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Practicing a motor skill triggers a process of memory consolidation
that continues for hours after practice has ended, and becomes
manifest in an improved skill at later testing. We used a sequential
motor task (finger-to-thumb opposition task) to show that, in
humans, the formation of motor skill memories essentially benefits
from sleep. Independent of whether placed during daytime or
nighttime, sleep after practice enhanced speed of sequence per-
formance on average by 33.5% and reduced error rate by 30.1% as
compared with corresponding intervals of wakefulness. The effect
of sleep after learning proved to be stable when retesting was
postponed for another night, to exclude effects of sleep loss and
to assure that all subjects had sufficient sleep before retrieval
testing. Also, the consolidating effect of sleep was specific for the
motor sequence learned. It did not generalize to a similar sequence
containing identical movement segments in a different order.
Retention periods of wakefulness improved performance only
moderately and only if placed during daytime. The observations
demonstrate a critical role of sleep for storing and optimizing
motor skills.

Memory consolidation refers to processes of brain plasticity
by which experiences result in more or less enduring

changes in adaptive behaviors. In the case of motor skills,
practicing a motor task leads to the generation of an internal
model representing the different motor outputs in response to
the various task stimuli (1–4). Development of the internal
model does not stop when practice ends, but continues over
hours during which the memory traces of the model are strength-
ened becoming, for example, increasingly resistant to behavioral
interference (5). Most importantly, the internal model becomes
also more effective in this process, as indicated by a distinct gain
in performance at retesting 24 h later when the task is performed
with greater speed and accuracy (6). A critical amount of
practice is considered to initiate plastic processes, probably
mainly in the primary motor cortex, which gate a shaping of the
motor representations, and thereby improve performance in the
absence of any further training (7, 8). This latent formation of
motor memories has been proposed to be linked to a dynamic
reorganization of the respective motor neuronal networks (1),
and to require a covert reprocessing of the memory traces (9).
Sleep, characterized by largely suppressed overt motor activity
and conjunct sensory input, might represent a condition optimal
for this reprocessing. However, its possible role for motor skill
formation has not been assessed in depth.

Evidence has accumulated supporting the notion that pro-
cesses during sleep significantly contribute to the formation of
different types of memory (9–13). Although earlier human
studies suggested facilitating influences of sleep mainly on
hippocampus-dependent declarative types of memory, recent
studies indicated a similar influence on the formation of pro-
cedural memories (11, 14, 15). In contrast to declarative mem-
ory, which refers to the knowledge of facts and events, proce-
dural (or ‘‘how to’’) memory for skills does not require the
integrity of the hippocampus. Also, acquisition is slower and
shows little generalization to similar behaviors (6, 7). In many
cases, procedural learning appears to be linked to discrete
changes in low-level representations in the hierarchy of sensory
input and motor output processing, taking place in specific
sensory and motor cortical areas (7, 8, 16–18). Several recent

studies in humans have shown that the consolidation of mem-
ories for elementary perceptual skills (texture discrimination)
critically depends on sleep (11, 15, 19). Retrieval testing on the
texture discrimination task in these studies revealed a significant
performance gain only if the learning session was followed by a
period of sleep. Deprivation of sleep after practice completely
prevented subsequent formation of memory for the trained skill,
even when retrieval testing was delayed to allow for recovery
sleep, indicating that the first nocturnal sleep period after
practice is critical for initiating memory consolidation (11).
However, these previous studies exclusively focused on percep-
tual skills. The present experiments were stimulated by indica-
tions that sleep could play a similar critical role for the slow
latent consolidation process of motor skills (10, 20).

Methods
Participants. A total of 52 healthy young student volunteers
(18–29 years old; mean � SD: 23.31 � 2.69 years) who were
nonsmokers, right-handed, and had no history of sleep distur-
bances participated in the experiments. None of the subjects had
practiced playing a musical instrument nor was trained as a
typist. All subjects regularly obtained 7–8 h of sleep per night
and had no disruptions of the sleep–wake cycle during the 6
weeks before participation. All spent an adaptation night in the
sleep laboratory before beginning the experiments. Subjects
abstained from caffeine and alcohol the day before the exper-
imental session. They were instructed to get up before 7:00 a.m.
and not to take naps during the day. The experiments were
approved by the Ethics Committee of the University of Lübeck.

