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or work  [2–6] . This delayed timing of sleep is popularly 
attributed to many external influences, ranging from 
evening work to social opportunities  [7] . Current evi-
dence demonstrates, however, that social factors cannot 
completely account for the adolescent delayed sleep onset 
typical of an evening chronotype.

  The developmental timing of the adolescent transition 
into a more evening chronotype suggests physiological 
underpinnings. Girls begin to show a delay in the timing 
of sleep 1 year earlier than boys, paralleling their youn-
ger pubertal onset. Maximum delay also occurs earlier in 
girls (19.5 vs. 20.9 years), and the magnitude of the peak 
delay is sexually differentiated  [5] . In other cultures, sim-
ilar developmental timing is observed, although the peak 
delay may occur as early as 15–16 years of age  [1–6] . Im-
portantly, a delay in the timing of sleep during the second 
decade of life has been observed in over 16 countries on 
6 continents, in cultures ranging from pre-industrial to 
modern (as reviewed in  [8] ). Although most studies have 
been cross-sectional, retrospective longitudinal mea-
sures confirm that the timing of sleep is delayed during 
adolescence  [5] .

  Adolescents continue to show a delayed circadian (or 
internal clock) phase as indicated by daily endocrine 
rhythms even after several weeks of regulated schedules 
that allow for sufficient sleep. This delay is maintained 
under controlled laboratory conditions in which there is 
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 Abstract 

 Sleep deprivation among adolescents is epidemic. We argue 
that this sleep deprivation is due in part to pubertal changes 
in the homeostatic and circadian regulation of sleep. These 
changes promote a delayed sleep phase that is exacerbated 
by evening light exposure and incompatible with aspects of 
modern society, notably early school start times. In this re-
view of human and animal literature, we demonstrate that 
delayed sleep phase during puberty is likely a common phe-
nomenon in mammals, not specific to human adolescents, 
and we provide insight into the mechanisms underlying this 
phenomenon.  Copyright © 2009 S. Karger AG, Basel 

 Overview of Adolescent Sleep Patterns in Humans 

 A recent poll by the National Sleep Foundation found 
that over 45% of adolescents in the United States obtain 
inadequate sleep  [1] . At the root of this chronic sleep 
 deprivation is the adolescent tendency to stay up late. 
Teenagers maintain later bedtimes than younger adoles-
cents, even when wake up times are constrained by school 
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limited possibility for social influence  [7, 9] . Moreover, 
both home-based and laboratory studies of adolescents 
show that delayed circadian phase correlates with sec-
ondary-sex development  [7, 10, 11] . This correlation holds 
true for subjective ratings of chronotype and puberty 
even when grade level in school is held constant  [11] . If we 
assume that teenagers attending the same grade in school 
are exposed to a similar social environment, this evi-
dence suggests that a biological component drives adoles-
cent changes in sleep patterns.

  Animal Studies Demonstrate a Delayed Internal 

Clock during Puberty 

 If physiologic processes drive adolescent sleep pat-
terns, then we would expect that other mammalian spe-
cies might show similar changes in the timing of sleep 
and activity around the development of sexual matura-
tion. To test this hypothesis, we reviewed data from nine 
studies that examined the daily rhythms of mammals 

during pubertal development  [12–20] . We inferred the 
timing of puberty by referencing universal markers (the 
initiation of spermatogenesis and ovulation) discussed in 
previously published reproductive studies for each spe-
cies  [21–25] . We defined puberty as the age interval be-
tween the first indication of secondary-sex development 
and the achievement of reproductive competency.

  This review found evidence for delayed circadian 
phase during puberty in all five species studied:  Macaca 
mulatta  (rhesus macaque  [12] ),  Octodon degus  (degu  [13–
16] ),  Rattus norvegicus  (laboratory rat  [16, 17] ),  Mus mus-
culus  (laboratory mouse  [18, 19] ), and  Psammomys obesus  
(fat sand rat  [20] ). Overall, this evidence indicated that 
the delayed timing of sleep during human adolescence
is likely to represent a developmental change common 
across mammalian species ( table 1 ).

