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Abstract
Study Objectives: Aerobic fitness (AF) and sleep are major determinants of health in adolescents and impact neurocognitive and 
psychological development. However, little is known about the interactions between AF and sleep during the developmental transition 
experienced across adolescence. This study aimed to consider the relationships between AF and habitual sleep patterns and sleep 
neurophysiology in healthy adolescents.

Methods: Subjects (mean age = 14.6 ± 2.3 years old, range 11–17, 11 females) were evaluated for AF (peak VO2 assessed by ramp-
type progressive cycle ergometry in the laboratory), habitual sleep duration and efficiency (7–14 days actigraphy), and topographic 
patterns of spectral power in slow wave, theta, and sleep spindle frequencies in non-rapid eye movement (NREM) sleep using overnight 
polysomnography (PSG) with high-density electroencephalography (hdEEG, 128 channels).

Results: Significant relationships were observed between peak VO2 and habitual bedtime (r = −0.650, p = .009) and wake-up time (r = −0.603, 
p = .017), with greater fitness associated with going to bed and waking up earlier. Peak VO2 significantly predicted slow oscillations (0.5–1 Hz, 
p = .018) and theta activity (4.5–7.5 Hz, p = .002) over anterior frontal and central derivations (p < .001 and p = .001, respectively) after adjusting 
for sex and pubertal development stage. Similar associations were detected for fast sleep spindle activity (13–16 Hz, p = .006), which was 
greater over temporo-parietal derivations.

Conclusions: Greater AF was associated with a more mature pattern of topographically-specific features of sleep EEG known to support 
neuroplasticity and cognitive processes and which are dependent on prefrontal cortex and hippocampal function in adolescents and adults. 
AF was also correlated with a smaller behavioral sleep phase delay commonly seen during adolescence.
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Statement of Significance

This study found that greater aerobic fitness (AF) was associated with earlier habitual sleep times and with a more mature 
pattern of fronto-central slow wave and parietal fast frequency sleep spindle oscillations during non-rapid eye movement 
(NREM) sleep. AF may be involved in minimizing the phase delay commonly observed during adolescence and may en-
hance topographically specific features of sleep physiology known to mechanistically support neuroplasticity and cogni-
tive processes.
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Introduction

Aerobic (or cardiopulmonary) fitness (AF) reflects the inte-
grated ability to deliver oxygen to the mitochondria and support 
muscle activity during exercise. It is considered to reflect total 
body health and can be measured directly in the laboratory, ex-
pressed as maximal oxygen consumption (peak VO2) [1]. AF is 
used as an indicator of overall health, and in adolescents it is a 
strong predictor of future physical health outcomes (e.g. cardio-
vascular disease) [2]. There is also a strong relationship between 
AF and cognitive performance, with stronger effect sizes when 
peak VO2 measures are used as opposed to indirect methods 
of AF evaluation [3]. A  recent study in 167 Spanish teenagers 
(ages 14–15) reported that peak VO2 was the best predictor of 
neurocognitive battery test scores (e.g. attention, concentra-
tion, cognitive flexibility, and processing speed) and psycho-
social variables (e.g. self-efficacy and general health) relative 
to other fitness indicators such as percentage of body fat mass, 
explosive force, speed, and weekly amount of physical exercise 
[4]. AF has also been associated with improved executive con-
trol and hippocampal-dependent memory in 9- to 10-year-old 
children [5], as well as enhanced neuronal pruning evidenced 
by a reduction in prefrontal grey matter volume in adolescents 
[6–8]. Hypothesized mechanisms supporting relationships be-
tween AF and cognitive benefits include increased production 
of neurotrophins [9, 10], cerebral structural changes [11], and in-
creased cerebral blood flow [12].

Sleep is a major health determinant across the lifespan 
and is vital for cognitive health of the developing child [13, 14]. 
Similar to AF, which shows a strong maturational effect with 
nearly linear increases in AF across maturity status and age 
[15, 16], sleep also undergoes distinct maturational changes 
during adolescence marked by a decrease in the duration of 
total sleep, largely due to a decline in amount and intensity of 
non-rapid eye movement (NREM) slow-wave sleep (SWS) [17]. 
Overnight polysomnography (PSG) with high-density electro-
encephalography (hdEEG; 128 channels) reveals topographical 
patterns of sleep oscillations that have been specifically linked 
to neuroplasticity, neurodevelopment, and cognitive function 
[6]. Slow-wave activity (SWA) tracks the synaptic pruning sup-
porting cortical brain maturation during adolescent brain de-
velopment [7, 8, 18], and several studies in adolescents have 
confirmed a relationship between cognitive improvement and 
plastic changes in neuronal function evident during sleep [6, 18–
22]. Indeed, the topographic distribution (i.e. cortical location on 
the scalp) of SWA peaks over occipital regions in early childhood 
and migrates to anterior frontal cortex in later pubertal devel-
opment stages, similar to, and correlated with, observed trajec-
tories in grey matter brain development [6–8]. Furthermore, the 
intensity of SWA tracks closely with changes in synaptic density 
over the course of development [18].