Learning Task. The finger-to-thumb opposition task (Fig. 1A)
required the subject to tap with his nondominant hand (left
hand) the finger sequence as rapidly and accurately as possible
without looking at his hand. To familiarize the subject with the
task he first practiced the task, with visual feedback provided
through the monitor indicating the next finger to be tapped
within a response interval of 400 ms. When a criterion of 10
consecutive correct reactions was met, the training period proper
started, consisting of three 5-min blocks interrupted by two
2-min periods of rest. The procedure of retrieval testing after the
retention interval was the same as during the training proper
before sleep. During task performance the subject sat in a silent
and darkened room. All instructions were presented on a 15-inch
monitor. To register movements, each fingertip of the left hand
was covered with aluminum foil connected to a personal com-
puter. Two different motor sequences were used to allow testing
of the same subject on two occasions.

Design and Procedure. In the main experiments, subjects (n � 20,
9 female) were trained on the finger-to-thumb opposition task in
the evening (at 10:00 p.m.) before a nocturnal 8-h retention
interval during which they either slept regularly or stayed awake.
Thereafter (at 7:30 a.m.), motor performance was retested. To
examine effects of sleep independent of circadian factors, pos-
sibly affecting learning and motor performance (21, 22), on a
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further condition learning took place in the morning (at 10:00
a.m.) before 8-h retention intervals of sleep and wakefulness
placed during daytime. Retesting took place at 7:30 p.m. (Fig.
1B). Awakening from sleep was always 30 min before retrieval
testing. Each subject was assigned to one nocturnal and one
daytime retention condition, performing on each of these oc-
casions one of the two motor sequences, respectively. The order
of retention conditions and of motor sequences was balanced

across subjects. Experimental conditions for each subject were at
least 1 week apart. Subjects stayed awake the night before the
daytime sleep condition to enable daytime sleep. Three supple-
mentary studies were performed to examine (i) effects of sleep
loss (n � 16, 6 female), (ii) effects of sleep versus wakefulness
on a delayed retrieval (n � 6, 2 female), and to test (iii) for the
specifity of the memory effects for the particular motor sequence
(n � 10, 4 female).

Data Reduction and Analysis. Sleep recordings were visually scored
according to standard criteria (23). Performance in the finger-
to-thumb opposition task was measured in terms of performance
rate (mean number of correctly completed sequences per 30 s)
and accuracy (mean number of errors per 30 s). The initial 30-s
period of each block served as an adaptation period and was not
included in the analysis. Changes in performance rate and
accuracy across the retention intervals were also transformed to
percentages, with the individual performance value at learning
set to 100%. Repeated-measures ANOVA including a ‘‘before�
after’’ and a ‘‘sleep�wake’’ factor with subsequent pairwise
contrasts were used to analyze performance rate and errors. A
P value � 0.05 was considered significant.

Results
Total sleep time was closely comparable during both the noc-
turnal and daytime retention intervals (Table 1). Expected
circadian influences on sleep expressed themselves in a de-
creased time spent in stage 2 sleep (P � 0.01) and a tendency
toward increased time in stage 1 sleep and rapid eye movement
(REM) sleep (P � 0.1) during daytime sleep in comparison with
nocturnal sleep. Initial learning of the sequence before the
8-hour retention intervals was comparable for all four condi-
tions. Performance rate, i.e., the number of correctly completed
sequences per 30 s, at learning was 12.96 � 1.06 for the nocturnal
sleep condition, 14.17 � 0.8 for the nocturnal wake condition,
13.13 � 0.72 for the daytime sleep condition, and 13.26 � 0.58
for the daytime wake condition (P � 0.4, for pairwise compar-
isons). Also, error rates at learning did not differ among the
conditions (nocturnal sleep: 7.68 � 0.8; nocturnal wake: 6.51 �
0.98; daytime sleep: 6.46 � 0.65; daytime wake: 6.59 � 0.98; P �
0.3 for pairwise comparisons).

