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a  b  s  t  r  a  c  t

The  two-component  framework  of  episodic  memory  (EM)  development  posits  that  the contributions  of
medial  temporal  lobe  (MTL)  and  prefrontal  cortex  (PFC)  to successful  encoding  differ  across  the lifespan.
To  test  the framework’s  hypotheses,  we  compared  subsequent  memory  effects  (SME)  of  10–12  year-old
children,  younger  adults,  and  older  adults  using  functional  magnetic  resonance  imaging  (fMRI).  Memory
was  probed  by cued  recall,  and  SME  were  defined  as  regional  activation  differences  during  encoding
between  subsequently  correctly  recalled  versus  omitted  items.  In MTL  areas,  children’s  SME  did  not
differ  in  magnitude  from  those  of  younger  and  older  adults.  In contrast,  children’s  SME  in  PFC  were
weaker  than  the  corresponding  SME  in  younger  and older  adults,  in  line  with  the  hypothesis  that  PFC
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contributes  less  to successful  encoding  in  childhood.  Differences  in  SME  between  younger  and  older  adults
were negligible.  The  present  results  suggest  that, among  individuals  with  high  memory  functioning,  the
neural  circuitry  contributing  to successful  episodic  encoding  is reorganized  from  middle  childhood  to
adulthood.  Successful  episodic  encoding  in  later  adulthood,  however,  is  characterized  by  the  ability  to
maintain  the  activation  patterns  that  emerged  in young  adulthood.

© 2016  The  Authors.  Published  by  Elsevier  Ltd. This  is an  open  access  article  under  the CC  BY-NC-ND
. Introduction

Episodic memory (EM) emerges and increases during childhood
e.g., Schneider and Pressley, 1997) and deteriorates in aging (e.g.,
önnlund et al., 2005). On the surface, children in middle child-
ood and older adults show comparable memory levels, with both
roups performing worse than younger adults (Li et al., 2004).
owever, direct lifespan comparisons of neural correlates of EM
re entirely lacking, leaving an untested assumption that neural
echanisms underlying memory in children and older adults are

he same, given their similarities in performance (but see behav-

oral comparisons by Brehmer et al., 2007; Fandakova et al., 2013;
hing et al., 2008). Therefore, lifespan studies are strongly needed
n the field of developmental cognitive neuroscience, which has
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/).
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

tended to focus either on comparisons on the lower end (children
vs. young adults) or the higher end (younger vs. older adults) of
the developmental spectrum. Here, we  examined the neural corre-
lates of subsequent-memory effects (SME), defined as differences
in fMRI activation between subsequently remembered and omitted
trials during encoding, in 10–12 years old children, younger adults
between 21 and 26 years, and older adults above 60 years of age.
Our focus was to compare SME  within the memory systems of the
various age groups when they operate successfully to form durable
memory representation.

According to the two-component framework of EM develop-
ment, the ontogeny of EM reflects interactions between associative
and strategic components (Shing et al., 2010; Shing et al., 2008;
Werkle-Bergner et al., 2006). The associative component refers
to binding mechanisms that integrate features of episodes into

coherent representations (Treisman, 1996; Zimmer et al., 2006),
and the strategic component refers to cognitive-control processes
that aid and regulate memory functions (Simons and Spiers, 2003).
In line with established conceptions of EM (Eichenbaum, 2002;
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oscovitch, 1992; Simons and Spiers, 2003) and meta-analyses
f fMRI studies on SME  (Kim, 2011; Spaniol et al., 2009), we
ssume that the lateral PFC and MTL  (particularly the hippocampus,
C) support strategic and associative components of EM,  respec-

ively. The HC and associated structures contribute to the formation
f memory representations, particularly establishing associations
etween features (e.g., Davachi, 2006). Lateral PFC, on the other
and, supports cognitive control processes in service of memory
Fletcher and Henson, 2001), such as implementation of attention
election processes in the VLPFC and organization of information
n working memory in the DLPFC (e.g., Blumenfeld and Ranganath,
007).

Both PFC and MTL  undergo profound reorganization in child-
ood (Johnson, 2001; Nelson, 2001) and aging (Buckner, 2004;
abeza et al., 2004). The structural integrity of PFC (particularly
he dorsolateral regions) undergoes maturational changes well into
dolescence. On the other hand, MTL  regions mature at faster rates
articularly in the first few years of life (Gogtay et al., 2006; Sowell
t al., 2003). Therefore, we  assume that successful memory forma-
ion in children should rely more on the associative component of

TL  and less on the strategic component of PFC that is still develop-
ng (Ofen, 2012; Shing et al., 2010; but see Ghetti and Bunge, 2012).
hus far, results are mixed regarding MTL  differences between
hildhood and young adulthood in SME, with some studies find-
ng age differences (e.g., Ghetti et al., 2010) and others not (e.g.,
fen et al., 2007). This stands in contrast to the more consistent
ge differences found in PFC across development. Therefore, our
mpirical investigation will shed light on this topic.

On the other hand, lower EM performance in aging is assumed
o reflect senescent changes in the associative as well as strategic
omponents (Shing et al., 2010). Gray matter differences are espe-
ially pronounced in both HC and PFC regions (Fjell et al., 2009;
az et al., 2005; but see Raz et al., 2010 for lack of longitudinal
hange in PFC). However, findings regarding functional alterations
n these regions during episodic encoding in old age have been

ixed. In part, the inconsistencies across studies may  reflect the
eterogeneity of memory functioning in old age (Persson et al.,
011; Raz et al., 2010; Rönnlund et al., 2005). This partly gave rise
o a maintenance view on EM proposed by Nyberg et al. (2012),
nderscoring the notion that preserved brain functioning is the pri-
ary characteristic of successful memory aging. While this view

ocuses on between-person differences, a within-person aspect of
aintenance would suggest that, among healthy older adults, suc-

essful episodic encoding should engage both the associative and
trategic components optimally, reflecting a state that is youth-like.
herefore, our study aimed to shed lights on the mixed findings by
omparing age groups across the lifespan to identify their com-
onalities and differences in neural mechanisms contributing to

uccessful memory formation.
Importantly, in contrast to most SME  studies that tested mem-

ry with a recognition procedure, we opted for cued recall in which
articipants studied word pairs (e.g. dog-crown) and subsequently
ad to recall the target (crown) when shown the cue (dog). This
equired individuals’ memory system to operate at its best during
ncoding in order to form strong, distinctive memory representa-
ions that can be recalled later on. In younger adults, compared
o recognition, cued-recall imposes stronger demands on both PFC
nd MTL  (Habib and Nyberg, 2007; Staresina and Davachi, 2006).
ased on our framework, we expected that SME  in children, rel-
tive to younger and older adults, would rely more on MTL  and
ess on PFC regions. In contrast, SME-related activation of healthy
lder adults should be largely similar to those of younger adults.

