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Abstract

Sleep benefits memory consolidation across a variety of domains in young adults. However, while 

declarative memories benefit from sleep in young children, such improvements are not 

consistently seen for procedural skill learning. Here we examined whether performance 

improvements on a procedural task, although not immediately observed, are evident after a longer 

delay when augmented by overnight sleep (24-hrs after learning). We trained forty-seven children, 

aged 33–71 months, on a serial reaction time task and, using a within-subject design, evaluated 

performance at three time points: immediately after learning, after a daytime nap (nap condition) 

or equivalent wake opportunity (wake condition), and 24-hours after learning. Consistent with 

previous studies, performance improvements following the nap did not differ from performance 

improvements following an equivalent interval spent awake. However, significant benefits of the 

nap were found when performance was assessed 24-hrs after learning. This research demonstrates 

that motor skill learning is benefited by sleep, but that this benefit is only evident after an 

extended period of time.
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Introduction

Sleep has been shown to protect and enhance newly formed memories across a variety of 

memory systems in young adults (Walker and Stickgold 2004; Stickgold 2005). Gains in 

declarative memory performance are thought to be the result of sleep-dependent memory 

consolidation, or the process by which labile, short-term memories are transferred during 

sleep to more robust stores for long-term retrieval (Stickgold and Walker 2007). Procedural 

memories have likewise been shown to benefit from both overnight sleep and daytime naps 

in young adults (Fischer et al. 2002; Spencer et al. 2006; Backhaus and Junghanns 2006; 

Wilson et al. 2012) particularly when learning is explicit (see Song, Howard, & Howard, 

2007; Spencer, Sunm, & Ivry, 2006). Such benefits may reflect consolidation of the episodic 

memory associated with learning (Rauchs et al. 2004) or the consolidation of sensory and 

motor skill components of a task specifically during non-REM stage 2 (Walker et al. 2002).
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One commonly used probe of procedural memory consolidation is a motor sequence 

learning task such as the serial reaction time task (SRTT; Nissen and Bullemer 1987). In this 

task, subjects press buttons in response to a sequence of cues. Improvement in performance 

is expressed as faster and more accurate button presses, particularly relative to performance 

when cues are randomized. In young adults, participants exhibit significant improvements in 

sequence-specific movement speed following sleep but not after an equivalent interval spent 

awake (Spencer et al. 2006; Spencer et al. 2007).

While a growing body of research supports sleep-dependent consolidation of declarative 

memories in children (Backhaus et al. 2008; Wilhelm et al. 2008; Kurdziel et al. 2013), the 

role of sleep in consolidating procedural memories in early childhood is less clear. Children 

constantly and rapidly acquire new procedural skills (Haywood and Getchell 2009). 

Moreover, total sleep time for children is greater than that of young adults (Weissbluth 

1995; Iglowstein et al. 2003; Montgomery-Downs et al. 2006). Yet, in spite of procedural 

skill learning abilities at a young age (before 4 yrs; e.g., Thomas & Nelson, 2001), several 

studies have failed to find evidence of sleep-dependent procedural memory consolidation in 

children. Prehn-Kristensen and colleagues (2009) demonstrated that children received no 

benefit of nocturnal sleep compared to daytime wake using a mirror-tracing task in 10–13 

year old children. Additionally, Fischer and colleagues (2007) trained children, aged 7–11 

years, on an SRTT and then evaluated their performance across a 12-hour period that 

contained either overnight sleep or daytime wake. Children not only showed a lack of 

improvement in procedural skill following sleep, but were actually significantly worse 

compared to performance following wake. Similar observations have been made using a 

motor sequence task in 6–8 year old children (Wilhelm et al. 2008). One study demonstrated 

sleep-dependent consolidation of procedural learning in preschool children aged 4–6 years, 

but only when extensive training was provided. Specifically, Wilhelm and colleagues (2012) 

examined consolidation of motor sequence learning following a nap and equivalent wake for 

two groups, one of which had a standard amount of learning and another group who had 

additional exposure to the task for three days prior. The nap was beneficial compared to 

wake only for the group that had additional exposure to the task. The authors posited that, 

with low levels of learning, there might not be sufficient engagement of the hippocampus for 

consolidation to occur.