  Several themes emerged while comparing different 
species. The first concerned the magnitude of the phase 
delay: with the exception of fat sand rats maintained un-
der short, winter-like photoperiods  [20] , all other species 
and all experimental conditions provided evidence for a 

Table 1. A delay in circadian phase has been observed around the time of puberty in six mammalian species

Species

human 
(Homo sapiens)

rhesus monkey 
(Macaca mulatta)

degu 
(Octodon degus)

laboratory rat 
(Rattus norvegicus)

laboratory mouse 
(Mus musculus) 

fat sand rat 
(Psammomys obesus)

Magnitude of delay 1–3 h 2 h 3–5 h 1–4 h 1 h? 0–3 h under a long 
photoperiod*, 10–
14 h under a short 
photoperiod

Sex difference males > females only females 
examined

males > females males > females only females 
examined

sex unspecified

Rhythms delayed sleep, melatonin activity activity, sleep? activity activity, corticosterone, 
temperature?*

oxygen consumption, 
temperature

No. of experiments >20 1 6 4 2 1

Age of peak delay 15–21 years 39 months 80–100 days 30–40 days unknown, but delay 
evident at 35–45 days

unknown, but delay 
evident at 35–42 days

Age of establishing 
overt cyclicity in 
females

menarche: 
12–13 years 
regular ovulation: 
13–16 years 
[21]

menarche: 
30–33 months
first ovulation: 
42–45 months 
[12]

cycles in vaginal 
opening: 
35–150 days
[13, 16]

first ovulation: 
35–45 days 
[22]

first ovulation: 
27–40 days
regular ovulation: 
30–80 days
[23–24]

unknown

Age of establishing 
spermatogenesis 

12–16 years
[21]

n/a 60–120 days
[13]

45–65 days 
[22]

n/a 28–56 days
[25]

Gonadal dependent maybe unknown maybe maybe unknown unknown

Circadian citations reviewed in [4, 8] [12] [13–16] [16–17] [18–19] [20]

* Not statistically significant.
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1- to 4-hour delay in circadian rhythms during puberty. 
This phenomenon was replicable and observed indepen-
dently by six different laboratories ( table 1 ). The daily 
rhythms measured were diverse and included behavioral 
rhythms, such as sleep and activity, and physiological 
rhythms, such as endocrine and metabolic rhythms.

  The magnitude of the delay in humans was sexually 
differentiated as seen for example in a large epidemio-
logical study performed in Germany and Switzerland, 
where men showed greater changes in chronotype across 
adolescence and young adulthood than women  [5] . Simi-
larly, male degus and rats showed pronounced changes in 
the timing of peak activity across puberty, whereas fe-
males produced smaller changes in the timing of activity 
onset or offset  [16] . These sex differences may be due to a 
sexual differentiation of the phenomenon itself or to a 
masking of the phenomenon by the estrogenic phase ad-
vance of rhythms around the time of ovulation  [26] . 

  The delay in several species was accompanied by an 
increase in crepuscularity, or activity around the transi-
tion times of dawn and dusk. In well-rested human sub-
jects, adolescents showed a decreased propensity to fall 
asleep in the evening hours  [27] , as well as an increase in 
midday sleepiness as measured by the multiple-sleep la-
tency test  [28] . In the degu and rat, similar trends were 
observed. Pubertal degus showed less NREM sleep 
around the times of lights-on and lights-off than adult 
degus  [15] . Also, in both degus and rats, as activity 
rhythms phase delayed during puberty, activity around 
the light-transition periods remained stable, leading to a 
bimodal activity distribution  [16] . 

  Most intriguing is the relationship between delayed 
phase and pubertal development. In the human litera-
ture, delayed circadian phase correlates with secondary-
sex development  [8, 10, 11] . A study comparing the activ-
ity rhythms of rhesus macaques with normal or delayed 
pubertal development similarly reported a strong corre-
lation between pubertal timing and circadian phase delay 
 [12] . In humans, sex differences in the timing of pubertal 
commencement were reflected in the timing of circadian 
phase delay  [5] . In pubertal rats, a correlation was found 
between sex differences in the timing of genital develop-
ment and the timing of phase delay  [16] . Preliminary 
analyses in degus have not revealed similar trends, but 
the sample size remains small  [16] .