Other NREM frequencies (e.g. theta activity and sleep spin-
dles) also show maturational changes in topographic expres-
sion and are linked to neuroplasticity [6, 19–22]. Both SWA and 
theta activity show the largest reductions in absolute spectral 
power across development, with NREM theta activity showing 
declines of ~60% between ages 11–16.5  years, preceding de-
velopmental changes in delta activity [6, 8]. The mirroring of 
this effect with the differential synaptic pruning of neurons in 
cortical layers 3 and 5 suggests that both delta and theta may 

track distinct aspects of cortical maturation during adolescent 
development [8]. Similar to SWA, theta activity becomes more 
frontal with increasing age, tracking the trajectory of cortical 
maturation [6]. Sleep spindles also change during adolescence, 
with mean sleep spindle frequencies becoming faster across 
development [6]. The topographic changes in spindle activity 
are complex, with slower frequency spindles becoming more 
frontal-dominant, while faster frequency spindles become 
more parietal-dominant in peak expression [6, 22], ultimately 
mimicking the canonical topographic expression of these sleep 
spindle subtypes observed in adults [23]. This developmental in-
crease in mean sleep spindle frequency has been shown to be 
directly related to improvements in sleep-dependent memory 
across adolescence, whereas increases in slow spindles over an-
terior frontal electrodes are associated with improvements in 
cognitive ability more broadly [22].

As both sleep and AF are fundamental for health, impact cog-
nitive function, and undergo simultaneous maturation across 
adolescence, it is possible that AF is associated with sleep pat-
terns and sleep-related neurodevelopmental processes. While 
some studies have suggested the possibility that higher AF 
(using peak VO2 indirect measures) is associated with better 
subjective sleep quality [24, 25], we are not aware of any studies 
evaluating the relationships between the direct measure of AF 
(i.e. peak VO2) and measures of subjective and objective sleep, 
including local expression of sleep EEG oscillations across fre-
quencies. This study aimed to assess the relationships between 
AF (i.e. peak VO2) and comprehensive evaluation of sleep using 
gold-standard assessment methodology, including subjective 
questionnaires, habitual sleep measures (i.e. actigraphy and 
sleep diary), and in-laboratory sleep neurophysiology (i.e. PSG 
with hdEEG), in adolescents. We hypothesized that greater AF 
would be associated with healthier sleep patterns, including 
timing and amounts of sleep, when controlling for sex, mat-
uration, and physical activity. We further hypothesized that 
greater AF would be associated with a more mature pattern 
of local sleep expression within frequency ranges associated 
with both neuroplasticity and brain development; i.e. that AF 
would be positively associated with NREM SWA and theta ac-
tivity over anterior prefrontal EEG derivations and positively 
associated with fast sigma activity over posterior parietal EEG 
derivations.

Methods

Study participants

Twenty healthy adolescents (average age  =  14.6  years, ranged 
11–17, 11 females), with no clinical psychological symptoms, 
participated in the study (full demographics are provided in 
Table 1). Participants were recruited directly from the Pediatric 
Exercise and Genomics Research Center (PERC) Participant 
Registry of motivated adolescents interested in research partici-
pation. Additionally, a flyer was distributed in various schools 
and community areas. The study aimed to sample middle- or 
high-school age (grades 6–12 and 11- to 17-year-old) partici-
pants across pubertal development stages (equivalent to Tanner 
stages I-V [26]), who were in good health (determined by his-
tory), reported no evidence of disease or disability that would 
impair their participation in AF evaluation and/or overnight 
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sleep study, and fluent in the English language. Exclusion cri-
teria included reports of diagnosed chronic illness, pregnancy or 
breastfeeding, use of illegal drugs or alcohol in the last month 
(by history), and regular use of anti-inflammatory medications 
parenterally, orally, or as inhaled agents. Participants were re-
cruited from the Orange County, CA area. They were not allowed 
to travel outside the time zone within 2-weeks of study par-
ticipation. This study was approved by the Institutional Review 

Board at the University of California, Irvine (UCI), and informed 
consent/assent were obtained for all participants.

Study design

All evaluations took place during the summer (July–September) 
of 2019, when participants were not restricted by school 
schedules.

Table 1. Descriptive characteristics of the participants (N = 20) and correlation coefficients between sleep and aerobic fitness