his is because the neural circuitry contributing to SME, particu-
arly for forming strong memory representations, should not alter
undamentally in healthy aging (cf. Maillet and Rajah, 2014). As a
econdary goal, we also explored potential age differences in func-
ve Neuroscience 20 (2016) 59–69

tional connectivity in EM networks. Thus far little is known about
memory-related connectivity in children, while older adults seem
to show increased connectivity in fronto-temporal networks for
successful memory encoding (Dennis et al., 2008; Oh and Jagust,
2013). Therefore, in addition to functional activation, our analyses
will extend the two-component framework of EM lifespan devel-
opment to examine MTL-PFC interactions.

2. Methods

2.1. Participants

This fMRI study was part of a larger scale EM training study.
The initial sample consisted of 95 children aged 10–12 years (fifth-
graders in the German Gymnasium education track), 49 younger
adults aged 21–26 years (university or college students), and 165
older adults aged 63–74 years (retired community dwellers liv-
ing in Berlin). These participants took part in a screening session
and were invited to participate in the fMRI study if they fulfilled
all of the following criteria: (a) a minimum raw score of 34 cor-
rectly solved symbols on the digit symbol test (maximum score 94;
Wechsler, 1955); (b) recalling at least 3 word pairs from a list of
10 pairs; and additionally for adults only (c) more than 27 points
on the Mini-Mental State Exam (maximum score 30; Folstein et al.,
1975); (d) 30 points or higher on the CES-D scale on depression
(Radloff, 1977). The first two  criteria were established after exten-
sive piloting and were adopted to increase the likelihood that our
scanned participants would produce enough remembered trials for
the fMRI analyses.

56 children, 35 younger adults, and 55 older adults fulfilled
the screening criteria and participated in the fMRI assessment.
These participants were right-handed, native German speakers,
and reported not having neurological or psychiatric disorders (e.g.
Alzheimer, multiple sclerosis, Parkinson’s disease, dyslexia, mood
disorders etc.). For the current analysis of SME, three children
had to be excluded due to excessive motion artifacts, and one
younger adult due to technical error in scanning. Furthermore,
we included only those participants who  provided sufficient num-
bers of remembered as well as omitted responses for the fMRI
analysis (i.e. a minimum of two runs with at least six trials per
run; see Murphy and Garavan, 2005 on number of events for fMRI
designs). Therefore, for the analyses below, we  used data from 31
children (Mage = 11.09, SDage = 0.39), 33 younger adults (Mage = 24.0,
SDage = 1.33), and 25 older adults (Mage = 66.8, SDage = 2.15). As
shown in Table 1, compared to the excluded sample, the final sam-
ple was  positively selected on memory performance, particularly
in the case of children and older adults. Within each age group,
the excluded and final samples were comparable in terms of gen-
der radio, performance on a marker test of crystallized intelligence
(verbal knowledge; Lehrl, 1977), a marker test of fluid intelligence
(digit symbol; Wechsler, 1955), and years of education. We  found
expected lifespan patterns with respect to crystallized and fluid
intelligence, namely (a) a continuous increase in verbal knowledge
across the lifespan, and (b) an inverted U-shaped lifespan function
for the Digit Symbol scores, with children and older adults showing
lowered performance in comparison to younger adults.

2.2. Materials and procedure

Stimuli were highly imaginable concrete German nouns paired
together to form unrelated word pairs. Words were drawn from

German norm databases and previous studies had established their
comprehensibility for children of similar ages as those included
here (see Brehmer et al., 2004, 2007; Hasselhorn et al., 1990; Shing
et al., 2008). Screened by several raters, word pairs were checked
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Table  1
Basic demographic and cognitive performance of participants excluded from and included in final analyses.

Age Group Excluded Final

Mean SE Mean SE

Female Ratio
CH 0.31 – 0.40 –
YA  0.33 – 0.49 –
OA  0.58 – 0.40 –

Years  of Formal Education
CH 5 – 5 –
YA  16.25 0.75 16.27 0.49
OA  15.68 0.72 17.32 0.73

Digit  Symbol
CH 41.15 1.47 40.24 1.48
YA  68.67 9.68 70.24 1.80
OA  50.90 1.63 49.68 1.54

Vocabulary Knowledge
CH 9.30 0.95 9.91 0.76
YA  24.17 1.10 22.23 0.63
OA  28.06 0.53 28.70 0.56

Memory Performance
CH 0.06 0.01 0.24 0.02
YA  0.29 0.15 0.41 0.03
OA  0.12 0.03 0.32 0.02

Notes: CH = children, YA = younger adults, OA = older adults. Scale of digit symbol ranged between 0 and 94, and the score refers to number of symbols correctly solved. Scale
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f  vocabulary knowledge ranged between 0 and 35, and the score refers to numbe
nd  final sample only differed significantly on memory performance, particularly in
umber of younger adults in the excluded sample was very small (n = 2).

gainst semantic or associative relatedness, having the same start-
ng letter, or rhyming, as such pairings may  be easier to remember.
ength of study list was adjusted to render the task comparably
ifficult for each age group (Luna et al., 2010; Nagel et al., 2009;
oldrack, 2015) while facilitate having sufficient number of trials
or fMRI analysis. As the present study was embedded in a training
roject (Brehmer et al., 2016), we aimed for a baseline perfor-
ance level of between 25 and 45 percent to provide room for

raining-induced improvement. Based on extensive piloting with
ariations in list length, we settled on 72 pairs for children, 96 pairs
or younger adults, and 28 pairs for older adults. In order to boost
he number of trials for fMRI analysis, we repeated the encoding
un twice for children and younger adults and four times for older
dults (each run contained unique word pairs; i.e. a total of 144
airs for children, and 192 pairs for younger adults, 112 pairs for
lder adults). Two filler word pairs were added at the beginning
nd end of each encoding run to minimize primacy and recency
ffects.

