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Age-Related Decreases in the Retrieval Practice Effect
Directly Relate to Changes in Alpha-Beta Oscillations

Catherine-Noémie Alexandrina Guran,' Nora Alicia Herweg,? and ““Nico Bunzeck'
'nstitute of Psychology I, University of Liibeck, 23562 Liibeck, Germany, and 2Computational Memory Lab, Department of Psychology, University of
Pennsylvania, Philadelphia, Pennsylvania 19104

The retrieval (or testing) of information leads to better memory performance compared with reencoding. This phenomenon is known as
“testing effect” or “retrieval practice effect” and has been primarily described in behavioral studies with healthy young subjects. However,
possible age-related changes and their associated underlying neural processes, in particular neural oscillations, remain unclear. To
address this issue, we used a previously established paradigm in healthy young (N = 27) and elderly (N = 28) male and female human
adults while their brain activity was being recorded using EEG. Subjects viewed prefamiliarized scene images intermixed with new scenes
and classified them as indoor versus outdoor (encoding task) or old versus new (retrieval task). Subsequently, subjects performed a
recognition memory task 10 min and 24 h after encoding. Behaviorally, both age groups showed the testing effect at both time points but,
importantly, it was less pronounced in the elderly. At the neural level, the retrieval compared with the encoding task was accompanied by
power decreases in the alpha (9-12 Hz) and beta bands (13-30 Hz), possibly reflecting task demands, and this difference was more
pronounced in the elderly. Finally, a correlation analysis revealed that those elderly who displayed a more pronounced testing effect
exhibited a neural pattern that was more similar to the younger subjects. These findings provide evidence that the testing effect decreases

across the life span, and they suggest that changes in alpha-beta oscillations play a direct role.
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ignificance Statement

toward future avenues for neuro-modulatory interventions.

Learning new and retrieving old information is part of everyday human life. Understanding how learning processes can be
optimized therefore has direct applications in the realm of educational and rehabilitative contexts. Here, we show that retrieval
practice is a strategy to optimize encoding into long-term memory in both young and elderly humans. Importantly, retrieval
practice was significantly reduced in the elderly and closely related to changes in alpha (9-13 Hz) and beta band (13-30 Hz)
oscillations. Our findings suggest that decreased retrieval practice effects across the life span contribute to, and may reflect,
age-related declines in memory performance. They further provide new insights into the underlying neural mechanisms and point
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Introduction

A common approach to learning new material is to repeatedly
encode the information at hand. However, retrieval practice (i.e.,
recall of previously encoded material from memory) is a more
effective way to enhance long-term memory (Karpicke et al.,
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2009). This so-called “retrieval practice effect” (RPE; or ‘testing
effect’) has been shown for retention intervals of up to a week and
various stimulus materials, such as vocabulary or scientific texts
(Abbott, 1909; Spitzer, 1939; Karpicke and Roediger, 2008;
Karpicke and Blunt, 2011). Importantly, while the RPE is well
described in younger subjects, its age-related development and
link to underlying neural oscillations remain unclear.

Learning and retrieval of declarative information gradually
decline with age, which can be explained by specific structural
brain changes to regions, such as the medial temporal lobe (i.e.,
hippocampus and surrounding cortex) and PFC (Hedden and
Gabrieli, 2004). Therefore, age-related differences of the RPE
should also be expected. Indeed, differences in size or dynamics
of the RPE appear to differ between young and elderly, which may
relate to changes in costs and benefits of repeated remembering
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Experimental paradigm. Participants were familiarized with 160 images during the first phase (p1). In Phase 2, participants saw all 160 previously shown images (old) intermixed with

160 new images in either the encoding, or the retrieval task. In Phases 3 and 4, participants saw a randomized counterbalanced half of all previously shown images (old-old and new-old; 80 per
category and phase) together with 80 new distractor images each (also 80 per category and phase). Phases 3 and 4 were performed 10 min or 24 h after Phase 2, respectively, and subjects gave

recognition memory strength ratings. Modified with permission from Herweg et al. (2018).

(Henkel, 2007). Similarly, RPEs in the elderly are dependent on
feedback availability during RP (Tse et al., 2010), and, as some-
times seen in younger subjects, they may only be observable
after longer retention intervals (Roediger and Karpicke, 2006;
Toppino and Cohen, 2009; Roediger and Butler, 2011; but for
immediate RPE, see Meyer and Logan, 2013; Rowland and
DeLosh, 2015; Herweg et al., 2018). In contrast, others indi-
cate no age-related changes in RPEs (Rabinowitz and Craik,
1986; Balota et al., 1989; Meyer and Logan, 2013). For in-
stance, the learning of unrelated word pairs benefits from re-
trieval relative to a study condition in both young and elderly
(Coane, 2013). Together, RPEs can be observed in the elderly,
yet they are task dependent and may be less pronounced com-
pared with younger subjects.

