Psychological Science OnlineFirst, published on August 16, 2016 as doi:10.1177/0956797616659930

Research Article

QS

PSYCHOLOGICAL SCIENCE

Relearn Faster and Retain Longer: Along
With Practice, Sleep Makes Perfect

Psychological Science

1-10

© The Author(s) 2016

Reprints and permissions:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/0956797616659930
pss.sagepub.com

®SAGE

Stéphanie Mazza!, Emilie Gerbier?, Marie-Paule Gustin>#,
Zumrut Kasikci!, Olivier Koenig!, Thomas C. Toppino’, and

Michel Magnin®

Laboratoire d’Etude des Mécanismes Cognitifs, Equipe d’Accueil 3082, Université Lyon 2, Université de Lyon;
“Bases, Corpus, Langage Lab, Department of Psychology, Unité Mixte de Recherche (UMR) 7320, Centre National
de la Recherche Scientifique (CNRS), Université Nice Sophia Antipolis; *Department of Public Health, Institut

des Sciences Pharmaceutiques et Biologiques, Equipe d’Accueil 4173, Université de Lyon; ‘Emerging Pathogens
Laboratory — Fondation Mérieux, International Center for Infectious Diseases Research (CIRD), Institut National de
la Santé et de la Recherche Médicale (INSERM) U111, UMR 5308, Ecole Normale Supérieure de Lyon, Université
Claude Bernard Lyon 1; *Department of Psychology, Villanova University; and °Central Integration of Pain
(NeuroPain) Lab—Lyon Neuroscience Research Center, INSERM U1028, UMR 5292, CNRS, Université Claude

Bernard Lyon 1

Abstract

Both repeated practice and sleep improve long-term retention of information. The assumed common mechanism
underlying these effects is memory reactivation, either on-line and effortful or off-line and effortless. In the study
reported here, we investigated whether sleep-dependent memory consolidation could help to save practice time
during relearning. During two sessions occurring 12 hr apart, 40 participants practiced foreign vocabulary until they
reached a perfect level of performance. Half of them learned in the morning and relearned in the evening of a single
day. The other half learned in the evening of one day, slept, and then relearned in the morning of the next day. Their
retention was assessed 1 week later and 6 months later. We found that interleaving sleep between learning sessions
not only reduced the amount of practice needed by half but also ensured much better long-term retention. Sleeping

after learning is definitely a good strategy, but sleeping between two learning sessions is a better strategy.
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As the old saying “practice makes perfect” suggests,
extensive repetitive practice is often necessary for last-
ing retention of knowledge (Ebbinghaus, 1885/1913;
Hintzman, 1976). However, in each relearning session,
performance gains appear to become increasingly easy
and fast, given that fewer practice trials are needed to
reach an expected level of mastery. Such time saving dur-
ing relearning (hereafter referred to simply as saving)
represents a useful measure of retention dynamics (Bah-
rick, 1979; Ebbinghaus, 1885/1913; Nelson, 1985) and is
supported by cerebral plasticity at both synaptic and sys-
tem levels (Gerbier & Toppino, 2015; Lee, 2008, 2009).
The schedule of the relearning sessions also has a con-
siderable potential for improving long-term retention.

The spacing effect (Ebbinghaus, 1885/1913) illustrates
that retention is boosted when practice sessions are
spaced apart but diminished when sessions are massed
in succession (Cepeda, Pashler, Vul, Wixted, & Rohrer,
2006). The time that elapses between learning and
relearning could account for this effect: Relearning is
more difficult in the spaced condition. The desirable dif-
Siculty hypothesis assumes that the more effortful and
difficult the learning, the deeper the cognitive processes
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engaged and the better the long-term retention (E. L.
Bjork & Bjork, 2011; Schmidt & Bjork, 1992).

