P < 0.05, with brain scores more positive in older adults than
younger adults, and a significant Age × Condition interaction,
F(3, 132) = 3.05, P < 0.05, indicating that older adults showed a
larger difference between realistic and unrealistic retrieval con-
ditions relative to younger adults. Planned comparisons
between the 2 age groups showed that the only significant dif-
ference was under the realistic retrieval condition, t(44) = 4.60,
P < 0.0001, with older adults showing more activity in the iden-
tified control regions, providing evidence that older adults
selectively engage (and overactivate) control regions in mean-
ingful conditions.

The third LV (P < 0.05) accounted for 15.17% of the covari-
ance in the data and differentiated between the realistic and
unrealistic conditions (Fig. 2C). Along with a few other regions
(cool colors/negative scores), the mPFC showed activation for
the realistic condition. In contrast, control (e.g., right temporal
parietal junction and right DLPFC) and visual (bilateral inferior
occipital gyrus) regions (warm colors/positive scores) showed
activity for the unrealistic condition (Supplementary Table S3).
Critically, this dissociation was present at both encoding and
retrieval for younger adults, but only at encoding for older
adults. The ANOVA showed a main effect of Age Group, F(1, 44)
= 13.51, P < 0.001, with scores more positive in younger than
older adults, and a significant Age × Condition interaction,
F(3, 132) = 6.71, P < 0.0005, confirming that younger, but not older,
adults showed a differentiation of the identified regions at
retrieval. Planned comparisons showed that age differences were
only present in the unrealistic retrieval condition, t(44) = 7.04, P <
0.0001, indicating that younger adults showed greater activation
than older adults in the identified (warm colored) control and
posterior visual regions. This is consistent with a recently
reported behavioral finding suggesting that controlled retrieval,
at least partly, accounts for age differences in arbitrary, but not
meaningful, associations (Amer et al. 2018).

Behavioral-PLS. Behavioral-PLS was used to identify regions
under the 4 conditions (encoding and retrieval of realistic or
unrealistic items) that correlated with memory performance.
The analysis yielded 2 significant LVs that accounted for a simi-
lar amount of covariance in the data. However, only the second
LV (P < 0.05; accounted for 19.02% of the covariance in the data)
reliably differentiated between the realistic and unrealistic con-
ditions in both age groups and was of interest in the current
study (see Supplementary Fig. S3 and Table S4 for results of the
first LV). Consistent with our predictions, greater activity in a
set of DN regions (warm colored regions in Fig. 2D) was corre-
lated with better memory performance for realistic items, while
greater activity in a set of control (cool colored) regions was
associated with better memory performance for unrealistic
items (Supplementary Table S5). Specifically, activity in DN

areas implicated in prior knowledge, such as the pCC, ventral
mPFC, and bilateral anterior temporal lobes (aTL), during
encoding and retrieval was significantly associated with
enhanced memory for realistic prices in younger and older
adults (see Fig. 2D). Memory for realistic prices was also posi-
tively correlated with activity in the left HPC. Activity in control
regions, however, such as the bilateral SPL, dorsal aCC, and
bilateral aPFC, was significantly correlated with better memory
for unrealistic prices. This effect was present only at encoding
(r = 0.51, 95% CI [0.23, 0.82]) for younger adults, and only at
retrieval (r = 0.41, 95% CI [0.18, 0.71]) for older adults
(Supplementary Fig. S2).

Connectivity Results
Network interaction patterns between the DN and the CON
were measured at encoding and retrieval and entered (along
with age group and interactions with age) as predictors into 2
multiple regressions with realistic and unrealistic memory as
the outcome variable. The estimates for all parameters (stan-
dardized coefficients) are provided in Table 2.

As illustrated in Table 2, only age group and encoding con-
nectivity (95% CIs of the unstandardized beta coefficients do
not include zero) were reliable predictors of realistic memory
performance. This demonstrates that younger adults showed
better memory than older adults for realistic prices. However,
both age groups showed similar benefits (as suggested by the
lack of significant interaction) from more connectivity between
the DN and CON and less connectivity within the networks at
encoding (i.e., “encoding score”; see Fig. 3A). With respect to
unrealistic memory, the only reliable predictors were age group
and the interaction between age and encoding score, suggest-
ing age differences in how DN–CON network interaction pat-
terns at encoding predict unrealistic memory. Additional
bootstrapped regressions in younger and older adults, with
encoding score as a predictor and unrealistic memory as the
outcome variable, showed a robust relationship in younger (β =
0.725, 95% CI of b [0.406, 1.064]), but not older (β = −0.273, 95% CI
of b [−1.485, 0.257]), adults (see Fig. 3B). Collectively, the results
suggest that reliance on prior knowledge at encoding, reflected
by greater interaction between default and control regions, was
associated with enhanced memory for realistic prices in both
groups. The same interaction pattern, however, also provided a
memory advantage for unrealistic prices in younger adults
only, suggesting that younger adults may be able to flexibly use