  In all species studied, circadian phase delay appeared 
to begin around the onset of puberty; however, the timing 
of  peak  phase delay during puberty occurred relatively 
later in humans than in other species ( table 1 ). The peak 
phase delay in humans occurred either during or follow-

ing the final stages of gonadal development. In all other 
species examined, peak phase delay appeared to take 
place in the middle of secondary sex development. The 
reason for this difference in developmental timing is un-
clear, but a role for artificial lighting in prolonging de-
layed phase in human adolescents is a possibility. With an 
ability to adjust our own light cycles, behavioral habits 
can lead to altered zeitgeber exposure and atypical circa-
dian phase  [29] . There is also growing evidence from im-
aging studies that several brain regions continue to de-
velop in humans into the early twenties  [30] . Therefore, it 
may be that these developmental differences arise be-
cause human brain development is more prolonged than 
that of rodents. Finally, the progression of sexual devel-
opment in the other species studied is not completely 
analogous to that of humans. Many rodent species show 
low levels of steroidogenesis and secondary sex develop-
ment throughout the juvenile period that accelerates near 
the development of reproductive competency  [22] . This 
early steroid exposure may hasten developmental chang-
es in circadian phase. 

  Several weaknesses in this comparative analysis need 
to be acknowledged. First, many of the studies were not 
intentionally designed to observe this phenomenon, and 
therefore they only measured circadian phase at 1 or 2 
pubertal time points  [13, 15, 18–20] . This inconsistency 
makes it difficult to estimate and compare the magnitude 
of developmental change across species or to verify that 
rhythms that did not show a significant developmental 
change were not missed by the sampling window (e.g. 
temperature rhythms in ref.  [19] ; or rhythms in melato-
nin synthesis and metabolism in ref.  [20] ). Second, many 
of these studies did not simultaneously monitor pubertal 
development  [14, 17–20] . This is problematic because, for 
animals living in laboratories, lighting conditions during 
a circadian experiment can mimic seasonal changes in 
day length and alter pubertal progression  [31] .

  Despite these weaknesses, this evidence still provides 
strong support for the hypothesis that a delay in circadian 
phase around the time of puberty is a common phenom-
enon across mammalian species. What is the mechanism 
underlying these changes? 

  The Mechanism Underlying Adolescent Changes in 

Sleep Patterns 

 Traditionally, the timing of sleep is thought to derive 
from two primary endogenous components: a circadian 
timing system and a homeostatic drive. The homeostatic 
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drive for sleep, or sleep pressure, increases with the dura-
tion of waking and dissipates during sleep. In humans, 
the circadian timing system promotes wakefulness in the 
evening and promotes sleep in the early morning  [32] . 
The Carskadon laboratory developed a theoretical model 
of delayed sleep phase during adolescence that incorpo-
rates developmental changes in homeostatic drive and 
circadian timing. According to this model, human ado-
lescents develop a resistance to sleep pressure that per-
mits them to stay up later. At the same time, their circa-
dian phase becomes relatively delayed, which provides 
them with a drive to stay awake later in the evening and 
to sleep later in the morning  [8] . 

  Adolescent Changes in the Homeostatic Drive to Sleep  
 Only a few cross-sectional studies have examined ho-

meostatic sleep drive in adolescent humans. One study of 
extended wakefulness in early/pre- and postpubertal hu-
mans tested for sleep propensity at 2-hour intervals. Data 
showed that the more mature adolescents are slower to 
fall asleep at critical times (after 14.5 and 16.5 h awake, 
i.e. in the late evening) relative to younger adolescents 
 [27] . In another study, pre-pubertal adolescents were 
shown to have identical dissipation rates of sleep pressure 
across the night  [33] , yet the buildup of sleep pressure – 
modeled as accumulation of slow-wave activity (SWA, a 
sleep electroencephalographic (EEG) marker of homeo-
static drive) in response to sleep deprivation – was slower 
in postpubertal than prepubertal children  [34] . These 
findings combine to indicate that more mature adoles-
cents are able to tolerate somewhat longer waking epi-
sodes than pre-pubertal adolescents, though the similar-
ity in dissipation rates indicates that the sleep recovery 
process is developmentally stable.

