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‘Sleep-dependent” memory consolidation? Brief periods
of post-training rest and sleep provide an equivalent
benefit for both declarative and procedural memory

Serene Y. Wang,1 Kirsten C. Baker, Jessica L. Culbreth, Olivia Tracy, Madison Arora,
Tingtong Liu, Sydney Morris, Megan B. Collins, and Erin J. Wamsley
Department of Psychology, Furman University, Greenville, South Carolina 29609, USA

Sleep following learning facilitates the consolidation of memories. This effect has often been attributed to sleep-specific
factors, such as the presence of sleep spindles or slow waves in the electroencephalogram (EEG). However, recent studies
suggest that simply resting quietly while awake could confer a similar memory benefit. In the current study, we examined
the effects of sleep, quiet rest, and active wakefulness on the consolidation of declarative and procedural memory. We hy-
pothesized that sleep and eyes-closed quiet rest would both benefit memory compared with a period of active wakefulness.
After completing a declarative and a procedural memory task, participants began a 30-min retention period with PSG (pol-
ysomnographic) monitoring, in which they either slept (n = 24), quietly rested with their eyes closed (n = 22), or completed
a distractor task (n = 29). Following the retention period, participants were again tested on their memory for the two learn-
ing tasks. As hypothesized, sleep and quiet rest both led to better performance on the declarative and procedural memory
tasks than did the distractor task. Moreover, the performance advantages conferred by rest were indistinguishable from
those of sleep. These data suggest that neurobiology specific to sleep might not be necessary to induce the consolidation
of memory, at least across very short retention intervals. Instead, offline memory consolidation may function opportunis-
tically, occurring during either sleep or stimulus-free rest, provided a favorable neurobiological milieu and sufficient reduc-

tion of new encoding.

[Supplemental material is available for this article.]

Of the myriad new experiences we encode each day, only a fraction
are remembered over the long-term. The formation of long-term
memory is crucial for optimal functioning in our everyday lives
and for building knowledge across days, weeks, and years. Such
enduring memories require not only the effective encoding
of new information, but also a set of postencoding processes,
termed “consolidation,” that function to stabilize and transform
new memory traces over time (McGaugh 2000; Frankland and Bon-
tempi 2005; Genzel and Wixted 2017).

Consolidation of memory is better supported by some states
of consciousness than others. For example, sleep has long been
known to optimize memory consolidation, purportedly due to spe-
cific neurobiology that actively promotes the consolidation pro-
cess (Diekelmann and Born 2010). Numerous studies have
demonstrated that sleep facilitates the consolidation of both
declarative and procedural memories. Slow oscillations (Huber
et al. 2004; Marshall et al. 2006) and slow wave sleep (SWS) (Alger
et al. 2012; Diekelmann et al. 2012) are thought to especially ben-
efit hippocampus-dependent, declarative memory. Meanwhile,
various forms of implicit and procedural memory have been linked
to rapid eye movement (REM) sleep (Plihal and Born 1997; Med-
nick et al. 2009) or non-REM stage 2 (N2) sleep (Walker et al.
2002; Tucker and Fishbein 2009).

A potential mechanism of offline memory consolidation dur-
ing sleep is memory “reactivation,” in which patterns of neural ac-
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tivity in the hippocampus and cortex associated with awake
experience are reiterated after learning. For example, when rats
sleep after being trained on a spatial learning task, hippocampal
“place cells” fire again in the same order as when the animals
were being trained on the task during wake (Lee and Wilson
2002; Ji and Wilson 2007). Such neural reactivation not only oc-
curs in the hippocampus, but also concurrently in a variety of
cortical areas (Ji and Wilson 2007; Peyrache et al. 2009; Kaefer
et al. 2020). The recent advent of optogenetics has allowed exper-
imental investigation of memory reactivation in animal models.
Experimentally disrupting the hippocampal ripple oscillations
during which reactivation occurs impairs memory (Girardeau
et al. 2009; Ego-Stengel and Wilson 2010). Conversely, selectively
reactivating neural ensembles related to a particular memory ap-
pears to induce consolidation, particularly when this manipula-
tion is applied during sleep or light amnesia (de Sousa et al. 2019).

But is sleep the only brain state that facilitates memory con-
solidation in this way? It has been argued that sleep-specific neuro-
biology, including sleep slow waves (Alger et al. 2012), sleep
spindles (Wamsley et al. 2012; Mednick et al. 2013; Laventure
et al. 2016), and/or REM sleep (Karni et al. 1994; Stickgold et al.
2000; McDevitt et al. 2015; Boyce et al. 2016), is required for offline
memory reactivation and consolidation to occur, or at least to
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Sleep, rest, and memory consolidation

occur optimally. However, a growing body of literature indicates
that stimulus-free waking rest can similarly facilitate consolidation
(Wamsley 2019). In two influential experiments, Dewar et al.
(2012) demonstrated that compared with participants who com-
pleted a nonverbal distractor task, those who rested quietly with
their eyes closed in a darkened room for 10 min after learning
showed better memory for short stories encoded prior to the reten-
tion period. The rest group significantly outperformed the wake
group after 15 min, 30 min, and 7 d (experiment 1), even in the ab-
sence of retrieval practice during the 7-d period (experiment 2).