On the other hand, sleep has been shown to partici-
pate in consolidation and enhancement of new learning
(Diekelmann & Born, 2010), benefiting memory through
an off-line and effortless process (Rasch & Born, 2013;
Stickgold, 2001). This sleep-dependent consolidation is
thought to stem from the reactivation and integration of
newly encoded memories into preexisting and perma-
nent knowledge networks (Stickgold & Walker, 2013), a
process that jointly involves system and synaptic-consol-
idation processes (Dudai, 2004). For instance, patterns of
brain activity involved during learning are selectively
replayed during subsequent sleep (Ji & Wilson, 2007;
Maquet et al., 2000; Peigneux et al., 2004). This neuronal
reactivation is associated with gradual structural redistri-
bution of memories and changes in strength of synaptic
connections within the hippocampo-neocortical network
(Rasch & Born, 2013).

Thus, memory is enhanced both by repeated practice
and by sleep, but the interaction between practice and
sleep has not received much attention. Some early
research suggested a beneficial effect of sleep on relearn-
ing (Benson & Feinberg, 1975; Castaldo, Krynicki, &
Goldstein, 1974); however, the extent to which sleep,
interleaved between practice sessions, contributes to time
saving when relearning and favors long-term retention
remains unknown. Bell, Kawadri, Simone, and Wiseheart
(2014) investigated the benefit of sleep in a paradigm of
spaced practice. Four schedules of learning and relearn-
ing were compared: massed (i.e., no interval), 12 hr dur-
ing the same day (i.e., with no sleep), 12 hr overnight
(i.e., with sleep), and 24 hr (i.e., with sleep). Long-term
retention was assessed 10 days later. For participants who
experienced the 12-hr overnight interval (which included
sleep), long-term retention was increased compared with
participants in the massed condition and was similar to
that of participants who experienced the 24-hr interval.
However, the authors failed to obtain the classic spacing
effect in a comparison of the massed condition and the
12-hr interval filled with wakefulness. In addition, there
was no difference in long-term performance after either
of the 12-hr intervals (i.e., with or without sleep). Given
these equivocal results, the authors concluded that nei-
ther sleep alone nor time between learning and relearn-
ing alone was sufficient to improve long-term memory.

To investigate more thoroughly the effect of sleep on
saving during relearning, we used a successive relearning
paradigm (see Bahrick, 1979) in which learning and
relearning episodes were continued until a specified per-
formance criterion was reached. The learning and
relearning episodes were spaced by 12 hr of wakefulness
or 12 hr that included a night of sleep. We hypothesized
that the off-line and effortless sleep-dependent memory

consolidation would allow saving during relearning. We
also wished to know how relearning after a period of
sleep or wakefulness would translate into long-term
retention. Recent research has shown that relearning to
the point of mastery tended to attenuate (e.g., Rawson &
Dunlosky, 2011, 2013) or even reverse (e.g., Storm et al.,
2008) the initial benefit obtained by efficient methods of
learning. In the present context, we explored whether
relearning would weaken or, perhaps, amplify the bene-
fits of previous sleep. Amplification of the benefits of
sleep by relearning would suggest a critical role for sleep
in learning efficiency, whereby sleep improves perfor-
mance while reducing the effort needed to achieve a
level of mastery.

Method

Overview

In the present study, participants were challenged to
learn the French translation of 16 Swahili words using
repeated retrieval-restudy practice. This practice has
been demonstrated to be a particularly efficient learning
method (Karpicke & Roediger, 2008). Twelve hours later,
participants had the opportunity to relearn this material,
and the amount of practice (i.e. number of trials) that
participants needed to do so was measured. One group
of participants was assigned to the wake condition and
did not sleep between the initial learning session and the
relearning session. Another group of participants was
assigned to the sleep condition and did sleep between
sessions. Later, a third group of participants was assigned
to the control condition. One week later and 6 months
after relearning, retention was further assessed for each

group.

