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1 | INTRODUCTION

Sleep plays an essential role in health and cognitive performance.
Known functions of sleep include recuperating from oxidative stress
or toxins accumulated during wakefulness,® replenishing energy
stores? and synthesis of macromolecules, such as growth hormones.®
They also include executive functioning,* memory consolidation,’
immuno-protection® and repair of neural damage.7 New functions of
sleep are still being discovered, such as its role in driving brain devel-
opment.? The amount of sleep peaks during foetal and neonatal life,
and this is also a time of rapid brain development.” Research has also
shown that sleep quantity and brain development both gradually de-
crease across a person's lifespan.” Several studies have shown that
sleep deprivation during early development has a detrimental impact

on brain maturation,%!

and this suggests that sleep is important
for brain development. However, there is still a considerable lack of
clarity about the nature of the relationship between sleep and brain

development and how this relates to the different states of sleep.

Understanding the links between sleep and brain development is important, as rapid
eye movement (REM) sleep and non-REM (NREM) sleep seem to contribute to dif-
ferent aspects of brain maturation. If children have sleep problems, REM sleep and
NREM sleep are likely to have different consequences for their developing brain,
depending on their age. We highlight important discoveries from human and ani-
mal research on the role sleep plays in brain development. A hypothetical model is
presented to explain the dynamic relationship of REM sleep and NREM sleep with

different processes of brain maturation, with implications for current neonatal care

brain development, child maturation, neonatal care, rapid eye movement, sleep ontogeny

This review looks at the current understanding of the role of
sleep in brain development across the different development stages
and focuses on the distinct functions of rapid eye movement (REM)
sleep and non-REM (NREM) sleep. There is a scarcity of experi-
mental studies on the relationships between sleep deprivation and
brain development in human newborns or young children for eth-
ical reasons. Consequently, most studies have focused on animals
or older children and adults and it is important to take care when
translating these results to the developing human brain. This nar-
rative review provides a concise overview of the human brain and
sleep development, respectively. It also explores the role of sleep in

brain development.

2 | HUMAN BRAIN DEVELOPMENT

Human brain development starts early after conception. By the end

of the embryonic period, 8 weeks after conception, the rudimentary

Abbreviations: EEG, electroencephalogram; GA, gestational age; NREM, non-rapid eye movement; REM, rapid eye movement.
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structures of the brain have been established. There are three major
processes during the prenatal period: neuron proliferation, migration
and differentiation.'?> Newly formed neurons establish connections
after migration and early neural networks form. Apoptosis con-
tributes to the formation of neuronal networks by removing extra
neurons and synapses, thereby enabling efficient and synchronised
synaptic transmission.'® By the end of the foetal period, all major
fibre pathways have been formed and the process of myelination
starts.2!> After birth, brain development continues for an extended
period, up to early adult age. In the first postnatal years, the level
of connectivity in the developing brain exceeds that of the adult
brain.!¢ During early development, many connections are gradually
pruned back under the influence of the child's early experiences,
which means that child play is an important driver of development.t’
From 3 to 4 years of age, the human brain increases 4-fold in size and
changes continue through childhood and adolescence.'®

This means that brain development can be roughly divided into
two major periods and processes. The first period covers the pre-
natal and early postnatal years, where brain development focusses
on the accumulation of neuronal connections. The second are the
years from late infancy to adolescence, where brain development
centres more around pruning of neuronal connections. Deviation
from the carefully orchestrated process of brain development, for
example because of a brain injury, can have a long-lasting impact on
motor, cognitive and behavioural functioning.19 The major long-term
socio-economic impact of abnormal brain development fuels the
search for drivers of normal brain development in order to identify
potential protective elements. It has been suggested that sleep plays

a vital role in brain development.