This effect of post-training rest on memory retention has been
reported in an increasing number of papers across the last decade
(Gottselig et al. 2004; Mercer 2015; Martini et al. 2018; Wamsley
2019; Martini and Sachse 2020). Brokaw et al. (2016) replicated
the behavioral observations of Dewar et al. (2012) and showed
that this memory benefit was associated with EEG slow oscillation
activity, which is thought to facilitate hippocampal—cortical com-
munication and concomitant memory consolidation during sleep
(Marshall et al. 2006; Mélle and Born 2011). A recent study by
Sattari et al. (2019) also linked improved memory performance to
waking EEG slow oscillations, suggesting that the memory-en-
hancing effects of rest and sleep may share a common mechanism.

Of course, it has been known for decades that at least some
consolidation must occur during wakefulness. Local, cellular level
consolidation begins to stabilize memory immediately following
encoding (Bailey and Kandel 2008; Redondo and Morris 2011), en-
abling us to recall the events of the previous hours in the absence of
intervening sleep. The novel suggestion of these more recent stud-
ies is that consolidation does not occur equivalently during all
types of wakefulness (Dewar et al. 2012; Brokaw et al. 2016).
Instead, stimulus-free rest periods appear to have features that are
especially suited to facilitate memory.

Reduced sensory processing during eyes-closed rest may be
one factor accounting for the memory facilitation effect.
However, even internally generated stimuli can also function to
block consolidation, as demonstrated by the fact that mental tasks
such as retrieval of autobiographical memory and focused medita-
tion are also associated with a reduction in rest’s memory benefit
(Craig et al. 2014; Collins and Wamsley 2020). Similarly, we report-
ed in two previous studies that individuals with a high propensity
for daydreaming show less memory benefit following a period of
rest, presumably because intense internally generated mental ac-
tivity inhibits consolidation (Humiston et al. 2019; Wamsley and
Summer 2020).

Together, these observations suggest that consolidation oc-
curs during wakefulness when sensory processing is reduced,
when low-frequency EEG oscillations are increased, and when in-
ternally generated cognition is at a minimum. Therefore, consoli-
dation may not depend on neural mechanisms specific to sleep,
instead opportunistically occurring across multiple states of con-
sciousness whenever the correct conditions are met (Mednick
etal. 2011). According to the opportunistic theory of memory con-
solidation, the processes of encoding and consolidation are mutu-
ally exclusive: During any brain state in which we are not currently
encoding new information, existing memories consolidate as the
neural milieu becomes favorable (Mednick et al. 2011; Wamsley
2019). Unoccupied quiet rest, like sleep, is a state in which the en-
coding of new stimuli is reduced. In addition, quiet rest and sleep
also share a number of neurobiological features that are thought to
actively promote memory consolidation, including overall slower
EEG in comparison with active wakefulness, increased activation
of default-mode network brain structures (Buckner and Vincent
2007), and decreased levels of acetylcholine in the brain
(Hasselmo and McGaughy 2004). Additionally, the cellular-level
offline reactivation of memory occurs not only during sleep, but
also during quiet rest (Foster and Wilson 2006; Karlsson and
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Frank 2009; Carr et al. 2011; Staresina et al. 2013). At the same
time, it must be noted that eyes-closed rest does not replicate all as-
pects of sleep neurobiology proposed to facilitate memory. For ex-
ample, sleep spindle oscillations and sleep-specific neurohormonal
changes are not present during eyes-closed rest.

While sleep and rest both benefit memory in comparison
with active wakefulness, it is not known whether they do so equiv-
alently. With few studies directly comparing the size of rest’s mem-
ory benefit with that of sleep, it remains possible that sleep
provides some benefit above and beyond that conferred by waking
rest. The limited number of prior studies in this area have shown
mixed results. As opposed to the type of truly task-free condition
used in the waking rest studies reviewed above, most experiments
comparing active wakefulness, rest, and sleep have used a “rest”
condition in which participants are asked to complete an unde-
manding activity such as listening to music or books on tape.
This approach sacrifices complete sensory restriction in return for
allowing rest condition participants to maintain wakefulness for
longer periods of time. For example, Mednick and colleagues
have used quiet rest conditions in which participants listen to mu-
sic or audiobooks, finding that this form of quiet rest facilitates
memory equivalently to sleep for some forms of learning (Mednick
et al. 2009; Sattari et al. 2019), but not for others (Mednick et al.
2002; McDevitt et al. 2014). Keeping rest participants awake via
verbal instructions to alternately open and close their eyes, Simor
et al. (2018) found no effect of post-training rest or sleep on perfor-
mance of a serial reaction time task, relative to an active wake con-
trol. While these observations might indicate that only selected
forms of memory can be consolidated during resting wakefulness,
itis possible that the encoding of meaningful auditory stimuli dur-
ing these rest conditions prevents optimal consolidation.

Only a few prior studies have compared the memory effects of
sleep with those of an equivalent duration of eyes-closed, entirely
task-free rest. For example, Gottselig et al. (2004) successfully com-
pared the effects of sleep, quiet rest, and active wakefulness on
memory consolidation using a carefully controlled rest condition
without any stimuli presented to the participants. Using a statisti-
cal auditory sequence learning task, they reported that both sleep
and rest equivalently facilitated retention. In contrast, using a
declarative memory task, Piosczyk et al. (2013) found that neither
quiet rest nor sleep improved memory more than active wakeful-
ness. A recent study from our own laboratory directly compared
sleep, rest, and active wakefulness using declarative and procedural
tasks commonly used in studies of sleep and memory (Tucker et al.
2020). However, high rates of attrition (due to rest participants in-
advertently falling asleep and sleep participants failing to obtain
sleep) prevented a robust test of our hypothesis that sleep and quiet
rest would equivalently benefit memory, relative to active
wakefulness.