The underlying neural processes and associated age-related
changes of the RPE are not well understood. Retrieval compared
with restudy has been shown to engage a variety of brain areas,
including the anterior hippocampus, lateral temporal cortices,
mPFC, striatum and dopaminergic midbrain (van den Broek et
al., 2013; Wing et al., 2013; Herweg et al., 2018), as well as to
enhance connectivity between the ventrolateral PFC and midline
regions (Wing et al., 2013). These effects have been interpreted as
reflecting semantic processing, selective strengthening of associ-
ations, retrieval effort, cognitive control, and motivational pro-
cesses, which fit to behavioral interpretations of the RPE
(Roediger and Butler, 2011).

Electrophysiologically, a few EEG studies have focused on
event-related potentials (ERPs). In a cue-target word pairs para-
digm, subsequent memory effects at parietal electrodes (starting
at ~500 ms after stimulus onset) were linked to RP conditions
(Liu et al., 2017). Furthermore (in a different task), left parietal
old-new effects (500-900 ms), indicating recollection, were
stronger for tested than untested items (Rosburg et al., 2015).
While both studies provide an EEG marker for the RPE, a more
directlink comes from Gao et al. (2016), demonstrating that ERP

Table 1. Number of averaged correct and incorrect responses per condition for
Phase 2 encoding (indoor vs outdoor) and retrieval task (old vs new)

Retrieval
Encoding 0Old New
Age Correct
group  Correct  Incorrect  Remembered  Forgotten  rejections  False alarms
Young  151.04 6.78 49.48 28.96 66.44 12.63
Elderlly 15454 336 57.25 20.96 58.07 20.64
Table 2. d’ values for young and elderly participants in Phase 2°
Age Task Mean SEM
Young Encoding 3.55 0.14
Retrieval 1.44 0.13
Elderly Encoding 3.9 0.12
Retrieval 1.36 0.14

“Performance was overall better in the encoding task. Older participants’ performance difference between encoding
and retrieval was larger.

magnitudes (300500 ms after stimulus onset) in the retrieval
condition correlate with RP benefits.

Apart from ERPs, neural oscillations, in particular within the
theta (4—8 Hz), alpha (9-12 Hz), and beta (13-25 Hz) bands, can
provide specific insights into the underlying neural mechanisms
of learning and memory processes (e.g., Diizel et al., 2010;
Hanslmayr and Staudigl, 2014). However, to our knowledge, no
study has been published on how age-related changes in RPEs
relate to specific neural oscillations. Therefore, we used a modi-
fied version of a previously established paradigm (Herweg et al.,
2018) as well as EEG and time-frequency analysis. We expected
RPEs in young and elderly at both time points (day of encoding
[day 1] and subsequent day [day 2]), and reduced memory per-
formance and reduced RPE in the elderly. Despite mixed evi-
dence at the behavioral level (see above), these hypotheses are
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Table 3. Number of averaged correct and incorrect responses per condition for Phase 3 and Phase 4

Previously encoded stimuli Previously retrieved stimuli
0ld in Phase 2 New in Phase 2 Old in Phase 2 New in Phase 2
Age group Remembered Forgotten Remembered Forgotten Remembered Forgotten Remembered Forgotten
Phase 3, final retrieval on day 1
Young 32.85 6.89 23.04 16.56 36.26 3.56 283 13
Elderly 32.79 6.68 2479 14.64 34.46 4.86 26.21 12.96
Phase 4, final retrieval on day 2
Young 28.04 1.7 17.07 227 32 1.74 231 16.67
Elderly 30.82 8.82 20.6 19.29 325 7.36 226 16.93
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tions. While we had no clear hypothesis
regarding the direction of theta and beta
changes, alpha power decreases were ex-
pected in the retrieval condition due to
higher task demands (e.g., Klimesch,
1999).

Materials and Methods

Participants. In this study, 33 young (18-30 years) and 31 elderly (from
50 years on) subjects were tested. All were right-handed and none had a
history of neurological or psychiatric disorders. The elderly were
screened with the Montreal Cognitive Assessment Scale (Freitas et al.,
2013), and all scored above a threshold of 22 points (lowest score in our
sample: 25 of 30). The study was approved by the local ethics committee
and subjects gave written informed consent.