Correlation with peak VO2
a

Demographics Mean (SD) r p

Age (years) 14.61 (2.25)   
Sex    
 Female (n; %) 11 (55.0)   
 Male (n; %) 9 (45.0)   
Pubertal Development Stage
 I (n; %) 2 (10.0)   
 II (n; %) 3 (15.0)   
 III (n; %) 2 (10.0)   
 IV (n; %) 10 (50.0)   
 V (n; %) 3 (15.0)   
Anthropometrics
 Height (cm) 162.96 (13.70)   
 Weight (kg) 53.61 (12.91)   
 BMI percentile 47.44 (23.23)   
Aerobic fitness
 Peak VO2 (mL/kg/minute) 44.75 (8.48)   
Habitual sleep (averaged across 7–14 days and nights)
 Subjective (sleep diary)
  Bedtime 22:55 (1:06) −0.583* .014
  Lights off time 23:28 (1:12) −0.671** .003
  Wakeup time 8:07 (1:16) −0.587* .013
  Get up time 8:23 (1:19) −0.607* .010
  Total time in bed (minutes) 568.2 (68.5) −0.188 .471
  Total sleep time (minutes) 538.8 (61.2) −0.152 .561
  Sleep onset latency (minutes) 11.5 (5.7) 0.019 .943
  Wake after sleep onset (minutes) 2.5 (3.0) −0.286 .266
  Sleep efficiency (%) 94.8 (2.5) 0.227 .381
 Objective (actigraphy)
  Bedtime 22:47 (0:58) −0.650** .009
  Sleep onset time 23:37 (1:10) −0.656** .008
  Wakeup time 7:52 (1:18) −0.603* .017
  Get up time 8:24 (1:20) −0.618* .014
  Total time in bed (minutes) 577.0 (58.7) −0.257 .355
  Total sleep time (minutes) 424.7 (56.7) 0.062 0.825
  Sleep onset latency (minutes) 49.9 (25.8) −0.214 .444
  Wake after sleep onset (minutes) 70.1 (46.7) −0.244 .380
 Sleep efficiency (%) 74.0 (8.5) 0.268 .334
Objective sleep (in-laboratory polysomnography)
 Total time in bed (minutes) 570.3 (66.3) −0.133 .610
 Total sleep time (minutes) 527.2 (78.0) −0.179 .492
 Sleep onset latency (minutes) 3.7 (2.6) 0.029 .911
 Wake after sleep onset (minutes) 37.7 (23.7) 0.201 .440
 Sleep efficiency (%) 92.2 (5.1) −0.184 .479
 Stage 1 sleep (%) 4.2 (1.7) 0.043 .870
 Stage 2 sleep (%) 44.4 (7.5) 0.069 .791
 Stage 3 sleep (%) 29.3 (6.4) 0.044 .868
 NREM sleep (%) 77.9 (4.1) 0.200 .442
 REM sleep (%) 22.1 (4.1) −0.198 .446

aPartial correlation adjusted for sex, pubertal development stage, and physical activity. BMI, body mass index; NREM, non-rapid eye movement; REM, rapid eye 

movement.

*p < .05, **p < .01.
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Visit 1–UCI pediatric exercise and genomic research 
center human performance laboratory

Physical examination.
Anthropometric measurements (height and weight) and sub-
jective self-assessment of pubertal development stage (corres-
ponding to Tanner stages I-V [26]) were completed.

Physical activity.
Participants completed the modifiable exercise questionnaire 
(MAQ) [27], which was revised to ask about activities during the 
last week and yielded the average time of engagement in mod-
erate or vigorous physical activity. Participants were also asked 
if they were involved in organized competitive sports, and if 
training required early morning practice.

AF (Cardiopulmonary Exercise Test).
 Participants performed a ramp-type progressive cycle ergometry 
exercise test using the SensorMedics metabolic system (Vmax 
229, Yorba Linda, CA). Gas exchange was measured breath-by-
breath and peak VO2 was calculated as the highest 20-second 
rolling average in the last 2 minutes of exercise. All participants 
achieved respiratory exchange ratio (RER) ≥ 1.1 at the end of the 
test.

At-home ambulatory assessment

Habitual sleep and activity patterns.
After completion of Visit 1, participants were provided with 
daily sleep diaries [28] with instructions for completion and 
were given a lightweight accelerometer/actigraph (Actiwatch 
Spectrum Plus; Philips Respironics, Bend, OR) to wear on their 
non-dominant wrist for 7–14  days, up until the time they 
came to the Sleep Center for their overnight assessment. For 
scheduling flexibility, overnight assessment was scheduled 
between 7 and 14  days post-AF assessment. The actigraphy 
recording was continuous and started on the day of the AF 
evaluation and lasted up to 2 full weeks. The actigraph as-
sesses movements and has been validated and frequently 
utilized as a proxy measure of objective sleep [29]. Scoring 
followed expert consensus guidelines [29] and used the val-
idated proprietary Actiware software algorithm [30, 31]. The 
Actiwatch has off-wrist detection methodology and off-wrist 
times are classified as missing data rather than no activity 
during these times. We set an a priori definition for compli-
ance: participants with <5 consecutive days of recordings and/
or having >2 full nights missing were excluded. Those with 
>3 consecutive hours missing data on more than 2 days were 
reviewed by the authors (ABN and IYC) to ensure that these 
missing data did not impact habitual sleep data outcomes. We 
refer here to actigraphy-derived sleep outcomes as habitual 
sleep which here reflects the individual behavioral and fa-
milial pattern and habits rather than free-living which tend 
to reflect uninhibited behavior and ad libitum sleep. While 
not in formal school, they still were restricted to familial rou-
tines and other responsibilities (e.g. organized sports and 
other scheduled activities) and thus would not be considered 
free-living. Variables extracted from both sleep diary and 
actigraphy included total sleep time (TST), sleep onset latency 
(SOL), wake after sleep onset (WASO), sleep efficiency (SE), and 

sleep onset/offset times. Sleep diary included a daily report of 
caffeine use.

Visit 2–UCI sleep center

Clinical assessment.
Semi-structured psychiatric evaluation [32] with sleep history 
was completed by mental health providers specializing in sleep 
(either ABN or IYC).