Performance rates were generally improved at retesting after
the 8-h retention interval, with this improvement strongly de-
pending on sleep versus wakefulness during the retention inter-
val [F(1,36) � 167.0, P � 0.001 for main effect before�after and
F(1,36) � 31.81, P � 0.001 for before�after � sleep�wake
ANOVA interaction; Fig. 2A]. Indeed, the benefit for perfor-
mance rates was considerably stronger after retention intervals

Fig. 1. (A) Finger-to-thumb opposition task. The motor skill task was
adopted from Karni et al. (10) and demanded the subject to oppose the fingers
of the nondominant hand to the thumb in a certain sequence. Two sequences
were used on different conditions, which both were composed of the same
five movements but in a mirror-reversed manner. In sequence A, the order of
the fingers was 4, 1, 3, 2, 4. In sequence B, the order was 4, 2, 3, 1, 4 (finger
numbering is from index to little). During both training and retrieval testing,
the subject was asked to tap the given sequence as fast and as accurately as
possible without looking at his hand for three 5-min blocks. (B) Protocol for
main experiments. Subjects received training (left black fields) on a finger
sequence before 8-h retention intervals during which they either slept or
stayed awake. Thirty minutes after the end of the retention period, retrieval
was tested (right black fields). Retention periods were placed either at night
(Upper) or during the day (Lower).

Table 1. Sleep parameters

Nocturnal sleep Daytime sleep t

Total sleep time, min 418.9 � 7.23 425.9 � 14.24 �0.44
Sleep onset, min 14.5 � 3.53 6.6 � 2.11 1.93
Sleep efficiency, % 93.77 � 1.62 91.43 � 2.94 0.70
REM latency, min 90.4 � 13.38 74.8 � 5.24 1.09
Wake time, min (%) 11.4 � 5.40 (2.62 � 1.24) 26.6 � 13.59 (5.85 � 2.95) �1.04
Stage 1 sleep, min (%) 22.1 � 2.96 (5.08 � 0.65) 44.1 � 11.75 (9.79 � 2.59) �1.82
Stage 2 sleep, min (%) 249.3 � 8.64 (58.01 � 2.08) 203.5 � 11.49 (44.92 � 2.35) 3.19*
SWS, min (%) 73.8 � 8.48 (17.18 � 2.0) 83.2 � 10.22 (18.41 � 2.25) �0.71
REM sleep, min (%) 73.7 � 6.13 (17.10 � 1.33) 95.2 � 9.22 (21.01 � 1.99) �1.94

Sleep during 8-h retention intervals placed during nighttime and daytime. Mean (� SEM) total sleep time, time
to sleep onset (after lights off), sleep efficiency (% of total 8-h period not spent awake), latency to first REM sleep
period (with reference to sleep onset), wake time, and time spent in stage 1 sleep, stage 2 sleep, SWS, and REM
sleep are shown. Time in sleep stages is indicated in min and % of total sleep time. Right column indicates t values
for statistical comparisons between the two conditions. *, P � 0.05.
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of sleep than that revealed for the corresponding nocturnal or
daytime retention intervals of wakefulness [F(1,18) � 19.40, P �
0.001 and F(1,18) � 12.93, P � 0.002, for before�after �
sleep�wake interaction, respectively, for the nocturnal and day-
time retention intervals]. Performance rate improved on average
from 13.04 � 0.63 to 17.12 � 0.64, i.e., 33.47% � 3.73% across
the sleep intervals, and from 13.72 � 0.49 to 15.32 � 0.52, i.e.,
12.49% � 2.79% across the wake retention intervals (Fig. 3). The
performance gain for retention intervals of sleep did not differ
between nighttime (29.68% � 3.72%) and daytime sleep
(37.26% � 6.45%; P � 0.3). However, improvements across

wake retention intervals were stronger when placed during the
day (17.56% � 2.62%) than at night (7.41% � 4.49%; P � 0.05,
for separate pairwise comparisons). In fact, these analyses
revealed that only performance gains across the daytime wake
interval were significant (P � 0.001), whereas changes across the
nocturnal wake interval were not (P � 0.2).