From the initial sample, 4 participants had to be excluded due to
technical difficulties, and another 5 due to other problems discovered
during screening in the laboratory (left-handedness and history of psy-
chiatric diseases). This led to a total of 27 young subjects (14 male, age
range: 18-29 years, mean * SD age 21.4 * 2.7 years), and 28 elderly
subjects (13 male, age range: 53— 80 years, 62.8 = 7.6 years).

Experimental design and task. The experimental paradigm was based
on Herweg et al. (2018). The procedure consisted of four phases (Fig. 1).
In Phase 1, participants were familiarized with 160 outdoor and indoor
images (80 each), by means of a target detection task. The target stimuli
were presented initially (one indoor, one outdoor) for 12 s. Subse-
quently, the 160 images for familiarization were presented three times
each, for 1 s in pseudorandom order intermixed with 9% of target trials
(i.e., 48 target and 480 nontarget trials). Each image was followed by an
interstimulus interval of 1.5 s (white fixation cross on gray background).
Participants had 2 s to respond to the target stimuli with a button press,
and had the opportunity to pause every 96 trials.

For Phase 2, taking place ~30 min after the first phase, EEG was
recorded with a BrainVision 64-electrode active EEG system. Partici-
pants had to perform two different, randomly alternating tasks, while
viewing 160 new stimuli randomly intermixed with the 160 familiarized
stimuli. The tasks were designed to induce an encoding and a retrieval
context for half of the new and familiarized stimuli each. The encoding
task (ENC) was a simple indoor/outdoor categorization. In the retrieval
task (RET), participants gave an old/new recognition judgment. The com-
bination of the two factors task and stimulus novelty (ENC/RET and OLD/
NEW) resulted in a 2 X 2 repeated-measures design with 80 stimuli per

Figure2.

Descriptive results. Memory accuracy in Phase 3 (first experimental day) and 4 (second day), expressedind” for elderly
and young participants, encoded, retrieved, new, and old stimuli, respectively.

condition. Task blocks were 8 trials long, with each block containing 4 OLD and
4 NEW stimuli in random order.

An instruction screen informed participants about the upcoming task
before the start of each block. Images were presented for 1 s with an
interstimulus interval of 3 s (fixation cross). Participants gave their re-
sponse within 2.8 s using their right index and middle finger. Response-
button mappings were counterbalanced across participants. Participants
could make a self-paced pause every 64 trials.

In Phase 3, subjects performed a surprise recognition task 5-10 min
after the end of the second phase. A total of 160 stimuli, counterbalanced
for location (indoor/outdoor), novelty, and task of the 320 images from
Phase 2, were intermixed with 80 unseen distractor images (i.e., 80 stim-
uli from the encoding context, 80 stimuli from the retrieval context,
and 80 unseen distractors). Each image was presented for 1 s with a
visual analog scale below the image (ranging from “certainly old” to
“certainly new”). The interstimulus interval was 3 s (fixation cross
and analog scale) during which participants could still give their re-
sponse using a mouse device. Participants could make a self-paced
pause every 60 trials.

The task in Phase 4 was identical to Phase 3. However, it was con-
ducted on the following day. Participants were shown the remaining 160
stimuli from Phase 2, which had not been presented in Phase 3, as well as
another 80 previously unseen (distractor) stimuli (i.e., 80 stimuli from
the encoding context, 80 stimuli from the retrieval context, and 80 un-
seen distractors).

Images were randomly assigned to the different phases and conditions
for each subject. To control for effects of illumination, mean luminance
on each color channel (R,G,B) was set to 127 (scale from 0 to 288), and
images were presented on a gray background of equal luminance. Before
each phase of the experiment, participants completed a brief training
session. Images used during the training phase were different from those
used during testing.

Statistical analyses of behavioral data. Accuracy of behavioral responses
was assessed on the basis of signal detection theory (Stanislaw and Todo-
rov, 1999). Specifically, d" was calculated by subtracting the inverse ¢
(conversion of probabilities into z scores according to the normal cumu-
lative distribution function) of the hit rate from the inverse ¢ of the false
alarm rate for each subject and condition. For target detection during
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Figure 3.

factors (age, day, task, novelty) revealed significant main effects. ***p < 0.001.

Phase 1, hits were defined as correctly detected targets. For old/new
categorization during Phase 2, 3, and 4, hits were defined as old stimuli
correctly classified as old. For indoor/outdoor categorization during
Phase 2, hits were defined as indoor images correctly classified as indoor.
Because the inverse ¢ of 0 and 1 is —0 and %, respectively, 0.5 was added
to the number of hits and false alarms and 1 was added to the number of
signal and no signal trials (Stanislaw and Todorov, 1999).