Overnight PSG with hdEEG.
Participants were instructed to avoid caffeinated bever-
ages after noontime on their sleep study day. They were al-
lowed to sleep up to 11 hours in the sleep laboratory. In-lab 
bedtimes were set approximately one hour later than 
actigraphy-defined habitual bedtimes as they completed other 
experimental protocols (i.e. assessment of dim light mela-
tonin onset, DLMO) during the evening (data not reported 
in this manuscript). Standard clinical PSG with hdEEG (128 
channels), including electrooculogram (EOG), electromyo-
gram (EMG), electrocardiogram (ECG), and respiratory moni-
toring, was recorded simultaneously via an integrated system 
(Natus), following standard procedures [33, 34]. EEG, EOG, 
ECG, and EMG signals were digitized at 1024 Hz. Sleep vari-
ables, including sleep stages and clinical events, were visually 
scored in 30-second epochs according to standard criteria [34] 
by Registered Polysomnographic Technologists, and was re-
viewed by a board-certified sleep medicine specialist (R.M.B.). 
PSG variables of interest included TST, SOL, WASO, SE, percent 
of the sleep period spent in sleep stages N1, N2, N3, and R.

hdEEG processing.
Data preprocessing, including semi-automated artifact rejec-
tion [33, 35, 36], and analyses of sleep data focusing on NREM 
stages (N2 and N3) were performed using custom MATLAB 
scripts as previously described [37]. EEG data were imported 
into EEGLAB (http://sccn.ucsd.edu/eeglab/), downsampled 
to 256 Hz, and filtered between 0.3 and 40 Hz. EEG channels 
with significant artifact were removed and interpolated using 
surrounding channels employing the spherical interpolation 
method [38, 39]. Fast Fourier transform (FFT) was applied to 
the artifact-free filtered EEG signal in 30-second intervals 
employing a multi-taper approach using 11 discrete prolate 
spheroidal Slepian sequence (DPSS) tapers (0.25 Hz bandwidth, 
16.667% moving window overlap, 0 order padding) to estimate 
power spectral density (PSD) [40–42]. Spectral power estimates 
were derived from the median across epochs for each bin by 
sleep stage at each EEG derivation, to minimize the influence 
of epochs containing outliers. Spectral estimates were aver-
aged across frequency bands to construct absolute spectral 
power estimates for each a priori defined frequency bands of 
interest due to their known associations with neuroplasticity 
and neurodevelopment (i.e. slow oscillation: 0.5–1 Hz, delta: 
1–4.5 Hz, theta: 4.5–7.5 Hz, alpha: 7.5–11 Hz, slow sigma: 11–13 
Hz, fast sigma: 13–16 Hz, beta: 16–28 Hz, and gamma: 28–40 Hz) 
[6, 18–22]. While absolute power is commonly reported, com-
parisons across adolescence are confounded by a brain state 
and frequency-independent decrease in total power across 
pubertal development stages [43, 44]. To address this concern, 
relative power in each frequency bin was derived for each 

http://sccn.ucsd.edu/eeglab/
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epoch at each derivation by dividing absolute power estimates 
by estimates of total power. Relative power for each frequency 
band of interest was derived using the same procedure used 
for absolute power and was normalized by z-transforming 
relative power estimates across derivations. One participant 
was excluded from analysis due to the presence of significant 
EEG artifact.

Analyses

Distribution statistics were calculated for each demographic, 
sleep and fitness measure for the overall sample as well as 
stratified by sex. Bivariate analyses (correlations, one-way re-
gressions, chi-square tests) were performed to examine the 
relationship between sex and pubertal development stage 
(subjectively reported Tanner stage) on each sleep outcome. 
Due to the lack of one-to-one mapping between objectively and 
subjectively assessed pubertal development stages [45], effect 
sizes characterizing sex and pubertal development stage were 
calculated from the bivariate results, whereby participants 
with subjective pubertal development stage I–III (early pu-
bertal development) were compared to participants in stages 
IV–V (late pubertal development). Peak VO2 was evaluated 
in relationship to habitual sleep patterns and overnight PSG 
with hdEEG. For hdEEG topographical analyses, nonparametric 
threshold-free cluster enhancement (TFCE) was implemented 
as previously described [46] to correct for multiple compari-
sons using 5000 permutations [47] and the corrected signifi-
cance threshold was set to p < .05. Multiple regression analyses 
were performed to examine the relationship between peak VO2 
and sleep parameters, controlling for sex, pubertal develop-
ment stage, and physical activity. Due to the exploratory nature 
of the evaluations as well as the use of hdEEG with 128 chan-
nels, significance was considered at p < .05 after controlling for 
sex and pubertal stage.