While it is possible that sleep offers little benefit to procedural skills in the absence of 

extensive practice in young children, it is also possible that sleep-dependent improvements 

are not evident immediately. Rather, as suggested by Deregnaucort and colleagues (2005), 

lability of memories shortly after a sleep episode may prevent performance benefits from 

being evident in the short term but nonetheless result in performance enhancement following 

a delay. For this reason, we examined whether children’s motor skill performance, although 

unchanged (Wilhelm et al. 2008) or impaired (Fischer et al. 2007) immediately after the 

initial sleep bout, may benefit from sleep in the longer term. Performance on an SRTT was 

assessed within-subjects following a daytime nap and an equivalent interval of wake and 

again 24-hours after initial training. Our focus was on preschool-aged children, 3.5–6 yrs of 

age, who nap frequently but not habitually making both the nap and wake conditions within 

the range of normal behavior. We hypothesized that children would not exhibit any gains in 

performance following the nap compared to the wake interval consistent with prior studies, 
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but that performance in the nap condition would be superior to the wake condition when 

probed 24-hours after initial learning.

Methods

Participants

Forty-seven children (30 males) between the ages 33–71 months (M = 57.30 months, SD = 

6.04) participated in the study. Children were recruited from local preschools in western 

Massachusetts. Children were deemed ineligible to participate if they were diagnosed with 

any sleep disorder other than mild parasomnias, using sleep-affecting or psychotropic 

medications, had diagnosed developmental, hearing, or vision impairments, had traveled 

across time zones within two weeks prior to the study, or were suffering from fever or 

respiratory illness at the time of testing.

Procedure

All procedures were approved by the University of Massachusetts Amherst Institutional 

Review Board. Parents and guardians provided informed consent and children provided 

assent before testing. To test procedural memory consolidation, children performed a 

modified SRTT across multiple sessions, which took place in their preschool classroom with 

experimenters working one-on-one with enrolled children. Using a within-subjects design, 

children were randomly assigned to begin with either the nap or wake condition with the 

alternate condition taking place approximately one week later.

In the morning (approximately 10:00 AM; Figure 1A), the experimenter evaluated 

handedness by observing the hand which the children used to draw a picture. Children then 

completed the Training and Immediate Test phases of the SRTT. Later in the day, during the 

classroom's typical nap opportunity (approximately 1:00–3:00 PM), children either napped 

(nap condition) or were kept quietly awake (wake condition). In both conditions, the room 

was darkened and quiet and children remained on their individual cots/mats as per the 

typical classroom naptime routine. In the nap condition, children were nap-promoted via 

traditional classroom procedures (e.g., verbal encouragement, back rubbing, soothing 

music), and experimenters recorded nap and wake onset time (and any mid-nap wakings) for 

all enrolled children. In the wake condition, children were kept in a state of restful wake by 

reading books and doing quiet activities (e.g., puzzles), as necessary, on their cots/mats.

Following the nap/wake period, children were given 30 minutes before subsequent testing to 

allow any residual sleep inertia to dissipate in the nap condition. Children were then 

evaluated on their performance on the SRTT in the Delayed Test phase. The final testing 

phase, the 24- hour Test, took place at 10:00 AM the following morning. At all three test 

sessions, children reported their subjective sleepiness (Maldonado 2004) and mood (Folstein 

and Luria 1973) using pictorial Likert scales. Experimenters also rated their impression of 

the child's sleepiness and mood using the same scale.
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Actigraphy

Children wore actigraphy watches (Actiwatch Spectrum; Philips Respironics Inc., Bend, 

OR) on their non-dominant wrist for 16 days (beginning approximately 2–3 day prior to the 

first experimental condition) to obtain information regarding overnight sleep and napping. 

The Actiwatch sampled activity at 32 Hz; activity was stored in 15-second epochs. The 

caregiver and child were instructed to press an event marker on the Actiwatch to mark the 

beginning and end of each sleep bout during the 16-day testing period. Caregivers also 

completed a sleep diary for the child in which they were asked to note the beginning and end 

of sleep bouts occurring in the home.