  Very few studies have explored sleep pressure in ani-
mal models during puberty. Previous studies in young 
rats demonstrated that these animals have significantly 
increased homeostatic drive to sleep following either day 
or night deprivation protocols  [35] . Following both depri-
vations, juvenile rats (23 and 29 days) experienced more 
NREM sleep, higher consolidation of sleep episodes and 
higher sleep intensity (as measured by NREM EEG delta 
power (0.5–4.5 Hz) or SWA) as compared to baseline
and compared to adults  [35–37] . The extent of the sleep-
 deprivation response dissipated across puberty, and by 
the age of midpuberty (40 days), young rats displayed de-
creased total amount of NREM sleep and delta power in 
baseline conditions and a more blunted homeostatic re-
sponse to sleep deprivation relative to a younger age  [35] . 
The homeostatic sleep response during puberty has also 

been measured in the diurnal rodent,  Octodon degus . 
Like adults, male pubertal degus displayed a rhythmic 
homeostatic drive to sleep (increasing during the day and 
dissipating at night). In these pubertal degus, however, 
the increase in the intensity of NREM sleep (delta power) 
following a 6-hour night sleep deprivation was greater 
than that found in adult degus  [15] . Delta power was also 
elevated for longer following a 6-hour deprivation in the 
3-month-old pubertal animals than adults  [15] . These 
data parallel human adolescent findings.

  Adolescent Changes in the Circadian Regulation of 
Sleep 
 Growing evidence supports the conjecture that endog-

enous circadian period and light sensitivity of the circa-
dian system are altered during puberty in humans and 
animals. Such changes could explain the development of 
delayed sleep phase during puberty. 

  Circadian rhythms in mammals are generated inter-
nally by a pacemaker in the suprachiasmatic nucleus 
(SCN) of the hypothalamus  [38] . Therefore, under condi-
tions in which there are no time cues from the outside 
world (also referred to as constant or free-running condi-
tions), the circadian system continues to generate daily 
rhythms. The timing of these endogenously-generated 
rhythms drift a little each day, because the period ( � ) of 
the rhythms only approximates 24 h. Under normal con-
ditions, the endogenous rhythm must be entrained (or 
synchronized) by external time cues (such as light) to 
maintain a stable phase relationship with the outside 
world. This entrainment can occur by two different 
mechanisms: discrete (or nonparametric) entrainment 
and continuous (or parametric) entrainment  [39] .

   Discrete Entrainment.  Corrects for the difference be-
tween the period ( � ) of the circadian pacemaker and the 
24-hour day length of the external world by daily phase 
resetting  [39, 40] . To measure the circadian system’s sen-
sitivity to the discrete effects of light, researchers experi-
mentally produce a behavioral phase-response curve 
(PRC). A photic PRC illustrates the magnitude of circa-
dian phase shift in response to a brief light exposure that 
is presented at any particular circadian phase  [40] . In 
general, light exposure during the subjective morning 
produces phase advances, whereas light exposure during 
the subjective evening produces phase delays  [40] .

   Continuous Entrainment.  Occurs when light exposure 
modifies  �  so that it approaches the 24-hour day length 
without daily resetting  [39] . Continuous mechanisms of 
entrainment are found in most species (although not well 
studied) and hypothesized to be especially important for 
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the entrainment of diurnal mammals  [41] . Since these ef-
fects are long-lasting, the aftereffects of photoperiod on  �  
can often be observed for days after transferring an ani-
mal into constant conditions  [42] .