Table 2 Parameter estimates for models assessing the relationship
between DN–CON interactions and realistic and unrealistic memory

β 95% CI

Realistic memory
Age group 0.561 [0.066, 0.158]a

Encoding score 0.713 [0.526, 1.647]a

Retrieval score 0.065 [−0.463, 0.601]
Encoding score*age −0.382 [−1.437, 0.259]
Retrieval score*age 0.142 [−0.538, 1.286]

Unrealistic memory
Age group 0.718 [0.118, 0.217]a

Encoding score −0.35 [−1.742, 0.161]
Retrieval score 0.156 [−0.39, 1.284]
Encoding score*age 0.61 [0.272, 2.308]a

Retrieval score*age −0.063 [−1.146, 0.71]

Note: aindicates a robust effect.
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prior knowledge, given the familiarity of the grocery items, to
facilitate encoding of the unrealistic prices.

To examine whether the network interaction results were
specific to the DN, we conducted a similar analysis that did not
include the DN and instead examined the interaction between
the CON and another control network. Given that regions of the
CON are functionally and spatially interposed between the DN
and dorsal attention network (DAN) (Vincent et al. 2008; Spreng
et al. 2013; Grady et al. 2016), and that only the DN is associated
with the use of prior knowledge, we hypothesized that the CON
would show functionally relevant interactions with the DN, but
not DAN, under conditions that engage prior knowledge (e.g.,
Spreng et al. 2010). To test that hypothesis, we examined whether
DAN–CON interaction patterns (using DAN–DAN interactions as
our measure of within-network connectivity) showed an associa-
tion with memory performance (see Table 1 for DAN coordi-
nates). The results of the bootstrapped multiple regressions are
displayed in Table 3. As predicted, DAN–CON interaction scores
in older and younger adults did not predict memory for realistic
prices (only age group was a reliable predictor). Interestingly, for

unrealistic price memory, the interaction between age and
retrieval score was a reliable predictor, in addition to age group.
Additional regressions in each age group, with retrieval score as
the predictor and unrealistic memory as the outcome variable,
showed a robust relationship in younger (β = 0.419, 95% CI of b
[0.142, 1.095]), but not older (β = −0.318, 95% CI of b [−0.804, 0.06])
adults, although it was trending in the negative direction for old-
er adults (see Fig. 3C). This suggests that interactions between
control networks, possibly reflecting controlled retrieval (Iidaka
et al. 2006; Jacques et al. 2011), facilitated the retrieval of unrealis-
tic prices in younger adults only.

Discussion
Previous work has demonstrated reduced age differences in
memory for meaningful associations that are consistent with
prior knowledge, relative to arbitrary associations (Castel 2005;
Amer et al. 2018). In the current study, we examined the neural
basis of that effect, in younger and older adults who studied
and retrieved realistic and unrealistic prices of common gro-
cery items. Both younger and older adults showed activation of
DN regions (particularly the mPFC) during the encoding of real-
istic, but not unrealistic, item prices, suggesting an involve-
ment of these regions in organizing incoming information in
relation to prior knowledge. Moreover, the extent of activation
of DN regions at encoding and retrieval, as well as their interac-
tion with CON regions at encoding, was associated with better
memory for realistic prices. In contrast, activation of a set of
control regions (at encoding for younger adults and at retrieval
for older adults) was associated with better memory for unreal-
istic prices. Finally, the level of activation of control regions
during retrieval in older adults varied as a function of item
type. Relative to young adults, older adults showed overactiva-
tion of control regions during the retrieval of realistic prices but
showed reduced activation during the retrieval of unrealistic
prices.

Although activation of DN regions during memory encoding
has typically been associated with worse memory (Daselaar
et al. 2004; Miller et al. 2008), our findings provide evidence that
such activity can enhance memory for new information that is

Figure 3. Correlation between network interaction patterns and behavioral performance. (A) Greater interaction between the default network (DN) and cingulo-oper-

cular network (CON) during encoding of realistic prices was correlated with better memory for those prices in both younger and older adults. (B) Greater DN-CON

interaction during encoding of unrealistic prices was correlated with better memory for those prices in younger, but not older, adults. (C) Greater interaction the dor-

sal attention network (DAN) and CON during retrieval of unrealistic prices was correlated with better memory for those prices in younger, but not older, adults.