Before scanning, participants were trained on getting comfort-
ble with the MRI  environment and practiced on the encoding task
nside a scanner simulator (NordicNeuroLab). Motion was  detected

ith a camera and feedback was given when they moved too much.
n the next session, participants performed the actual word-pair
ncoding task inside the scanner. Each word pair was presented
or six seconds, with one word appearing at the top and the other
t the bottom of the screen. This was followed by a question for two
econds (‘how sure are you that you will later remember the word
air?’) to ensure that participants remained attentive to the task.
articipants responded by pressing ‘very sure’, ‘sure’, or ‘unsure’. An
xplicit baseline condition was included (data not used in the cur-
ent analyses), in which participants saw pairs of letter strings (e.g.,
xxxx–kkkkk). Six trials of such letter string pairs (lasting for one
econd each) were presented sequentially, forming one block. In 1/3
f these blocks, there were trials where the pairs of letter strings
onsisted of the same letters (e.g., xxxxx–xxxxx). Participants were
sked to monitor the occurrence of these trials and to press a but-

on when they saw one. In 2/3 of the blocks, all trials consisted
f pairs of letter strings with different letters (e.g. xxxxx–kkkkk),
ence no button presses were required and these blocks constituted
ems correctly solved. Memory performance refers to percentage correct. Excluded
ren, t(51) = −6.43, p < 0.001 and older adults, t(49) = −4.93, p < 0.001. Note that the

the explicit baseline condition. Scanning time for the baseline task
was roughly 1/3 of scanning time of the actual memory task. Trials
were separated by a jittered fixation period, ranging from 500 to
1500 msec (in 500 ms  steps).

After each encoding list, participants were tested in a cued-
recall procedure, which differed slightly for children compared to
younger and older adults. For younger and older adults, retrieval
was done inside the scanner without scanning. For children,
retrieval was done on a computer in a quiet room close to the scan-
ner. Based on piloting, lying in the scanner for both the encoding
and retrieval phases was too strenuous for children, lowering scan-
ner quality due to movement artifacts. Therefore, children entered
the scanner again after completing retrieval of the first list. Partic-
ipants saw one word at the top of the screen and had to recall the
other word. They indicated whether they could remember the word
by pressing either ‘yes’ or ‘no’. When ‘yes’ was pressed, they were
asked to verbally report the answer. Participants were also asked to
indicate their confidence in getting the answer correct by pressing
‘very sure’, ‘sure’, or ‘unsure’. When ‘no’ was  pressed, the next trial
appeared. After finishing the memory task, participants were asked
to describe the strategies they had used for encoding the word
pairs in an open-ended format. These strategies were later on coded
into three broad categories based on Dunlosky and Hertzog (1998),
namely visual, semantic, and shallow strategies (such as rote repe-
tition or focusing on graphemic aspects of the words). Participants
could report using these strategies in any combination (e.g. using
one of them exclusively, or combining some of them). Each partici-
pant received a score for each of the strategy category, denoting the
proportion of using strategies in the respective category relative to
all strategies reported by the individual.

2.3. fMRI data acquisition and preprocessing

Whole-brain MRI  data were collected with a Siemens 3 T
Trio Magnetom. Functional data were acquired using an echo-

planar imaging sequence (TR = 2000 ms;  TE = 30 ms;  flip angle = 80◦;
FOV = 216 mm;  matrix = 72 × 72; voxel size = 3 × 3 x 3 mm3; 36
slices). Before acquisition of each functional sequence, a new
localizer was acquired to adjust the slice orientation (align-
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ent based on genu-splenium of the corpus callosum). For
egistration of functional images, 2 structural sequences were col-
ected; one T2-weighted turbo-spin echo sequence (TR = 8170 ms;
E = 93 ms;  matrix = 256 × 256; in-plane resolution = 1 × 1 mm,
lice thickness = 3 mm)  in the same orientation as the func-
ional sequences; and one high resolution T1-weighted MPRAGE
equence (TR = 1550 ms;  TE = 2.34 ms;  matrix = 256 × 256, in-plane
esolution = 1 mm,  slice thickness = 1 mm).  Gradient echo images
ere also measured for correction of magnetic field inhomo-

eneities.
Quality of the functional data was first checked by inspecting

pikes using dataQuality, a Matlab-based tool (http://cbi.nyu.edu/
oftware/dataQuality.php). In short, each slice of each volume was
ivided into brain, ghosting, or background regions. A small region
f interest in the background was defined to detect spikes, that
s when the signal was larger than 10 standard deviations above
he mean (across time). Detected spikes were corrected by substi-
uting the value with an average of the intensity of the two  time
oints before and after a problematic time point, but only if they
hemselves were free from spikes. Repaired data were then checked
gain to ensure that no more spikes were found. Within the runs
etected with spikes, the number of spikes occurred between 1 and

 times. Therefore, the occurrence of spikes was likely random.

