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Study Objectives: To examine the effects of total sleep deprivation on
adolescent sleep and the sleep electroencephalogram (EEG) and to study
aspects of sleep homeostasis.

Design: Subjects were studied during baseline and recovery sleep after
36 hours of wakefulness.

Setting: Four-bed sleep research laboratory.

Participants: Seven prepubertal or early pubertal children (pubertal stage
Tanner 1 or 2 = Tanner 1/2; mean age 11.9 years, SD N 0.8, 2 boys) and 6
mature adolescents (Tanner 5; 14.2 years, N 1.4, 2 boys).

Interventions: Thirty-six hours of sleep deprivation.

Measurements: All-night polysomnography was performed. EEG power
spectra (C3/A2) were calculated using a Fast Fourier transform routine.
Results: In both groups, sleep latency was shorter, sleep efyciency was
higher, non-rapid eye movement (NREM) sleep stage 4 was increased,
and waking after sleep onset was reduced in recovery relative to baseline
sleep. Spectral power of the NREM sleep EEG was enhanced after sleep
deprivation in the low-frequency range (1.6-3.6 Hz in Tanner 1/2; 0.8-6.0

Hz in Tanner 5) and reduced in the sigma range (11-15 Hz). Sleep depriva-
tion resulted in a stronger increase of slow-wave activity (EEG power 0.6-
4.6 Hz, marker for sleep homeostatic pressure) in Tanner 5 (39% above
baseline) than in Tanner 1/2 adolescents (18% above baseline). Sleep
homeostasis was modeled according to the two-process model of sleep
regulation. The build-up of homeostatic sleep pressure during wakeful-
ness was slower in Tanner 5 adolescents (time constant of exponential
saturating function 15.4 N 2.5 hours) compared with Tanner 1/2 children
(8.9 N 1.2 hours). In contrast, the decline of the homeostatic process was
similar in both groups.

Conclusion: Maturational changes of homeostatic sleep regulation are
permissive of the sleep phase delay in the course of adolescence.
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INTRODUCTION

ADOLESCENCE IS THE PERIOD OF MAJOR BIOLOGIC,
COGNITIVE, EMOTIONAL, AND SOCIAL CHANGES THAT
ENCOMPASSES THE YEARS BETWEEN EARLY SIGNS OF
sexual maturation until full attainment of adult status in society.
Typical key issues of adolescents are wishes for independence
and increasing peer activities outside the family system. Other be-
havioral changes in the teen years include an altered sleep-wake
timing: adolescents tend to go to bed later and get up later than
prepubertal children.t Until recently, the changes of sleep patterns
in the course of adolescence were viewed to originate primarily
from shifts in peer culture, family configurations, academic de-
mands, school culture, employment opportunities, and extracur-
ricular activities.?

Data collected in numerous societies around the world have
consistently described the sleep phase delay during the teen years
despite substantial cross-cultural variations in adolescent life-
styles.*” The low variability of adolescent sleep patterns across
cultures has led some authors to conclude that biologic processes
and not entirely changes of psychosocial milieu drive the sleep
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phase delay in teens.® Lately, this view has received support from
scientific studies under strict control of psychosocial influences
(reviewed in Carskadon et al®). Carskadon and colleagues have
reported maturational changes in the biology of sleep-wake and
circadian regulation during puberty that may provide impetus for
a sleep phase delay.® They have proposed that the delay in eve-
ning bedtimes and sleep onset associated with pubertal changes
of intrinsic sleep-wake regulatory processes may fiopen the gateo
for increasing capacity to participate in opportunities in the eve-
nings and at night.

The timing of sleep results from an interaction of 2 separate
processes (conceptualized in the two-process model of sleep
regulation®®?): the sleep-wake dependent homeostatic Process S
and the sleep-wake independent, clock-like, circadian Process C.
Process S is viewed to reflect the evolution of homeostatic sleep
pressure or sleep need, which builds up during wakefulness and
dissipates during sleep.'*** Slow-wave sleep (SWS, stages 3 and
4 of non-rapid eye movement [NREM)] sleep) and its quantita-
tive measure, electroencephalographic (EEG) slow-wave activity
(SWA, power in the 0.75- to 4.5-Hz range), have been proposed
as physiologic markers for Process S.*** SWA is high in the ear-
ly part of the sleep period, when the need for sleep is greatest,
and exhibits an exponential decline across the nightés successive
NREM sleep episodes.*** Sleep loss evokes an increase in SWA
during subsequent sleep that is proportional to prior wake dura-
tion.13,16,17

The two-process model has also served as a conceptual frame-
work for studying developmental changes of sleep-wake pro-
cesses during ontogeny, particularly during infancy® and puber-
ty.>1%21 Adolescent studies examining circadian processes have
demonstrated that those children who rate themselves as more
physically mature also rate themselves as more fieveningo type in
their circadian phase preference.! This finding was subsequently
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corroborated in a laboratory study in which Tanner stage was as-
sessed by physicians and circadian phase was measured by the
timing of salivary melatonin. Briefly, pubertal stage correlated
with the circadian phase marker, such that more mature children
showed a later phase of melatonin-secretion offset.?? Another
mechanism predicted by circadian processes is that a delay of the
circadian phase may be related to a lengthening of the period of
the circadian clock or to a heightened sensitivity to evening light
or a decreased sensitivity to morning light across pubertal devel-
opment.® Together, the adolescent sleep phase delay may originate
from specific alterations of the circadian timing system during
puberty.