Participants

Forty healthy participants (18-29 years old) recruited at
the University of Lyon participated in the main experi-
ment. These participants were randomly assigned to one
of the two groups (20 in each group). Later, 20 other
participants (19-32 years old) were recruited as a control
group. To ensure the homogeneity of the three groups,
we tested the participants’ sleep quality, circadian topol-
ogy, level of sleepiness, and basic long-term and short-
term memory capacity: Participants completed the
Pittsburgh Sleep Quality Index (Buysse, Reynolds, Monk,
Berman, & Kupfer, 1989), the Horne and Ostberg morn-
ing/evening questionnaire (Horne & Ostberg, 1976), the
Epworth Sleepiness Scale (Johns, 1991), and subtests
from the Wechsler Adult Intelligence Scale IV (WAIS-1V;
Wechsler, 2008) and the Wechsler Memory Scale III
(WMS-IIT; Wechsler, 1997). Each participant provided
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informed written consent. The study was conducted in
accordance with the Declaration of Helsinki and was
approved by the French ethics committee.

Groups

Participants in the wake group performed the initial
learning session at 9:00 a.m. and the relearning session at
9:00 p.m. the same day. Participants in the sleep group
performed the learning session at 9:00 p.m. and the
relearning session at 9:00 a.m. the following day (.e.,
after a night of sleep). Participants in the control group
performed the learning session at 9:00 p.m., slept at
night, and then performed a recall session at 9:00 a.m.
the next morning.

Materials and procedure

Learning session. The initial learning session consisted
of the presentation of the 16 Swahili-French word pairs
(e.g., nyanya-tomate). Pairs were presented successively,
in random order, each for 7 s, and participants were asked
to study the French translation. After this presentation,
each Swahili word was displayed with a response box
under it, cuing the participants to type its French transla-
tion. Participants could take as long as they wished to
answer or leave the response box empty. After either
response, the correct pair (cue and target) was displayed
for 4 s. The number of successful recalls (out of 16) during
this first retrieval attempt was our measure of initial perfor-
mance. The words that were correctly translated were not
presented again, whereas the incorrectly translated and
untranslated words were further practiced by the partici-
pants. Thus, they were trained to a criterion of correctly
answering each of the 16 pairs by cycling through the list
of items not yet answered correctly (i.e., once they pro-
vided a correct answer for a given pair of words, that pair
no longer appeared). There was no limit on time or the
number of retrieval attempts. The number of pair trials
needed to complete the learning session was measured.
There was a 12-hr interval between the learning and the
relearning sessions. During this interval, actimetry (Acti-
watch; CamNtech, Cambridge, United Kingdom) was used
to quantify sleep duration in the sleep group.!

Relearning session. On the first /ist trial of the relearn-
ing session, participants in the wake and sleep groups
were asked to recall the French translation of each of the
16 Swahili words, and they received feedback (i.e., the
correct answer) for each pair, in a procedure similar to
that used in the learning session. Again, the number of
successful recalls (out of 16) during the first retrieval
attempt defined initial performance. However, in this
relearning session, participants in the wake and sleep

groups practiced the whole 16-item list repeatedly until
they successfully recalled the entire list. The number of
list trials needed to attain this criterion was measured. As
in the learning session, items were presented succes-
sively and randomly on each list trial. The learning and
the relearning sessions were preceded by the assessment
of subjective sleepiness level using the Karolinska
Sleepiness Scale (Akerstedt & Gillberg, 1990). Participants
in the control group had a similar recall session. How-
ever, it consisted of only one list trial, and there was no
additional opportunity for further relearning.

Delayed testing. One week after and 6 months after
the relearning session, all groups performed a midday
cued-recall task without corrective feedback. The item
order was random but the same for all participants.

Statistical analyses. For each dependent variable,
normality was tested using the Shapiro-Wilk test, and
variance homogeneity was tested using the modified
Levene test. Nonparametric tests, such as Mann-Whitney
U, rank-based analysis of variance (ANOVA; Conover &
Iman, 1981), and 7, are reported when parametric tests
could not be computed. For all statistical tests, p values of
less than .05 were considered significant.