Performance rates also improved within the learning sessions,
on average by 0.73 sequences per block (P � 0.001, for a
comparison between first and third block). Thus, it could be
argued that performance gains at retesting after the retention
interval reflect a mere repetition effect. This was excluded in
supplementary analyses taking into account the estimated rep-
etition effect by linearly extrapolating the individual perfor-
mance gains within the learning session. This analysis confirmed
a significant improvement in performance rates after the reten-
tion intervals [F(1,36) � 57.31, P � 0.001 for main effect
before�after], in particular when filled with sleep [F(1,18) �
16.54, P � 0.001 and F(1,18) � 8.68, P � 0.01, for before�after �
sleep�wake ANOVA interaction for nocturnal and daytime
retention intervals, respectively]. Also, separate analysis of the
wake retention interval confirmed significance selectively for the
daytime retention condition (P � 0.01).

Accuracy of performance, as indicated by a decrease in
the number of errors per 30 s, also improved only after reten-
tion intervals of sleep [on average by 30.07%, F(1,19) � 14.41,
P � 0.001], but remained unchanged across retention intervals
of wakefulness regardless of whether placed during the night
or daytime [F(1,19) � 0.09, P � 0.8, Fig. 2B]. The improving
effects of the sleep intervals on performance accuracy were
closely comparable for the nocturnal and daytime sleep condi-
tions (P � 0.9).

For the retention sleep conditions, we also assessed the
relationship between time spent in the different sleep stages and
performance gains (across daytime and nighttime conditions) by
using Pearson’s correlation. Improvement in performance rate
was proportional to the time spent in REM sleep (r � 0.61, P �

Fig. 2. Performance gains on the finger-to-thumb opposition task are
indicated by the difference between training and retrieval testing (A) for
performance rate (mean number of correctly completed sequences per 30 s)
and (B) error count (mean number of errors per 30 s). (Left) Mean (� SEM)
differences are indicated for 8-h retention intervals of sleep (black bars) and
wakefulness (gray bars) placed during daytime and at night. (Right) In addi-
tional experiments, effects of a 48-h retention interval were tested which was
filled either with two nights of regular sleep (black bars) or a first night of sleep
deprivation followed by a night of recovery sleep (gray bars). *, P � 0.05. **,
P � 0.001 for tests against zero and for differences between the effects of the
retention intervals.

Fig. 3. Progression of performance on the finger-to-thumb opposition task
as indicated by the number of correctly completed sequences sampled at 30-s
intervals. Three blocks each of 5 min duration were run before (Training) and
after (Retrieval) 8-h retention intervals during which subjects slept (open
circles), or remained awake (filled circles). Mean (� SEM; adjusted to first block
of training) are shown collapsed across both daytime and nighttime condition
(refer to text).
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0.004). Correlation with time in slow wave sleep (SWS; r � 0.01,
P � 0.9), stage 2 sleep (r � �0.37, P � 0.1) and stage 1 sleep (r �
0.14, P � 0.5) remained nonsignificant. Also, dividing sleep time
into four quarters did not reveal evidence that performance
gains were correlated with the amount of early SWS or late REM
sleep, or with stage 2 sleep during any of these intervals.