Serial Reaction Time Task

The task was a modified SRTT similar to that reported by Savion-Lemieux and colleagues 

(2009). Children executed a sequence of movements across four distinctly colored virtual 

"buttons" on an iPad that was positioned approximately 16 inches from the edge of the table, 

adjusting for the reach and comfort of the child. The four 1 × 2 inch buttons were arranged 

horizontally and positioned at the bottom of the screen. A cartoon dog appeared on one 

button at a time (Figure 1B), and children were told to "catch the dog" by pressing the 

button as quickly as possible without making mistakes. The dog remained on the button until 

the child made a response, at which point the dog moved to the next button in the sequence. 

Children were instructed to use only the index finger of their non-dominant hand (thus 

requiring a sequence of arm movement responses). No information was given regarding the 

order of the button presses, but children were told at the start of the task that the dog would 

repeatedly move to the buttons in the same order. The trained sequence was unique for the 

nap and wake conditions, and sequences were counterbalanced across subjects.

The Training phase was composed of seven blocks (Figure 1A). The five-item sequence 

(e.g., 4-1-3-2-3) repeated eight times in each block. Each test phase (Immediate Test, 

Delayed Test, and 24-hour Test) consisted of three blocks; the first and third blocks 

consisted of presentation of the trained sequence repeated eight times. In the second block of 

each test phase, 40 cues were presented in a semi-random order. Both the sequence and 

random blocks were designed such that no button was cued consecutively. As children 

performed the task, they were given verbal praise for their effort and attention, but did not 

receive performance-based feedback.

Explicit awareness

Since the extraction of explicit sequence knowledge was intended to be enhanced as children 

were told that buttons would be cued in a repeating order, we probed the level of sequence 

awareness in a portion of the participants (n = 16 as this measure was added after the study 

commenced). Following each 24-hour Test session, children were asked to reproduce the 

sequence on the iPad without being cued. The experimenter prompted children to execute all 

five items of the sequence consecutively, guessing if necessary.
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Data Analyses

Data were scored with Actiware software (Philips Respironics, Bend, OR). Data from 

children with less than 3 days of actiwatch data was excluded (. If records lacked parental 

report information or event markers, onsets of sleep bouts were determined using the first 

three uninterrupted minutes of sleep, while offsets of sleep bouts were determined using the 

last five uninterrupted minutes of sleep (Acebo et al., 2005). Experimenters evaluated 

actigraphy data for nap duration, overnight sleep duration, and total sleep duration (nap 

duration plus overnight duration) on the nap and wake days.

Reaction time was computed as the time between the stimulus presentation and the 

subsequent button touch. In each block, individual trials with a reaction time (RT) two 

standard deviations above or below the mean for the respective block were removed to 

eliminate lapses in attention or inadvertent button presses. Of the remaining trials, accuracy 

(# of correct trials / # of trials) was computed for each block. Paired samples t-tests were 

used to examine differences in accuracy between nap and wake conditions at each test 

session. Remaining analyses were based on correct trials only.

Block RTs were calculated as the median trial RT for each block. To assess general motor 

learning across the training session, a paired samples t-test was used to compare block RTs 

between blocks 1 and 7. A decrease in block RTs across the training session indicated 

learning.

Two measurements were calculated to assess learning across intervals. First, median block 

RT was calculated for the sequence blocks (blocks 1 and 3) in each test phase. Second, a 

Learning Score (LS), reflecting sequence-specific learning, was calculated as the median RT 

for the random block in each test phase (block 2) minus the average of the median RTs for 

the surrounding sequence blocks (blocks 1 and 3), as is common in studies using the SRTT 

(e.g., Nissen and Bullemer 1987). Sequence-specific learning was evaluated with a one-

sample t-test to determine whether the LS was significantly greater than zero. Participants 

with a score greater than 2 SD above or below the mean were excluded from both conditions 

for each of these analyses.

RT and the LS were used to examine the change in performance between testing sessions 

across the nap/wake interval (Immediate Test to Delayed Test) and the overnight interval 