Results

Main experiment

The sleep and wake groups were not significantly differ-
ent with regard to age (sleep group: M = 22.30 years, 95%
confidence interval, or CI = [20.96, 23.64]; wake group:
M = 22.05, 95% CI = [20.33, 23.77D, #(38) = —0.24, p >
.250, or gender (sleep group: 10 women, 10 men; wake
group: 9 women, 11 men), y*(1, N = 40) = 0.10, p > .250.
The two groups also did not differ with regard to sleep
quality (Pittsburgh sleep quality index), circadian typol-
ogy (Horne and Ostberg morning/evening questionnaire
scores), or sleepiness (Epworth sleepiness scale)—sleep
quality score (sleep group: M = 3.40, 95% CI = [2.78,
4.01]; wake group: M = 3.85, 95% CI = [3.09, 4.60]), #38) =
0.96, p > .250; circadian typology score (sleep group: M =
50.0, 95% CI = [45.89, 54.10]; wake group: M = 48.95, 95%
CI = [46.65, 51.24]), U= 155, p = .222; or sleepiness score
(sleep group: M =6.75, 95% CI = [5.24, 8.20]; wake group:
M =8.35,95% CI = [6.76, 9.94D), 1(38) = 1.53, p = .135. In
addition, short- and long-term memory performance in
the two groups was not statistically different on the Ver-
bal Span subtest of the WAIS-IV (sleep group: M = 9.63,
95% CI = [8.95, 10.32]; wake group: M = 10.0, 95% CI =
[9.13, 10.86]D), #38) = 0.70, p > .250. There was also no
difference in the two groups’ performance on the Verbal
Paired Associates subtest of the WMS-III for immediate
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recall (sleep group: M = 29.79, 95% CI = [28.44, 31.13]; after study (sleep group: M = 4.55 of 16, 95% CI = [3.42,

wake group: M = 30.16, 95% CI = [29.11, 31.20]), #(38) =  5.68]; wake group: M = 3.80 of 16, 95% CI = [2.55, 5.05)),
0.46, p > .250, or for delayed recall (sleep group: M = U=152.5, p = .194 (Fig. 1a). There was also no significant
7.89, 95% CI = [7.74, 8.0]; wake group: M = 8.0, 95% CI = difference between the groups in the number of subse-
[8.0, 8.0D, U=161.5, p = .152. quent pair trials needed to answer each of the 16 pairs

During the learning session, the sleep and wake correctly (sleep group: M = 5.55, 95% CI = [4.62, 6.48];
groups did not differ significantly in the number of trans-  wake group: M = 5.15, 95% CI = [4.45, 5.85]) #(38) = 0.72,
lations successfully recalled at the first retrieval attempt  p > .250 (Fig. 1b). Subjective sleepiness (Karolinska
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Fig. 1. Overall results. The graph in (a) shows the mean number of correct translations (out of 16
possible) during the first and the last practice trials in the learning session (pair trials) and relearning
session (list trials) and during the cued-recall task after 1 week and 6 months. Results are presented
separately for the wake, sleep, and control groups. The relearning session in the control experiment
consisted of only the first list trial. Error bars represent 95% confidence intervals. The box-and-
whiskers plots in (b) indicate the number of pair trials necessary for the wake group and the sleep
group to attain the performance criterion in the learning session and the number of list trials neces-
sary for them to attain the performance criterion in the relearning session. The left and right edges of
the boxes represent the boundaries of the first and third quartiles, respectively, and the lines down
the center of the boxes represent the medians. The left and right ends of the whiskers represent
the minimum and maximum scores, respectively. Asterisks indicate significant differences between
groups (*p < .01).
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Fig. 2. Individual list-trial scores. The left and middle graphs show, respectively, the individual scores of members of the sleep and wake groups for
each list trial in the relearning session. The maximum score was 16. The symbols enclosed in the dashed box indicate the successive scores for those
participants in the wake group who still needed to continue after all of the participants in the sleep group had reached the criterion. The graph on
the right shows individual scores of members of the sleep and wake subgroups for each list trial; the subgroups were matched on their performance
in the first list trial. The arrows indicate the point at which all the participants in a given group reached the criterion.