.4. fMRI data analysis

Data of each run from each participant were then preprocessed
nd analyzed using FEAT in FSL (Version 5.98, FMRIB’s Software
ibrary, http://www.fmrib.ox.ac.uk/fsl, Smith et al., 2004). Prepro-
essing included nonbrain tissue removal, slice time and motion
orrection, correction of field inhomogeneity, and spatial smooth-
ng using an 8-mm full-width half-maximum Gaussian filter. Runs

ith motion more than 3 mm (absolute displacement) in any direc-
ion were handled by either removing that particular run entirely if

otion was detected throughout, or leaving out (without replace-
ent) the volumes affected by motion (and the subsequent ones) if

t had occurred in the second half of the measurement. This affected
 children (1 had one run in which the last 47 vol of the 497 vols
ere removed, 1 had one run removed entirely and in another

un the last 246 vol were removed) and 3 younger adult (1 had
ne run in which the last 244 vol of the 648 vol were removed,

 had one run in which the last 224 vol were removed, 1 had
ne run removed entirely). Mean framewise displacement showed

 significant age effect, F(2, 84) = 5.97, p = 0.004. Despite the age
ifference, all three age groups showed relatively low framewise
isplacement (children: mean = 0.07, range = 0.03–0.27; younger
dults: mean = 0.05, range = 0.03–0.11; older adults: mean = 0.09,
ange = 0.04–0.24). Post-hoc comparison with Tukey HSD indi-
ated that the age effect was driven by older adults showing
igher motion than younger adults (p < 0.05). Children did not
iffer from younger or older adults (ps > 0.05). To control for dif-
erences due to motion, each individual’s framewise displacement
as entered as a regressor of no interest in group-level analyses.

 pre-whitening technique was used to account for the intrin-
ic temporal autocorrelation in functional imaging. Low-frequency
rtifacts were removed by applying a high-pass temporal filter
Gaussian-weighted straight-line fitting, sigma = 50 s). Age-specific
rain templates were created from participants’ T1 images using
he non-liner registration ANTS program (Avants et al., 2011) fol-
owing the iterative procedures of Sanchez et al. (2012). Functional
cans were registered to their own T1 scans, then to the age-specific
rain templates, and finally to the MNI  standard space.
First-level statistical analyses were performed on each indi-
idual’s data from each run using the general linear model. Time
eries were modeled with separate regressors for the encoding
hase of each trial, separately for subsequently remembered, omis-
ve Neuroscience 20 (2016) 59–69

sions, and wrongly answered trials (post-hoc sorting based on the
response participants gave during cued-recall). Other regressors
were included to model the question phase, the explicit baseline
phase (with and without button press, separately, see Supplemen-
tary Material), and filler pairs at the beginning and end of the run.
The regressors were generated by convolving the impulse func-
tion related to the onsets and lengths of events of interest with
a Gamma  hemodynamic response function. The critical contrast
for analyzing SME  was correctly remembered > omissions (R > O).
Incorrectly answered trials were not included in the contrast due
to ambiguity in the reasons for getting a trial wrong (e.g., intrusion
vs. interference error; see behavioral error analysis). Additionally
six motion parameters were included as regressors of no interest.
Contrast images were computed for each run per subject, spatially
normalized, transformed into MNI  space (2 mm isotropic voxel) and
submitted to a within-subject fixed-effects analysis (i.e. averaging)
across runs. Higher-level analysis across subjects was carried out
using a mixed-effect model in FSL (FLAME). First, to characterize
overall SME, we  computed a whole-brain contrast for R > O across
all participants, regardless of age. Participants’ mean-centered
exact age and memory performance (number of correctly remem-
bered trials over total number of trials) were entered as additional
regressors. Functional activation was  determined by threshold-
ing the Gaussianized T-statistic image of the group analysis, using
clusters determined by Z > 2.3 (p < 0.01) and a corrected cluster sig-
nificance threshold of p <0.05. All coordinates are reported in MNI
space.

Next, region of interest (ROI) analyses were performed to exam-
ine age differences in SME  within regions that were most relevant
to our hypotheses. These regions included left lateral PFC (superior,
middle, and inferior frontal gyri), bilateral parahippocampal gyrus
(PHG), and bilateral hippocampi. First, we prepared anatomical
ROIs using the Harvard-Oxford Cortical and Subcortical Structural
Atlas (http://www.cma.mgh.harvard.edu/fsl atlas.html), with vox-
els thresholded at a minimum 25% probability of being within a
specific region. A conjunction was then made between the anatomi-
cal ROIs and the group-level SME  functional map across all runs and
participants (as described above). This ensured that percent signal
change (PSC) for each ROI is extracted from active voxels within
that region. PSC of each participant from each ROI was subjected to
subsequent ANOVAs (with age group as a factor). Effects were con-
sidered significant at an alpha level of 0.01 (after adjusting from
0.05 for multiple comparisons for five PFC and MTL  ROIs). Outliers
were identified at p < 0.001 (i.e., 3 standard deviations beyond the
mean, 2-tailed test). One child was identified as an outlier across all
ROIs with unusually high values above the mean of whole sample,
hence was excluded from the fMRI analysis. Next, to complement
the ROI analysis, age effects in SME  were explored in all task-
positive regions, using the general subsequent-memory activation
map  from all participants (as described above) as a pre-threshold
mask. An F-test with age group as a factor was  conducted.

Finally, to explore possible age differences in functional
connectivity of MTL  as a function of memory formation, we
conducted a generalized psycho-physiological interaction (PPI)
analysis (McLaren et al., 2012). We  identified left and right hip-
pocampal seed ROIs for the PPI analyses based on a sphere with
a radius of 4 mm around the peak hippocampal voxel (separately
for left and right hemispheres) that were active at the group-
level R > O map  [coordinates of left hippocampal peak voxel: −26,
−26, −12; coordinates of right hippocampal peak voxel: 32, −16,
−18]. The generalized PPI analysis compared the temporal corre-
lation between the hippocampal seeds and other brain regions for

remembered versus omissions trials. At the first level, the PPI design
matrix contained three types of regressors: (a) ‘psychological’
regressors that represent the full design including all event types
(i.e. remembered, omission errors, wrongly answered, and ques-
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http://www.cma.mgh.harvard.edu/fsl_atlas.html
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ig. 1. (a) Percentage correct cued recall across age (error bars represent standa
H  = Children, YA = Younger Adults, OA = Older Adults.

ion); (b) a time-series ‘physiological’ variable that represents the
ime course of the hippocampal seeds; and (c) interaction variables
hat represent the interaction of the psychological and physiologi-
al variables. A direct contrast to capture difference in connectivity
as formed by contrasting remember trials from omissions. Addi-

ionally, six motion parameters were included as regressors of no
nterest. Individual beta images of the contrast term were then
ntered into a group-level whole-brain analysis, treating partici-
ants as random. Participants’ mean-centered percentage correct
ecall, sex, and framewise motion displacement were entered as
dditional regressors. To constrain the search space to task-positive
egions, the PPI analyses were constrained using a binary mask from
he group-level subsequent-memory network. Connectivity maps
ere thresholded at 2.3 (p < 0.01) at the voxel level and p < 0.05 at

he cluster level.