The goal of the current study was to directly compare the
memory benefit of a brief nap (<30 min) with that of an equivalent
duration of task-free quiet rest. We hypothesized that a brief period
of sleep and quiet rest would have an equivalent effect on the con-
solidation of both declarative and procedural memories, signifi-
cantly boosting memory retention compared with an equivalent
duration of active wakefulness. Following our previous work, we
expected that memory retention across sleep and quiet rest would
be associated with slow oscillation EEG power in the <1-Hz range,
but that participants with high trait daydreaming propensity
would show less improvement across quiet rest.

Results

After training on two learning tasks (an Icelandic word pair associ-
ates task and the motor sequence task), participants were randomly
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assigned to spend the next 30 min either resting with their eyes
closed, lying down for a nap opportunity, or completing a distrac-
tor task. Afterwards, memory retention for both learning tasks was
assessed. For the Icelandic word pairs task, performance improve-
ment was assessed as the change in number of words recalled.
For the motor sequence task, performance was assessed both as ini-
tial percent improvement from baseline to the first three of 12 test
trials after the retention interval, and also as final percent improve-
ment from baseline to the last three of 12 test trials after the reten-
tion interval (for more details, see the Materials and Methods).

Sample characteristics by group

Prior to the manipulation, the experimental groups were equiva-
lent on relevant characteristics including age, sex, state and trait
sleepiness, prestudy sleep schedule, preretention and postreten-
tion PVT scores, baseline MST and Icelandic word pair scores,
and musical instrument experience (Table 1).

Quiet rest and sleep equivalently enhance memory
retention

Icelandic word pair task

Across the 30-min retention interval, both the sleep and the
quiet rest groups forgot significantly fewer Icelandic words than
the active wake group (sleep: M=-0.17, SEM=0.17; quiet rest:
M =-0.09, SEM =0.22; active wake: M=-0.96, SEM=0.23), F(, 71)
=5.68, P=0.005 (Fig. 1). Change in recall score did not differ signif-
icantly between the sleep and the quiet rest groups (P=0.81), but
both showed less forgetting relative to the active wake group (sleep
vs. active wake: P=0.007; quiet rest vs. active wake: P=0.004).

Motor sequence task

Overall, there was no significant difference between groups in the
initial percent improvement in correct sequences during the first
three test trials, F» 71)=1.93, P=0.15. However, the sleep and quiet
rest groups showed similar initial percent improvement, and both
improved marginally more than the active wake group (sleep: M=
25.0% [raw improvement of 5.3 sequences], SEM=3.1% [0.55 se-
quences]; quiet rest: M=23.1% [4.5 sequences], SEM =3.2% [0.60
sequences]; active wake: M=17.8% [4.2 sequences], SEM =2.2%

[0.51 sequences]; sleep vs. quiet rest: P=0.65; sleep vs. active
wake: P=0.06; quiet rest vs. active wake: P=0.18) (Fig. 2).

By the end of the 12 test trials, however, final percent im-
provement varied significantly by group, F(z71,=4.21, P=0.02.
Again, improvement was almost identical for the sleep and
quiet rest groups (P=0.95), both of which improved significantly
more than the active wake group (sleep: M=16.0% [raw improve-
ment of 3.2 sequences], SEM =2.4% [0.36 sequences]; quiet rest:
M=15.8% [2.8 sequences], SEM=2.9% [0.51 sequences]; active
wake: M=7.3% [1.6 sequences], SEM = 2.3% [0.46 sequences]; sleep
vs. active wake: P=0.01; quiet rest vs. active wake: P=0.02) (Fig. 2).

Sleep architecture

During the nap, the n=24 sleep participants included in analy-
sis obtained an average of 17.48£6.44 SD min of sleep, includ-
ing 5.60+3.48 SD min of N1, 10.85+6.47 SD min of N2, and
1.02+2.86 SD min of N3. No participants entered REM sleep.
Within the sleep group, improvement across the retention interval
was not significantly related to total sleep time or to the amount of
sleep in any stage (Supplemental Table S1).

Association between performance and SWS

Because only n=4 participants entered SWS (N3), we additionally
examined the presence of SWS as a dichotomous variable. The
four participants who entered SWS obtained an average of 6.13 +
0.29 SD min of N3 sleep and exhibited marginally more improve-
ment in Icelandic word pairs recall than those who did not enter
SWS, t22y=1.89, P=0.073, improving by 0.50+0.29 SEM words
compared with a decrease of 0.30 £0.18 SEM words for those with-
out SWS. In contrast, entry into SWS was not associated with
improved performance on the MST (initial percent improvement:
P=0.60; final percent improvement: P=0.66).