Sleepiness Scale score) at the time of the learning session
was similar in both groups, whether the session occurred
in the evening for the sleep group (M = 2.58, 95% CI =
[1.95, 3.21]) or in the morning for the wake group (M =
2.84, 95% CI = [2.23, 3.45]), #(38) = 0.64, p > .250. Thus,
because there was no difference in circadian typology
between the sleep and wake groups, these results are in
agreement with previous findings (Bell et al., 2014;
Payne, Chambers, & Kensinger, 2012), and our data are
consistent with the assumption that the two groups com-
pleted the learning session with similar performance and
effort and that performance was not significantly influ-
enced by the time of day (evening or morning).

In contrast, after 12 hr, the number of initially remem-
bered translations was higher for participants who had
slept (M =10.3, 95% CI =[9.09, 11.51]) than for those who
had spent the day awake (M = 7.45, 95% CI = [5.98, 8.92)),
1(38) = 3.14, p = .003, Cohen’s d = 0.99 (Fig. 1a). Again,
the level of sleepiness assessed at the beginning of this
session was similar in both groups (sleep group: M =
2.90, 95% CI = [2.21, 3.57]; wake group: M = 2.90, 95%

ClI = [2.36, 3.42)), U = 175.5, p > .250. This finding con-
firms the typical beneficial effect of postlearning sleep on
retention (Diekelmann & Born, 2010) and is also consis-
tent with the marginally significant group-by-session
interaction obtained using a nonparametric rank-based
ANOVA, K1, 38) = 3.97, p = .053; this interaction suggests
a larger difference between the groups at the beginning
of the relearning session (A = 2.85) compared with the
beginning of the learning session (A = 0.75).

Participants in the sleep group needed approximately
half as many list trials to reach the relearning criterion
(i.e., recalling all 16 translations; sleep group: M = 3.05,
95% CI = [2.58, 3.52]; wake group: M = 5.80, 95% CI =
[5.02, 6.58)), U=44.5, p < .001, d = 2.00 (Fig. 1b). Indeed,
although all the participants in the sleep group com-
pleted the relearning session within a maximum of five
list trials, 75% of the wake group needed further practice
(Fig. 2). However, the sleep group may have been faster
because fewer items had to be relearned. To address this
issue, we compared a sleep subgroup (7 = 11) and a
wake subgroup (n = 11) matched with respect to their
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Fig. 3. Change in individual scores. Individual participants’ number of correct
translations on the first list trial of the relearning session and at the delayed testing
at 1 week is graphed separately for the wake and the sleep groups. The gray shaded
area in each graph represents the remaining list trials in the relearning session. The
dashed lines connect the two scores for each participant.

initial performance at relearning.? The sleep subgroup
still completed the relearning session more quickly (M =
3.27 list trials, 95% CI = [2.53, 4.01]) than did the wake
subgroup (M = 5.09, 95% CI = [3.8, 6.38]), #(20) =2.72, p =
.013 (Fig. 2). The relearning speed (computed by dividing
the number of unrecalled items at the first attempt by the
number of list trials necessary to complete the session)
was higher in the sleep subgroup (M = 2.12, 95% CI =
[1.63, 2.60D than in the wake subgroup (M = 1.55, 95%
CI =[0.93, 2.18D, U= 29, p = .037. Thus, at the end of the
relearning session, the wake group reached the same
performance level as the sleep group (i.e., they reached
the relearning criterion) but expended much more time
and effort to do so.

One week later, the sleep group showed very little
forgetting (15.20 correct translations, 95% CI = [14.51,
15.89]; Fig. la). Note that 60% of the participants per-
formed perfectly at this delayed recall task. In sharp con-
trast, the wake group’s retention suffered much more
after the 1-week delay (11.25 correct translations, 95%
CI = [10.68, 11.82]), U= 20, p < .001, d = 2.93; no partici-
pant was able to recall all 16 translations, and no score
was higher than 14. Therefore, having relearned to crite-
rion 1 week before was not sufficient for the wake group
to reach the long-term performance of the sleep group.
We were surprised that the difference between the groups
at 1 week (A = 3.95) appeared even greater than at
the beginning of the relearning session (A = 2.85). The

rank-based ANOVA revealed a marginally significant
group-by-session interaction, F(1, 38) = 3.55, p = .067,
which suggests a superadditive effect of sleeping and
relearning. In addition, the ceiling effect at 1 week may
have contributed to a lessening of the differences between
the groups (Fig. 3).