3 | HUMAN SLEEP ONTOGENY

Pioneering work by Roffwarg et al” more than 50 years ago showed
that sleep duration and sleep states change as children develop.
Today, much more is known about the maturation of sleep char-
acteristics from the foetus to the adult. An overview of the wake
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Key notes

e Sleep is important for brain development, and rapid eye
movement (REM) sleep and non-REM (NREM) sleep
have distinct functions in this process.

e This review highlights important discoveries from
human and animal research on the role sleep plays in
brain development.

e A hypothetical model is presented to explain the dy-
namic relationship of REM sleep and NREM sleep with
different processes of brain maturation, with implica-
tions for current neonatal care and future research.

and sleep state distribution across child development is shown in
Figure 1. An overview of the sleep characteristics for each develop-

mental stage is provided in Table 1.

3.1 | Sleep in foetuses and preterm infants

A foetus spends most of its time in the womb asleep. Prenatal sleep
does not match typical adult patterns, as it is highly disorganised.
Prenatal ultrasound studies have studied sleep behaviour in foetuses
from as early as 21 weeks of gestation.22 In contrast to the typical
REM and NREM sleep states in older children and adults, a more sub-
tle distinction between sleep states can be made for foetuses and
infants born preterm, before 37 weeks of gestation, based on behav-
ioural and physiological parameters (Table 1). Active sleep, which is
a foetal and preterm neonatal version of REM sleep, is characterised
by extensive facial and body movements and variations in heart rate
and respiration.?®> Muscle atonia has not developed at this stage of
development. Quiet sleep, which is the foetal and preterm neona-
tal equivalent of NREM sleep, shows a more regular heart rate and
breathing pattern and hardly any body movements.? Sleep studies
in infants born preterm show that active sleep occurs twice as much

Childhood Puberty Adolescence

Year 2-12 Year 12-16 Year 16+

Developmental period

FIGURE 1 Distribution of human sleep states across development. The number of hours spent in wake (green), NREM sleep (blue)
and REM sleep (orange) is shown for each developmental stage. REM sleep dominates in the prenatal and neonatal periods. From infancy
onwards, NREM sleep becomes increasingly more present. NREM, non-REM; REM, rapid eye movement. Based on Roffwarg et al’ and

Kaplan et al?®
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TABLE 1 Sleep characteristics during each stage of child development

Developmental stage

Overview (birth to
18 y of age)

Preterm and neonatal
stage (birth to 1 mo)

Infancy (2-23 mo)

Sleep state

General sleep

Active sleep

Quiet sleep

General sleep

REM sleep

NREM sleep

Characteristic parameters

Parameters listed for each stage are characteristic of general sleep or specifically active sleep/REM
or quiet sleep/NREM.

The most important sleep parameters in preterm and neonatal stages are behaviour, physiology and
brain activity.

From infancy onwards, brain activity is the most important parameter for sleep classification.

Movement:

e Gross, localised and phasic (30 wk of GA)

. Gross, localised and phasic (decreasing) (37 wk of GA)Note: A large percentage of preterm
sleep is classified as indeterminate or transitional sleep, which is mixture of two or more sleep and
wake states

REMs:

e |n clusters with inter-burst intervals (32 wk of GA)

e In clusters with inter-burst intervals (decreasing) (37 wk of GA)
EEG:

Continuous (30-31 wk of GA)

e Same for wake (distinguish by muscle artefacts)

e Preceding a NREM bout: delta activity (36 wk of GA)

e Following a NREM bout: theta activity (36 wk of GA)
Continuous mixture of different frequencies (37 wk of GA)
From 46 wk of GA:

e Reduced chin electromyography

e REMs

e Irregular respiration and heart rate

e EEG: continuous mixed frequency (3 Hz)

Eyes:

No eye movements (37 wk of GA)

Chin electromyography:

e Preserved (34-40 wk of GA)

e Preserved/elevated, sucking (37 wk of GA)

Heart rate/respiratory rate:

Regular (37 wk of GA)

