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Purpose of review

Sleep—wake problems such as night wakings, excessive
crying, or difficulties in falling asleep are frequent behavioral
issues during childhood. Maturational changes in sleep and
circadian regulation likely contribute to the development
and maintenance of such problems. This review highlights
the recent research examining bioregulatory sleep
mechanisms during development and provides a model for
predicting sleep—wake behavior in young humans.
Recent findings

Findings demonstrate that circadian and sleep homeostatic
processes exhibit maturational changes during the first two
decades of life. The developing interaction of both
processes may be a key determinant of sleep—wake and
crying behavior in infancy. Evidence shows that the
dynamics of sleep homeostatic processes slow down in the
course of childhood (i.e., sleep pressure accumulates more
slowly with increasing age) enabling children to be awake
for consolidated periods during the day. Another current
topic is the adolescent sleep phase delay, which appears to
be driven primarily by maturational changes in sleep
homeostatic and circadian processes.

Summary

The two-process model of sleep regulation is a valuable
framework for understanding and predicting sleep—wake
behavior in young humans. Such knowledge is important for
improving anticipatory guidance, parental education, and
patient care, as well as for developing appropriate social
policies.
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Introduction

Anticipatory guidance is an important component of
health supervision visits in primary care. In more than
70% of these visits, children’s sleep and crying issues are
discussed between parents and healthcare professionals
[1°]. Epidemiological studies indicate that 30% of the
pediatric population has sleep problems, which are fre-
quently associated with significant psychological and
social consequences [2]. Furthermore, the classical sleep
phase delay from school age through adolescence poses a
major challenge to many teenagers and their families
attempting to cope with school schedules, academic
demands, and extracurricular activities [3°%,4°5,6°°].
The high prevalence of sleep issues in primary care
highlights the importance of understanding normal
sleep—wake behavior during development. Such knowl-
edge is important for improving anticipatory guidance,
parental education, and patient care, as well as for devel-
oping social policies [7].

Recent work has provided a conceptual framework for
understanding and predicting sleep—wake patterns during
development. This review summarizes the latest research
on children’s sleep—wake mechanisms in the context of
the two-process model of sleep regulation and highlights
the use of such a model in conceptualizing and treating
sleep—wake problems in infants, children, and adolescents.

The two-process model of sleep regulation
Current theoretical models describe two intrinsic bio-
regulatory processes that determine the timing of sleep
and waking in humans (first conceptualized in the two-
process model of sleep regulation by Borbély in 1982,
Fig. 1 [8,9%,10,11]). A sleep—wake dependent homeo-
static process accounts for an increase of sleep pressure as
waking is extended and for a recovery process occurring
during sleep. This homeostatic process interacts with a
sleep—wake independent, clock-like circadian process.

While the circadian process has a distinct anatomical
locus in the nucleus suprachiasmaticus of the hypothala-
mus (‘the internal clock’) [12°], the homeostatic sleep—
wake process is less well defined on a neuronal basis.
Specific features of the sleep electroencephalogram
(EEG), however, have been proposed as markers for
sleep homeostasis [8], including stage 4 nonrapid eye
movement sleep (slow-wave sleep) and EEG power
density in the low-frequency range (0.75-4.5 Hz, delta
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Figure 1 Two-process model of sleep regulation
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Homeostatic and circadian modulation of sleep pressure during the day
and at night. The circadian process is a clock-like process, whereas the
homeostatic sleep—wake dependent process is an hourglass process.
Data from Achermann and Borbély [11]. W indicates the wake period
and S sleep.

activity or slow-wave activity). The time course of the
homeostatic process delineated from delta activity exhib-
its an exponential decline during sleep and a saturating
rise during wakefulness reflecting the evolution of sleep
pressure during the day and at night (Fig. 1). Another
marker for sleep homeostatic pressure is the speed of
falling asleep (sleep latency) [13°]. For example, sleep
deprivation induces a reduction of sleep latency (i.e.,
faster sleep onsets) indicating higher sleep pressure [13°].

In contrast, the circadian process is essentially indepen-
dent of prior waking and sleep [9°,14]. The circadian
system contributes to the sleep—wake timing by provid-
ing clock-like signals interpreted as ‘sleep gates’ (with
high-circadian sleep pressure) [15] and ‘wake mainte-
nance zones’ (with low-circadian sleep pressure) [16].
The wake-promoting or alerting signal of the circadian
system reaches its maximal levels in the early evening
and its trough in the early morning [14] (see also Fig. 2,
adapted from [17]).