. Results

.1. Behavioral results

Percentage cued recall for each age group is presented in Fig. 1a.
ote that performance comparisons across age groups should be

aken cautiously, as we adjusted list length for each age group
ith the aim of obtaining accuracy levels between 25 and 45
ercent. Nevertheless, an ANOVA revealed a significant effect of
ge, F(2, 84) = 7.93, p < 0.05. Post-hoc comparisons using Tukey
SD indicated that children (M = 0.25, SE = 0.03) showed lower per-

ormance than younger adults (M = 0.41, SE = 0.03), p < 0.05. Older
dults (M = 0.32, SE = 0.03) showed a trend of lower performance
han younger adults, p = 0.09, whereas children and older adults
id not differ reliably, p > 0.05. For any incorrect trial, partici-
ants could either produce an incorrect answer (intrusions), an

nswer that was paired with another word from the current or
receding encoding list (interference), or no response (omission).

 mixed ANOVA (within person: error type; between person: age
roup) revealed main effects of error type, F(2, 83) = 551.93, p < 0.05,
ors); (b) Percentage reported strategies (over all reported strategies) across age.

and of age group, F(2, 84) = 7.93, p < 0.05. The most frequent error
type was  omissions (M = 0.60, SE = 0.02), followed by intrusions
(M = 0.05, SE = 0.01), and interference errors (M = 0.03, SE = 0.003).
Children (M = 0.25, SE = 0.01) and older adults (M = 0.23, SE = 0.01)
produced more errors than younger adults (M = 0.20, SE = 0.01).
We also found a significant interaction between age group and
error type, F(4, 166) = 2.88, p < 0.05. To follow up on this inter-
action, we examined the effect of age group in each error type
separately. Specifically, the three age groups differed significantly
in omission [F(2, 84) = 4.69, p < 0.05], but not in intrusion [F(2,
84) = 1.02, p > .05] or interference error [F(2, 84) = 1.08, p < 0.05].
Post-hoc comparisons on omission error using Tukey HSD indi-
cated that children (M = 0.67, SE = 0.03) had more omissions than
younger adults (M = 0.53, SE = 0.03; p < 0.05), whereas younger and
older adults (M = 0.61, SE = 0.03) did not differ reliably (p < 0.05).

Next, we examined strategy use to characterize how the three
age groups might differ in how they encoded the pairs (see Fig. 1b).
In a mixed ANOVA (within person: strategy type; between person:
age group), a significant main effect of strategy type [F(2, 81) = 44.9,
p < 0.05] and an interaction between strategy type and age group
[F(4, 162) = 4.83, p < 0.01] were found. The most commonly reported
strategy was semantic (M = 0.67, SE = 0.04), followed by visual
(M = 0.22, SE = 0.04), and shallow strategies (M = 0.11, SE = 0.03).
To trace the source of the interaction, we examined age differ-
ences for each strategy type separately. Significant age effects were
found for visual [F(2, 82) = 4.27, p < 0.05] and shallow strategies [F(2,
82) = 6.87, p < 0.05]. For visual strategies, post-hoc comparisons
indicated that younger adults (M = 0.36, SE = 0.08) reported signif-
icantly more use of this strategy than children (M = 0.09, SE = 0.05;
p < 0.05); older adults (M = 0.21, SE = 0.07) did not differ from either
of the other age groups (p > 0.10). For shallow strategies, post-hoc
comparisons indicated that children (M = 0.25, SE = 0.06) reported

use of shallow strategies more often than both younger (M = 0.06,
SE = 0.04) and older adults (M = 0.02, SE = 0.02), ps < 0.05, with the
two adult groups not differing from each other.
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Table  2
Peak activations for subsequent-memory effects (correctly remembered > omissions, R > O) across all participants, with exact age and memory performance as covariates.
Activation maps were threshold at a voxel-level threshold of z > 2.3, corrected at the cluster-level with FWE, p < 0.05. To better characterize the peak clusters, we list clusters
that  survived a voxel-level threshold of z > 4.3, corrected at the cluster-level with FWE, p < 0.05.

Cluster Region BA Z max  MNI  coordinates (mm)  Number of voxels

X Y Z

1 Left inferior frontal gyrus 44/45/46 8.7 −54 20 20 12981
Left  middle frontal gyrus 6/9 7 −42 4 52
Left  postcentral gyrus 40 6.27 −32 −26 52

2  Left inferior temporal gyrus 20/37 8.09 −48 −54 −18 7067
Left  temporal fusiform cortex 35/36 7.84 −30 −34 −24
Bilateral putamen n.a. 7.39 −16 10 −2
Left parahippocampal gyrus/hippocampus n.a. 6.17 −26 −32 −14

3  Right parahippocampal gyrus/hippocampus n.a. 5.46 36 −18 −22 2392
Right  temporal fusiform cortex 35/36 7.40 36 −32 −26

4  Left lateral superior occipital cortex 19 6.11 −28 −70 44 1843
5  Right lingual gyrus 18 5.15 14 −84 0 290
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6  Right frontal orbital cortex 47 

7  Bilateral caudate n.a. 

8  Left frontal medial cortex 11 

Next, we examined whether participants reporting using more
r less effective strategies indeed differed in their performance.
ach participant was classified as either reporting using only shal-
ow strategies (N = 4), using both effective and shallow strategies
N = 12), or using only effective strategies (visual and semantic
trategies combined; N = 70). There was a significant performance
ifference among the three groups of participants, F (2, 82) = 3.42,

 < 0.05, after controlling for chronological age. Post-hoc compar-
sons indicated that participants reporting using only effective
trategies (Madjusted = 0.35, SE = 0.02) showed better performance
han those reporting using only shallow strategies (Madjusted = 0.16,
E = 0.09), p < 0.05. Those using both effective and shallow strategies
Madjusted = 0.26, SE = 0.05) did not differ from the other two groups
p > 0.05).