EEG:

e Discontinuous (30-31 wk of GA)

e Trace alternant, high-voltage slow activity (38 wk of GA)

e Trace alternant disappears, high-voltage slow-continuous synchronous delta activity (44-46 wk of
GA)

EEG:
K-complexes (5-6 mo)

EEG:

Like adults, but slower and higher voltage
Dominant frequency increases:

e 3 Hz(7-8 wk)

e 4-5Hz (5 mo)

e 4-6 Hz (9 mo)

e 5-7Hz(1-5y)

Chin electromyography:

Preserved

EEG:

o NREM stage 2: sleep spindles (3 mo)

o NREM stage 3: slow-wave activity (3-6 mo)

e Hypnagogic hypersynchrony (3 mo to 13 y)

e NREM stages 1 and 2: fast activity of early sleep (5 moto7y)
e Bioccipital delta activity (6 mo to 4y)

e NREM stages 1 and 2: vertex sharp waves (16 mo)

o NREM stage 2: sleep spindles symmetric (2 y)

(Continues)
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TABLE 1 (Continued)

Developmental stage  Sleep state Characteristic parameters

Childhood (2-12 y) General sleep EEG:

ACTA PEDIATRICA IRVYAEFeiv I

e Runs of 3-8 K-complexes in 1-3 s (3 y)
e Rhythmic anterior theta activity (5-12 y)

REM sleep EEG:

Like adults, but slower and higher voltage
e Dominant frequency: 5-7 Hz (1-5 y)
o Adult-like/mixed frequency activity with bursts of sawtooth waves (5-10 y)

NREM sleep Chin electromyography:
Preserved

EEG:

e Hypnagogic hypersynchrony (3 mo to 13 y)

e NREM stages 1 and 2: fast activity of early sleep (5 moto 7 y)

e Bioccipital delta activity (6 mo to 4 y)

e NREM stage 2: sleep spindles symmetric (2 y)

e NREM stages 1 and 2: repetitive runs of vertex sharp waves (30 mo)

e NREM stages 1 and 2: higher amplitude of vertex sharp waves (36 mo)
e NREM stages 1 and 2: sharply peaked vertex sharp waves (3-13 y)

Teenage years General sleep EEG:

(13-18y)
REM sleep EEG:

K-complexes repeat every 1-3 s

Adult-like/mixed frequency activity with bursts of sawtooth waves

NREM sleep Chin electromyography:
Preserved

EEG:

e NREM stages 1 and 2: sharply peaked vertex sharp waves
o NREM stage 2: sleep spindles (frontal decrease)
o NREM stage 3: slow-wave activity

Note: Adapted from Grigg-Damberger.?!

Abbreviations: EEG, electroencephalography; GA, gestational age; NREM, non-REM; REM, rapid eye movement.

as quiet sleep during the preterm period, up to 40 weeks of gestation
(Figure 1).%2* With increasing gestational age, the ratio between ac-
tive sleep and quiet sleep drops to about 50/50,72° and at the age of
6 months, infants spend about twice as much time in what is by then
called NREM sleep, than REM sleep (Figure 1).%2° During the first
year of life, infants rapidly increase both the amount of time they
spend awake during the day and the length of the longest period of
sustained sleep during the night.?

Over time, patterns of active sleep and quiet sleep slowly ma-
ture and are replaced by REM sleep and NREM sleep, respectively,
at around 3-5 months of age.26 Around that time, a cortical elec-
troencephalogram (EEG) will start showing the first signs of adult
REM and NREM sleep features (Table 1). By 5-8 months, EEGs of
NREM stages show clear signs of slow waves, with delta bands of
0.5-4.0 Hz and sleep spindles of 7-14 Hz.%¢

3.2 | Sleep from infancy to adolescence

Using polysomnography, Scholle et al?’

explored how sleep patterns
developed from infancy onwards in 209 participants ranging from 1
to 18 years of age. The 2007 sleep state classification criteria of the
American Academy of Sleep Medicine were applied.?® The study in-

cluded eight age groups: two toddler groups, aged 12-23 months and

2.1-3.6 years, respectively, a group of preschool-age children, aged
4.1-5.9 years, and five groups of school-age children, collectively aged
6-18 years and grouped according to the Tanner scale of pubertal de-

velopment.?’