Recently, we have begun to study homeostatic sleep regula-
tion in adolescents.?2 The nocturnal dynamics of Process S were
investigated by spectral analysis of the sleep EEG during base-
line nights in early and late pubertal adolescents.?*?* The decline
of SWA across the sleep episoded essentially reflecting recov-
ery processes during sleepd was similar in prepubertal and ma-
ture adolescents, confirming the findings of an earlier study by
Gaudreau and coworkers.? Thus, we concluded that the noctur-
nal dynamics of S remain unchanged across puberty, which is in
line with the clinical view that sleep per se is not altered during
adolescence.? The present paper extends these recent studies by
examining homeostatic sleep regulation using a sleep-deprivation
paradigm with 36 hours of extended wakefulness.

The study aim was 2-fold: (1) to analyze the effects of total
sleep deprivation on sleep and the sleep EEG in prepubertal or
early pubertal children and mature adolescents and (2) to test the
hypothesis that the build-up of homeostatic sleep pressure differs
between these 2 groups. In line with the observed sleep delay of
adolescents, we hypothesized that the increase of S during wake-
fulness is slower in mature adolescents compared with prepubertal

or early pubertal children. Analyses presented here estimate the
parameters of Process S on the basis of empirical SWA data and
test whether the time course of SWA during baseline and recovery
sleep after 36 hours of prolonged wakefulness can adequately be
modeled.

METHODS
Participants

Participants were recruited through newspaper advertisements
and flyers asking for volunteers for a study of sleep and circadian
rhythms. Subjects underwent telephone and questionnaire screen-
ing to exclude personal or family history of psychopathologies
(first-degree relative), sleep disorders, erratic sleep schedules
(variation of more than 3 hours across week), more than 1 nap
per week, a chronic major illness, a current illness, current use of
psychoactive agents or other compounds known to affect sleep-
wake patterns, history of head trauma, or evidence of a learning
disability. Participants with sleep schedules that indicated chronic
insufficient sleep accompanied by signs of excessive sleepiness
were also excluded. No participant traveled across more than 1
time zone in the 3 months prior to the study.

The present analysis is based on data of 2 previous studies.
One prepubertal participant took part in an investigation of the
sensitivity of the circadian timing system to light during the sum-
mer months in 2002,%® and 12 participated in a forced desynchro-
ny study conducted from 1999 to 2002.%° Data of 7 prepubertal or
early pubertal children (pubertal stage Tanner 1 or 2 = Tanner 1/2;
mean age 11.9 years, SD N 0.8; range 10.3-12.8 years, 2 boys) and
6 mature adolescents (Tanner 5; mean age 14.2 years, N 1.4; range
11.8-16.0 years, 2 boys) were analyzed. Baseline sleep EEG data
of 5 prepubertal and all 6 mature participants were reported previ-

Table 10 Sleep variables derived from visual scoring and average duration of the yrst 4 NREM and REM sleep episodes
Baseline Recovery F values
Tanner 1/2 Tanner 5 Tanner 1/2 Tanner 5 Group Condition Group T Condition

TST, min 513.8 (11.7)  511.8 (12.0) 544.6 (0.6) 541.0 (2.9) NS 12.4 NS
Sleep efyciency, %* 91.7 (2.7) 91.4 (2.7) 98.2 (0.1) 97.5 (0.6) NS 10.7 NS
Sleep stage duration, min

1 37.1(9.1) 44.1 (6.5) 16.0 (4.2) 14.7 (3.1) NS 15.9 NS

2 182.1(17.5) 218.0(18.9) 183.6 (16.6) 215.2 (13.1) (4.0) NS NS

3 34.5(6.7) 38.9 (9.1) 49.0 (8.4) 42.4 (3.6) NS NS NS

4 127.8 (11.2) 94.8 (9.5) 190.0 (14.1) 161.8 (15.5) 5.7 25.2 NS

REM sleep 132.2 (15.1) 116.1 (9.9) 106.0 (8.9) 107.0 (12.7) NS NS NS

Movement time, min 12.3 (1.3) 16.2 (3.1) 9.3(0.7) 12.2 (2.4) NS (3.1) NS

WASO, min 28.4 (11.3) 26.5 (9.8) 0.6 (0.4) 1.3 (1.3) NS 12.0 NS

Latency to sleep stage, min

1 12.4 (3.0) 12.0 (6.6) 35(1.2) 4.7 (1.1) NS 5.3 NS

2 20.9 (2.2) 18.4 (6.7) 5.6 (1.2) 8.2 (2.0) NS 133 NS

REM sleep 107.3(10.8)  129.7 (14.3)  123.0(23.2) 111.7 (15.1) NS NS NS
Mean episode duration, min

NREM sleep 80.4 (5.3) 81.4 (6.9) 81.3 (3.6) 90.8 (5.6) NS NS NS

REM sleep 18.7 (2.6) 17.3(2.7) 14.1 (2.3) 14.8 (2.6) NS NS NS
Values represent means N SEM (for NREM [non-rapid eye movement] sleep and rapid eye movement [REM] sleep episodes = mean duration of the
yrst 4 episodes). The yrst 554.5 minutes after sleep onset (minimal common duration of all sleep episodes) were analyzed. WASO refers to wak-
ing after sleep onset (stage 2); stage 1, 2, 3, 4, NREM sleep stages; the last 3 columns represent signiycant (P < .05) F values of a 2-way analysis
of variance with the factors fidevelopmental groupo (Tanner 1/2, Tanner 5) and ficonditiono (baseline, recovery). Values in parentheses indicate
trends (P < .1). fiSkippedo yrst REM sleep episodes as deyned in our previous publication (see also methods in Jenni and Carskadon?): Tanner 1/2:
baseline, n=4; recovery, n=2. Tanner 5: baseline, n=2; recovery, n=3.
*Total sleep time as a percentage of the yrst 554.5 minutes after sleep onset.
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