Circadian and sleep homeostatic mechanisms are well
explored in adults. Recent research has examined the
ability of both processes to predict sleep—wake behavior
in infancy, childhood, and adolescence. Although both
mechanisms play an important role, this review focuses
more on the homeostatic system. We note that data
on circadian processes in children are limited due to
methodological challenges in studying the developing
‘internal clock.’

Sleeping and crying behavior in infancy
A recent longitudinal study supported previous surveys
that by the end of the fourth month 70% of all infants
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Figure 2 Conceptual model of sleep-wake regulation in early
infancy
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Negative upper arrows represent increasing sleep pressure (plotted up-
side down), while positive lower arrows indicate increasing circadian
drive. Black bars represent sleep episodes. Adapted from [17]. The
ability of the infant to decrease sleep pressure during the night counter-
acts the drop in circadian alertness during the night for maintaining a
consolidated nocturnal sleep episode. The increase of sleep pressure
during the day opposes the circadian alerting signal in the early evening
for sustaining a balanced vigilance state during the day.

Circadian alerting signal

sleep through the night [18°]. Adams and colleagues [19°]
demonstrated that the age at which infants first sleep
through the night cannot be exclusively explained by
extrinsic factors such as infant and parent characteristics,
obstetric variables, parental care or feeding practices,
suggesting that the nocturnal sleep consolidation also
reflects the maturation of intrinsic bioregulatory pro-
cesses. In fact, a recent commentary in Behavioral and
Brain Sciences proposed a regulatory model for sleeping
through the night and crying behavior on the basis of the
two-process model of sleep regulation [20°]. The devel-
oping interaction of homeostatic and circadian processes
may be a key determinant for infant sleep—wake behavior
(Fig. 2). The proper alignment of both processes in the
first few months after birth results in sleep consolidation
at night. In contrast, frequent night wakings may occur
when homeostatic and circadian processes are not aligned
(misalignment).

Infant crying is characterized by two typical features [21]:
(a) crying increases in duration and intensity during the
first few weeks after birth reaching a peak at age 6 weeks
and then decreasing again and (b) crying occurs primarily
during the evening hours. Although crying is apparent
in the majority of infants, some babies cry more than
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expected, either relative to what is normal or to what the
caregiver can tolerate (referred as to ‘excessive crying’).
Barr and colleagues [22°] recently showed that crying
bouts are longer and occur more frequently in excessively
crying infants compared to normal controls. An extensive
review in Behavioral and Brain Sciences described infant
crying from an evolutionary perspective [23°]. Soltis [23°]
hypothesized that excessive crying is a signal of vigor that
evolved to diminish the risk of a reduction or withdrawal
of parental care. Excessive crying, however, may also
result in parental maltreatment. A recent Dutch publi-
cation in T%e Lancer [24°] reported that 5.6% of parents
have shaken their baby at least once because of infant
crying.

Although infant crying behavior has been extensively
described as a behavioral phenomenon [21,22°], the
origins of crying largely remain unclear. Some authors
have hypothesized that disorders of the developing
sleep—wake rhythm may drive excessive crying. A recent
24-h polysomnographic sleep study [25°], however, indi-
cated that the total amount of sleep and the proportion of
sleep stages do not differ between excessive crying
infants and normal healthy controls. This finding does
not rule out the role of basic bioregulatory processes.
"That is, the developing interaction of sleep homeostatic
and circadian processes may determine crying behavior in
young infants [20°]. The clock-dependent alerting signal
reflecting the circadian process may generate a rise in
alertness during the day providing the basis for the
predicted late afternoon and evening clustering of crying
(Fig. 2). The diurnal rhythm of crying becomes progressi-
vely more distinct from birth through the first few weeks
reflecting the increasing magnitude of the circadian drive,
which may underlie the tendency for some infants to
express crying behavior preferentially at certain times of
day. Several studies [26,27°,28] suggest that sleep homeo-
stasis emerges in the second month of life. Thus, from the
second month, homeostatic sleep pressure increases
during the course of the day. Homeostatic and circadian
processes, however, may not develop at the same rate.
Hyperalertness, hyperarousal, and excessive crying may
occur, when circadian alertness is not yet opposed by
homeostatic sleep pressure. When the infant gains the
capacity to increase sleep pressure during the waking day
in the second month of life, evening crying diminishes
because circadian alertness is opposed by increased sleep
pressure. When both processes remain misaligned at age
6 months and excessive crying behavior persists, delayed
neurological maturation or even subtle neurological prob-
lems must be considered. This view is supported by the
recent study of Rao and colleagues [29°] published in
Archives of Disease in Childhood demonstrating that exces-
sive crying, which persists beyond the age of 3 months is
related to cognitive deficits during childhood. In addition,
Wolke and colleagues [30] identified an association

between prolonged crying during infancy and hyperac-
tivity when the children were between 8 and 10 years old.