  If changes in circadian entrainment underlie pubertal 
changes in the circadian phase, then the magnitude of 
phase change should be sensitive to the quality and inten-
sity of the synchronizing cue. This appears to be the case. 
Research from the fat sand rat indicates that a greater  
magnitude  of phase change during development occurs 
under conditions of short photoperiod (shorter duration 
of light per day) than with long photoperiod  [20] . Pre-
liminary evidence from the degu also suggests that the 
 magnitude  of pubertal phase change is sensitive to light-
ing intensity  [43] . What happens during puberty to pro-
duce a phase delay?

  An  elongated   �  would cause the circadian pacemaker 
and its rhythmic output to delay relative to the light cycle 
 [39]  ( fig. 1 , model A). In support of this hypothesis, hu-
man adolescents have a  �  of 24.27 h, a period length sig-
nificantly longer than that found in adults (24.12 h) using 
similar protocols  [8, 44] . Longitudinal research to better 
test this hypothesis is currently underway in the Carska-
don laboratory. 

  Data from rodents are inconsistent with this human 
finding. Pubertal  �  in male rats was longer than the adult 
period  [17] : however, later work suggests that this change 
may be sex-specific and unrelated to pubertal changes in 
phase [Possidente et al., unpubl. data]. Similarly, a careful 
developmental analysis of the degu did not find changes 
in  �  during puberty at the age of the delay in entrained 
phase  [13] .

   Enhanced Light-Elongation of   � . This discrepancy be-
tween the results of human, rat, and degu studies might 
be explained by the presence or absence of light exposure 
during the free-running protocols. The pubertal rodents 
were exposed to constant darkness (DD,  [13] ) or very dim 
red light (0.1 lx RR  [17] ) while  �  was measured. Whereas  
 humans were exposed to a light cycle (LD; 20 vs. 0 lx) with 
a day length (T) that was outside of the range of entrain-
ment for the circadian system (T = 28 h)  [44] . Previous 
experiments have shown that light exposure can lengthen 
free-running period in five species that have pubertal 
phase delay    [45–49] . Therefore,  �  may not be longer dur-
ing puberty, but the circadian pacemaker may be more 
sensitive to the continuous effects of light. In support of 
this hypothesis, aftereffects of photoperiod on  �  are more 
prolonged in pubertal than adult rodents    [13, 43] .

   Increased Sensitivity to the Phase-Delaying Effects of 
Light.  An increase in the circadian pacemaker’s sensitiv-

  Fig. 1.  Two potential mechanisms underlying delayed circadian 
phase during puberty. These mechanisms are illustrated using a 
PRC depicting the circadian phase response of male degus to a 
light pulse presented at different times of the day. Phase shift mag-
nitude is graphed in hours, with positive values indicating phase 
advance, and negative values indicating phase delay. Time of day 
is graphed in reference to the former light cycle (zeitgeber time, 
lights on during ZT 0–12). Therefore, if pubertal animals have a 
delay in the phase of the circadian pacemaker, then the phase of 
the PRC would also be delayed in these models. Model  a : An elon-
gation of  �  during puberty would cause the circadian pacemaker 
and its rhythmic output to phase delay relative to the light cycle. 
The delay would provide more light exposure at a phase when the 
pacemaker is sensitive to advancing phase shift and thus allow 
entrainment (because  �  – 24 h =  � , with  �  representing the mag-
nitude of necessary daily phase resetting). Model b: An increase 
in the circadian pacemaker’s relative sensitivity to the phase-de-
laying effects of light would also cause the pacemaker to delay 
relative to the light cycle. This delay would result because the 
pacemaker would need more light exposure at a phase when it is 
sensitive to advancing phase shift. 
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ity to the phase-delaying effects of light would also cause 
the pacemaker to delay relative to the light cycle ( fig. 1 , 
model B)  [39] . To provide a preliminary test for this hy-
pothesis, the suppression of melatonin secretion by 1-
hour light pulses was examined in early pubertal and late 
pubertal human adolescents. The photic suppression of 
melatonin secretion is mediated by the same pathways in 
the SCN as the discrete resetting of circadian rhythms 
 [50] . Late adolescents were significantly less sensitive
to dim light exposure (15 lx) in the morning (03:   00–
04:   00 h) than early adolescents, suggesting that a change 
in the shape of the PRC may have occurred during pu-
berty  [50] . Furthermore, adolescent humans (ages 15–17 
years) still showed a phase delay of endocrine rhythms 
(dim light melatonin onset phase) on a weekend schedule 
that provided bright morning light exposure  [51] . These 
studies suggest that pubertal humans may have a blunted 
phase advance response to light exposure in the morning 

and an exaggerated phase-delay response to light expo-
sure in the evening.