The authors showed that sleep patterns changed across
childhood and adolescence (Figure 1). For example, the percentage
of wakefulness after sleep onset and the percentage REM sleep de-
creased with maturation, while the percentage of NREM stage 2 sleep
increased with age. Furthermore, sleep cycles in younger children were
relatively short, while the sleep cycles in adolescents were longer, sug-

gesting that the length of sleep cycles increased with maturation.

3.3 | Sleep in adolescence

Adolescents have a shorter daily sleep time than younger children
(Figure 1), with more variations in sleep duration and sleep-wake
rhythms, which are often influenced by external factors such as
increased academic or social pressure.?’ By this age, sleep is very
similar to adult sleep and adolescents go through REM sleep (con-
sisting of 1 stage) and three stages of NREM sleep in a cyclic matter.
The first few cycles of the sleep period are characterised by a high
percentage of slow-wave sleep, synchronised slow cortical oscilla-
tions of NREM stage 3 sleep. The later sleep period is character-
ised by a higher percentage of REM sleep (Figure 2). The adolescent



R IRVVAMIS \CTA PAEDIATRICA KNOOP &7 .
T
Early sleep : Late sleep
1
Cycle 1 Cycle 2 Cycle 3 i Cycle 4 Cycle 5 Cycle 6
Wake 1 :
]
REM i
1l
1
nREM Stage 1 —|_ i
nREM Stage 2 : |—
]
nREM Stage 3 i
!
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FIGURE 2 The adolescent sleep cycle. During a night's sleep, REM and NREM sleep states alternate in a cyclic fashion, occasionally
interrupted by brief periods of near wakefulness or wakefulness. Early sleep is dominated by the three stages of NREM sleep, and in
particular the slow-wave sleep of NREM stage 3 (depicted in blue). Late sleep is characterised by a high incidence of REM sleep (orange).
NREM, non-REM; REM, rapid eye movement. Based on Diekelman and Born®

period is characterised by sleep phase delays, in which adolescents

.20 This has been re-

go to bed late and get up early to go to schoo
ported to affect electrophysiological parameters. Research by Jenni
et al®! showed that, after sleep deprivation, the spectral power of
the NREM sleep EEG was enhanced in the low-frequency range and
reduced in the sigma range. Furthermore, sleep deprivation resulted
in a stronger increase in slow-wave activity, but a slower build-up
of homeostatic sleep pressure in older adolescents, with a mean
age of 14.2 years, than in younger adolescents with a mean age
of 11.9 years. Insufficient sleep in adolescents has been related to
worse performance at school, mood-related disturbances, obesity
and substance abuse.?’ In addition, sleep problems in childhood®?
and adolescence®® might serve as a marker for a wide range of prob-
lems, such as anxiety, depression and attention problems.

4 | THE ROLE OF SLEEP IN BRAIN
DEVELOPMENT

Unlike the original statement by Roffwarg et al,? that REM sleep was
the main sleep state that was associated with brain development,
the current view is that both REM sleep and NREM sleep are im-
portant for optimal brain development, but have different functional

contributions.*3

4.1 | REM sleep and endogenous stimulation of
early neuronal structure and circuitry