Memory performance in Phases 3 and 4 was measured on a continu-
ous visual analog scale. Here, we not only report d’ (based on dichoto-
mized responses) but also raw memory strength rating (measured as
memory confidence ratings) per condition. Data were statistically
analyzed using a 2 (Novelty: OLD/NEW) X 2 (Task: ENC/RET) X 2
(Retrieval Day: Phase 3/Phase 4) X 2 (Age: young/elderly) repeated-
measures ANOVA, and t tests where appropriate.

EEG data analysis. EEG activity was acquired with an EasyCap system
(BrainProducts) with 64 standard active electrodes. For detecting vertical
and horizontal eye movement, electrodes with indices 29 through 32
were used (VEOG/EOG). Impedances were maintained <10 k(). An
electrode on location TP8 served as reference, and an additional elec-
trode placed behind the right ear as ground electrode.

The sampling rate was at 500 Hz with online high-pass (0.1 Hz) and
low-pass (140 Hz) filters. EEGLAB (version 13) (Delorme and Makeig,
2004) and customized MATLAB (The MathWorks; RRID:SCR_001622)
tools were used for preprocessing the EEG data offline. First, data were
high-pass (1 Hz), low-pass (60 Hz), and notch-filtered (50 Hz). Second,
data were inspected visually for paroxysmal artifacts. All trials were ep-
oched (5 s trials, from 2 s before stimulus onset to 3 s after) and down-
sampled to 250 Hz. The ICA was performed and components to remove
were selected with help of the ADJUST toolbox (Mognon et al., 2011),
which suggests components for removal, as well as visual inspection of all
components. A second visual inspection for, and removal of, remaining
artifacts was performed. Finally, data were rereferenced to the average
reference.

Baseline correction from 1.5 to 1.4 s before stimulus onset and data
analysis were performed using the FieldTrip toolbox (Oostenveld et al.,
2011) (http://www.ru.nl/neuroimaging/fieldtrip). Time-frequency de-
compositions were conducted from 4 to 30 Hz, across each epoch from
2000 ms before to 3000 ms after stimulus onset, using convolution on the
single-trial time series with complex Morlet wavelets (width = 4), with
steps of 4 ms in the time and 0.5 Hz in the frequency domain. For each
condition, power was averaged across trials.

Statistical analysis of EEG data. To test for differences between the
power bands in the different tasks and novelty conditions, two-tailed
nonparametric cluster-based permutation tests (CBPs) (Maris and Oost-
enveld, 2007), with a family-wise error level of 0.05, were performed. All
scalp electrodes were included in the test. ¢ tests were performed for each
sample: Within-subject factors were analyzed with repeated measures ¢
tests, whereas the between-subjects factor was analyzed in an indepen-
dent ¢ test. Clusters were formed based on adjacent significant samples
(p <0.05), considering only effects with three or more significant neigh-

retrieval

Main effects of recognition memory performance in Phases 3 and 4. Recognition memory performance (d’) is
depicted for age (A), task (€), and novelty (D) across Phases 3 and 4 (i.e., day 1and 2, respectively), and for retrieval day (B). All
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boring channels. To control for multiple com-
parisons, a Monte Carlo estimate of the
permutation p value was computed by ran-
domly permuting condition labels (N = 1000).
The proportion of surrogate clusters whose
cluster statistics (sum of t values) exceeded that
of clusters observed with original condition la-
bels constitutes the corrected p value. Non-
parametric CBP tests, as described above, were
conducted on the time-frequency data from 0
to 2000 ms after stimulus onset, and 4 to 30 Hz.
While CBP tests are a very robust method to
analyze EEG data, they are unsuitable for
ANOVA analyses. To assess interactions, we
used t tests on the averages over conditions.

To correlate EEG findings with behavioral
data, we extracted power values from peak
electrodes within a cluster (visual inspection),
which were then Pearson correlated with d’
values. To compare correlations between age
groups, we used the CoCor software (Diedenhofen and Musch, 2015). All
figures were created in MATLAB, with the help of the EEGLAB toolbox
(Delorme and Makeig, 2004), and in case of the bar plots, the gramm
toolbox (Morel, 2018).
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% sk
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Results

Behavioral results

Phase 1

Participants’ accuracy in the first phase, which consisted of a target
detection task, was similarly high in both age groups (d';qung
(mean = SD) = 5.3 £ 0.36, d’ gy = 547 * 0.3), and a ¢ test
yielded no significant difference between the groups (p > 0.2).