Results
All participants completed the fitness assessment, and valid 
overnight PSG was obtained by 19 (95%) participants (data 
from one participant was not eligible due to equipment 
failure). Actigraphy-derived habitual sleep patterns were 
obtained for 18 (90%) participants (two participants did not 
meet actigraphy adherence definition) over an average of 8.6 ± 
2.1 days and nights (range of 7–14 days and nights). Average 
missing data was 2.3% of the entire recording time (ranged 
0%–9.4%). There were minimal data missing from sleep diaries; 
only 3.9% of 181 days of sleep recording had missing entries 
and no participant missed an entire day of entries (most com-
monly participants did not report SOL). Only 1 participant re-
ported daily use of caffeine (averaging 2 cups of caffeinated 
beverage per day), and an additional 6 reported occasional 
use of caffeine in a rate of <1 serving per day. In this study 
cohort, 80% reported engagement in competitive sports (e.g. 
water polo, swimming, soccer, taekwondo, and tennis). Three 
participants (15%) reported that their sports required an early 
morning awakening. The sample engaged in moderate or vig-
orous physical activity for a median of 41.4 minutes (range: 5 
minutes to 5 hours) per day.

Fitness characterization

Aerobic fitness.
Peak VO2 was normally distributed, yet the majority of the 
sample had average-to-high levels of AF as indicated by pedi-
atric VO2 norms [48], with a mean peak VO2  =  44.8  ± 8.5 (mL/
kg/minute). The relatively high fitness level was evident in both 
sexes (peak VO2–Males = 50.7 ± 4.9 and peak VO2–Females = 39.9 ± 7.8). 
Nineteen participants were within normal body mass index 
(BMI) percentile ranges [49] and one was overweight (overall 
range: 8th‒90th). In this sample, the relationship between peak 
VO2 and reported engagement in moderate or vigorous physical 
activity was not statistically significant when controlling for sex 
and pubertal development stage (p = .1), indicating that it is un-
likely that engagement in physical activity fully explains any re-
ported effects of AF on sleep expression.

Sleep characterization

No significant sleep disorders were reported or observed. 
Habitual sleep evaluation suggested that the majority of this 
sample was likely sleep-deprived (average habitual actigraphic 
TST = 7.1 ± 0.9 hours; range 5.6–9.1 hours), with only three ado-
lescents (16.8%) sleeping over 8 hours on average during the 
ambulatory assessment. During overnight PSG, participants fell 
asleep relatively quickly (SOL = 3.7 ± 2.6 minutes; range 0.1–11) 
with high SE (92.2  ± 5.1%; range 81.0%–98.1%), which are typ-
ically signs of chronic sleep restriction and accumulated sleep 
debt [50, 51]. This may also be partly influenced by delaying sleep 
onset by 1 hour past their habitual bedtime due to the protocol 
design (i.e. completion of DLMO protocol). As participants were 
allowed ad libitum sleep (but no more than 11 hours) and with 
possible increased sleep drive resulting from the study proced-
ures, TST on PSG (8.8  ± 1.3 hours range 6.3–10.8) was greater 
than that seen during actigraphy assessment (t = −5.39, p < .001). 
No significant differences were noted in habitual sleep dur-
ation between weekdays and weekends on actigraphy (weekday 
TST = 6.98 ± 1.08 hours [range 5.2–9.1], weekend TST = 7.3 ± 0.98 
hours [range 5.2–8.9], t = −1.38, p = .185).

Pubertal development stage and NREM sleep oscillations.
Global differences in absolute spectral power were observed 
between early/late pubertal development groups across the 
scalp in nearly all frequency bands of interest. Reductions 
in delta, theta, slow sigma, beta, and gamma power at mul-
tiple derivations remained significant following TFCE correc-
tion for multiple comparisons (Figure 1). Consistent with the 
effects of pubertal status, negative associations between age 
and absolute spectral power during NREM sleep were iden-
tified globally across frequencies (Supplementary Figure S1). 
Relative SWA (i.e. slow oscillation and delta frequency bands), 
a measure controlling for the natural total power decrease 
during brain maturation, was higher at fronto-central EEG 
derivations and lower at temporal-parietal derivations in 
late compared to early pubertal development groups (Figure 
2). Furthermore, slow sigma power was greater at lateral 
fronto-central derivations and fast sigma power was greater 
at central-parietal derivations in the late relative to the early 
pubertal development group. In each of these cases, large 
effect sizes were detected (all Cohen’s d >1.2). Greater lateral 

https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpab005#supplementary-data
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fronto-central theta and alpha power were detected in late 
relative to early pubertal development groups, while beta and 
gamma power were greater over central-parietal derivations 
and lower over frontal derivations (Figure 2). Similar find-
ings were detected when relating relative spectral power to 
age rather than pubertal development stage (Supplementary 
Figure S1). Importantly, the distribution of sex did not differ 
significantly between pubertal development groups (p > .05), 
minimizing the possibility that results were biased by sex dif-
ferences. These findings indicate that after accounting for the 
absolute differences in total power across frequencies, rela-
tive increases in power were observed in adolescents at later 
stages of pubertal development, with SWA being more frontal, 
theta and slow spindle activity being more lateral frontal, and 
fast spindle activity being more parietal relative to adoles-
cents in early stages of pubertal development.

Relationships between habitual sleep and AF

When adjusting for sex, pubertal development stage, and phys-
ical activity, negative relationships were observed between peak 
VO2 with subjective sleep diary and objective habitual bedtime 
and wake-up time (Table 1), indicating those who were more fit 
had an earlier sleep schedule, both by going to bed and waking 
up earlier. We observed no significant relationships between 
peak VO2 with habitual sleep summaries, including TST and SE. 
Three children reported engagement in organized competitive 
sports which required to have early morning awakenings for 

practice during the assessment week. Removing these individ-
uals from the analyses did not change the interpretation of the 
results.