Association between performance and NI sleep in the quiet rest group

N=8 quiet rest participants obtained an average of 1.19£0.65 SD
min of N1 sleep (range: 30 sec—2 min) (see the Materials and
Methods). None entered N2 or N3 sleep. However, even this very
small amount of N1 was associated with task performance, with
participants who entered N1 showing significantly more initial
percent improvement on the MST, f30=2.27, P=0.035, as
well as marginally more forgetting of the Icelandic word pairs,

Table 1. Participant characteristics by condition
Sleep (n=24) Quiet Rest (n=22) Active wake (n=29)
Mean +SD Mean +SD Mean +SD F/y? P

Age (years) 19.88 1.15 19.95 1.36 19.97 1.18 0.04 0.960
ESS 15.79 4.15 16.41 4.73 16.48 3.55 0.21 0.810
SSS at training 2.58 0.65 2.86 0.83 2.90 1.18 0.84 0.436
SSS at test 2.54 0.98 3.41 1.26 3.28 1.49 3.21 0.046*
PVT at training (milliseconds) 354.75 38.37 351.83 35.96 351.97 34.33 0.05 0.951
PVT at test (milliseconds) 366.81 51.15 340.02 38.64 366.79 60.87 2.05 0.136
Baseline Icelandic? 8.29 4.35 8.36 4.75 9.18 4.52 0.31 0.735
Baseline MST? 23.18 7.76 20.34 5.41 23.40 4.95 1.82 0.169
Sex (percent male) 38% 23% 35% 1.29 0.526
Plays instrument 46% 18% 21% 5.61 0.061

Comparison of participant characteristics in the sleep, quiet rest, and active wake groups. Comparisons were conducted using one-way ANOVAs, except in the
case of the dichotomous sex and instrument experience variables, which were compared across groups using y tests of independence. (SSS) Stanford Sleepiness
Scale, (ESS) Epworth Sleepiness Scale total score, (baseline Icelandic) mean words correctly recalled on Icelandic word pair task at training, (baseline MST [motor
sequence task] mean correct sequences typed during the last three training trials, (PVT [psychomotor vigilance task]) average median reaction times (RT), in milli-

seconds.

(N =1) Extreme outlier was excluded from analyses of the Icelandic word pair task, (n=1) extreme outlier was excluded from analyses of the MST.

(*) P<0.05.
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Figure 1. Mean change in the number of English translations recalled
for the Icelandic word pair task by participants in the sleep, quiet rest,
and active wake conditions. Error bars indicate +SEM.

t20)=1.98,P=0.061 (Supplemental Table S4). N1 sleep was unrelat-
ed to MST final percent improvement (P=0.40). Quiet rest partici-
pants with atleast one epoch of N1 had marginally higher scores on
the Stanford Sleepiness Scale at training, t0,=1.60, P=0.12, and
significantly higher scores on the Stanford Sleepiness Scale at test,
t20)=2.70, P=0.014, relative to participants without N1.

To assess whether the presence of N1 sleep in quiet wakeful-
ness impacted the outcome of our main analyses, we reran the
above ANOVAs to test the effect of group on performance, while
excluding quiet rest participants who entered N1 sleep. For the Ice-
landic word pairs task, performance improvement continued to
vary significantly by group (Fe63=7.31, P=0.001), with both
the quiet rest and the sleep groups showing less forgetting than
the active wake group (quiet rest vs. active
wake: P=0.001; sleep vs. active wake: P=
0.007). Similarly, for MST final percent
improvement, performance improve-

ment also varied significantly by group 30%

(Supplemental Table S2). In the sleep condition, neither the total
number of sleep spindles nor spindle density per min predicted
change in memory for either learning task (Supplemental Table
S2).

Experience with musical instruments

Twenty-one participants reported recent experience with musical
instruments that require fine finger movements. Because such mu-
sical instrument experience has previously been reported to be as-
sociated with MST performance (Tucker et al. 2016), we ran
additional ANOVAs including instrument experience as a factor.
The main effect of instrument experience was not significant for ei-
ther percent initial (F(; ¢s)=0.64, P=0.43) or percent final MST im-
provement (F(; 68)=3.60, P=0.06), nor was there any interaction
between instrument experience and experimental group for either
percent initial or percent final improvement (P=0.62 and P=0.86,
respectively) (see Supplemental Table SS5).

Association between performance and subjective

experience

The experimental groups were equivalent in the extent to which
they reported thinking about and imagining the memory tasks
during the retention period (thinking about: F71,=0.61, P=
0.55; imagining: F(;,71y=0.94, P=0.40) (see Supplemental Table
S3). However, the frequency that participants reported “trying to
remember” the memory tasks differed across conditions, F 71)=
6.46, P=0.003. Specifically, participants in both the sleep (P=
0.001) and the quiet rest conditions (P=0.026) reported trying to
remember the memory tasks significantly more often than

20%

(F(2,63)=3.77, P=0028), with both the
quiet rest and the sleep groups showing
less forgetting than the active wake group
(quiet rest vs. active wake: P=0.09; sleep
vs. active wake: P=0.01). As in our prima-
ry analyses, the effect of group on per-
formance did not reach statistical
significance for MST initial percent im-
provement (P=0.11).

25% o

N
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X
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5% o

MST % Initial Improvement

0% 4

Sleep

EEG spectral analysis and sleep
spindles

The correlation between slow oscillation
EEG power and memory retention did
not reach statistical significance for either
learning task. However, the association
between quiet resting slow oscillation
power and Icelandic word pair memory
was in the hypothesized direction, r19)=
0.33, 95% CI=[-0.12, 0.67], P=0.14,
(Supplemental Table S2). Additionally,
power during sleep predicted subsequent
word pair retention in the sleep group,

# Correct Sequences

15%

10%

5%

MST % Final Improvement

0%
Rest Active

Wake

Rest Active Sleep

Wake

Final Improvement
[ 1

Initial Improvement

-0-Active Wake

T20)=0.50, P=0.017 (however, note that
this association would not survive
Bonferroni correction for multiple com-
parisons). Memory retention across sleep
and quiet rest was unrelated to EEG spec-
tral power in any other frequency band