Six months later, the sleep group (n = 18 as a result of
attrition; 8.67 correct translations, 95% CI = [7.47, 9.86])
still outperformed the wake group (3.35 correct transla-
tions, 95% CI = [2.46, 4.24]), (36) = 7.61, p < .001, d =
246 (Fig. la). Although the difference between the
groups at 6 months (A = 5.32) appeared larger than the
difference at 1 week (A = 3.95), the group-by-session
interaction was not significant, rank-based ANOVA, K1,
36) < 1, p > .250. However, in the sleep group, 56% of
items recalled at 1 week were still recalled after 6 months,
whereas in the wake group, only 30% of such items were
recalled. The same pattern was observed even when the
matched subgroups were compared at 1 week (sleep
group: 15.45 correct translations, 95% CI = [14.76, 16.0];
wake group: 11.45 correct translations, 95% CI = [10.53,
12.38]), U = 2.25, p < .001, d = 3.30, and at 6 months
(sleep group: 8.2 correct translations, 95% CI = [6.13,
10.27]; wake group: 3.73 correct translations, 95% CI =
[2.31, 5.14]D), €(19) = 4.08, p < .001, d = 1.77.

In the sleep group, the total sleep time (TST) inter-
posed between the learning and the relearning sessions
was positively correlated with relearning speed (r = .47,

Downloaded from pss.sagepub.com by Leslie Templeton on August 23, 2016



Along With Practice, Sleep Makes Perfect

p =.038) and with recall performance 1 week later (7, =
.54, p = .015; Fig. 4). Although one might wonder whether
this correlation could be mediated by the participants’
basic memory capacity, this possibility seems very
unlikely because no significant association was identified
between TST and the preexperimental assessments of
short-term memory capability (r = —.33, p = .171) and
long-term memory capability (r = —.24, p > .250).

Control experiment

To ensure not only that the advantage observed in the
sleep group at 1 week was explained by the initial sleep-
dependent consolidation but also that the relearning ses-
sion performed after sleep had a specific influence on
long-term retention, we conducted a control experiment
with a third group of 20 participants (11 women and 9
men).

The control group and the sleep and wake groups
were not significantly different with regard to age (con-
trol group: M = 24.1 years old, 95% CI = [22.68, 25.52)),
F(2, 57) = 242, p = .098; circadian typology (control
group: M = 48.35, 95% CI = [45.10, 51.60D), F(2, 57) =
0.28, p > .250; or level of sleepiness (control group: M =
7.0,95% CI =[5.79, 8.20D, A2, 57) = 1.56, p = .219. Short-
and long-term memory performance was not statistically
different on the Verbal Span subtest of the WAIS-IV (con-
trol group: M =9.7,95% CI = [8.8, 10.60]), (2, 57) = 0.25,
p>.250, or on the Verbal Paired Associates subtests from
the WMS-III for immediate recall (control group: M =
30.1, 95% CI = [29.39, 30.81D, F(2, 57) = 0.15, p > .250, or
for delayed recall (control group: M = 8.0, 95% CI = [8.0,
8.0D, F(2, 57) = 2.18, p = .123. There was a significant
overall difference among the three groups for the Pitts-
burgh sleep quality index (M = 2.8, 95% CI = [2.40, 3.19)),
F(2, 57) = 3.28, p = .045; there was a significant differ-
ence between the control group and the wake group,
#(38) = =2.56, p = .016, but not between the control
group and the sleep group, #(38) = —-1.72, p = .094. Nev-
ertheless, all participants could be considered “good”
sleepers (see Buysse et al., 1989).

During the learning session, the control group’s per-
formance was not statistically different from that of the
sleep and wake groups: mean number of successful ini-
tial translations = 5.15, 95% CI = [4.07, 6.23], K2, 57) =
1.50, p = .231, n? = 0.050; mean number of subsequent
pair trials needed to successfully answer each of the 16
pairs correctly = 5.0, 95% CI = [4.14, 5.86], F(2, 57) = 0.51,
p>.250,n? = .017.