Within the field of sleep research, there is strong support for the view
that REM sleep is associated with brain development. Studies in rats
have shown that deprivation of REM sleep during early development
delayed maturation of the visual cortex®> and impaired maturation
of the motor system.10 These studies, and others, have contributed
to the general understanding that REM sleep in early maturation,

including both REM in early infancy and active sleep in the preterm

and neonatal periods, provides the neural stimulation needed to
develop and prepare the neural circuitry for later higher cognitive

processing. Li et al®

used a model of motor learning in 3-week-old
mice and showed that the formation and maintenance of synapses
were stimulated during REM sleep. REM sleep facilitated the forma-
tion of new spines in the mouse motor cortex during development
and after a motor learning task, as well as strengthening of the syn-
apses that had already formed and were necessary for performance
improvement after motor learning. The implication that REM sleep
stimulates synapse formation has been further demonstrated by
identifying various key molecular factors of synaptogenesis that are
upregulated during REM sleep. These are as follows: brain-derived
neurotrophic factor,” immediate early gene activity-regulated cy-
toskeleton-associated protein38 and protein transcription factor cy-
clic adenosine monophosphate response element-binding protein.®?

On an electrophysiological level, REM sleep in early maturation
is characterised by synchronised delta activity?* and theta oscilla-
tions (Table 1).%° In particular, theta oscillations have been associated
with increased synapse density and functional maturation of neural
circuits.*? A major feature of this association with neural maturation
are the twitches and jerks that characterise early REM sleep. These
movements were initially discarded as random by-products, but work
in rats has shown that they are highly structured, as early as the neo-
natal period.'® Twitching is produced by the red nucleus of the brain-
stem, and it provides sensory feedback that activates the cells in the
sensorimotor network.’® This activation during early REM sleep takes
the form of synchronised neural oscillations that stimulate the sen-
sorimotor cortices and distant structures, such as the brainstem and
hippocampus.*? The importance of twitches for neurodevelopment is
emphasised by behavioural studies that have shown a correlation be-
tween decreased startles and twitches in human neonates and poor
behavioural and neurological outcomes at a later age.43 This suggests
that twitches not only influence motor development, they also tweak
the neural circuitry involved in sensory processing. Indeed, in addition
to motor development, REM sleep also seemed to be involved in the

maturation of the visual circuit in kittens. de Lima et al** found that
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during REM sleep, retinal ganglion cells and then cortical neurons of
the lateral geniculate nucleus were activated, much like the response
to visual input during wakefulness. Shaffery et al*® suggested that REM
sleep deprivation has a similar detrimental effect on the development
of the visual sensory system to monocular or binocular deprivation,
namely deficits in both visual acuity and high-level visual perception.
To summarise, during early maturation REM sleep seems to pro-
vide the stimulation needed for preliminary development and the
survival of sensorimotor neuronal networks. It does this by driving
the generation of endogenous, intense and generalised neural activ-

ity across sensorimotor systems.

4.2 | NREM sleep and how slow waves stimulate
synaptic and cortical maturation

The link between NREM sleep and brain development has not been
studied as extensively as the link with REM sleep. However, the re-
search that has been carried out has suggested a functional associa-
tion, especially with NREM stage 3 sleep and its hallmark characteristic:
synchronous cortical oscillations, known as slow waves, with delta
bands of 0.5-2.0 Hz.?> This slow-wave activity affects virtually every
cortical neuron, moving it into alternating states of prolonged firing
and neuronal silencing.46 Initial interest in this phenomenon can be
attributed to the observation that during human brain development,
none of the EEG frequency bands change as strongly as the slow-

wave activity band.*

The amplitude of slow-wave activity shows a
U-shaped distribution across development: initially increasing during
childhood, peaking just before puberty and then decreasing in puberty
and adolescence. A cross-sectional study by Kurth et al*” assessed the
development of slow-wave activity topography in relation to cortical
maturation in participants from 2 to 20 years of age. They found that
the development of the two processes paralleled each other, which
suggests a functional association. Early childhood is marked by promi-
nent slow-wave activity in the posterior regions of the brain. This
prominence shifts via the central derivations to the frontal cortex in
adolescence, thereby matching the posterior-to-anterior time course
seen in cortical maturation.*” The synaptic homeostasis hypothesis
proposes that synaptic downscaling occurs during NREM stage 3
sleep, which is needed to process new experiences learned during the
day.*® This return to baseline levels of neuronal activity, as a result of
slow-wave activity, has been linked to synaptic pruning. One of the
strongest pieces of evidence for this functional association with syn-
aptic pruning comes from human studies, in which slow-wave activity
in the cortical region increased during sleep after this region had been
exposed to a learning task while the subject was awake.*?