Phase 2

The number of correct and incorrect responses per condition can
be seen in Table 1. In Phase 2, data were analyzed in a 2 X 2
ANOVA, with task (ENC vs RET) as a within-subjects factor and
age group as between-subjects factor. There was a main effect of
task for response accuracy (d’, ENC/RET; F; 55, = 541.19, p <
0.001, n}f = 0.911; Table 2), as participants responded more ac-
curately in the encoding than the retrieval task. There was a sig-
nificant interaction of task and age group (ENC/RET vs young/
elderly: F, 53 = 4.7, p = 0.036, partial ] = 0.081; Table 2). The
difference in accuracy between retrieval and encoding task was
significantly smaller in young participants than in elderly
(t(153 = 2.16, p = 0.036). There was no main effect of age group
(p>0.39). As d’ for the retrieval condition was calculated based
on responses for old and new images, these data cannot be ana-
lyzedina 2 X 2 ANOVA.

Phase 3 and 4
The number of correct and incorrect response per condition can
be seen in Table 3 as well as Figure 2. We conducted 2 X 2 X 2 X
2 ANOVAs, with age group as a between-subjects factor, and
retrieval day (Phase 3/Phase 4), task (ENC/RET), and novelty
(OLD/NEW) as within-subject factors for each dependent vari-
able, namely, d’ as well as memory strength ratings.

There were main effects (Fig. 3) of age group (young/elderly,
F 53 = 16.16, p < 0.001, n}f = 0.23), retrieval day (Phase
3/Phase 4, F( 53 = 181.71, p < 0.001, n; = 0.77), task (ENC/
RET, F, 53, = 83.3, p < 0.001, ] = 0.61), and stimulus novelty
(OLD/NEW, F(, 55, = 270.4, p < 0.001, ] = 0.84) on memory
accuracy (d'). Young participants were more accurate than the
elderly, participants gave more accurate memory judgments on
the first experimental day, they were more accurate for old stim-
uli (i.e., which were already present in Phase 1, therefore old in
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Figure4.  Age-dependent RPEs. Across Phases 3 and 4 (i.e., day 1and 2, respectively), rec-

ognition memory performance was lower in the elderly. Importantly, elderly subjects showed a
significant RPE, which was significantly lower compared with the younger subjects. ***p <
0.001.

Phase 2) than for new images, and they were more accurate for
stimuli presented in the retrieval task than for those presented in
the encoding task.

Importantly, there was a significant interaction between task
and age group (ENC/RET X young/elderly: F(, 55, = 18.82, p <
0.001, 7 = 0.26): this interaction was driven by a stronger mem-
ory benefit in the retrieval task compared with the encoding task
for young versus elderly participants (t, 55, = 4.338, p < 0.001;
Fig. 4). In other words, the RPE was more pronounced in the
young compared with the elderly subjects. There were no other
significant interactions (p > 0.13).

The findings from the memory strength ratings replicated
these results in the main effects, with lower memory strength on
the second retrieval day (Phase 3/Phase 4: F, 55y = 68.94, p <
0.001, n}f = 0.57), higher memory strength for stimuli from the
retrieval task (ENC/RET: F, 55, = 87.14, p < 0.001, 77; =0.62),
and higher memory strength for previously old stimuli (OLD/
NEW: F(, 55) = 255.56, p < 0.001, 17 = 0.83) with one exception:
age group did not have a significant influence on the memory
strength ratings (F(, 53 = 0.42, p > 0.8). The interaction between
task and age (F(, 53 = 17.52, p < 0.001, nlf = 0.25) was compat-
ible with the d’ analysis and showed a significantly smaller RPE
for memory strength ratings for elderly than for young partici-
pants (¢, 53y = 4.19, p < 0.001). In addition to the findings in the
d' ratings, there were two significant interactions in memory
strength ratings: day X age group (F, s3) = 4.06, p = 0.049, né =
0.071), and day X novelty (F, 53y = 7.95, p < 0.01, n}f =0.13).
For the former, memory strength ratings dropped less from one
day to another for the elderly participants, while the young ones
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Table 4. Results of the time-frequency analysis

Frequency Duration Significant
Cluster range (Hz) (ms) electrodes p
Retrieval versus 4-30 456-2000 All channels Negative, 0.004
encoding
0ld versus new 4-28 580-2000 Al but TP8 Negative, 0.012
Young versus elderly 12-30 200-1630 Allbut T8 Positive, 0.04
Retrieval versus 5-30 960-2000 All channels Positive, 0.024
encoding: young
versus elderly
0ld versus New: 4-26 660—-2000 Al but P8 Negative, 0.044
Young versus and TP8
elderly

showed a more pronounced decrease in memory strength ratings
(ts3y = 2.02, p = 0.049), while for the latter, memory strength
decreased more strongly for novel stimuli than for old ones (#s,, = 2.85,
P < 0.01). No other effects were significant (p > 0.05).