  In the animal literature, one previous study character-
ized the PRC of pubertal female mice (49 days of age), late 
pubertal (63 days of age) and adult mice  [52] . When we 
compare the data of 49-day-old (P49) pubertal mice to the 
older animals ( fig. 2 ), an interesting trend emerges. The 
phase-delay portion of the PRC has greater amplitude in 
the P49 pubertal mice. The phase advance and daytime 
portions of the PRC also appear to have a different shape, 
but it is difficult to draw conclusions due to the few sam-
ple points from these times. An earlier study showed that 
pubertal mice (42 days of age) adjust to a phase delay of 
the light-dark cycle much faster than adult mice  [18] . 
These results suggest that pubertal animals may be rela-
tively more sensitive to the circadian phase-delaying 
properties of light. 

   Entrainment of the Circadian Pacemaker Is Not the 
Only Determinant of the Final Phase of Circadian Output.  
Substantial evidence now indicates that adult diurnal and 
nocturnal species have a similar phasing of many aspects 
of SCN physiology  [53, 54] . For example, the phase of the 
transcriptional-translational clock gene feedback loop in 
the SCN that generates 24 h of oscillation is very similar 
in the nocturnal rat and diurnal degu  [55] . The phasing 
of clock gene expression relative to the environmental 
light cycle is thought to reflect the entrainment of the cir-
cadian pacemaker  [56] . Rhythms in deoxyglucose metab-
olism, photic sensitivity ,  and neuropeptide expression 
(e.g. AVP and VIP) in the SCN are also similar in diurnal 
and nocturnal species  [53, 54] . Therefore, the down-
stream coupling (or phase relationship) between the cir-
cadian pacemaker and central or peripheral systems plays 
an important role in determining the phase of behavior-
al and endocrine rhythms. To determine whether the de-
lay in circadian phase during puberty is caused by a 
change in the phase of the circadian pacemaker in the 
SCN, the Lee laboratory has begun to characterize the 
phasing of the clock gene expression in the SCN of puber-
tal degus and rats.

  The Developmental Changes Driving Adolescent 

Sleep Patterns 

 A number of studies provide strong support that the 
homeostatic and circadian regulation of sleep are sensi-
tive to gonadal hormones. As this evidence has been ex-
tensively reviewed elsewhere  [57–60]  ,  we only briefly 
summarize it here. Activational (direct, transient) effects 

–250

–100

–150

–200

–50

0
0 2

Circadian time (Aschoff I)

Ph
as

e 
sh

ift
 (m

in
)