(Delayed Test to 24-hour Test). To assess the change in performance across these two 

intervals, a Percent Improvement (PI) score was calculated. Performance at the first test 

session was subtracted from the second test session, and then divided by performance at the 

first test session. These scores were then multiplied by 100. We report the inverse of the PI 

scores for the RT PI only to maintain the premise that positive PI values indicate 

improvement. A repeated measures ANOVA was used to determine differences between 

Nap/Wake conditions at each test session. Further, a repeated measures ANCOVA was used 

to control for age of the participants. Participants with a score greater than 2 SD above or 

below the mean were excluded for the RT PI and the LS PI. To control for family-wise error 

rates, we performed a Sidak correction for the two ANOVAs (across the nap/wake interval 

and overnight interval) and we determined a new alpha cutoff to be 0.025.
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Finally, explicit knowledge of the sequence was compared between conditions. Explicit 

knowledge was measured as the number of identified transitions that matched the trained 

sequence, starting from any given point in the sequence. Each number of correct transitions 

was given a score from zero to four, with zero signifying no correct transitions and four 

signifying all correct transitions as compared to the trained sequence. A paired samples t-test 

was used to compare children's explicit knowledge of the sequence between nap and wake 

conditions. A post-hoc linear regression was used to determine how a nap benefit of explicit 

recall predicted performance across the overnight interval in the nap condition.

Results

Eleven children were unavailable to complete one or more test session, leaving a total of 36 

children (23 males, M = 57.45 months, SD = 6.07) with complete data for both nap and 

wake conditions. There were no outliers for measures of RT. However, for the LS, three 

participants were excluded from analysis. Six additional participants were outliers for the LS 

PI measure and were excluded from those analyses only. One child’s parents did not report 

their child’s exact age, and thus was not included in ANCOVAs controlling for age.

Of the 36 children included in the final analysis, 27 children had actigraphy data for three or 

more weekdays. Twenty-six children had record of their overnight sleep duration on the nap 

day, while twenty-seven children had record of their overnight sleep duration on the wake 

day. All 36 children had record of their nap duration. Children napped 66.3% of weekdays 

(SD = 24.3%). Naps lasted an average of 92.3 mins (SD = 28.5). Overnight sleep duration 

was significantly greater on the wake day (M = 9 hours 29 mins, SD = 59.1) than on the nap 

day (M = 8 hours 55 mins, SD = 77.2; t(23) = −2.94, p > 0.01). However, total sleep 

duration (nap + overnight sleep) was significantly greater on the nap day (M = 10 hours 20 

mins, SD = 90.3) than on the wake day (M = 9 hours 29 mins, SD = 59.1; t(24) = 3.69, p > 

0.01).

Participants' ratings of mood and sleepiness did not differ between conditions (paired 

samples t-tests; all p's > 0.05). Subjects performed with a high degree of accuracy (>90% 

correct on average) and accuracy did not significantly differ across nap and wake conditions 

for any test phase (Immediate Test: t(35) = 0.64, p = 0.53; Delayed Test: t(35) = 0.74, p = 

0.46; 24-hour Test: t(35) = 0.22, p = 0.83) as is often the case in studies using the SRTT 

(Savion-Lemieux et al. 2009; Pace-Schott and Spencer 2013). Thus, the following results 

focus on RT and LS.

Initial Learning (Training session)

RT improved significantly from block 1 to 7 of the Training phase in both the wake 

condition (t(35) = 4.60, p < 0.001) and the nap condition (t(35) = 6.02, p < 0.001; Figure 2), 

indicative of motor learning. There were no differences between the nap and wake 

conditions at the Immediate Test for measures of RT (average of the median RTs from 

blocks 1 and 3; t(35) = 0.69, p = 0.49). Likewise, there were no differences in LS between 

conditions (t(32) = 1.33, p = 0.19). Moreover, the LS was significantly greater than zero at 

the Immediate Test (nap: t(32) = 7.08, p < 0.001; wake: t(32) = 5.00, p < 0.001) indicative of 

sequence-specific learning.
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Off-line Change in Performance

The LS remained significantly greater than 0 at Delayed Test (nap: t(32) = 5.63, p < 0.001; 

wake: t(32) = 5.22, p < 0.001) and 24-hour Test (nap: t(32) = 6.07, p < 0.001; wake: t(32) = 

7.21, p < 0.001), indicating that significant sequence-specific learning was maintained. Of 

interest was whether performance changes over the nap and overnight intervals differed 

based on whether a nap took place.

Consistent with prior studies (Fischer et al. 2007; Wilhelm et al. 2008; Prehn-Kristensen et 

al. 2009), there was no significant difference between conditions in RT PI across the nap/

wake interval (F(1, 35) = 0.48, p = 0.50). There was, however, a significant effect of 

condition on the RT PI across the overnight interval (F(1, 35) = 5.88, p = 0.02). Children's 

performance improved more overnight when they had napped (M = 6.38%, SD = 6.77) than 

when they stayed awake during the nap opportunity (M = 1.23%, SD = 11.35; Figure 3). 