Table 3 Parameter estimates for models assessing the relationship
between DAN–CON interactions and realistic and unrealistic
memory

β 95% CI

Realistic Memory
Age group 0.496 [0.05, 0.153]a

Encoding score 0.002 [−0.772, 0.335]
Retrieval score 0.101 [−0.235, 0.518]
Encoding score*age 0.236 [−0.295, 1.509]
Retrieval score*age −0.04 [−0.803, 0.915]

Unrealistic Memory
Age group 0.685 [0.107, 0.219]a

Encoding score −0.276 [−1.095, 0.229]
Retrieval score −0.096 [−0.543, 0.266]
Encoding score*age 0.239 [−0.472, 1.433]
Retrieval score*age 0.244 [0.086, 1.569]a

Note: aindicates a robust effect.
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related to prior knowledge, and at least partly account for older
adults’ relatively preserved memory for that type of informa-
tion. Suppression of DN regions, which possibly reduces inter-
ference from internal-based distraction (Anticevic et al. 2012),
has commonly been associated with better performance on
externally oriented tasks that do not engage stored knowledge
representations (McKiernan et al. 2003; Daselaar et al. 2004;
Shulman et al. 2007). In the context of memory, the activation
profile of the DN for successfully learned information has been
discussed in terms of an “encoding–retrieval flip”: DN areas are
suppressed during the encoding of new information and acti-
vated during the retrieval of that information (Huijbers et al.
2012, 2013). Age-related deficits on attention and memory tasks
have frequently been attributed, at least in part, to a lack of
modulation of the DN (Miller et al. 2008; Spreng and Schacter
2012; Rieck et al. 2017). That is, older adults show reduced top-
down suppression of the DN relative to younger adults, and the
interpretation of this finding is that DN activity interferes with
target task performance by introducing internally generated
distraction or by disrupting the proper allocation of limited
neural resources (Lustig et al. 2003; Grady et al. 2006; Persson
et al. 2007). Here, we show that such DN activity can provide a
benefit to older (and younger) adults when learning information
that is related to prior knowledge. This finding is consistent with
studies suggesting that older adults increasingly rely on crystal-
lized, established forms of knowledge, which might compensate
for the loss of efficiency of other basic cognitive functions (Li
et al. 2013; Blanco et al. 2016; Spreng et al. 2018). Furthermore, our
study illustrates that the relationship between DN activity at
encoding and subsequent memory performance varies as a func-
tion of the type of information being learned (i.e., is not always
detrimental), in accordance with recent work demonstrating that
DN activity facilitates performance on tasks that engage internal
representations (Spreng et al. 2014; Liu et al. 2017; Sommer 2017;
see also van Kesteren et al. 2012).

In addition to the DN activity findings, our study also
showed that during the encoding of realistic prices, the extent
of interaction between DN and CON regions was positively cor-
related with memory for those prices in both age groups. This
finding is notable considering the emphasis in the literature on
how age-related coupling of control and default regions might
be indicative of reduced top-down neuromodulation and
increased dedifferentiation at the network level (e.g., Spreng &
Schacter 2012; Geerligs et al. 2014, 2015; Amer, Anderson et al.
2016; Rieck et al. 2017). The current finding is, however, consis-
tent with studies suggesting that such coupling patterns gener-
ally support internally focused goal-directed cognition (e.g.,
Spreng et al. 2010; Spreng & Schacter 2012) and is consistent
with the DECHA model, which proposes that those patterns
reflect an adaptive reliance on prior knowledge when task
demands increase in older adults (Turner & Spreng 2015;
Spreng et al. 2018). It is important to note that although the
DECHA model focuses on interactions between the DN and lat-
eral prefrontal regions in particular, the regions that define the
CON in the current study include some lateral frontal regions,
as well as other regions, such as the bilateral insula, which
overlap with a larger frontoparietal network shown to increase
its coupling with the DN with age (Spreng & Schacter 2012;
Grady et al. 2016).

