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Abstract

Introduction: Adolescents experience chronic sleep restriction and developmental changes in 

circadian biology. Sleep aids adolescent learning and memory; the moderating effect of circadian 

rhythms is largely unknown. Here we examine adolescent sleep restriction, circadian biology, and 

memory consolidation.

Methods: Adolescents were recruited for a larger experimental study. The present study includes 

a subsample of individuals from the larger study who completed the motor sequence task 

(MST; added toward the end of data collection). Participants (MAGE=12.7, SD=1.8; 62.5% male) 

completed a self-selected 9-hour in bed sleep stabilization schedule for 19 nights followed by 

7 nights of sleep restriction (6 hours in bed; bedtime delayed and risetime advanced equally). 

In-lab dim-light-melatonin-onset (DLMO) was assessed on the final nights of stabilization and 

restriction. The MST indexed overnight memory consolidation across the final night of sleep 

restriction. MST outcomes included the average number of correct sequences per trial, # of errors, 

and precision. We examined overnight improvement (morning-evening) in MST performance 

and associations between improvement, phase preference, DLMOStabilization, DLMORestriction, and 

DLMOShift (DLMOStabilization -DLMORestriction), controlling for age where statistically justified.

Results: The average number of correct sequences per MST trial improved (t(15)=−3.44, p<.01, 

d=0.86) for the morning (12.94±6.89) test session compared to evening (10.81±5.69). There were 

no changes in errors or precision (ds<.14, ps>.34). Greater delays in DLMO phase (mean±sd: 

10.34±41.69 minutes) were associated with greater overnight improvement in the average number 

of correct sequences per trial (Adj. R2=0.54, F(2,13)=9.79, p<.01) and errors (Adj. R2=0.21, 
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F(1,15)=4.94, p<.05). Overnight improvement was not related to phase preference (Adj. R2s<0.17; 

ps>.05).

Conclusion: These data highlight context dependent benefits of sleep for adolescent memory 

consolidation and indicate a potential link between circadian biology and the cognitive benefits 

of adolescent sleep. Understanding the influence of circadian rhythms in sleep-dependent memory 

may inform discussions of adolescent sleep loss and learning.
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Introduction

Adolescence is characterized by changes in sleep and circadian biology1 and significant 

demands for learning and memory. Over 75% of U.S. adolescents report insufficient sleep,2 

often due to oppositional biological and psychosocial influences. During adolescence, 

circadian phase is delayed, as evidenced by later dim light melatonin onset (DLMO), and 

sleep pressure accumulation across the waking day is slowed. These phenomena drive later 

bedtimes.1 Psychosocial factors (e.g., increased technology access) exacerbate the effect.1 

Early school start times prohibit equally delayed wake times, short-changing weekday 

sleep.1 Adolescent short sleep has numerous negative health impacts including impaired 

learning and memory,3 and decreased academic success.4

The influence of circadian rhythms on sleep-dependent learning and memory is under 

researched but may significantly influence outcomes, particularly among adolescents given 

circadian misalignment is greatest at this developmental stage. While research routinely 

identifies sleep-dependent gains in procedural memory (i.e., on the motor sequence task 

[MST]) following adult sleep,6–8 this finding is not always replicated in adolescents.9,10 It 

has been suggested that ceiling effects in adolescent motor abilities drive this discrepancy; 

adolescents with worse performance during the learning phase demonstrate greater overnight 

improvements compared to adolescents with better initial task performance.10 If this is the 

case, both initial learning and overnight motor memory consolidation may be influenced by 

adolescents having better cognitive performance during the times of day most optimal for 

their chronotype.11

The present study examines overnight memory consolidation, and circadian biology 

in adolescents undergoing subtle sleep restriction comparable to a school-week. We 

hypothesized that: 1) sleep restriction would not alter the timing of adolescent DLMO 

when the sleep midpoint was held constant; 2) eveningness would be positively associated 

with evening post-training performance as adolescents with evening chronotypes would be 

learning at the time of day most optimal for their chronotype; 3) adolescents with morning 

chronotypes would have greater overnight motor sequence memory consolidation given 

increased room for improvement before ceiling effects in adolescent MST performance.
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Methods

Participants

This study was approved by Bradley Hospital’s Institutional Review Board. Participants 

were recruited as part of a larger study conducted in Providence, RI. Eligibility was assessed 

through telephone interviews and subsequent in-lab participant and caregiver questionnaires. 

Inclusion criteria included ages 10–15 years, English language proficiency, and good health. 