Finally, we also examined JOL during encoding according to
hether the trial was subsequently remembered or forgotten.

n a mixed ANOVA (within person: trial type; between person:

ge group), significant main effects of trial type [F(1, 84) = 129.04,

 < 0.01] and age group [F(2, 84) = 16.91, p < 0.01] were found. Sub-
equently remembered trials (M = 1.66, SE = 0.04) were rated higher
n JOL than subsequently omitted trials (M = 1.35, SE = 0.03). Chil-

ig. 2. Subsequent-memory activation (whole brain contrast of R > O) across all particip
endered on MNI standard brain, with coordinates presented at the bottom of each section
he  right. Activations were thresholded at a voxel-level threshold of Z > 2.3, corrected at th

 voxel-level threshold of Z > 4.3, corrected at the cluster-level p < 0.05.
5.51 28 32 −14 145
4.86 20 2 16 72
4.93 −4 42 −24 61

dren (M = 1.74, SE = 0.05) showed higher average JOL than younger
(M = 1.5, SE = 0.05) and older adults (M = 1.28, SE = 0.06), p < 0.05,
with the two adult groups also being significantly different from
each other, p < 0.05. The lack of interaction between trial type and
age group [F(2, 84) = 0.29, p = 0.75] suggests that relative JOL is age
invariant from middle childhood to old age.

3.2. Subsequent memory effects (R > O) across all participants:
whole-brain contrasts

First, to characterize overall activation differences between
remembered items and omission errors, we  computed whole-brain
fMRI contrasts for SME  (R > O) across all participants, including
mean-centered exact age and performance (percentage correct) as
covariates. In line with the literature (Spaniol et al., 2009), SME
were associated with significant activation in left lateral PFC (span-
ning across superior, middle, and inferior frontal gyri), left lateral

parietal cortex (postcentral and supramarginal gyri), and bilateral
temporal regions (both lateral and medial walls), as well as in sub-
cortical regions, including both hippocampi (Fig. 2, see coordinates
of clusters in Table 2). To ensure that the overall SME map  encom-

ants, after controlling for exact age and percentage correct. Activation maps are
. Sagittal views are shown from the left side of brain. A z-value scale is presented on
e cluster-level at p < 0.05. To visualize clusters, we depict activations that survived
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ig. 3. Extracted percent signal change for subsequent-memory effects (R > O) for 

yrus,  with children showing weaker SME  than younger and older adults. CH = Chil

asses the SME  of each age group, we calculated the spatial overlap
etween the overall activation map  (A) and each age group’s acti-
ation map  (B), which is A∩B. We  then calculated, for each group,
he proportion of activation overlapping with the overall activation

ap  relative to their own entire activation (i.e. A∩B/B). This ratio
easure was 0.86, 0.93, and 0.86 for children, younger adults, and

lder adults, respectively. Therefore, most of the activation of each
ge group was spatially represented within the overall activation
ap. In particular, all three age groups showed robust SME  in left

ateral PFC, the hippocampi, and PHG, regions that we examined
ext as ROIs.

.3. Age comparisons of lateral PFC and MTL: ROI analyses

Based on the SME  map  defined across all participants, we
onducted age comparisons in the ROIs, namely left lateral PFC
superior, middle, and inferior frontal gyri) and bilateral MTL  (HC
nd PHG), in which PSC was extracted for each participant. We
xamined age differences in PSC in these regions using one-way
NOVAs (with age group as a factor). Across all ROIs, the only region

hat showed a significant age effect was left middle frontal gyrus,
 (2, 84) = 4.96, p < 0.01 (Fig. 3). Particularly, post-hoc comparisons
ndicated that children showed lower SME  in this region (M = 0.04,
E = 0.02) than both younger (M = 0.11, SE = 0.02, p < 0.01) and older
M = 0.12, SE = 0.02, p < 0.01) adults, with no difference between the
wo adult groups (p > 0.10). The age difference remained after con-

rolling for mean centered memory performance (percent correct),
ender, framewise motion, and relative JOL (i.e., the difference in
OL for remembered versus omitted trials) [F(2, 80) = 5.72, p < 0.01].
he age difference also remained including absolute (i.e., mean
s in the ROI analysis. Significant age differences were found in left middle frontal
YA = Young Adults, OA = Older Adults.

level across remembered and omitted trials) instead of relative JOL
as a covariate [F(2, 80) = 6.26, p < 0.01]. For superior and inferior
frontal gyrus as well as MTL, there were no age differences in SME
(ps > 0.20). To further examine the MTL, we  also tested for age differ-
ences using an anatomical MTL  mask for small-volume correction,
which did not yield significant age difference in SME  within the
MTL.

We also explored age differences with an F-test in all task-
positive (SME) regions. There was no cluster that survived the
threshold (Z > 2.3 and a p < 0.05 cluster threshold). Finally, we  had
examined the relationship between memory performance and sub-
sequent memory effect within each group as well as across groups
controlling for age. There was  no consistent pattern of relationship
that emerged.

3.4. Hippocampal connectivity as a function of subsequent
memory

To characterize overall connectivity, a PPI analysis was  run
across all participants (with left and right HC as seed regions), enter-
ing participants’ sex, recall accuracy, and framewise motion (mean
centered as previous models) as additional regressors. At a voxel
threshold of 2.3 (p < 0.01) and a cluster threshold of p < 0.05, no
reliable memory-dependent (i.e. R > O) variation in functional con-
nectivity was  observed. This was  also the case when the model
was run for each age group separately. There were also no reliable

group differences in connectivity, with or without recall accuracy
as covariate.