Relationships between AF and NREM sleep oscillations.
SWA in the slow oscillation frequency range was greater over 
anterior frontal EEG derivations and lower over central EEG der-
ivations in individuals with higher peak VO2, the latter of which 
remained significant following TFCE correction (Figure 3). In 
contrast, SWA in the delta frequency range and NREM theta 
activity was higher over central EEG derivations in individuals 
with higher peak VO2, the latter remained significant following 
TFCE correction. Peak VO2 was also negatively associated with 
temporo-frontal slow sigma activity and positively associated 
with temporo-parietal sigma activity (Figure 3).

After controlling for sex and pubertal development stage, 
peak VO2 remained a significant predictor of SWA in the slow os-
cillation frequency range over anterior frontal (partial r = 0.567, 
SE  =  0.019, p  =  .018, FDR corrected p  =  .024) and central (par-
tial r = −0.765, SE = 0.018, p < .001, FDR corrected p < .002) EEG 
derivations (Figure 4a), and trended to predict SWA in the delta 
frequency range over central EEG derivations (partial r = 0.434, 
SE = 0.019, p = .082 FDR-corrected p = .082; Figure 4b). Peak VO2 
also remained a significant predictor of left anterior frontal theta 
(partial r = −0.715, SE = 0.016, p =  .001, FDR corrected p =  .003) 
and central theta activity (partial r = 0.725, SE = 0.018, p = .001, 
FDR corrected p = .003) after controlling for covariates (Figure 4c). 
A  significant association was also detected between peak VO2 

Figure 1. Pubertal development stage impacts the topographic expression of absolute spectral power during NREM sleep. Topography of absolute power during NREM 

sleep at each EEG derivation (128 channels) are presented for eight frequency bands for 19 adolescents in early (top row) and late (middle row) pubertal development 

stages. Topographic plots exhibiting Cohen’s d effect sizes of the difference between early and late pubertal development stages at each EEG derivation are presented 

for each frequency band (bottom row). In each topographic plot, color scales reflect absolute spectral power values (µV2/Hz; top and middle row) or Cohen’s d effect sizes 

(bottom row), with warmer colors reflecting higher positive values and cooler colors reflecting more negative values. White dots (TFCE corrected; p < .05) and black dots 

(uncorrected; p < .05) indicate electrode derivations exhibiting significant pubertal development group differences (early vs. late).

https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpab005#supplementary-data
https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpab005#supplementary-data
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and fast sigma activity over temporo-parietal EEG derivations 
(partial r = 0.646, SE = 0.012, p = .005, FDR corrected p = .009) after 

controlling for sex and pubertal development stage (Figure 4d). 
Similar findings were also reported when adjusting for sex and 
age (Figure 4, legend).

Discussion
This study found significant relationships between AF and com-
prehensive characteristics of sleep across adolescence. In this 
study, we analyzed AF (i.e. peak VO2, a gold standard test for AF 
assessment), which has been shown to be especially important 
for overall health and neurocognitive performance [52–54]. AF 
was associated with the timing of habitual sleep patterns and 
with the expression of NREM sleep oscillations. These prelim-
inary data suggest that higher AF may be associated with a 
smaller behavioral sleep delay during adolescence, and that 
AF is associated with frequency-specific and topographically-
specific expression of NREM sleep oscillations, including those 
known to be influenced by development and are linked to neural 
plasticity in adolescence [6, 18–22].

Habitual sleep and AF

Aerobically fit adolescents, regardless of sex, pubertal develop-
ment stage, and physical activity levels had earlier bedtimes and 
waketimes. This relationship between AF and habitual sleep-
wake patterns (i.e. sleep times) was distinct from the effects 
of pubertal development on sleep timing, which prior studies 
found resulted in later bedtimes [55, 56]. Importantly, 80% of our 

Figure 2. Pubertal development stage impacts the topographic expression of relative spectral power during NREM sleep. Topography of relative power during NREM 

sleep at each EEG derivation are presented for eight frequency bands for 19 adolescents in early (top row) and late (middle row) pubertal development stages. 

Topographic plots exhibiting Cohen’s d effect sizes of the difference between early and late pubertal development stages at each EEG derivation are presented for each 

frequency band (bottom row). In each topographic plot, color scales reflect Z-scores (top and middle row) or Cohen’s d effect sizes (bottom row), with warmer colors 

reflecting higher positive values and cooler colors reflecting more negative values. White dots (TFCE corrected; p < .05) and black dots (uncorrected; p < .05) indicate 

electrode derivations exhibiting significant pubertal development group differences (early vs. late)