Figure 2.

www.learnmem.org

198

1234567891011121 2 3 4567 8 9101112

Training Test

Trial

(Top) Mean initial percent improvement (left) and final percent improvement (right) on the
MST in the sleep, quiet rest, and active wake conditions. (Bottom) Correct sequences by trial at training
(before the retention interval) and test (after the retention interval). Error bars indicate +SEM.
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participants in the active wake condition. The effect of experimen-
tal group on memory remained statistically significant when con-
trolling for this measure of rehearsal in an ANCOVA, for both the
Icelandic word pairs task (F2,70)=4.01, P=0.02) and percent final
improvement on the MST (F2,70)=4.82, P=0.01). Furthermore, re-
ports of “trying to remember” the task did not significantly predict
memory retention in either learning task (P=0.89 for the word
pairs task; P=0.67 for the MST).

On the exit questionnaire (Supplemental Table S3), partici-
pantsin the quiet rest group reported spending more time thinking
about the future, relative to participants in the sleep group (P=
0.01); participants in the sleep group reported spending more
time thinking about the learning tasks compared with participants
in the active wake group (P=0.03). There were no other significant
effects of post-learning state on thought content. Meanwhile, only
in the active wake condition, percent final improvement on the
MST was positively associated with the amount of time that partic-
ipants reported spending thinking about the past (Supplemental
Table S3). In contrast, no thought category predicted memory for
the Icelandic word pairs in any of the three experimental
conditions.

Contrary to our hypotheses, trait daydream frequency was
not related to performance improvement across the retention in-
terval, either for all participants combined, or within any individ-
ual group (Icelandic word pairs: all P-values >0.13; MST: all P-values
>0.30)

No effect of task order on performance improvement
The order in which participants completed the two memory tasks
did not affect performance improvement on either task. Neither
MST percent initial improvement (t7,)=0.36, P=0.72) nor percent
final improvement (t;,)=0.89, P=0.93) differed across the two
task orders. Change in recall on the Icelandic word pairs task was
also not affected by task order, t72,=0.27, P=0.79.

Group differences in sleepiness

The experimental groups were initially equivalent in sleepiness, as
measured by scores on the Stanford Sleepiness Scale, F(2,72,=0.84, P
=0.44 (Table 1). However, following the retention interval, the
sleep group became significantly less sleepy than either wake
group, F(272)=3.21, P=0.046 (sleep vs. quiet rest: P=0.02, sleep
vs. active wake: P=0.04.). Sleepiness at the time of test was not re-
lated to memory retention for either task (sleep group all P-values
>0.4; quiet rest group all P-values >0.1; active wake group all
P-values >0.1).

Discussion

This study demonstrates that quiet rest can facilitate declarative
and procedural memory consolidation to the same degree as sleep,
at least across brief retention intervals. This indicates that the ini-
tial stages of memory consolidation may not require sleep-specific
neural mechanisms. Instead, our findings are consistent with the
hypothesis that the absence of new encoding allows offline consol-
idation to occur during either sleep or stimulus-free wakefulness.
This study has both methodological and theoretical implica-
tions for sleep and memory research. First, our results provide fur-
ther support for the opportunistic theory of memory consolidation
(Mednick et al. 2011). By holding the presence of external stimula-
tion constant across sleep and quiet rest, we confirmed that when
active exposure to new stimuli is absent, memory performance is
enhanced, regardless of whether the participants slept. Mednick
et al. (2011) suggest that such opportunistic consolidation during
a postencoding, offline period occurs on both the cellular and
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the systems levels. Whenever the brain is not currently encoding
new information, synaptic connections associated with previously
encoded memory are strengthened, and hippocampal networks are
reactivated, facilitating the gradual integration of newly acquired
memory traces into long-term memory stores in the cortex.

The timeframe of the current study is too short to assume that
systems-level consolidation has been completed. However, our
30-min manipulation may have affected faster-timescale processes
of cellular-level memory stabilization, and perhaps even the earli-
est stages of systems-level memory reorganization. It is well-
established that molecular cascades supporting cellular-level con-
solidation begin in the first few minutes following encoding
(Bailey and Kandel 2008; Redondo and Morris 2011), and that wak-
ing intervals can sometimes be sufficient to stabilize memory
across the short term, even in the absence of sleep (Cohen et al.
2005). The brief rest and sleep intervals in the current study may
thus have facilitated these early-timeframe consolidation processes
to a greater degree than active wakefulness.

Second, we confirmed that a stimulus-free rest control is feasi-
ble to maintain long enough to allow a duration-matched nap con-
dition to enhance memory. Prior studies using a stimulus-free rest
condition have sometimes failed to detect the well-established ef-
fect of napping on memory, thus calling into question whether
the retention interval allowed a sufficient duration of sleep
(Piosczyk et al. 2013; Tucker et al. 2020). To our knowledge, this
is only the second study to successfully use a task-free rest condi-
tion of this kind, alongside a duration-matched sleep condition
that was demonstrably effective in enhancing memory (Gottselig
et al. 2004). The majority of similar studies have instead relied
on tasks such as listening to music to keep participants awake for
the longer duration of a typical nap. While such tasks are minimal-
ly demanding, they arguably still drive substantial new
hippocampus-dependent encoding, and therefore are not ideally
suited to control for the reduced sensory stimulation of sleep.