The difficulty in identifying consistent connectivity pattern may
be related to individual differences in the encoding processes
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ig. 4. Performance-related increase in connectivity between bilateral hippocampi 

rontal  gyrus). Blue color denotes clusters found with left hippocampus as seed, re
ransparency). (For interpretation of the references to colour in this figure legend, t

hat participants engaged in (both within and across age groups),
eading to differential patterns of connectivity across participants
Schott et al., 2013). As differential task processing is related to

emory performance, we then explored the extent to which func-
ional connectivity was related to performance across participants,
ontrolling for gender and motion (mean-centered). As shown in
ig. 4, for left HC, we found a performance-related increase in con-
ectivity to left lateral PFC (middle and inferior frontal gyri, BA
4) and left medial PFC (superior frontal gyrus, BA 6). Similarly, for
ight HC, we found a performance-related increase in connectivity
o left lateral PFC (middle and inferior frontal gyri, BA 9/46) and left

edial PFC (superior frontal gyrus, BA 6). These regions overlapped
ith those found for left HC. Therefore, individuals with better per-

ormance showed stronger connectivity between HC and lateral as
ell as medial PFC for remembered compared to omitted trials.

. Discussion

This study investigated age-related differences in activation pat-
erns during encoding that predict successful memory formation
or word pairs. We  directly compared the extreme ends of lifespan
nd probed memory with cued recall, a less commonly used proce-
ure in SME  studies. This is an important extension to past research,
ecause cued recall requires stronger and more accessible traces
han recognition. In line with our predictions, activation patterns
elated to SME  differed between 10 and 12 year-old children and
dults, but not between younger and older adults. In children, PFC
ctivations during study were less predictive of successful recall
han in adults. Specifically, children, compared to the adult groups,
howed smaller SME  in left middle frontal gyrus. In contrast, MTL
ctivations were equally predictive of successful recall in all three
ge groups.

The finding that children showed weaker SME  in middle frontal
yrus is consistent with the two-component framework of EM
Shing and Lindenberger, 2011; Shing et al., 2010), which states

hat memory functioning in children entails less strategic elabo-
ation than in adults. This reflects the maturational lag between
rontal and MTL  regions in neural development. In this line, Ofen
t al. (2007) showed that activation associated with successful
ft lateral PFC (middle and inferior frontal gyrus) as well as left medial PFC (superior
r denotes clusters found with right hippocampus as seed (overlaid on top at 60%
der is referred to the web version of this article.)

memory formation increased with age in PFC, but not MTL  (Chiu
et al., 2006; Guler and Thomas, 2013). Supporting the notion that
increase in strategic elaboration parallels PFC involvement across
development, we  observed that children who  reported using only
effective strategies (n = 18), relative to their age peers who reported
using shallow strategies (exclusively or in combination with effec-
tive strategies, n = 12), showed stronger SME  in a cluster within the
middle frontal gyrus (37 voxels, z = 2.3, uncorrected), the region in
which age differences in SME  were found. This effect was not found
in any other ROIs. Thus, children who  showed some extent of SME  in
PFC appeared to have started earlier than their age peers in using
effective strategies. It is important to treat this effect as prelimi-
nary due to the small effect and limited sample size. However, it
is conceivable that children are less capable of forming mediators
for encoding the word pairs because they possess fewer mental
schemata to support semantic elaboration, while at the same time
there is large individual difference in this aspect among children
even of the same age (Brod et al., 2013; Craik and Bialystok, 2006).
We assume that, based on the extensive memory development lit-
erature, children undergo progression in strategy use across time,
starting from using shallow, rote repetition to deep, elaborative
strategies. Age-related difference in strategy use has been shown
to be an important factor that drives memory development (e.g.,
Schneider and Pressley, 1997). Such progress is likely supported
by development in the structural and functional integrities of the
PFC, explaining our observation of children showed less SME  in the
middle frontal gyrus. To strengthen this observation, future stud-
ies with a longitudinal design and larger sample sizes are needed
to address individual differences in the progression of children’s
strategy use and its relations to memory performance at the neural
level.

Findings on the involvement of MTL  in memory development
in childhood are not unequivocal. Evidence suggests that there
may  be protracted maturation for some, but not all, MTL functions
(Ghetti et al., 2010; Maril et al., 2010). For example, memory pro-

cesses involving detailed memories with contextual information
are suggested to be associated with age differences in MTL  activa-
tion (Ghetti and Bunge, 2012). We  acknowledge that our paradigm
differs in important ways from the one of Ghetti et al. (2010), which
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ncluded pictorial stimuli presented with perceptual details. Nev-
rtheless, as cued recall relies upon memories that likely contain
ontextual details, our data seems to be at odds with this view.
herefore, the organizing principles of when MTL  activations do or
o not increase during development remain to be clarified. Future
tudies should manipulate strength and details in memory rep-
esentations experimentally to dissociate the effects of these two
actors and the age differences therein.

On the aging side, we found little differences between older
nd younger adults’ SME, suggesting that high-functioning older
dults, such as those in our study, engage much of the same neu-
al circuitry as younger adults when forming representations that
an be subsequently recalled. Such finding may  seem at odd with
he two-component framework that posits a dual deficit in asso-
iative and strategic components in aging (following evidence of
tructural decline in the PFC and MTL). However, while there may
e deterioration in the two components, the framework does not
reclude a within-person maintenance pattern of successful encod-

ng in aging, such that the neural substrate that contributes to
emory formation, when successful, remains largely similar. Such

ge-invariant SME  in left frontal and MTL  regions was previously
eported (de Chastelaine et al., 2011; Duverne et al., 2009; Morcom
t al., 2003). It would be interesting to examine the potential
issociation between age-related differences in the two  memory
omponents in general (such as attempting to remember when
ne is in encoding mode) versus age differences in the two com-
onents in relation to encoding success (when memory formation

s successful). However, our data is not optimally suitable for this
urpose, as the encoding success trials are a large subset of the
ncoding mode trials. In future studies, one would ideally include
n independent memory task that taps into encoding mode with

 block design, or a mixed block and event-related design to tease
part sustained (i.e. mode) versus transient (i.e. success) processes
ithin the same task (Petersen and Dubis, 2012).