EEG results

In a first step, Monte Carlo cluster-based permutation tests were
run on the time-frequency data of young and elderly participants
grouped together, from 0 to 2000 ms after picture onset, and from
4 to 30 Hz. Most effects were widespread in terms of time, signif-
icant electrodes and frequency (Table 4): therefore, we describe
power peaks after visual inspection of the significant differences
between conditions. We found a main effect of task (RET vs
ENC), with decreased frontocentral alpha-beta power (10-20
Hz) in retrieval from 1.0 to 1.4 s, a main effect of novelty (OLD vs
NEW), with decreased occipital and left frontal alpha power
(8—-10 Hz) for old stimuli from 0.8 to 1.1 s, a main effect of age
group (young vs elderly), with stronger frontocentral beta power
(16-23 Hz) for young participants from 1.0 to 1.4 s (Fig. 5, A, B,
and C respectively). Importantly, there was an interaction be-
tween task and age group, with stronger frontocentral alpha-beta
power (10-20 Hz) differences for retrieval versus encoding in
elderly participants compared with young ones, from 1.0 to 1.4 s
(Fig. 6). To further assess these effects, we performed separate
CBP tests for distinct frequency bands: alpha (9-12 Hz), lower
beta (13—19 Hz), and higher beta (20-30 Hz). Again, it revealed
statistically significant effects in all three frequency bands (with
p <0.01,p <0.05,and p < 0.01, respectively) that were similar in
terms of electrode location and temporal dynamics compared
with the initial analysis (4-30 Hz). Results for the analyses of
separate frequency bands are not shown but will be made avail-
able upon request.

Finally, the interaction between novelty and age group was
significant (p = 0.044, datanot shown). Post hoc analysis revealed
that the contrasts old versus new stimuli calculated for elderly
participants did not reach significance, whereas the contrast for
young participants only reached trend level (p = 0.052), suggest-
ing a bigger power difference between old and new stimuli for
young participants.

The cluster-based permutation analysis revealed no signifi-
cant results for the comparisons of novelty and task, or novelty,
task, and age. Contrasts for each cluster are indicated below. The
significance level, duration in milliseconds, and the list of elec-
trodes that were detected in the cluster are shown for each con-
trast (Table 4). Figures 5 and 6 represent the main effects and
interaction between task and age group, respectively.
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Figure 5.  Time frequency results. Main effects of (A) task (retrieval vs encoding). Participants have a higher deactivation in the retrieval task, across high alpha and low beta. B, Novelty (old vs

new). Participants have a higher deactivation for old stimuli. C, Age (young vs elderly). Young participants have stronger beta power at ~1—-1.4 s than the elderly. Raw power values are plotted in
bar plots. Single topoplot across the frequency peak of the cluster. Time-frequency samples not significant on any channel within the cluster are displayed opaque. Multiple topoplots represent the
time course of the cluster. Color bars represent the relative change in power from baseline. *p << 0.05, **p < 0.01.
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Link between behavioral and EEG results: correlation analysis
To further assess the relationship between task-related behavior (i.e.,
RPE) and neural oscillations (i.e., power changes), we extracted
power values for all electrodes within the clusters, and calculated
Pearson correlations between (1) power difference between encod-
ing and retrieval task in Phase 2 and (2) memory accuracy (d') dif-
ference between previously encoded versus retrieved stimuli (across
both recall Phases 3 and 4). Specifically, visual inspection revealed
slight differences between young and elderly in terms of peak elec-
trodes (Fig. 7A,B, topoplots). For younger subjects, the average
power (825 Hz) was strongest on electrodes F2 and F4 (concording
with visual inspection, see Fig. 7B), whereas for elderly participants,
the average power (825 Hz) was strongest on electrodes FC1, Cz,
and F1. To have the same number of electrodes and comparable

locations between both age groups, we chose FCI and F1 for the
analysis in the elderly. For elderly participants, we found a significant
positive correlation between the memory accuracy difference be-
tween encoding and retrieval (d'pye — d'ger) at final recall in
Phases 3 and 4 on one hand, and the activation difference
between ENC and RET on the other hand (rpycjrer = 0.41, p =
0.033; Fig. 7A). There was no such correlations for young partic-
ipants (p > 0.3; Fig. 7B). A direct comparison between the cor-
relations of the elderly and young participants showed a
significant difference (Fisher’s Z = —2.12, p = 0.034).