Comparing effects of sleep and wake retention intervals could
be in principle confounded by unspecific effects of sleep loss on
motor performance. Self-reports of mood and feelings of acti-
vation revealed that in comparison to normal nocturnal sleep,
subjects after nights of sleep deprivation, felt more tired (P �
0.001), less activated (P � 0.01) and less concentrated (P � 0.05)
as revealed by an adjective check-list (24). Nevertheless, a
substantial contamination of motor performance by these sub-
jective feelings seems unlikely in light of the fact that initial
performance at learning was comparable for all retention con-
ditions, regardless of whether this period was preceded by sleep
or wakefulness. To further rule out unspecific motor effects of
tiredness, particularly on retrieval tested after nocturnal wake-
fulness, two additional groups of eight naı̈ve subjects each
practiced the finger motor sequences in the morning at 7:30 a.m.
after a night of regular sleep and sleep deprivation. Performance
on the two conditions was indeed closely comparable with regard
to both performance rate (regular sleep: 13.34 � 0.45; sleep
deprivation: 13.38 � 0.34; P � 0.9) and errors (regular sleep:
7.61 � 0.96; sleep deprivation: 5.63 � 0.6; P � 0.1).

We also investigated whether the selective gain in perfor-
mance after nocturnal sleep as compared with a retention period
of nocturnal wakefulness is preserved after an additional night,
in which sleep deprived subjects had recovery sleep. For this
purpose, six additional subjects were trained, as in the main
experiment, on one of the finger sequences, and retested after a
48-h retention interval that was filled either with two consecutive
nights of regular sleep or with a first night of sleep deprivation
followed by a second night of recovery sleep. Initial learning
before the retention intervals did not differ between the sleep
and sleep deprivation condition with respect to both, perfor-
mance rates (P � 0.3), and error rates (P � 0.8). At retrieval
testing 48 h later, the improvement in performance was distinctly
more pronounced when subjects had slept the night after
training (from 14.92 � 1.28 to 18.94 � 0.96, i.e., 28.99% �
5.41%) than when they stayed awake in this first night [from
16.20 � 1.89 to 17.92 � 1.86, i.e., 11.19% � 3.03%; F(1,5) �
45.98, P � 0.001, for before�after � sleep�wake interaction; Fig.
2]. Errors also decreased only when subjects were retested after
two regular nights of sleep (from 7.97 � 2.28 to 7.0 � 2.44, i.e.,
�15.78% � 13.07%), and increased when subjects had stayed
awake the night after training (from 7.61 � 1.53 to 8.23 � 1.74,
i.e., 12.76% � 18.96%) with these differences, however, not
reaching significance.

Finally, we tested the specificity of the improving effect of
sleep on motor memories. Before an 8-h interval of nocturnal
sleep, 10 other subjects were trained on one of the two finger
sequences, as in the main experiment. At retrieval testing after
the retention interval subjects were first tested on the untrained
sequence and, 1 h later, on the sequence trained before the
retention interval. As expected, performance improved across
sleep only for the trained sequence (from 13.95 � 1.1 to 17.52 �
0.93, P � 0.001), whereas performance on the untrained se-
quence was similar to that at training before sleep (13.95 � 1.1
versus 14.48 � 1.17, P � 0.3).

Discussion
Results indicate an improvement in finger motor skills that is
distinctly greater and more consistent across retention periods of
sleep than of wakefulness. Finger skills after a time of wakeful-
ness were improved only with regard to performance rate, but
not to error rate, and only when the retention period took place

during daytime. Effects of tiredness do not explain our findings
because performance on the task used here was shown to be
unaffected by prior sleep deprivation. Moreover, memory for the
trained motor sequence was still superior after sleep than after
a vigil on the night immediately after training even when
retrieval testing was postponed for another 24 h, including a
night of sleep for all subjects. Because subjects in these exper-
iments had sufficiently slept before retrieval on both conditions,
fatigue and other factors induced by sleep deprivation can be
safely ruled out as possible confounds. Importantly, this finding
indicates that sleep enhances the formation of memory for the
motor skill only within a critical time frame after training. Sleep
occurring after training, rather than sleep before recall, appears
to be effective. This conclusion complements results of a most
recent study employing a similar tapping task (25). Donchin et al.
(26) failed to find an influence of sleep versus sleep deprivation
on the memory for reaching movements. This outcome could
point to an effect of sleep depending on the type of motor
memory. Alternatively, sensitivity of different performance
measures to the influence of sleep may vary, though this cannot
be decided on the basis of the available data. The present result
of a sleep-dependent enhancement in motor memories adds to
previous evidence indicating a similar essential role of sleep in
the formation of perceptual discrimination skills (11, 27, 28).