Our results also stand in contrast to findings of increased or
ore bilateral PFC SME  in older adults, starting from middle age

Park et al., 2013). These divergences may  reflect differences in the
ature of the tasks. Successful memory formation, assessed with
he present cued-recall procedure, may  impose higher demands
n the quality of memory representations needed to reach the
hreshold for producing a correct response. Our results suggest that,
n both younger and older adults, such high-quality engrams are
ormed by involving both PFC and MTL  during encoding. A recogni-
ion procedure, on the other hand, may  more readily probe partially
ccessible memory representations. Interestingly, a meta-analysis
y Maillet and Rajah (2014) showed that regions consistently over-
ecruited by older adults are either overlapping or close to regions
nvolved in unsuccessful encoding in younger adults (e.g. medial
rontal gyrus, precuneus). This may  reflect an age-related shift away
rom perceptual details towards evaluative and personal thoughts
nd feelings during encoding. However, these operations are less
fficient means of encoding information (e.g., Hashtroudi et al.,
995; Kensinger, 2009). Memory representations bound in such
ays may  be sufficiently accessible in a recognition but not in a

ued-recall procedure, explaining why older adults in our sam-
le did not show engagement of additional regions reported in the
ging literature on SME  (Maillet and Rajah, 2014).

Our procedure of adapting list length minimized task per-
ormance difference across groups, which carries important
dvantages for interpreting group differences in activation (see
agel et al., 2009; Luna et al., 2010; Poldrack, 2015). However,

here are limitations to consider. First, we could not fully equal-

ze the total number of to-be-remembered word pairs across age
roups, as additional runs would have been too strenuous for the
hildren and the older adults. This might have lowered the power
f detecting SME  in older adults due to having the least number of
ve Neuroscience 20 (2016) 59–69 67

trials. However, given that older adults showed as robust an SME
as younger adults, we think that the validity of the present results
is not compromised. We  also ran validation analyses by leaving out
trials in children and younger adults so that all age groups were
represented by the same number of trials for the first level R > O
contrast (see Supplementary Material). Results remained largely
unchanged, with similar SME  regions found as well as same pat-
terns of age differences in ROI analysis, supporting the validity of
the analyses. Nevertheless, future lifespan comparisons will bene-
fit from other routes to adapt task difficulty without confounding
number of trials.

The second limitation refers to the fact that our samples, par-
ticularly the older adults, were highly selective. In total, 97 out of
165 older adults were not invited to participate in the fMRI study
due to failure in meeting the screening criteria. Similarly, chil-
dren retained were possibly less representative of their cohort than
the younger adults (although the latter were university students
and hence also positively selected). It is likely that the selection
procedures used in this study, while contributing to its inter-
nal validity, reduced the generalizability of the present findings
to the general population. For older adults, Salami et al., (2012)
showed that more activity in cognitive-control networks (including
frontoparietal cortices) correlated negatively with memory per-
formance. That is, among older adults, better performing persons
showed less additional engagement of the control network rela-
tive to younger adults. In light of this finding, it is conceivable that
the high-functioning nature of the older adults has contributed to
the similarity of their SME  patterns to the patterns observed in
younger adults. This is in line with the between-person aspect of
brain maintenance proposed by Nyberg et al. (2012). Given that
maintenance likely does not exist in absolute terms, future stud-
ies are needed to delineate the boundary conditions within which
healthy older adults may  exhibit youth-like neural patterns. Like-
wise, the observed fMRI differences between children and younger
adults may  not be restricted to differences in successful memory
formation. In particular, the high-performing children participat-
ing in the present study may not have under-recruited the middle
frontal gyrus during SME  relative to younger adults, but rather may
have been quicker to disengage from encoding after the memory
was formed.

Finally, to reduce movement artifacts that are particularly
prominent in children, their retrieval was  conducted outside the
scanner, leading to a change in retrieval context and slightly longer
delay between encoding and retrieval that might have lowered
children’s performance. Although we  think that this cannot fully
account the age difference found uniquely in middle frontal gyrus,
but not other frontal or MTL  regions, such difference in procedure
is best avoided in future studies. Taken together, it is a challenging
task to investigate age-related differences in memory mechanisms
across the lifespan. Participants of different ages differ in a wealth
of factors in addition to the phenomenon of interest (see Shing
and Lindenberger, 2011). Our study is the first attempt at creat-
ing experimental setups that allow meaningful cross-sectional age
comparisons in successful memory formation across the human
lifespan. We  believe that the utility and feasibility of such an
approach are demonstrated, while the challenges and limitations
that we encountered, particularly the selection bias across age
groups and procedural differences as confounds, serve as impor-
tant lessons for future studies, and indicate that there is room for
further improvements in research design.

Despite finding robust SME  in all groups, we  did not detect a
consistent pattern of functional connectivity at the group level,

both for the entire sample or within each age group. The difficulty
in detecting functional connectivity likely reflects large individual
differences in how participants processed the task. Such differ-
ences also posit a challenge for mean-activation detection, but are
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agnified for connectivity analysis due to the need for more pre-
ise temporal covariation. Varying level of processing, Schott et al.
2013) showed that successful encoding during deep versus shal-
ow processing was accompanied by greater connectivity of left HC
o ventrolateral PFC and temporoparietal cortex. Therefore, spe-
ific processes that one engages in during encoding are associated
ith differential patterns of connectivity, supporting our reasoning

or not finding a consistent connectivity patterns at the group level.
nterestingly, better performance was related to greater connectiv-
ty between HC and medial and lateral frontal gyrus (in particular,
A9/44/46). Based on previous literature, we assume that this has
o do with these regions’ roles in the organization of multiple pieces
f information in working memory such as building semantic rela-
ions between pairs of words, which in turn enhances memory for
ssociations among items in the HC. Such deep processing is shown
o benefit memory performance, potentially accounting for our
bservation that individual difference in performance is associated
ith the strength of connectivity between HC and PFC regions.

In conclusion, our findings demonstrated that, in high-
unctioning children, the neural circuitry contributing to successful
pisodic encoding is reorganized during the transition from mid-
le childhood to adulthood, progressing from reliance on the MTL
o increasing engagement of the PFC in forming durable memory
epresentations. On the other hand, older adults with high mem-
ry functioning show preserved ability to engage the PFC and MTL
hen memory formation is successful, supporting the proposi-

ion that maintenance of youth-like activation patterns contributes
ositively to EM functioning in old age (Fandakova et al., 2015;
indenberger, 2014; Nyberg et al., 2012).
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