Sleep and sleep problems in early and
middle childhood

The decline in daytime napping and consolidation of
sleep into one period at night is a gradual process that
occurs between early and middle childhood. The present
state of knowledge on the biphasic-to-monophasic sleep
transition is primarily descriptive; however, we propose
that the early sleep distribution changes may result from
differences in sleep homeostatic control based upon the
following results: (a) overall sleep need, as measured by
reported sleep duration, declines from about 13 h at 2
years to about 11 h at 6 years [31]; (b) the decline in 24-h
sleep duration is primarily attributed to a decrease in
daytime sleep [31], nighttime sleep duration remains
fairly constant during early childhood [32°]; (c) age-
related changes in napping include gradual declines in
reported duration and weekly frequency [33°]; and
(d) nap sleep-onset latencies increase with age [34]. If
early maturational changes in the homeostatic process
exist, it is likely that younger children accumulate sleep
pressure more quickly during the day than older chil-
dren do, thereby necessitating daily daytime naps of
longer duration and accounting for shorter nap sleep-
onset latencies (Fig. 3). Conversely, if homeostatic sleep
pressure accumulates more slowly during development,
then older children should be able to sustain wakeful-
ness for longer periods, thus, resulting in fewer naps
per week, shorter nap durations, and eventually, a
consolidated sleep—wake pattern.

When children should stop napping and get all their sleep

at night is a common question posed by parents. Napping
is also a current controversy in early childhood settings,

Figure 3 The sleep homeostatic process as a function of age
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Proposed developmental changes in accumulation of sleep pressure as
a function of time since waking depicted for different ages. Sleep
pressure accumulates more slowly during the day with increasing age.
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where increased emphasis on academic performance has
led some school systems to replace afternoon naps with
learning activities. Variability in the timing of a mono-
phasic sleep—wake pattern exists [31,33°], and parents
and policy makers should consider individual/group
differences. For example, while most children stop nap-
ping between ages of 4 and 5, some continue to nap until
early school age. Additionally, Crosby and colleagues
[33°] recently found significant differences in the pro-
portion of White and Black children napping at least one
day per week beginning at 3 years and extending until 8
years. Clinical sleep experts suggest that children are
ready to stop napping if they stop falling asleep at
naptime, take a long time to fall asleep when put down
for a nap, or do not appear tired, cranky, or irritable on
days when they miss a nap [35°]. Signs such as these are
consistent with the hypothesis that the dynamics of the
homeostatic process slow down during early childhood
(sleep pressure accumulates less rapidly in older children
than in younger children; see Fig. 3).

Another application of the model can be derived from two
recent publications in Pediatrics. Iglowstein and col-
leagues [31] showed a delay in bedtime and a decrease
of sleep duration between their examined cohorts of the
1970s and the 1990s. A further analysis of the same
cohorts revealed that bedtime resistance was significantly
lower in the later cohorts compared to the earlier cohort,
which tempted these authors to conclude that parents in
the 1990s adjusted bedtime more appropriately to chil-
dren’s individually preferred bedtimes [18°]. Thus, Swiss
children were put to sleep later, at a time when they were
really tired and therefore demonstrated less resistance in
going to bed. This interpretation is in line with recent
experimental research by Sadeh and colleagues [36]
published in Child Development reporting that delaying
bedtime leads to increased sleepiness at bedtime, shorter
sleep latency and less night wakings. The sleep regula-
tory mechanisms for this finding are easy to identify;
delaying bedtime enhances the homeostatic pressure to
fall asleep and increases sleep intensity and sleep con-
solidation, and thus, may be an appropriate approach to
bedtime struggles or night wakings. A note of caution is
indicated, however, when delaying bedtime is used as a
behavioral strategy (as in the faded bedtime approach,
reviewed in [37°]); delaying bedtime may lead to sleep
restriction with negative effects on some children’s beha-
vior and academic performance [38°]. The primary role of
parents and childcare professionals should be to deter-
mine the optimal amount of sleep for the individual child
while taking age and individual sleep need into account.
Sadeh and colleagues [36] stated that ‘parents and child-
care professionals can explore the appropriate sleep need
of an individual child by experimenting with restricting
or extending sleep and tracking the changes in the child’s
behavior and well being (. . .), which is done intuitively, if
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not systematically, by many parents’ (see p. 453). This
approach is based on the fact that general recommen-
dations in regard to optimal amount of sleep are prob-
lematic because of the large variability of sleep—wake
biology among individuals [31]. In fact, individual differ-
ences in human sleep (i.e., sleep need, sleep timing,
daytime sleepiness, vulnerability to the effects of sleep
loss and so forth) should be ‘a leitmotiv for the future
research agenda’ (see review by Van Dongen and
colleagues in the journal S/eep [39°]).