Figure 3. Aerobic fitness impacts the topographic expression of relative spec-

tral power during NREM sleep. Topography of Pearson’s correlation coefficients 

relating peak VO2 with relative power during NREM sleep at each EEG derivation 

in 19 adolescents are presented for eight frequency bands. In each topographic 

plot, color scales reflect Pearson’s correlation coefficients, with warmer colors 

reflecting more positive r values and cooler colors reflecting more negative r 

values. In each topographic plot, white dots (TFCE corrected; p < .05) black 

dots (uncorrected; p < .05) indicate electrode derivations exhibiting significant 

associations.
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sample reported participation in organized competitive sports 
with 15% requiring a regular and earlier wakeup time. Removing 
the three study participants from the analyses did not signifi-
cantly change the results and thus early awakenings for sports 
practice were unlikely to have acted to reduce the magnitude of 
the typically observed natural circadian phase delay in sleep-
wake patterns in developing adolescents. Of note, despite our 
original hypothesis, no relationships were observed between AF 
with habitual TST and SE in any method used for assessment, 
including sleep history, sleep diary, actigraphy, and PSG. In add-
ition, we did not observe significant weekday/weekend sleep dif-
ferences, possibly as this study was conducted during summer 
when adolescents were not restricted to school schedule, al-
lowing for an evaluation of sleep patterns that may be more 
aligned to participants’ endogenous preference and reduces the 
possible confounds of social jetlag caused by school schedules.

Sleep neurophysiology and AF

We found significant correlations between AF and sleep EEG 
topography, after adjusting for sex and pubertal development 
stage. Greater AF (higher peak VO2) was associated with greater 
anterior prefrontal SWA in the slow oscillation frequency range 
(0.5–1 Hz), and lower slow oscillation power at central EEG der-
ivations. The negative associations of slow oscillations with 

AF over central EEG derivations were particularly robust, re-
maining significant following correction for multiple compari-
sons across the 128 channel EEG array. The opposite pattern 
was observed for SWA in the delta (1–4.5 Hz) frequency range 
and theta activity (4.5–7.5 Hz), with positive associations with 
theta remaining significant following whole head correction 
for multiple comparisons. The differential effect of AF on slow-
wave expression across frequencies is consistent with prior lit-
erature indicating that slow oscillations (i.e. <1 Hz slow waves) 
and delta waves (1–4.5 Hz slow waves) have distinct neurobio-
logical origins [57] and topographic expression profiles [58, 59], 
are affected differentially by the buildup and dissipation of 
homeostatic sleep pressure [59, 60], and have distinct effects on 
cognition [61]. In terms of topography, in both adolescents and 
adults [58, 59], slow oscillations show a more anterior frontal 
expression peak and delta waves have a peak concentrated over 
fronto-central EEG derivations. In the current study, AF appeared 
to accentuate these differential topographic patterns of slow os-
cillation and delta activity, which may have biological and cog-
nitive implications that should be examined in future studies. 
Posterior tempo-parietal fast sigma activity was also greater 
in adolescents who exhibited greater AF. Notably, slow oscilla-
tions and parietal fast sleep spindles have been associated with 
sleep-dependent memory processing and cognitive ability (e.g. 
executive functioning, attention) in adolescents and adults [21, 

Figure 4. Scatterplots of peak associations between aerobic fitness and relative spectral power during NREM sleep. (a) Scatter plots depicting peak positive (left) and 

negative (right) associations between peak VO2 and relative power during NREM sleep in the slow oscillation (0.5–1 Hz) frequency range. (b) Scatter plot depicting the 

peak positive association between peak VO2 and relative power during NREM sleep in the delta (1–4.5 Hz) frequency range. (c) Scatter plots depicting peak positive 

(left) and negative (right) associations between peak VO2 and relative power during NREM sleep in the theta (5.5–7.5 Hz) frequency range. (d) Scatter plot depicting the 

peak positive association between peak VO2 and relative power during NREM sleep in the fast sigma (13–16 Hz) frequency range. Topographic distribution of Pearson’s 

r values for correlations between relative power in (a) slow oscillation, (b) delta, (c) theta, and (d) fast sigma frequency bands and peak VO2 are presented above each 

respective scatter plot, with white dots (TFCE corrected; p < .05) black dots (uncorrected; p < .05) indicating electrode derivations exhibiting significant associations and 

green dots depicting the EEG derivation plotted in the scatterplot below. *denotes associations that remained significant (p < .05) and †denotes associations that trended 

towards significance (p < .10) in multiple regression models adjusting for sex and pubertal developmental stage. All these associations remained significant in multiple 

regression models adjusting for sex and age, including positive (a; partial r = 0.555, p = .021, FDR corrected p = .024) and negative (a; partial r = −0.775, p < .001, FDR cor-

rected p < .002) associations between relative slow oscillation power and peak VO2, positive associations between relative delta power (b; partial r = 0.552, p = .022, FDR 

corrected p = .024) and peak VO2, positive (c; partial r = 0.706, p = .002, FDR corrected p = .005) and negative (c; partial r = −0.679, p = .003, FDR corrected p = .006) associ-

ations between relative theta power and peak VO2, and positive associations between fast sigma power (d; partial r = 0.625, p = .007, FDR corrected p = .011) and peak VO2.
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22, 62–67]. Directly manipulating the expression of these oscil-
lations through stimulation enhances cognitive function such 
as memory retention [68–70]. The observed positive association 
between peak VO2 and prefrontal SWA in the slow oscillation 
frequency range and parietal fast sigma activity support the 
hypothesis that AF is associated with topographically-specific 
elements of sleep physiology known to mechanistically support 
neuroplasticity and cognitive processes (e.g. sleep-dependent 
memory, executive functioning, and attention) which are de-
pendent on prefrontal cortex and hippocampal function in ado-
lescents and adults.