Another characteristic of NREM sleep that appears to be linked
to human brain development involves sleep spindles, which are
sinusoidal waves that are paced from the thalamus at 11-16 Hz.>°
This EEG feature is most prominent in NREM stage 2 sleep. It is also
thought that it appears in NREM stage 3, but is masked by slow-wave
activity.’® Characteristics of spindles have been linked to several

brain development processes. Sleep spindle duration and amplitude
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have been related to thalamocortical projections, and spindle den-
sity has been associated with the activity of the reticular nucleus
of the thalamus.>! The relationship between spindles and regional
brain development appears evident. However, it still seems unclear
whether NREM spindles have a causal functional link with devel-
oping thalamocortical brain connectivity or whether the spindle
characteristics are merely a reflection of thalamocortical develop-
ment.>° A final characteristic of NREM sleep is K-complexes, which
are transient waves with a sharp amplitude of 12-14 Hz. These are
mostly present in NREM stage 2 sleep.? It is thought that deepening
of K-complexes facilitates the transition from NREM stage 2 sleep
to slow-wave activity in NREM stage 3 sleep, suggesting a poten-
tial association between these complexes and slow-wave activity.52
However, they are two distinct functional features of NREM sleep.
K-complexes have been linked to memory processing in adults,’® but
a link with brain development has not been discovered.

To summarise, NREM sleep is hypothesised to contribute to
brain development by optimising neuronal networks via mechanisms

of synaptic downscaling and pruning.

4.3 | Influence of the developmental period

There is an interesting pattern in the link between the stages of
brain development and REM sleep and NREM sleep. REM sleep
seems important for forming synapses, especially early in devel-
opment. This is supported by human pharmacological studies in
adults, for example one in which REM sleep deprivation, which
was induced with the use of monoamine oxidase inhibitors, did not
cause changes in mental or cognitive functioning‘8 Moreover, an
experimental study showed no effect of REM sleep deprivation on
synaptic plasticity in adolescent rodents—typically aged between
the postnatal period of weaning, postnatal day 21, to adulthood,
postnatal day 60.%* These studies seem to suggest that REM sleep
relates less to brain development in the later stages of matura-
tion. To a similar extent, correlations between NREM sleep and
brain functioning vary considerably in strength and even direction
across development.®® NREM sleep has been positively associated
with brain maturation at later developmental stages, from child-
hood onwards. However, research on preterm infants has shown
the opposite effect, which is that a higher percentage of quiet
sleep, and therefore less active sleep, was related to worse motor
and cognitive development at 6 months®® and 18 months.>” Taken
together, these findings suggest that the respective roles of REM
sleep and NREM sleep in brain development are influenced by a

child's developmental period.
4.4 | A combined theory of sleep states and brain
development

An emerging concept regarding the role of sleep in brain devel-
opment is that the two sleep states, REM and NREM, could be
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functionally linked to different processes of maturation in the cen-
tral nervous system, with different roles at different ages. A neonate
or infant only spends 10%-30% of the time awake,® and they have
little opportunity for high neuronal stimulation. The high percent-
age of sleep at this age is greatly devoted to REM sleep.>® Roffwarg
et al's initial theory of sleep ontogeny9 suggests that REM sleep
is the equivalent of wakefulness and that the need for REM sleep
decreases once wakefulness is more established. Although the per-
centage of REM sleep does not decrease in parallel with the overall
decrease in the percentage of sleep, Roffwarg et al's theory® does
fit the principles of stimulus-induced neuron development. The neu-
ronal substrates of REM sleep facilitate stimulus-induced neuronal
activity, but in early development these stimuli are mostly generated
endogenously and not mainly provided by external factors during
the wake state. As a child matures, it spends more time awake, thus
enabling high neuronal activity via interaction with the environ-
ment. Considering the high demands of environmental interaction
on neuronal activity, and the fact that the brain must uphold energy
homeostasis, being awake longer would provide a lot of stress to
the brain.*® The survival and function of the neurons are then in-
creasingly more reliant on downgrading these activity levels. It has
been suggested that this could take place during slow-wave activity
of NREM stage 3 sleep, when neurons return to a synchronised level
of low electrical activity.46