Exclusion criteria included personal or first-degree family history of disordered sleep, 

significant mental illness (e.g., suicidality, bipolar disorder), neurologic illness, metabolic 

disorders, chronic medical conditions, use of any prescribed psychoactive agents or other 

drugs that affect the sleep/wake cycle, daytime sleepiness/alertness, or the circadian timing 

system, inability to participate in testing, and travel beyond 2 time zones within 6 months of 

in-lab assessments.

Procedures

During the school year, participants completed 19 nights of sleep stabilization (Figure 

1; 9-hours in bed; bedtime [mean±sd]: 20:55±21 minutes; waketime: 6:47±29 minutes) 

followed by 7 nights of restricted sleep (6 hours in bed; bedtime delayed and risetime 

advanced equally; bedtime: 22:19±30 minutes; waketime: 5:11±34 minutes). Participants 

achieved at least 2 weeks of stabilization and 1 week of restriction while using consecutive 

weekends for data collection with no gap between conditions. Wake times were self-selected 

with consideration of school start times. In-lab polysomnography monitored the final night 

of stabilization and the first and last nights of restriction. At-home actigraphy (Mini 

Motionlogger, Ambulatory Monitoring, Inc., Ardsley, NY) and sleep diaries monitored 

all other study nights. In the laboratory, illuminance was maintained at ≤15 photopic lux 

during waking activities and 0 photopic lux during scheduled sleep episodes. Light exposure 

during at-home portions of the study varied among participants and was not measured. 

In-lab DLMO assessment occurred after the final nights of sleep stabilization and restriction. 

Participants completed the MST before and after the final night of restricted sleep.

Measures

Demographics. Caregiver questionnaires assessed child age, sex, race, and ethnicity.

Morningness/Eveningness. Adolescents completed the Morningness/Eveningness 

Scale12 assessing circadian phase preference.

DLMO. To determine DLMOStabilization and DLMORestriction, serial saliva samples (~2ml 

collected every 30 minutes in ≤15 photopic lux) were collected using the salivette system 

(Sarstedt, Newton, NC, USA) across a 6-hour window, beginning ~4 hours prior to a 

participant’s stabilization bedtime regardless of condition. Participants chewed on a plain 

cotton cylinder that was then centrifuged for two minutes. Saliva was frozen at −20° C 

within 4 hours Alpco (Windham, NH) assay kits were used for radioimmunoassay. DLMO 

was defined as the time when salivary melatonin concentration surpassed 4 pg/ml as is 

standard for pediatric populations.13–15 DLMOShift was calculated as DLMOStabilization 
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-DLMORestriction. Consistent with circadian conventions, a positive DLMOShift indicates a 

phase advance and negative DLMOShift indicates a phase delay.

Sunrise/Sunset. Timing of sunrise and sunset during the participant’s sleep schedule was 

assessed retrospectively.16

Overnight Memory Consolidation. The MST17 indexed overnight memory 

consolidation across the final sleep restriction night. Participants repeatedly typed a five 

number sequence with their nondominant hand for 30 seconds (1 trial). A 30 second rest 

interval followed before the next trial (12 total). Outcomes included the average number 

of correct sequences per trial, errors (average number of mistakes per trial), and precision 

(average [total expected characters/total characters] per trial).10 Scores were calculated using 

the last 2 trials of evening training and the first two trials of the morning test to control for 

learning effects. Evening task administration occurred ~2 hours prior to lights out; morning 

task administration occurred within 3 hours of the sleep period (M=168 minutes, SD=34). 

The phase angle from DLMORestricted to evening MST was calculated to probe its effect on 

the observed outcomes.

Data Analyses

Analyses were performed using SPSS version 29. Paired samples t-tests assessed differences 

in MST outcomes (average number of correct sequences per trial, errors, and precision) 

during evening post-training and morning test sessions. Linear regressions assessed the 

associations among 1) phase preference, 2) DLMOStabilization 3) DLMORestricted, and 4) 

DLMOShift, and MST 1) evening post-training performance, 2) morning test performance, 

and 3) overnight performance change. Bivariate correlations assessed associations between 

DLMOShift and MST evening post-training performance, MST morning test performance, 

phase preference, demographics, and sunrise/sunset during sleep restriction, and associations 

between the phase angle of DLMORestricted to evening MST and MST motor memory 

consolidation. Statistical assumptions of tests were assessed; statistical significance was 

defined as p<.05. Regressions controlled for demographic variables only where statistically 

justified (i.e., when demographics were significantly associated with the outcome variable of 

interest) to preserve power.

Results

Circadian characterization: phase preference and dim-light-melatonin-onset [DLMO]

Forty-one participants enrolled in the larger study from 2004–2005. Only N=16 completed 

the MST (added later in the study; Table 1). There were no significant differences in 

demographics or sleep between samples.