Sleep neurophysiology and pubertal 
development status

Prior studies indicate that the topographical expression of sleep 
oscillations during NREM sleep transforms across advancing age 
in adolescents [6, 18–21]. For example, the peak expression of 
SWA migrates from derivations at occipital cortex to those at 
prefrontal cortex from early childhood to late adolescence [6, 8, 
18]. Similar age-related changes are seen in intra-hemisphere 
coherence during sleep spindles and traveling distance of slow 
waves [21, 71]. Development across childhood and adolescence 
is accompanied by overall reductions in absolute power across 
frequencies, including in SWA and theta activity [6, 18], both of 
which may track distinct aspects of cortical maturation across 
adolescent development [8]. Supporting this possibility, these 
developmental changes in SWA are associated with grey matter 
volumetric changes and white matter myelination across de-
velopment [71, 72]. With respect to the effects of pubertal de-
velopment stage, our findings are consistent with the literature 
examining the effects of age, demonstrating developmental-
related changes in the topographic expression of sleep oscil-
lations across distinct frequency bands. For example, SWA 
exhibited a more prefrontal-dominant pattern in later relative 
to earlier pubertal development stages, while theta and slow 
sigma activity became more lateral prefrontal. In contrast, faster 
frequency wave forms, including fast sigma, beta, and gamma 
power peaked over central and parietal EEG derivations in late 
relative to early pubertal development stages. These effects 
were consistent with our analyses evaluating age, and reflect 
findings reported in the literature [6, 22]. If these developmental 
changes in SWA and theta activity are in fact directly tied to cor-
tical brain maturation, the association of AF with the expression 
of these sleep oscillations could have important implications for 
the role of AF in optimal brain development during adolescence.

Strength and limitations

Results of the present study should be interpreted in light of 
several methodological limitations. Due to the small sample 
size, error protections were not employed and thus findings re-
quire replication. Nevertheless, for many of the reported find-
ings, effect sizes are large and robust against adjustment for 
confounding factors. This study was not powered to examine 
possible interaction effect (e.g. sex and pubertal development 
stage). We used a self-reported questionnaire to assess ha-
bitual physical activity (over the last week). In this sample, we 
did not observe a significant relationship between self-reported 
amount of engagement in moderate to vigorous physical ac-
tivity and peak VO2 when controlling for sex and developmental 

maturation, and self-reported habitual physical activity levels 
were not associated with sleep timing in this sample. Future 
studies utilizing validated objective and gold standard ap-
proaches for habitual physical activity are needed to better 
clarify the possible impact of habitual physical activity on the 
relationship between sleep and AF. Additionally, ambulatory 
assessment data suggested that the sample was likely sleep-
deprived. Indeed, short SOL (ranged from 0.1 to 11 minutes) was 
observed during in-laboratory PSG in all participants. Sleep re-
striction is common in adolescents, and as seen in our findings, 
less than 16.8% exhibited more than 8 hours of sleep. While 
sleep patterns in the sleep laboratory may not be representa-
tive of sleep at home (and may reflect recovery sleep as they 
were allowed to sleep ad lib and bedtimes were 1 hour delayed 
due to experimental design), the use of hdEEG allows focusing 
on sleep oscillations and their topography which are stable 
within subjects and largely independent of TST [73, 74]. Of note, 
TST and SOL were not associated with AF in either sleep diary, 
actigraphy, or PSG assessment. Therefore, these discrepancies 
are unlikely to impact the relationships that these independent 
measures—actigraphy and sleep EEG topography—have with AF. 
Additionally, in our data, none of the significant effects between 
local sleep and developmental stage or local sleep and AF were 
significantly associated with TST or SOL from the overnight 
study, suggesting that neither the habitual sleep restriction nor 
the protocol (that shifted bedtimes by 1 hour) likely explain the 
observed effects in this sample. Variability between weekday 
and weekend sleep are common in this age group [55, 56], and 
as this study was completed during summer vacation aiming to 
maximize free-living conditions, this could potentially impact 
the generalizability of these data. Large cross-sectional studies 
are necessary to evaluate the relationship between AF and ha-
bitual sleep while considering the possible impact of seasons, 
school schedule, habitual physical activity, exercise, mental 
health, and circadian rhythms. Despite these limitations, the 
present study provides the first characterization of phenotypic 
sleep using habitual sleep and sleep neurophysiology measures 
along with gold-standard in-laboratory assessment of AF in 
healthy adolescents.

Conclusion
In this study of a group of 11–17 year-olds, AF was associated 
with an earlier habitual sleep pattern (i.e. going to sleep early 
and waking up early) and with topographically specific expres-
sion of sleep EEG in adolescents. AF was further associated 
with a more mature pattern of expression of NREM sleep oscil-
lations that are involved in cognitive function in both children 
and adults. These findings, while preliminary, highlight the rele-
vance of AF as a factor that may support biopsychosocial health 
and cognitive function through impacting sleep processes.
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Supplementary material is available at SLEEP Advances online.
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