Combining Roffwarg et al's theory of sleep ontogeny9 with the
NREM theory of synaptic homeostasis could suggest that early REM
sleep provides the endogenous neural stimulation that the child is
not yet able to achieve exogenously during the very early stages of
life. This functionally links REM sleep to the rudimentary processes
of brain development, laying the groundwork for brain morphology
and early neural circuitry. NREM sleep seems more functionally im-
portant for later brain maturation, by regulating synaptic homeosta-
sis. It provides synaptic adjustment to the sensory inputs acquired
from increased interaction with the outside world. Although more
research is needed, it could explain why human neonates seem to
compensate for sleep deprivation by increasing their time in NREM
sleep and not in REM sleep.59 This is because a prolonged period
awake would require a counterbalance of downgraded synaptic ac-
tivity during subsequent sleep, rather than a continuation of high

neural activity.

5 | DISCUSSION

Over the few past decades, sleep has emerged as an important con-
tributor to normal brain development. This review highlights the
importance of both REM sleep and NREM sleep in brain develop-
ment, but demonstrates that they make different functional contri-
butions. These contributions are likely to be influenced by a child's
developmental stage. We speculate that a combination of Roffwarg
et al's theory of sleep ontogeny,” and the synaptic homeostasis the-
ory of NREM sleep, could explain this dynamic concept. However,

more work is needed to clarify this. There is extensive knowledge

on changes in regulation during the transition from REM to NREM
during sleep.® Despite this, the developmental change in regulation
within a separate sleep state remains largely unknown and is cur-
rently being explored. An example of this change is that the per-
centage of REM sleep steeply decreases with development and the
percentage of NREM sleep increases.

Although sleep scientists have come a long way since Roffwarg
et al’ published their groundbreaking paper in 1966, there is still a
lot to discover in the field of sleep research. Sleep is free of cost and
available to everyone and holds high potential therapeutic value. We
need to further clarify the potential of sleep to optimise brain de-
velopment. Animal studies on the developmental function of sleep
have produced strong results. However, the physiological, metabolic
and environmental differences between rodents and humans mean
these results cannot be assumed to humans. The field will bene-
fit from improving translational animal models. We also need safe
methods to be developed that will enable detailed assessments of
the relationships between the REM sleep and NREM sleep and brain
development in humans at all developmental stages. For example,
rather than focusing on sleep deprivation in newborn infants, the re-
lationship with brain development could be assessed by linking sleep
characteristics in the neonatal period to longitudinal brain outcome

measures.

6 | CONCLUSION

This narrative review will hopefully help future studies to further
characterise the individual implication of REM sleep and NREM
sleep in brain development and produce better therapeutic targets.
Understanding how sleep is regulated will be a major step forward
for both research and clinical practice. It is important to understand
how sleep states relate to brain development during periods of
increased risk of developmental deviation, such as in the preterm
and the neonatal period. We conclude that it seems of utmost im-
portance to safeguard the natural progression of sleep as children
develop. This can be achieved by making sure they have sufficient
sleep quality and duration. Hospitals should also limit paediatric
patients' exposure to excessive light and noise and stress and plan
elective care and elective medical treatment around the child's sleep
cycle. Healthy sleep renders healthy brains, especially when children

are most vulnerable.
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