At the first list trial at recall 12 hr later, the three groups’
performance was significantly different, (2, 57) = 7.09,
p=.002, n? = .512. The performance of the control group
WM = 10.75, 95% CI = [9.22, 12.28]) was not significantly
different from that of the sleep group, #(38) = 0.47, p >

Relearning Speed (Number of Trials)

300 400 500 600

16 o @O0 ®
14 )
12

10 )

Correct Translations at 1 Week

ry=.54, p=.015

300 400 500 600
Total Sleep Time (min)

Fig. 4. Scatterplots showing the relationship between total sleep
time and (a) relearning speed (with best-fitting regression line) and
(b) recall performance at 1 week.

.250, but was significantly better than that of the wake
group, /(38) = 3.47, p = .002, which confirms the benefi-
cial effect of sleep compared with wakefulness.

One week later, however, the groups’ performance
was different, A2, 57) = 25.93, p < .001, n? = .476. The
control group’s performance (M = 11.25, 95% CI = [9.89,
12.61]D) was not statistically different from that of the
wake group, #38) = 0.0, p > .250, but was significantly
lower than that of the sleep group, #38) = 6.24, p < .001.
This indicates not only that the sleep group’s nearly per-
fect 1-week performance was the result of sleep-depen-
dent consolidation but also that postsleep relearning
made a specific contribution.

After 6 months, the groups’ performance was again
different, (2, 54) = 23.41, p < .001, n* = .464. The control
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group’s performance (M =4.58, 95% CI = [3.11, 6.04]) was
not significantly different from that of the wake group,
1(37) = 1.52, p = .137, but was significantly lower than
that of the sleep group, #35) = 4.52, p < .001. These
results indicate that, for long-term retention, relearning
intensively after 12 hr of wakefulness is no more produc-
tive than relearning very briefly after having slept.

Discussion

In previous work investigating the enhancing effect of
sleep on subsequent declarative memory, the researchers
focused on retention as reflected by recall or recognition
(Diekelmann & Born, 2010; Rasch & Born, 2013). In the
current study, the use of a relearning paradigm (Nelson,
1985) allowed us to obtain a more fine-grained measure
of the effects of sleep on memory. Unrecallable items
were reacquired faster during relearning in the sleep
group independently of initial retention. In addition, both
relearning speed and 1-week recall were positively cor-
related with time spent asleep. This shows that even
memories not explicitly accessible at the beginning of
relearning had also been transformed during sleep.

Our results underscore the specificity of the beneficial
effect of sleep between learning and relearning for long-
term retention. Bell et al. (2014), using a comparable
design, found that neither sleep alone nor time between
learning and relearning alone was sufficient to improve
long-term memory. Their participants’ high-level perfor-
mance at the beginning of the relearning session may
account for this absence of effect; such performance may
have attenuated the impact of further relearning, espe-
cially because this relearning consisted of a fixed number
of practice trials. Relearning is more than a sensitive
method of testing memory: It is an integral part of learn-
ing and can be viewed as an iterative process in which
we learn, forget, and then relearn as many times as nec-
essary to achieve a specified level of retention. Our
results indicate that when the interval between succes-
sive study sessions is filled with sleep rather than with
wakeful activity, the process is much more efficient
because it both facilitates relearning and enhances long-
term retention.

Compared with the sleep group, the wake group
started off the relearning session with a lower level of
memory and therefore had to engage in greater retrieval
efforts to reach the expected level of mastery. Those
efforts, however, did not translate efficiently into long-
term retention, as indicated by the fact that their perfor-
mance did not reach the level attained by the sleep group
1 week later. Rather, the 1-week performance in the wake
group was equivalent to that of the control group, which
slept but then had only a single trial in which to relearn.