Sleep and quiet rest participants reported “trying to remem-
ber” the learning tasks more often during retention period, relative
to the active wake group. It is therefore possible that sleep and rest
benefitted memory as a result of intentional rehearsal, rather than
spontaneous offline consolidation. However, several factors argue
against this possibility. First, performance in the sleep and quiet
rest groups remained significantly better than in the active wake
group on both tasks even when statistically controlling for self-
reported rehearsal. Also, in line with our previously published ob-
servations (Brokaw et al. 2016), rehearsal did not predict perfor-
mance in any experimental group. Furthermore, we note that
prior research has argued that quiet rest benefits memory even
for nonrecallable, difficult to rehearse stimuli (Dewar et al. 2014).

During the brief nap in this study, there was little opportunity
for participants to enter slow wave sleep (SWS), and no participants
entered REM sleep. Both stages have been argued to contribute to
consolidation (Plihal and Born 1997; Stickgold et al. 2000; Alger
et al. 2012; Boyce et al. 2016), and therefore it is possible that a
full night of sleep would have conferred a greater performance ad-
vantage than either the nap or rest conditions did here. We chose
to focus on a brief nap so that it would be feasible for the task-free
rest interval to be equivalent in duration to the sleep interval.
However, despite its brief duration, we note that the nap did
have medium-to-large sized effects on memory, relative to active
wakefulness. This suggests that the nap was sufficient to replicate
the memory enhancement effects reported in the prior sleep
literature.

Only four sleep participants obtained SWS during the nap.
This may be important in light of prior evidence that naps benefit
memory optimally when SWS is present (Durrant et al. 2011; Alger
etal. 2012). Indeed, in our current data, sleep participants who en-
tered SWS performed marginally better on the Icelandic word pairs
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task compared with those who did not. However, our sample size
was insufficient to provide a powerful test of the hypothesis that
naps with SWS lead to a superior memory outcome than those
without. Additionally, there was no relationship between & or
slow oscillation EEG power during sleep and memory. Thus, our
observations do not provide strong support for the notion that a
longer nap containing more SWS would have enhanced memory
to a greater degree than rest. Still, this hypothesis would be worth
continuing to pursue in future research.

Two of our hypotheses about the consolidation-promoting
features of quiet rest were not supported. First, we anticipated
that rest periods high in slow oscillation power would be especially
beneficial for memory, given the slow oscillation’s proposed role in
hippocampal-cortical communication (Molle and Born 2011).
Although this association did not reach statistical significance,
the analogous correlation reported in our 2016 paper (r=0.64 in
Brokaw et al. 2016) does lie within the 95% confidence interval
of the current effect. Our current observations therefore cannot
rule out an effect of the magnitude reported by Brokaw et al.
(2016). If the true association between resting slow oscillations
and memory is smaller than reported by Brokaw et al. (2016), we
may not have been well-powered to detect it. Second, because
even internally generated cognitive activities may inhibit consoli-
dation (Craig et al. 2014; Collins and Wamsley 2020), we expected
that participants high on trait daydreaming would show worse
memory retention across the 30-min interval. However, we found
no association between trait daydream frequency and memory per-
formance, contrasting with both Humiston et al. (2019) and
Wamsley and Summer (2020). Again, the current study could
have been underpowered to detect weaker-than-anticipated associ-
ation between daydream propensity and memory retention.

Unexpectedly, we found that n=8 participants who entered
N1 for at least one epoch during quiet rest showed less improve-
ment on the word pairs task across the retention interval, but
more improvement on the motor sequence task, in comparison
with quiet wake participants who did not enter N1. Although sub-
jective sleepiness was not itself significantly associated with perfor-
mance, this correlation between N1 sleep and performance could
possibly be driven by the fact that this subset of participants was
sleepier than others, at both the training and testing time points.
Importantly, we found that excluding these 8 participants from
our main analysis did not alter the results.

While the current study shows that rest provides the same
memory benefit as sleep under these particular circumstances,
the boundaries and duration of this effect remain undefined.
First, we tested only for simple changes in memory strength over
time, assessing how postlearning state atfects the number of words
recalled or the speed of typing. However, sleep is thought to also
aid in complex, qualitative changes in the form of memories
over time, such as in solving problems (Wagner et al. 2004;
Beijamini et al. 2014), selectively strengthening important memo-
ries (Payne et al. 2008), and extracting gist across stimulus sets
(Payne et al. 2009; Lewis and Durrant 2011). It is possible that sleep
could be required for these more complex transformations of mem-
ory over time, as opposed to the simple improvements tested in the
current study (though see Craig et al. (2018)). Second, it remains
unclear whether the memory benefits of quiet rest are as long-
lasting as those following sleep. While several studies demonstrate
that a short period of quiet rest can boost memory for at least a
week (e.g., Dewar et al. 2012), here we did not use any delayed test-
ing time points. Future research should continue to probe the po-
tential for nonsleep resting states to facilitate the type of
long-lasting benefits and qualitative memory transformations
that have so far been attributed to sleep-dependent consolidation.

In summary, these observations demonstrate that
eyes-closed, stimulus-free rest can boost both declarative and pro-
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cedural memory to the same extent as a nap, at least across the
short term. Thus, previously reported effects of short (<30 min)
naps on memory may not be attributable to sleep-specific neurobi-
ological mechanisms, but instead to mechanisms that sleep and
eyes-closed rest share in common.