Finally, we did not perform a subsequent memory analysis
(i.e., difference due to later memory; DM analysis) because there
were not enough trials in some of the four possible conditions (in
particular for forgotten stimuli, see Table 3).
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Discussion A
Retrieval practice (RP) is a well-described
strategy to improve long-term memory,
but the underlying neural processes and
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possible age-related changes remain un- g ©2 .
clear. In this study, we can show thatboth £ 0': ,,,,,,, 2 i
young and elderly subjects benefit from = 4, T,
RP but the effect on subsequent long-term 02

memory is reduced in the elderly. At the 03 02

electrophysiological level, retrieval (com-
pared with encoding) was, across age B
groups, associated with decreased alpha/
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beta power, which indicates increased at- .
tentional demands and possibly deeper 0s .
semantic processing (Klimesch et al, o os

1997; Klimesch, 2012). Importantly, the & oa .7 FiEd
retrieval related alpha/beta decrease was 5 o2

more pronounced in the elderly, suggest- © o

ing a close relationship to age-related 02 .
changes in the RPE. Indeed, correlation 04 02

analyses revealed that elderly subjects with
larger RPEs show a more youth-like al-
pha/beta response, whereas those with
small RPEs show a larger alpha/beta drop
during retrieval. As such, our findings in-
dicate a functional role and age-related
changes of alpha/beta oscillations in the
RPE across the life-span.

As expected, long-term memory in both young and elderly
subjects was improved by RP (Fig. 3C). This is in line with long-
standing evidence that testing of information leads to better
memory compared with repeated study (Abbott, 1909; Spitzer,
1939; Karpicke and Roediger, 2008; Karpicke and Blunt, 2011).
Although this is true for various stimulus material and retention
intervals, the literature is less conclusive regarding age-related
changes. While some report no age effects (Rabinowitz and
Craik, 1986; Balota et al., 1989; Meyer and Logan, 2013), our
findings are compatible with others (e.g., Tse et al., 2010; Rogalski
etal.,2014) by showing that elderly subjects benefit from retrieval
but, importantly, their RPE was less pronounced. We speculate
that differences in study designs (i.e., stimulus material, retention
interval, and type of retrieval) might help to explain divergent
findings of age-related changes in RPE, which need to be ad-
dressed in future studies.

Overall, recognition memory was (1) lower for the elderly
subjects (Fig. 3A), and (2) it declined from the early (day of
encoding) to the late (1 d after encoding) time point (Fig. 3B).
This is both compatible with previous literature on long-term
memory in the elderly (e.g., Hedden and Gabrieli, 2004; Nyberg
et al., 2012), and the notion of how we forget over time (e.g.,
Wixted, 2004; Oberauer and Lewandowsky, 2008). More impor-
tantly, however, the RPE was, in both groups, observed at both
time points independent from retention interval (i.e., no interac-
tion between task X day; Fig. 2). Specifically, an RPE on day 1
replicates our previous observation in younger subjects (Herweg
etal., 2018) and is compatible with the hypothesis of a “fast-route
to consolidation”: accordingly, retrieval leads to fast consolida-
tion by enhancing the integration of new information into pre-
existing neocortical networks (Antony et al., 2017). Specifically,
this mechanism is supposed to rely on fast modifications of neo-
cortical representations, which have been shown in schema-
based learning paradigms (Tse et al., 2007).

Figure7.

-0.1 0 0.1 02

power difference between retrieval and encoding on F2 & F4

Correlation of power difference between retrieval and encoding in the central electrodes, and memory accuracy. This
correlation was significant in the elderly, r = 0.405, (A) but not in the young participants, (B). Topoplots of retrieval condition
minus encoding for elderly and young subjects, respectively, over peak frequencies (8 =25 Hz). The effects are broadly centrally
located, whereas the peak for the young subjects is shifted frontally.

Another important replication of our previous study (Herweg
etal., 2018) is an RPE for those images that were novel in Phase 2
(for a similar effect, see Chan et al., 2006; Cho et al., 2017). That
means that retrieval mode not only drives long-term memory for
retrieved old stimuli but also other (i.e., new stimuli) that are
presented in the same context. While this cannot easily be ex-
plained by the “fast-route to consolidation” hypothesis, it might
be attributable to enhanced difficulty (or effort) associated with
retrieval (Bjork, 1999; Rowland, 2014), or a broader search-
strategy and activation of related semantic concepts (Chan et al.,
2006). Accordingly, more effort may lead to deeper information
processing, which is associated with slower response times (as in
our study) and increased activity in brain regions that drive long-
term memory performance, such as the mesolimbic system
(Boehler et al., 2011; van den Broek et al., 2013; Herweg et al.,
2018).