Overnight change in MST performance

The average number of correct sequences per MST trial improved (t(15)=−3.44, p<.01, 

d=0.86 [large effect]; change=2.1±2.5) for the morning test (12.9±6.9) compared to evening 

post-training (10.8±5.7; Figure 2). No overnight changes in errors (t(15)=−1.00, p=0.34, 

d=0.25) or precision (t(15)=−0.58, p=0.57, d=0.14) were detected.
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Association between circadian variables and overnight MST improvement

Later DLMOShift related to greater overnight MST improvement for the average number 

of correct sequences per trial (β=−0.41 [medium effect], F(2,13)=9.79, p<0.01) and errors 

(β=0.51 [large effect], F(1,15)=4.94, p<0.05; Figure 3). MST outcomes were not associated 

with phase preference (Table 2; average number of correct sequences per trial: β=−0.12, 

p=0.60; errors: β=0.47, p=0.07; precision: β=−0.25, p=0.35), DLMOStabilization (average 

number of correct sequences per trial: β=−0.18, p=0.42; errors: β=0.03, p=0.91; precision: 

β=−0.08, p=0.78), or DLMORestricted (average number of correct sequences per trial: 

β=0.20, p=0.38; errors: β=−0.39, p=0.13; precision: β=0.13, p=0.64).

Sensitivity analyses sought to contextualize the association between DLMOShift and MST 

improvement. DLMOShift was not related to MST evening post-training performance 

(average number of correct sequences per trial: β=−0.03, p=0.93; errors: β=−0.05, 

p=0.85; precision: β=−0.05, p=0.86), morning test performance (average number of correct 

sequences per trial: β=−0.16, p=0.55; errors: β=0.25, p=0.36; precision: β=−0.29, p=0.28), 

phase preference (β=−0.09, p=0.75), DLMORestricted (β=−0.39, p=0.13), demographic 

characteristics (age: β=0.02, p=0.93; sex: t(5.45)=0.96, p=0.38, d=0.63), or sleep restriction 

sunrise/sunset (sunrise: β=0.33, p=0.22; sunset: β=−0.39, p=0.13). The phase angle of 

DLMORestricted to evening MST was not related to MST improvement (average number 

of correct sequences per trial: β=0.08, p=0.95; errors: β=−0.04, p=0.26; precision: β=0.01, 

p=0.55).

Discussion

These data demonstrate the associations between adolescent sleep-dependent motor memory 

consolidation and circadian timing in the context of sleep restriction. The average number 

of correct sequences per trial improved for the MST morning test session compared to 

post-training evening performance. Greater delays in DLMO phase were associated with 

greater overnight MST improvement in the context of sleep restriction. Phase preference was 

not related to memory consolidation. DLMOShift did not relate to any variables of interest 

within our sample.

The present findings indicate a positive effect of adolescent sleep on the average number 

of correct sequences per MST trial in the context of sleep restriction, suggesting an 

overall improvement in signal-to-noise ratio and subtle improvement in task performance. 

This finding differs from past findings showing no impact of sleep on motor memory 

consolidation in adolescents9,10 and may reflect the unique study context, where evening 

learning and subsequent testing occurred after several nights of restricted sleep. Ceiling 

effects may obscure sleep-dependent MST improvement among rested adolescents.18 Past 

research investigating sleep-dependent MST improvement among 10–13-year-olds with and 

without ADHD demonstrated that, while individuals with ADHD had initially reduced 

performance compared with controls, they achieved equivalent levels of performance 

following sleep. Individuals without ADHD showed no significant post-sleep changes in 

performance.15 If sleep-restriction created initial impairments in MST evening performance 

for our sample, this may have allowed for overnight improvement in the context of ceiling 

effects.
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The present study is also the first to identify a positive association between shifts to later 

DLMO and adolescent overnight motor memory consolidation. Importantly, as the offset of 

dim light melatonin was not assessed, we cannot say whether the entire melatonin secretion 

episode shifted, or if it was constricted. However, prior research suggests that evening light 

exposure causes shifts in melatonin secretion19 and demonstrates null effects of restricted 

sleep on the length of adult melatonin secretion.20,21 While shifts in DLMO were not 

expected when the midpoint of sleep was maintained, this outcome may relate to differences 

in adolescent light exposure at home and sensitivity. As evening light can shift circadian 

phase,22 individuals with greater light exposure at home, and/or light sensitivity, may have 

experienced larger DLMO shifts to align with their restricted sleep schedule, thus mitigating 

some of the negative effects of circadian misalignment during the learning process in the 

evening.22 This may partly explain why adolescents with shifts to a later DLMO displayed 

improved motor memory consolidation. Given the sample size of the present study and null 

results of follow-up tests to contextualize this effect, this finding requires replication and 

further mechanistic probes.