4 6 8 10 12 14 16 18 20 22 24

50

100

150

P140
P49

  Fig. 2.  Pubertal mice exhibit an exaggerated delay in circadian 
phase in response to evening light. Female mice were placed into 
constant darkness (DD) for two weeks and then exposed to a 15-
min light pulse (150 lx). Circadian phase shift in response to the 
pulse was calculated in reference to sham (no pulse) conditions, 
and circadian time was defined in reference to the activity rhythms 
of the individual mice (activity onset = CT12). Therefore, unlike 
figure 1, if pubertal animals have a delay in the phase of the cir-
cadian pacemaker, the phase of the PRC would not be delayed in 
this figure. The dotted line represents the phase response of mice 
that were likely to be pubertal at the time of the light-pulse (P49, 
n = 34) and the dark line represents the phase response of adults 
(P140, n = 34). Each point represents the average phase shift pro-
duced by light presented during a 1.5-hour bin. The sample size 
for each bin is represented by the size of the data point (n = 1–8). 
Adapted from Weinert and Kompauerova  [52] . 
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of gonadal hormones on the sleep homeostasis and circa-
dian systems are observed during natural gonadal hor-
mone fluctuation in females  [26, 60] . Similarly, gonadec-
tomy and the administration of estrogen, testosterone, 
progesterone, or neuroactive steroid metabolites in ro-
dents produces immediate effects on the circadian prop-
erties and sleep architecture of adult males and females 
 [57–59, 61, 62] . Organizational (long-term, permanent) 
effects occur in many species as well. Gonadal hormones 
can produce permanent sexual differentiation of circa-
dian parameters (e.g. period) or differentiate these pa-
rameters’ sensitivity to the activational effects of future 
hormones  [61] . Some of the effects of gonadal hormones 
on circadian rhythms are due to modulation of the circa-
dian pacemaker in the SCN. Gonadal hormones can alter 
key aspects of SCN physiology, including those necessary 
for the circadian rhythm generation, entrainment, and 
coupling  [57, 63, 64] .

  Little work has examined pubertal hormone effects, 
but there are indications of anatomical changes (growth 
in nuclear size and nucleoli size) in the SCN around mid-
puberty in rats  [65–67] . Recently, the pre-pubertal go-
nadectomy of degus was found to block circadian phase 
changes around the time of puberty  [13, 16] . This evi-
dence suggests that gonadal hormones are necessary for 
the development of delayed phase during adolescence. In 
contrast, an experiment in rats clearly showed gonadec-
tomized individuals with a phase delay during puberty. 
However, the delay was smaller than that found in intact 
rats, suggesting that pubertal gonadal hormones in this 
species likely play a partial role in producing develop-
mental changes in circadian phase  [16] . Therefore, until 
additional studies are performed the data remain equivo-
cal about the role of gonadal hormones in adolescent 
sleep patterns. 

  Overall Summary and Relevance 

 Adolescent changes in the timing of sleep reflect a de-
veloping circadian and homeostatic system. These chang-
es are common across cultures and mammalian species 
and appear to be sexually differentiated in magnitude 
and timing. Our work indicates that teenagers have a 
slower accumulation of sleep drive in response to sleep 
deprivation, as well as an internal clock that interprets 
environmental time cues differently from adults.

  These results have several important implications. 
First, the circadian mechanism cannot be assumed to be 
static after prenatal/infantile development. Our evidence 

suggests that a number of components of the circadian 
system change during puberty, including free-running 
period, continuous and discrete entrainment mecha-
nisms, and recovery from photic phase shift. On a practi-
cal level, this means that circadian studies performed 
with college students may not generalize to the rest of the 
population.

  For clinicians, these results emphasize the need for 
differential diagnostic considerations when treating sleep 
and circadian disorders in adolescents. This appears es-
pecially important for the diagnosis of circadian phase 
disorders, such as delayed or advanced sleep-phase disor-
ders, as well as for insomnia and narcolepsy  [4, 28, 68] . 
We also caution that interpretations of teenagers’ com-
plaints of malaise, fatigue and sadness need to take into 
account developmental sleep and circadian issues that are 
exacerbated by life in the 21st century  [69] .

  For policy makers, teachers and parents, these results 
provide a clear mandate. The effects of sleep deprivation 
on grades, car accident risk, and mood are indisputable 
 [70–72] . A number of school districts have moved middle 
and high school start times later with the goal of decreas-
ing teenage sleep deprivation  [73] . We support this ap-
proach, as results indicate that later school start times 
lead to decreased truancy and drop-out rates  [73] . We can 
also help teenagers gain control over their own sleep pat-
terns by teaching sleep and circadian principles in middle 
and high school health education. Minimizing exposure 
to light at night, as well as reducing computer or TV us-
age immediately before bedtime can naturally advance 
circadian phase. Similarly, incorporating outdoor morn-
ing activity into a teenage schedule can reduce trouble 
falling asleep at night  [74] .
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