The iterative offline reactivation of memory networks in the
hippocampus and cortex could explain the observed effects of
both sleep and rest on memory. Memory reactivation and associat-
ed hippocampal sharp-wave ripples have been linked to consolida-
tion during sleep, yet these phenomena are also strongly prevalent
during resting wakefulness (Foster and Wilson 2006; Karlsson and
Frank 2009; O’Neill et al. 2010; Carr et al. 2011). Furthermore, in-
hibition of sharp-wave ripples during wakefulness impairs memory
(Girardeau et al. 2009; Jadhav et al. 2012). During sleep, sharp-
wave ripples and memory reactivation are associated with other
electrophysiological features proposed to support memory, includ-
ing spindles and slow oscillations (Clemens et al. 2007; Staresina
et al. 2015). While slow oscillations do occur during resting wake-
fulness and have been associated with memory (Brokaw et al. 2016;
Sattari et al. 2019), sleep spindles are notably absent in wake. Here
we find that a period of resting wake, in the absence of spindles,
can benefit memory to the same degree as a period of spindle-rich
NREM sleep. This suggests that while spindles cooccur with mem-
ory reactivation during sleep, they may not be causally required for
offline consolidation in all brain states.

Finally, this work highlights the importance of accounting for
the memory effect of resting with one’s eyes closed in future re-
search, which invariably occurs in all studies of full-night sleep.
Even in long-duration overnight studies, some portion of sleep’s
apparent memory benefit may be initiated during the first few min-
utes of eyes-closed rest, before participants fall asleep. Thus, while
the current study by no means establishes that rest can account for
all reported aspects of sleep’s effect on memory performance, it
should urge us to seriously consider the effect of rest in future
studies.

Materials and Methods

Participants

Participants were n =94 current and recently graduated college stu-
dents (65 females; mean age 19.9 +1.2 SD years, range 18-23) who
were fluent English speakers. Participants were compensated either
$10 per hour or by receiving research credits for an introductory
psychology course. N=1 participant was excluded from all data
analyses due to sleep deprivation (either slept for <5 h per night
on average across the three nights prior to the study or slept for
<4 h on the night immediately prior to the study). n=2 partici-
pants were excluded from all analyses for technical problems
with task training. Finally, one participant was selectively excluded
from analyses of MST performance, and one participant was selec-
tively excluded from analyses of word pair task performance, due
to extreme outlying scores (more than three interquartile ranges
above or below the median).

Procedure

The experimental timeline is illustrated in Figure 3. Participants re-
ported to the laboratory for testing between 8:30 a.m. and 6:30
p-m. There was no difference between experimental groups in
the time of day that testing took place (P=0.32 in a one-way
ANOVA). After being instructed about the procedures and signing
informed consent, participants completed initial forms including a
demographics form, the Epworth Sleepiness Scale (Johns 1991), a
three-night retrospective sleep log, and the Daydream Frequency
subscale of the Imaginal Processes Inventory (Singer and
Antrobus 1972). Participants were also queried about their experi-
ence playing musical instruments using the method of Tucker et al.
(2016), who reported that musical experience predicts faster
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Sleep, Rest or
Distractor Task

Figure 3. Experimental timeline. (00:00) Study start time, (PVT) psycho-
motor vigilance task. During memory training and testing, participants
completed the Icelandic word pairs and MST tasks in counterbalanced
order.

01:20

Approximate Time Elapsed

learning and better consolidation of the motor sequence task. For
purposes of analysis, participants were classified according to
whether or not they play a musical instrument that requires finger
movements and have last played that instrument within the previ-
ous year.

Participants were wired for polysomnographic (PSG) record-
ing using six EEG electrodes placed according to the 10-20 system
(C3, C4, F3, F4, O1, and O2, referenced to the contralateral mas-
toid). Additionally, EOG (electrooculography) electrodes were
placed at the left and right outer canthus, and EMG (electromyog-
raphy) was recorded from the chin.

Before both the learning and the testing phases of the memo-
ry tasks, participants completed the psychomotor vigilance task
(PVT; a standardized measure of alertness) (Dinges and Powell
1985), in which they pressed the spacebar as quickly as possible ev-
ery time a red dot appeared on the computer screen. Following the
PVT, participants performed the two memory tasks described be-
low, with the order counterbalanced across participants. There
was 2-min break between tasks.

Participants then began a 30-min retention interval in one of
three pseudorandomly assigned conditions: sleep, quiet rest, or ac-
tive wake. In the sleep group, participants lay in bed with the lights
off and were instructed to attempt to fall asleep. To assist partici-
pantsin falling and staying asleep, after the first n =34 participants,
a white noise machine was used to block out external noise from
the hallway. In the quiet rest condition, participants were instruct-
ed to stay awake for 30 min as they rested in a lit room with their
eyes closed. The first n=34 participants enrolled sat in a chair,
and the remaining n= 60 participants sat on a stool. If participants
appeared sleepy (as defined by EEG slowing and/or the presence of
slow-rolling eye movements), technicians provided up to four ver-
bal reminders over the intercom system to help participants stay
awake. Participants in the active wake condition played a nonver-
bal distractor game, Snood, on the computer for 30 min while sit-
ting in a chair with the lights on, following the same procedures
used in (Brokaw et al. 2016).