This study had many strengths including objective assessment of sleep, memory 

consolidation, and DLMO, and completion of sleep conditions in a controlled environment 

prior to morning MST administration. It is the first to assess sleep-dependent motor memory 

consolidation in the context of sleep restriction, increasing the study’s ecological validity, as 

~75% of adolescents experience chronically short sleep.2

The study’s limitations include a small sample in which only one participant had an 

eveningness chronotype. The results need validation in larger samples with more variation 

in circadian profiles. Data were collected in 2004 and 2005, and cohort differences (i.e., 

technology use) may emerge compared to more contemporary samples. These differences, 

if existing, should minimally impact the within-subjects analyses of the current work. 

While light exposure was controlled during the in-lab protocol, light exposure during the 

at-home portion of the protocol was not controlled and likely impacted DLMO stability. The 

context of sleep restriction increases ecological validity for adolescents;2 however, future 

studies should compare the same protocol to adequate sleep for a greater understanding 

of the interactive effects of circadian factors and sleep duration on adolescent memory 

consolidation.

Overall, these data indicate that sleep-dependent adolescent motor memory consolidation 

may be most evident when initial evening performance is challenged and reveal a potential 

link between circadian biology and the cognitive benefits of adolescent sleep. Understanding 

the influence of circadian rhythms in sleep-dependent memory consolidation informs 

discussions of how sleep loss affects adolescent learning. Future studies should assess the 

roles of circadian biology and restricted sleep in other forms of memory (e.g., declarative). 

Leveraging adolescent circadian biology may ultimately help to protect youth from the 

negative cognitive effects of short sleep.
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Figure 1. 
Participant Sleep and Motor Sequence Task (MST) Schedule

Stager et al. Page 9

J Biol Rhythms. Author manuscript; available in PMC 2026 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Motor Sequence Task (MST) Outcomes across Trials
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Figure 3. 
Relationship between Change in DLMO and MST Performance

Stager et al. Page 11

J Biol Rhythms. Author manuscript; available in PMC 2026 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Stager et al. Page 12

Table 1.
Participant Demographics

Analytic Sample (N=16)

Age M(SD) 12.7 (1.8)

Female 6 (37.5)

Race

 White 14 (87.5)

 Non-White 2 (12.5)

Morningness/Eveningness

 Score Range 22 – 40

 Morning Type 11 (68.75)

 Neither Type 4 (25)

 Evening Type 1 (6.25)

Note: all demographic values listed as N (%) unless otherwise specified. The Motor Sequence Task was added late in the study and only completed 
by a subset of participants, the analytic subsample for this study.
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Table 2.
Effects of Morningness/Eveningness, Change in Dim Light Melatonin Onset (DLMO), and Restricted DLMO 

on Memory Consolidation

N df Adj. R2 F p β

Morningness/Eveningness

Average Number of Correct Sequences per Trial 16 2,13 0.36 5.23 0.02

 Morningness/Eveningness 0.60 −0.12

 Age 0.01 3.22

Errors 16 1,14 0.16 3.92 0.07

 Morningness/Eveningness 0.07 0.47

Precision 16 1,14 −0.00 0.93 0.35

 Morningness/Eveningness 0.35 −0.25

Change in DLMO Phase

Average Number of Correct Sequences per Trial 16 2,13 0.54 9.79 0.003

 DLMO Phase 0.04 −0.41

 Age 0.002 0.67

Errors 16 1,14 0.21 4.94 0.04

 DLMO Phase 0.04 0.51

Precision 16 1,14 −0.01 0.91 0.36

 DLMO Phase 0.36 −0.25

Stabilization DLMO

Average Number of Correct Sequences per Trial 16 2,13 0.38 5.57 0.02

 Stabilization DLMO 0.42 −0.18

 Age 0.01 0.61

Errors 16 1,14 −0.07 0.01 0.91

 Stabilization DLMO 0.91 0.03

Precision 16 1,14 −0.07 0.08 0.78

 Stabilization DLMO 0.78 −0.08

Restricted DLMO

Average Number of Correct Sequences per Trial 16 2,13 0.39 5.71 0.02

 Restricted DLMO 0.38 0.20

 Age 0.01 0.72

Errors 16 1,14 0.10 2.57 0.13

 Restricted DLMO 0.13 −0.39

Precision 16 1,14 −0.05 0.24 0.64

 Restricted DLMO 0.64 0.13

Note: Age was only included as a covariate in models when significantly associated with the outcome variable of interest to preserve power.
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