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The transition from multiple sleep bouts each day to a sin-
gle overnight sleep bout (i.e., nap transition) is a universal
process in human development. Naps are important during
infancy and early childhood as they enhance learning
through memory consolidation. However, a normal part of
development is the transition out of naps. Understanding
nap transitions is essential in order to maximize early learn-
ing and promote positive long-term cognitive outcomes.
Here, we propose a novel hypothesis regarding the cogni-
tive, physiological, and neural changes that accompany nap
transitions. Specifically, we posit that maturation of the
hippocampal-dependent memory network results in more
efficient memory storage, which reduces the buildup of
homeostatic sleep pressure across the cortex (as reflected
by slow-wave activity), and eventually, contributes to nap
transitions. This hypothesis synthesizes evidence of biore-
gulatory mechanisms underlying nap transitions and sheds
new light on an important window of change in develop-
ment. This framework can be used to evaluate multiple
untested predictions from the field of sleep science and ulti-
mately, yield science-based guidelines and policies regard-
ing napping in childcare and early education settings.

sleep | memory | development | hippocampus | brain

Children spend as much as half of their early years asleep
(1). Sleep promotes healthy brain and cognitive development
(2). However, the mechanisms underlying these relations are
poorly understood. Understanding children’s sleep needs
can be used to promote optimal cognitive function and is
deemed a priority in sleep research (3). Additionally, whether
and for how long sleep needs must be met with naps are
concerns for parents and early childhood educators.

With growing investments in universal early education in
the United States, there is increasing scrutiny and awareness
of how time is spent in these settings in order to maximize
academic success. Should children be sleeping or learning in
the early education setting? Ample data in adults and chil-
dren support a role of sleep in solidifying memories, and yet,
the intuition is that classroom time should be spent learning,
not sleeping (4, 5). Moreover, some children within the pre-
school age range seem unable to nap, while others, at the
same age, can be hard to keep awake (6). Because there are
currently no formal recommendations regarding nap timing/
length or nap transitions (e.g., from the American Academy
of Pediatrics or the National Sleep Foundation), some have
devalued daytime naps for children over the age of 2 y (7),
even proposing the elimination of naps in publicly funded
preschools (4). Related, sleep advice for parents at this age is
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provided by a growing number of sleep coaches; however,
these individuals lack evidence-based information and guid-
ance on such issues (8). Therefore, in order to promote opti-
mal learning and development through sleep in infancy and
early childhood, a scientific understanding of nap transitions
is essential as this will inform guidelines regarding nap
needs and transition points.

The need to nap is driven by the bioregulation of sleep
and wakefulness (9). Sleep regulation, which can be thought
of as “the drive to sleep when we do,” underlies the need
for naps as well as the ability to adjust to schedule changes
(e.g., daylight savings, jetlag). Disorders of sleep regulation
result in insufficient sleep, which is associated with depres-
sion and anxiety, even in childhood (10). Sleep regulation is
also altered in neurodevelopmental disorders (e.g., autism,
Down syndrome, Attention-deficit/hyperactivity disorder or
ADHD) (11, 12). Here, we describe what is known regarding
the bioregulation of sleep in early development. We first
discuss the relation between nap transitions and sleep regu-
lation, including underlying neural and physiological mecha-
nisms. Next, we consider how changes in the underlying
neural substrates are related to changes in early learning
and memory. Taken together, these data lead to our novel
prediction that nap transitions are driven by changes in
memory that are related to brain development.

1. Nap Transitions in Infants and Children

Newborns sleep up to 20 h each day, with sleep distributed
across multiple sleep bouts (polyphasic), largely reflecting
the need to feed frequently. Overnight sleep becomes dis-
tinct from daytime naps between 4 and 6 mo in most
infants, but sleep remains polyphasic, with three or more
naps in addition to the overnight sleep bout (13).
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Sleep becomes triphasic by 9 mo of age, consisting of two
daytime naps and an overnight sleep bout (14). Between the
first and second years of life, the morning nap fades, and
sleep becomes biphasic (1, 14). The transition to adult-like
monophasic sleep most commonly occurs in the early child-
hood years (13-15). However, there is significant variability
in the timing of the transition from triphasic and biphasic
sleep (ranging from 6 to 18 mo) and even more variability in
the transition out of biphasic sleep (which can be as early as
2yand as late as 8 y of age) (13, 16).