Given that sleep quality changes across this age span, we performed a subsequent ANCOVA 

controlling for age. Effects remained such that there was no significant difference in RT PI 

between conditions across the nap/wake interval (F(1, 33) = 0.02, p = 0.94), but there was a 

significant difference in RT PI between conditions across the Overnight Interval (F(1, 33) = 

6.25, p = 0.02). In the nap condition, neither the nap duration (r(36) = 0.26, p = 0.13), nor 

overnight sleep duration (r(26) = −0.16, p = 0.44) was correlated with the Overnight Interval 

RT PI.

Since trials > 2 SD from the mean of each block were excluded as they reflect lapses in 

attention, we confirmed that these exclusions did not impact the observed effects. With these 

trials included in our analyses, we still observe a benefit of sleep across the Overnight 

Interval (F(1, 35) = 5.83, p = 0.02) and not across the Nap/Wake Interval (F(1, 35) = 0.48, p 

= 0.50). Likewise, if trials with an RT < 2 SD from the mean of each block (which were 

few, <1 trial per block on average, as most were excluded as errors) were included, we still 

observe a sleep benefit across the Overnight Interval (F(1, 35) = 4.45, p = 0.04) and not 

across the Nap/Wake Interval (F(1, 35) = 0.217, p = 0.644). The number of trials excluded 

as errors did not differ between blocks (all p’s > 0.05).

Given this evidence of a nap benefit across the Overnight Interval but not across the nap 

interval, we performed a post-hoc linear regression to probe whether the change over the nap 

predicted the change over the subsequent night. Indeed, RT PI alone across the Nap/Wake 

interval significantly predicted 14.5% of the variability of RT PI across the Overnight 

Interval in the Nap condition (R2 = 0.15, p = 0.02; B = −0.23, p = 0.02). Age alone predicted 

11.6% of the variability in the model (R2 = 0.12, p = 0.05; B = −0.004, p = 0.05), such that 

older children had faster reaction times. When this regression was performed controlling for 

age, the model predicted 33.2% of the variability in RT PI across the Overnight Interval (R2 

= 0.33, p < 0.01; B = −0.30, p < 0.01). In other words, those children with worse 

performance over the nap had better performance over the subsequent overnight interval.

Surprisingly, we also found no significant difference between nap and wake conditions in 

the LS PI across the Nap/Wake interval (F(1, 26) = 1.59, p = 0.22) or the overnight interval 

(F(1, 26) = 0.26, p = 0.62). Likewise, when controlling for age, we found no benefit of the 
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nap on LS PI across the nap/wake interval (F(1,24) = 1.85, p = 0.19) and across the 

overnight interval (F(1, 24) = 0.80, p = 0.38).

Evaluation of Explicit Sequence Knowledge

When evaluating the ability of children to reproduce the trained sequence in a free recall 

period, children were more successful when they napped as opposed to when they stayed 

awake (Figure 5; t(15) = 2.57, p = 0.02). On the whole, complete replication of the sequence 

was low, with only two children able to successfully replicate the full sequence in both 

conditions and one child who successfully reproduced the sequence in the nap condition 

only. To determine whether the RT PI was predicted by the level of explicit awareness in the 

nap condition, we used a linear regression. In the model predicting the overnight interval RT 

PI in the nap condition, the main effect of explicit recall was not significant (B = −0.43, p = 

0.80). Moreover, age was not correlated with explicit sequence extraction in the nap 

condition (r(35) = 0.24, p = 0.38) or in the wake condition (r(35) = 0.48, p = 0.86). 

However, we recognize that the small number of participants who completed the explicit 

recall probe may hinder our ability to detect an effect.

Discussion

In this study, we replicate findings from previous research showing that children do not 

receive a benefit of a nap compared to restful wake in a motor skill learning task when 

performance is assessed shortly after the sleep (Fischer et al. 2007; Wilhelm et al. 2008; 

Prehn-Kristensen et al. 2009). Importantly however, performance benefits from the nap 

emerged following an additional delay, 24-hours after training. This study demonstrates that 

sleep does in fact promote the consolidation of general skill acquisition in preschool 

children, which clarifies a previously controversial question in research examining 

procedural memory consolidation in children. Instead of occurring across a single sleep 

bout, as has been shown in adults, we show that this benefit is instead reliant upon an 

extended delay that includes additional sleep.