This result seems to be an exception to the desirable-
difficulty principle (E. L. Bjork & Bjork, 2011; Schmidt &
Bjork, 1992), according to which long-term retention is
facilitated by conditions that make learning harder. In addi-
tion, relearning to criterion has been shown to attenuate
the initial benefits induced by the use of efficient strategies
at the time of learning, such as spaced learning (Rawson &
Dunlosky, 2013) or test trials (Rawson & Dunlosky, 2011).
Surprisingly, in the present study, the benefit of sleep was
immune to any diminishing effects induced by relearning:
Our results suggest even an amplification of the effect of
postlearning sleep through relearning.

Sleep has been shown both to passively protect mem-
ories against decay and interference and to actively con-
solidate new memories (Diekelmann & Born, 2010). It is
possible that the cognitive processes engaged by the
wake group during relearning were inefficient because
they operated on memories degraded by interference
from diurnal activities (Wixted, 2004). In contrast, the
lesser efforts expended by the sleep group may have
been more rewarding in the long term because they
operated on sleep-consolidated memories.

These results could also be interpreted within general
memory models. For example, the new theory of disuse
(R. A. Bjork & Bjork, 1992) assumes that two interacting
parameters regulate memory performance. Retrieval
strength determines the immediate accessibility of a
memory and thus directly determines immediate perfor-
mance. Storage strength is a latent parameter that reflects
the degree of learning and moderates the effect of sub-
sequent experience. All other things being equal, higher
storage strength is associated with greater learning from
subsequent practice and slower forgetting from subse-
quent interference; thus, higher storage strength yields
greater memory stability over time. Because long-term
retention is supported by the interplay between the two
strengths, a high level of performance at the end of a
training session—reflecting high retrieval strength—does
not necessarily translate into long-term retention, which
is determined by storage strength. We can speculate that
sleep, through consolidation processes, increases the
storage strength of memories. This would explain why
the sleep group exhibited better recall before relearning
than did the wake group, although less interference for
the sleep group might also have contributed. Higher
storage strength, however, also would explain the sleep
group’s better relearning efficiency, independently of
initial performance. Finally, this would explain why,
despite attaining the same relearning criterion, the two
groups did not exhibit the same level of forgetting after
1 week and 6 months. How sleep affects these processes,
and, more generally, how sleep interacts with learning
strategies, clearly warrants further research.
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Finally, the striking difference in long-term retention
between the wake and sleep groups might also seem
surprising given that the wake group slept shortly after
relearning. However, in this group, sleep operated on
memories that had suffered from more diurnal interfer-
ence, the effects of which may not have been eliminated
entirely by their extensive relearning. Moreover, partici-
pants in the wake group did not have the opportunity to
relearn sleep-consolidated memories the next morning.
These results suggest that an uninterrupted sequence of
learning, sleep-dependent consolidation, and relearning
(that is, repeatedly alternating study and sleep) is particu-
larly efficient for long-term retention.

In conclusion, interleaving learning sessions with epi-
sodes of sleep may be an easy and promising method to
achieve longer retention with less study. Such scheduling
may be especially relevant for difficult or important to-
be-learned declarative information. If comparable effects
of sleep hold for procedural memory, it may be possible
to enhance acquisition and retention of skills.
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Notes

1. The Actiwatch device uses an accelerometer to detect and
log wrist movements. This method is known as actigraphy and
has been shown to be a useful and sensitive means for discrimi-
nating sleeping from waking. Movements are sampled several
times per second and are used to derive levels of activity and

inactivity, rhythm parameters (such as amplitude or acrophase),
and sleep-wake parameters, such as the total sleep time. The
total sleep time (TST) was determined as the number of min-
utes asleep in bed after lights go off, according to the sleep-
wake categorization (Ancoli-Israel et al., 2003).

2. We selected from each of the two groups participants who
displayed the exact same performance at the first list trial of the
relearning session. For example, for a participant who had a
score of 6 in the wake group, we selected a participant with a
score of 6 in the sleep group. In order not to favor our hypoth-
esis, if several participants met this criterion, we selected from
the sleep group those for whom the number of required list tri-
als was the highest and, from the wake group, those for whom
this number was the lowest.
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