The “fast-route to consolidation” hypothesis is mainly sup-
ported by our behavioral findings: the EEG activity, on the other
hand, was not acquired during the final retrieval, which would be
most informative regarding the “fast-route to consolidation”
framework. Finally, it should be noted that an RPE on day 1 is
partly incompatible with other studies (Roediger and Karpicke,
2006), which further suggests that the RPE depends on factors,
such as stimulus material (verbal vs pictures) and retrieval mode
(free recall vs recognition) (e.g., Roediger and Butler, 2011).

At the neural level, the retrieval of information (compared
with repeated encoding) led to power decreases in the alpha/beta
band (Fig. 5A). This effect was most pronounced at frontal, but
also central and parietal, electrodes with a peak at 10001250 ms
after stimulus onset. In general terms, alpha oscillations have
been associated with attentional processes, and, more specifically,
alpha power decreases with attentional and semantic memory
demands (see, e.g., Klimesch, 1999), which nicely fit with the
notion of enhanced task difficulty/effort during retrieval outlined
above. This is further supported by the interaction between task
and age (Fig. 6), which was driven by stronger alpha/beta sup-
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pression in the elderly and may reflect increased cognitive effort
during retrieval due to age related impairments (see below for
further discussion of the age effect).

A common effect of retrieval on both alpha and beta is com-
patible with previous studies, which have linked both frequency
bands with memory processes. In particular, alpha/beta power
decreases have been observed during the encoding of verbal in-
formation, which might reflect semantic processing and drive
subsequent memory performance (for review, see Hanslmayr et
al., 2012). Interestingly, decreased alpha/beta power also relate to
memory retrieval, indicating material specific memory reactiva-
tion (Hanslmayr et al., 2012). In our study, a direct comparison
between encoding and retrieval task revealed lower alpha/beta
power during the retrieval of information (Fig. 5A). Importantly,
this effect was more pronounced in the elderly, suggesting age-
related changes with a link to memory performance. Indeed, the
correlation analysis between RPE and alpha/beta power (i.e., dif-
ference in alpha/beta between encoding vs retrieval mode; Fig. 7)
demonstrates that elderly with a more pronounced RPE show a
more youth-like alpha/beta pattern (i.e., a less pronounced
power difference), whereas those with a smaller RPE show a more
pronounced alpha/beta difference. While this age-related effect
can be explained by compensation or dedifferentiation (see be-
low), the lack of a correlation in the young participants is unlikely
to be due to differences in variance and/or overall higher perfor-
mance in this group (see, e.g., Table 1; Fig. 4).

From a more mechanistic point of view, both alpha and beta
oscillations have been associated with several functions that are
mostly complementary rather than contradictory. For instance,
alpha/beta predominantly represent top-down-directed influ-
ences (Fries, 2015), whereas beta oscillations appear to represent
long-range communication between brain regions, preservation
of the current brain state, and endogenous (re)activation of cor-
tical representations (Kopell et al., 2000; Engel and Fries, 2010;
Fries, 2015; Spitzer and Haegens, 2017).

How can age-related changes in neural activity be interpreted?
The more pronounced difference in alpha/beta activity for re-
trieval versus encoding in the elderly (Fig. 6) is compatible with
previous studies. Specifically, changes in neural activity in the
elderly, often expressed as increased fMRI activity, have been
reported previously (Cabeza et al., 2002; Dolcos et al., 2002). This
may either reflect compensatory mechanisms to preserve cogni-
tive functioning (Barulli and Stern, 2013), or it may reflect an
age-related loss of regional specificity (i.e., dedifferentiation hy-
pothesis) (Reuter-Lorenz and Park, 2010). While the compensa-
tion hypothesis might be more parsimonious in explaining our
group differences, the correlation analysis is in favor of the ded-
ifferentiation hypothesis. Indeed, the compensation hypothesis
would predict that high performing elderly show more compen-
satory activity to reach the behavioral level of the younger ones.
Instead, the high performing elderly showed a more youth-like
EEG response. While our study was not designed to specifically
disentangle both hypotheses, recent methodological advances
(i.e., multivariate tests) may help to further address this issue
(Morcom and Henson, 2018) as well as the relationship to possi-
ble underlying anatomical brain changes (Hedden and Gabrieli,
2004).

Together, young and elderly subjects’ long-term memory
benefits from retrieval. In both groups, retrieval was associated
with decreases in alpha/beta power, which indicates a direct link
and might reflect attentional demands associated with increased
effort. This was further supported by reduced RPEs in the elderly,
which were associated with a more pronounced alpha/beta drop.
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As such, our findings provide evidence that the elderly benefit less
from retrieval practice, and they suggest that changes in alpha-
beta oscillations play a direct role.
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