There are, of course, several other factors that must be considered when interpreting these 

findings. While it is possible that napping compared to wake promotion lead to subsequent 

differences in alertness or emotionality, these are unlikely to have affected the results of this 

study. First, there were no differences in subjective ratings by the child or experimenter. 

Second, the significant effects of the nap manipulation were not observed until the following 

morning, after all children had slept overnight. These findings are also unlikely to be caused 

by time-of-day effects, as children were tested at the same time of day in both conditions.

We also considered whether superior performance in the nap condition reflects interference 

of waking activities on the skill memory, thus impairing it in the wake condition as opposed 

to a direct benefit in the nap condition. We consider this alternative hypothesis unlikely. 

First, the tasks engaged in during the wake conditions – puzzles, reading – would seem most 

likely to interfere with declarative, not motor skill learning. Yet, we have demonstrated a 

nap-specific benefit for declarative learning even when these quiet activities were used in 

the wake condition (Kurdziel et al., 2013). Second, since, the SRTT was learned at 10:00 am 

and post-nap/wake performance was probed at 3:30 pm, only the culminating 90 mins of this 
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interval differed. In other words, both conditions faced the possibility of extensive 

interference – 4 hrs of reading, puzzles, outdoor play, lunch. If these activities were to cause 

interference, the greatest interfering effects take place early, shortly after learning (Wozniak, 

1999), and equated across the two groups. Third, by this explanation, one would expect an 

immediate difference between nap and wake conditions when, in fact, no difference was 

observed immediately. Rather, benefits were found the following day. Fourth, if interference 

from waking activities during the nap accounted for diminished performance in the wake 

relative to the nap condition, the longer naps should protect memories to the greatest extent. 

Yet, we found no significant association between nap or overnight sleep time and the 

performance benefit. Nonetheless, future studies using polysomnography during sleep 

intervals would be beneficial in supporting the direct benefit of sleep on performance 

outcomes.

Performance benefits were not found directly after a nap compared to wake, rather 

performance gains attributable to the nap are observed the next day. Furthermore, we find 

that poorer performance following the nap strongly predicts better performance after an 

extended period of time (especially when controlling for age). Since these findings were not 

correlated with nap or overnight sleep duration, this suggests that the observed sleep benefit 

is tied more to the quality and architecture of sleep rather than the amount of sleep children 

received. These findings may be the result of neuroplastic processes occurring during sleep, 

similar to what has been observed in juvenile zebra finches (Deregnaucourt et al. 2005). In 

children, molecular and cellular mechanisms of plasticity (i.e. protein synthesis, dendritic 

spine formation) that are modulated by sleep (Graves et al. 2001; Benington et al. 2003; 

Yang et al. 2014) may impede procedural memory benefits directly following the nap, but 

may ultimately facilitate successful consolidation. Thus, when sleep is distributed across the 

day, as in early childhood, sleep-dependent cognitive processes may similarly occur over 

multiple sleep bouts.

Children exhibit extensive differences in neuroplasticity across several brain regions as 

compared to adults, including the motor and sensorimotor cortices (Casey et al. 2000; 

Rapoport and Gogtay 2008). Preschool children have greater synaptic density than adults 

(Huttenlocher, 1979) and have greater gray matter volume (Casey et al. 2000). Meanwhile, 

white matter tracts and myelination of axons are still developing (Caviness et al. 1996; 

Geidd et al. 1996). Sleep-dependent memory consolidation is thought to be dependent on 

changes in connectivity in the brain (for review see Bennington and Frank 2003). However, 

since children have vastly more synaptic connections, the increased neural reorganization 

resulting from consolidation may hinder immediate benefits of sleep on performance. 

Furthermore, explicit or declarative memory domains may be prioritized over implicit 

procedural skill across a single sleep bout, resulting in additional time or sleep bouts to 

impact behavior. Conversely, the more efficient neural systems of young adults may not 

need additional time awake or further sleep bouts to consolidate procedural skill (Walker et 

al. 2005). Whether such consecutive memory processes occur over further sleep bouts and 

whether they may be found in adult humans is worthy of future research.