The positive relationship between DN–CON coupling and
memory performance in the present study might reflect con-
trolled access to relevant internal representations at encoding to
facilitate “retrieval-mediated learning” (i.e., enhanced learning of
new information related to prior knowledge; Preston and

Eichenbaum 2013; Antony et al. 2017). Indeed, other studies have
shown that similar network coupling patterns facilitate memory
search during successful episodic retrieval, further suggesting a
role for control networks in accessing internal representations in
accordance with task demands (Fornito et al. 2012; Kragel and
Polyn 2015; Westphal et al. 2017). Given that the relationship
between DN–control interactions and memory was specific to
the CON, our findings additionally suggest that memory benefits
from prior knowledge, at least during encoding, depend not only
on accessing internal representations but also on maintaining
the task of relating incoming information to such representa-
tions (see Dosenbach et al. 2007, 2008 for evidence that the CON
is involved in task-set maintenance). Interestingly, in addition to
the prior knowledge benefit (through DN–CON coupling) seen for
realistic memory in both age groups, younger adults showed a
similar benefit during the encoding of unrealistic prices. Given
the familiarity of the grocery items, this finding suggests that
younger adults were able to use their knowledge of the items to
organize or strategically encode the unrealistic prices, which is
less likely to spontaneously occur in older adults (Schmitt et al.
1981; Naveh-Benjamin et al. 2007). Nonetheless, our findings
demonstrate a memory benefit in older adults for new informa-
tion that is consistent with prior knowledge, and importantly,
demonstrate that connectivity patterns (e.g., increased default–
control network coupling) typically characteristic of aging and
cognitive decline can potentially be beneficial in certain learning
contexts (see also Spreng et al. 2018 for how those patterns
might influence the nature of autobiographical memory in older
adults by increasing their tendency to recall semantic over epi-
sodic details).

To further examine whether memory benefits associated
with DN–CON interactions were specific to the DN, we con-
ducted an additional analysis that investigated the association
between control network interactions (DAN–CON) and memory.
Consistent with our predictions, DAN–CON interactions did not
show the same associations with memory as DN–CON interac-
tions, illustrating the importance of the DN and prior knowledge
in explaining these associations. Interestingly, however, DAN–

CON interactions during retrieval of unrealistic prices signifi-
cantly predicted memory for those prices in younger, but not
older, adults. These control network interactions may reflect
controlled retrieval mechanisms that were beneficial to younger
adults only. In support of that notion, previous studies have sug-
gested that connectivity between control regions at retrieval is
important for initializing and restricting memory search based
on retrieval cues (Jacques et al. 2011; see also Iidaka et al. 2006).

Taken together, the network interaction findings suggest that
memory for new, realistic information that can be readily inte-
grated into a pre-existing knowledge network benefits from con-
trolled access to schematic knowledge during encoding in
younger and older adults. In contrast, memory for new, unrealis-
tic information that is not consistent with prior knowledge may
be more dependent on strategic encoding as well as controlled
retrieval mechanisms in younger adults. The apparent age-
related decrease in controlled retrieval, as indicated by the net-
work interaction data, is consistent with the present activation
results demonstrating reduced activity of control regions during
the unrealistic retrieval condition in older adults. It is also consis-
tent with recent behavioral evidence of a relationship between
reduced controlled retrieval and worse memory for unrealistic,
arbitrary associations in older adults (Amer et al. 2018).

Finally, our study demonstrated that while older adults
showed reduced activity in a set of control regions during
retrieval of unrealistic prices, they showed overactivation of
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right-lateralized control regions during retrieval of realistic
prices. These brain areas, which have been shown to be vulner-
able to aging (Rieck et al. 2017), overlap with regions that have
been linked to successful retrieval (Fornito et al. 2012;
Fandakova et al. 2014; Kragel and Polyn 2015; Dulas and Duarte
2016). Overactivation of these areas in the current study sug-
gests that older adults selectively engaged control regions
under the meaningful retrieval condition in which they showed
better performance. It is important to note, however, that
although these regions have previously been linked to success-
ful retrieval, their overactivation might be indicative of greater
task interest or engagement and not necessarily serve a mem-
ory function. Nonetheless, this finding provides neural support
for the theory that, due to greater “cognitive effort” associated
with task performance with age, older adults selectively engage
cognitive control based on various factors, such as motivation
and task meaningfulness/personal relevance (Rahhal et al.
2002; May et al. 2005; Hess 2014).

In conclusion, our findings demonstrate that brain patterns
that are optimal for learning depend on the type of information
being learned (see Amer, Campbell et al. 2016). While DN activ-
ity and connectivity with control networks during encoding
have been associated with cognitive decline in older adults and
with less effective learning, more generally, these patterns can
provide an advantage on tasks that engage internal representa-
tions and benefit from a functional integration of intrinsically
separate networks. These patterns also seem to, at least partly,
account for older adults’ well-documented, improved perfor-
mance on tasks that rely on prior knowledge or lifelong experi-
ences. Future work will be important in exploring the trade-off
between the benefits of prior knowledge and reduced DN mod-
ulation with old age, and how factors such as knowledge accu-
mulation and type of task engagement influence this trade-off.
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