Participants in the sleep condition were required to obtain at
least 5 min of total sleep to be included in analysis, while partici-
pants in the wake conditions were excluded from analysis if they
obtained >2 min of N1 sleep, or if they entered N2 or N3 sleep
for any duration. Based on our prior work (Tucker et al. 2020), we
anticipated that a substantial number of sleep participants would
have difficulty reaching the 5-min sleep criterion. Therefore, par-
ticipants were assigned to the sleep condition at a ratio of six sleep
participants to every five quiet rest and active wake participants.
Prior to sleep time exclusions, group sizes were n=34 in sleep, n=
28 in quiet rest, and n=29 in active wake. Following sleep time ex-
clusions, the final group sizes were n=24 in sleep, n=22 in quiet
rest, and n =29 in active wake. During the retention period, partic-
ipants’ EEG, EOG, and EMG were recorded at 500 Hz using a
BrainAmp system (BrainProdcuts, GmbH).

Afterwards, participants were tested again on the two memory
tasks in the same order as at training, again with a 2-min break be-
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tween the tasks. Finally, an exit questionnaire was administered to
evaluate participants’ mental activities during the retention peri-
od. This included questions measuring rehearsal, asking if partici-
pants had “thought about,” “imagined,” or “tried to remember”
the learning tasks during the retention interval (rated on a five-
point scale). Participants also rated the proportion of the retention
interval they spent engaged in one or more of 11 predefined men-
tal categories: “thinking about the past” (something else earlier to-
day/yesterday to a week ago/past year or several years ago),
“imagining the future” (later today/tomorrow to next week/next
year or several years), “thinking about the memory tasks from ear-
lier,” “mind was blank,” “focusing on breath,” “thinking about
something else,” and “other.” Following our prior work (Brokaw
et al. 2016), for purposes of analyses these items were collapsed
into four categories: thinking about the memory tasks from earlier,
thinking about that past (something else earlier today/yesterday to
aweek ago/past year or several years ago), imagining the future (lat-
er today/tomorrow to next week/next year or several years), and
other (all other categories combined).

Memory tasks

Icelandic word pairs task

During the learning phase, 20 Icelandic-English word pairs (e.g.,
“hundur-dog”) were presented individually on a computer screen
for 5 sec each, with a 1-sec interstimulus interval. Immediately fol-
lowing learning, and again during the delayed testing phase, par-
ticipants were asked to recall the English translation for each of
the 20 Icelandic words, which were presented simultaneously as
a list on the screen. Performance was assessed as the number of
English translations correctly recalled. Performance improvement
was defined as the number of words correctly recalled at test minus
the number of words correctly recalled at training. This task was
adapted from that used by Mercer (2015).

Motor sequence task

In both the learning and the testing phases of the motor sequence
task (MST), participants were instructed to repeatedly type a five-
digit sequence, 4-1-3-2-4, using their nondominant hand, as
quickly and accurately as possible. Learning and testing each con-
sisted of 12 trials. Each trial consisted of 30 sec of typing, followed
by a 30-sec rest period. The target number sequence was displayed
on screen the entire time.

For the MST, performance was measured as the number of cor-
rect sequences typed per trial. Baseline performance at training was
defined as the mean number of correct sequences typed across the
last three training trials. We assessed both initial percent improve-
ment from baseline to the first three test trials after the break, and
also final percent improvement from baseline to the last three test
trials after the break. Initial percent improvement was therefore de-
fined as [(mean correct sequences on first three test trials — mean
correct sequences on last three training trials)/mean correct se-
quences on last three training trials]. Final percent improvement
was defined as [(mean correct sequences on last three test trials —
mean correct sequences on last three training trials)/mean correct
sequences on last three training trials].

Sleep scoring and EEG analysis

For participants in the sleep and quiet rest groups, sleep was scored
in 30-sec epochs according to the AASM scoring manual (Iber et al.
2007). After artifact rejection by visual inspection and applying a
0.3-35 Hz band pass filter to the EEG, we conducted spectral anal-
ysis using Brainstorm (Tadel et al. 2011). Welch’s method was ap-
plied to all artifact-free 4-sec segments of N2 and N3 sleep, with
50% overlap, in five a priori frequency bands: slow oscillation
(0.3-1 Hz), & (1-4 Hz), 6 (4-7 Hz), o (8-12 Hz), and B (13-35 Hz).
Correlational analyses considered only the mean spectral power
across all electrode sites in each of these frequency bands.
Spindles during N2 sleep were counted automatically at C3, using
a validated automated detector based on the characteristics of 11—
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16 Hz o activity (Lacourse et al. 2019). In brief, the detector marks a
spindle when the following four parameters exceed threshold for
between 0.3-2.5 sec: relative o power (threshold [z-score] = 1.6), ab-
solute o power (threshold (loglopVZ): 1.25), the covariance be-
tween the o-filtered and broadband EEG signal (threshold
[z-score]=1.3), and the correlation between the o-filtered and
broadband EEG signal (threshold [r] =0.69). This detection method
has recently been demonstrated to outperform other commonly
used methods and shows a high correspondence with expert
hand scoring (Lacourse et al. 2019). We calculated both the total
number of spindles detected during N2, as well as “spindle densi-
ty,” defined as the number of spindles per minute of N2 sleep.

Statistical analysis

Our primary hypotheses were tested using one-way analyses of
variance, followed by uncorrected pairwise comparisons (Fisher’s
LSD). Pearson’s correlations were used to test for associations be-
tween sleep features (sleep architecture, mean spectral power in
each frequency band, and spindles) and memory performance, ex-
cept in the case of correlations with amount of N3 sleep. For N3
sleep, we instead present Spearman rank order correlations, due
to the nonnormal distribution of time in N3.
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