The adolescent sleep phase delay and its
consequences

A recent supplement of the journal Pediatrics [40] on
cultural issues and children’s sleep supported the view
that sleep phase progressively delays from school age
through adolescence in different societies around the
world [41-44,45°,46,47]. Until recently, the delay in
the sleep phase from school age through adolescence
was viewed to originate primarily from shifts in peer
culture, family configurations, academic demands, school
culture, employment opportunities, and extracurricular
activities [6°°]. The low variability of sleep patterns
across cultures has led some authors to conclude that
biological processes, not changes in the psychosocial
milieu, drive the sleep phase delay in teens [48°]. In
fact, this view has received support from scientific studies
performed under strict control of psychosocial influences
[5,6°°]. Maturational changes in the biology of sleep—
wake and circadian regulation were reported, which may
provide impetus for the sleep phase delay [5,6°°].

T'wo recent reviews by Carskadon and colleagues [5,6°°]
reported that several distinct changes of the circa-
dian process that influence the adolescent sleep phase
delay may occur during puberty (i.e., delay of intrinsic
circadian phase, lengthening of the intrinsic period of the
circadian clock, heightened sensitivity to evening light,
or decreased sensitivity to morning light). Several studies
[49,50°°,51] on sleep homeostasis in adolescents were
also published in the past 12 months using EEG spectral
analysis and mathematical simulations. Briefly, the rise
rate of homeostatic sleep pressure during the day is
slower in mature adolescents than pre-pubertal or early
pubertal children contributing to delay of the sleep phase
over the course of puberty (Fig. 3). The nocturnal dis-
sipation of sleep pressure, however, does not differ
between prepubertal and mature teenagers. The practical
implications of these findings are that mature adolescents
may experience a decrease in their sensitivity to
extended wakefulness and live under lower sleep pres-
sure at scheduled bedtimes than prepubertal children
who live closer to sleep pressure saturation. This
interpretation is consistent with a recent study [13°]
published in the Journal of Sleep Research demonstrating
that mature adolescents manifest less sleep pressure than
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pre-pubertal children for approximately 4 h following
scheduled bedtime. After being awake for 14.5, 16.5,
and 18.5 h, sleep tendency assessed by the time to fall
asleep (sleep latency) was significantly lower in post-
pubertal than prepubertal adolescents independent of
circadian phase. The maturational changes of sleep
homeostasis in adolescents may decrease their sensitivity
to sleep loss and increase the tolerance to sleep pressure,
a prerequisite for adult lifestyles. Thus, the physiologi-
cally mediated delay in evening bedtimes and sleep onset
may ‘open the gate’ for increasing capacities to partici-
pate in opportunities in the evening and at night. These
bioregulatory changes may, however, also increase the
vulnerability of adolescents to specific sleep—wake dis-
orders such as delayed sleep phase syndrome (DSPS)
[52°].

As a consequence of the adolescent sleep delay, societal
demands can result in the curtailment of sleep that
may influence cognitive and emotional functioning,
school performance, and mood [3°%,38°%,53,54,55°°]. 'The
changing adolescent sleep—wake system exists in the
context of a relatively unforgiving educational structure
demanding earlier school attendance in older than
younger children. Thus, inadequate and ill-timed sleep
is observed in a number of adolescents [42-44,45°,46,47].
Several short-term and long-term strategies that address
the epidemic of daytime sleepiness among adolescents
have been proposed to improve health and maximize
school performance (e.g., delaying school start time,
exposure to bright light in the morning [4°]).

Conclusions

The two-process model of sleep regulation may serve as a
conceptual framework for understanding sleep—wake
behavior and sleep problems not only in adults but also
in children. Rosen [7] noted in his editorial in S/ep that
‘the importance of this model is less in the details than in
the concept that forces can be understood and predicted’
(see p. 1354). Further application of the model in the
clinical setting may finally help us to improve parental
education and patient care and to develop appropriate
social policies.
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