It has been suggested that explicit sequence learning is consolidated over sleep while 

implicit sequence learning receives little or no benefit (Fischer et al. 2006; Spencer et al. 
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2006), perhaps due to the hippocampus’ role in explicit, episodic memory processing. For 

this reason, in this study, children were told that the cues would follow a sequence. 

Consequently, it was at the discretion of the child to discover and utilize the explicit 

sequence knowledge. In a subsample of children, we found that children demonstrated more 

explicit awareness of the sequence in the nap condition compared to the wake condition. 

Consistent with this, Wilhelm and colleagues (2013) reported that children extracted explicit 

knowledge of a motor sequence following sleep and, impressively, at a greater rate than 

adults. Moreover, extraction of explicit knowledge was associated with slow wave activity 

(SWA). Our finding that children exhibit greater sequence knowledge following sleep, 

although not reaching full awareness, nonetheless demonstrates that children at an even 

younger age may be capable of explicit sequence knowledge extraction. Interestingly, this 

coincides with a time where hippocampal growth is beginning to slow, approaching adult 

volume (Uematsu et al., 2012). Sleep, therefore, may contribute to the ability of a maturing 

hippocampus to extract these sequences in children. Age (as a proxy for hippocampal 

maturation) was not correlated with explicit sequence extraction in either the nap or wake 

conditions. However, it is notable that the short sequence length and small sample size for 

this measure may limit such conclusions. Moreover, awareness was only probed at 24-hour 

recall, thus we cannot ascertain whether such knowledge was extracted during the nap or 

overnight. Although naps lack rapid eye movement (REM) sleep in children (Kurdziel et al. 

2013), 46% of the naps are spent in slow wave sleep (SWS), providing a mechanism by 

which the awareness could emerge. However, given that explicit awareness is enhanced by 

sleep in adults (Robertson et al 2004), and children (Wilhelm et al 2013), we posit that the 

emergence of explicit awareness was also delayed. Interestingly, some have shown that 

explicit awareness of a task actually impedes task performance in older adults, which 

suggests the interplay between explicit awareness and motor task performance develops 

along a trajectory that extends past young adulthood (Howard et al 2001). Future research 

may expound upon how explicit extraction of implicit motor sequences ties to the 

hippocampus, and the time course of explicit sequence extraction.

It is important to recognize that we found the benefit of sleep in the measure of RT but not 

in LS. Improvements in RT are the typical measure of sleep-dependent consolidation in 

studies using the motor sequence task in which the sequence is presented on a screen in full 

during a block (Walker et al. 2002; Wilhelm et al. 2008). Consistent with the typical SRTT 

paradigm, we included random blocks that allow for a probe of sequence-specific learning: 

if learning was sequence-specific, changes should be seen on sequence and not random 

blocks. The lack of significance for the LS PI over sleep compared to wake suggests that 

delayed nap-dependent improvements may not have been associated with consolidation of 

the sequence memory per se, but rather a general gain of motor efficiency on the task. 

Improvements in efficiency from a subsequent nap could reflect consolidation of learning of 

the general underlying skill required for the task (ballistic responses to a visual cue).

This study demonstrates that a nap during the day promotes the consolidation of procedural 

learning relative to an equivalent interval of wake, but that the benefits of the nap are only 

observed after an extended period of time. Furthermore, we show that sleep promotes the 

extraction of explicit knowledge in our SRTT. Neuroplastic processes of sleep in the 
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immature brain may contribute to the lack of procedural memory benefit that has been 

documented in previous research.
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Fig 1. 
Performance on a modified serial reaction time task (SRTT) was assessed in three testing 

phases (A). The task was executed using on iPad (B). Children responded to a repeating 

sequence of cues by pressing a virtual "button".
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Fig 2. 
Reaction times across blocks in both the nap and wake conditions. Error bars represent 

standard error.
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Fig 3. 
Reaction times improved across the nap/wake interval in both conditions, but across the 

overnight interval, RTs improved significantly more in the nap condition than in the wake 

condition. Error bars represent standard error. *p < 0.05
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Fig 4. 
Less improvement across the nap interval predicted greater improvement across the 

overnight interval.
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Fig 5. 
Explicit recall of the sequence measured as the number of correct transitions reproduced. 

Error bars represent standard error. *p < 0.05
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