Performance improvements observed during daytime wake-
fulness but not during nighttime wakefulness suggest both that
the wake state per se is not sufficient to promote memory
formation for the trained finger skill, and that circadian factors
play a role in consolidation. Further evidence of a circadian
influence comes from our observation that, across both the sleep
and wake retention conditions, performance gains on average
were greater for the retention intervals positioned during day-
time than during the night. Moreover, it is conceivable that the
circadian influence on the formation of motor memories during
wake retention periods differs in quality from that during sleep.
After daytime wake periods, the improvement in finger sequence
tapping remained restricted to performance rate and was not
paralleled by a decrease in errors, suggesting that only sleep leads
to changes in internal representations improving motor accu-
racy. Also, previous studies indicated that performance on
motor skills (reaching movements), though becoming more
resistant to interference from similar behaviors (2, 5), did not
improve in accuracy across wake periods of 6 hours (1). Thus,
consolidation during daytime wakefulness appears to spare
certain aspects of the internal motor representations which are
enhanced only by sleep.

Skill learning is characterized essentially by rather discrete
changes in low-level representations within the hierarchical
organization of motor systems and, importantly, shows little
generalization (6, 29). Here, we found that the enhancing effect
of sleep on memory for a motor sequence is highly specific with
regard to the trained finger sequence and does not generalize to
a control sequence containing the identical finger movements in
a mirror-reversed order. This further excludes effects not spe-
cifically linked to the task, e.g., on motor fluency, but speaks for
a direct influence of sleep on forming the internal model for this
particular finger sequence.

At the neuronal level, the consolidation of motor skill mem-
ories has been considered to involve a reorganization of motor
representations residing predominantly in the primary motor
cortex (M1) (7, 16, 30–32). Human studies using functional
magnetic resonance imaging and transcranial magnetic stimula-
tion have shown that the amount of motor training in our
subjects is sufficient to trigger plastic neuronal changes in M1,
whereby the initially fragile motor representations become
increasingly stabilized (7, 8). Moreover, findings with positron
emission tomography suggested that consolidation of a serial
motor task is based on a covert reactivation of brain structures
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already activated at training, with the signs of reactivation being
most obvious during REM sleep (33). In the present study,
exploratory calculation of correlation coefficients indicated
greater performance gains in subjects with high amounts of
REM sleep. Although, in light of the limited size of the subject
sample, this result needs to be considered with caution, it would
also point to a particular relevance of REM sleep in procedural
memory formation.

Nevertheless, the covert reprocessing of newly acquired motor
representations during sleep is a concept which could explain the
considerable performance gain in the finger motor sequence
task seen after sleep. This gain, consisting of increased speed and
a reduced number of false reactions, cannot arise from a
nonselective strengthening of connectivity within the acquired
representations, but implies a reorganization that enhances
correct reactions to the exclusion of false ones. This reorgani-

zation, at the cellular level, probably involves processes such as
synaptic long-term potentiation and depression (34–38), as well
as synaptogenesis (39, 40) in the motor cortex, which may
particularly benefit from the specific orchestration of neuro-
transmitters in the different sleep stages (41–43). However, the
synaptic factors critically involved in sleep-dependent formation
of skill memory remain to be identified. Demonstrating an
essential role of sleep in the formation of memory for motor
skills, our data extend previous observations of a similar function
of sleep with regard to perceptual skills. In generalizing these
observations to skills of everyday life (such as learning a musical
instrument or sport), we would conclude that sleep is required
to achieve optimum performance on any of these skills.
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