We opt to use the terminology “nap transition” (as
opposed to “nap cessation”) to capture the fact that changes
in nap patterns are not instantaneous. A longitudinal study
of early nap transitions (17) and meta-analyses of cross-
sectional data support that transitions take place over a
number of months, with naps gradually reducing in fre-
quency and length over time (6, 13, 15). Central to our
research is that these sleep transition periods are interest-
ing windows of change in brain and memory development.

2. Bioregulation of Sleep and Naps

2.1. Bioregulation of Sleep. The two-process model of sleep
regulation is a prominent conceptual model, which posits
that sleep regulation emerges from the interaction of two
distinct biological processes (18, 19). The first process is
the circadian control of sleep, termed Process C, which
underlies the 24-h pattern in sleep behaviors. The second
process is the homeostatic regulation of sleep through a
mechanism termed Process S or the homeostatic sleep
drive. This is the process that allows for the self-regulation
of sleep, adjusting to changing conditions while preserv-
ing sleep.

2.1.1. Circadian regulation of sleep (Process C). Underlying Pro-
cess C is a central circadian pacemaker that synchronizes
multiple physiological processes to the same 24-h rhythm.
Located in the suprachiasmatic nucleus (SCN) of the ante-
rior hypothalamus, the circadian pacemaker is entrained to
external cues or zeitgebers. Social cues, such as routine
mealtimes and exercise, can serve as zeitgebers (20). How-
ever, the most common zeitgebers are light/dark cues. The
SCN signals the pineal gland to synthesize the hormone
melatonin on a circadian schedule. Although melatonin
does not promote sleep per se, it is released from the
pineal gland in darkness and reciprocally inhibits the SCN,
dampening its alertness-promoting actions and ultimately,

demoting wakefulness (21).
2.1.2. Homeostatic regulation of sleep (Process S). If left to the

circadian system alone, we would fall asleep at the same
time and wake up at the same time regardless of sleep his-
tory; overnight sleep timing would be the same following a
night of poor sleep and following a luxurious afternoon nap
(one not taken to compensate for sleep loss). Rather, the
common experience is that it is tempting to fall asleep
much earlier following a night of poor sleep and hard to fall
asleep at the usual time following an afternoon nap. This
reflects the second aspect of sleep regulation, Process S or
the homeostatic mechanism that drives sleep. Homeostatic
sleep pressure accumulates across periods of wake and dis-
sipates with subsequent sleep (19). The mechanism under-
lying homeostatic control is complex, and current evidence
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suggests that it may be a distributed process across multi-
ple pathways (reviewed in ref. 22).

A neurobiological marker of homeostatic sleep pressure
is slow-wave activity (SWA), activity in the delta-frequency
band (0.5 to 4.5 Hz) in the sleep electroencephalogram
(EEG) thought to be cortically generated (23). SWA reflects
the frequency of the high-amplitude slow waves characteris-
tic of slow-wave sleep. SWA is highest early in a sleep bout
and dissipates across the sleep bout. Moreover, SWA is
higher following sleep deprivation, supporting the use of
SWA changes as a measure of the accumulation of homeo-
static sleep pressure (24). Wake-related increases in SWA
may result from global increases in synaptic strength
related to learning. Slow waves emerge from bistability of
cortical neurons in non-rapid eye movement (non-REM)
sleep, oscillating between wake-like tonic firing (up state)
and neuronal silence (down state) (25). Following long peri-
ods of wake, increased global synaptic strength may con-
tribute to higher neural synchrony or a greater number of
neurons contributing to the oscillation. Collectively, there is
clear support that SWA is functionally involved in maintain-
ing sleep homeostasis, but little more is understood regard-
ing this mechanism.

2.2. Bioregulation of Naps and Nap Transitions in Early
Childhood. Naps and nap transitions are influenced by multi-
ple factors, including genes (although minimally) (17, 26), envi-
ronment (27, 28), and culture (29-31). The two-process model
provides a framework to understand how these factors exert
their influence on sleep. For example, parents may choose to
promote a consistent nap time (28), reflecting circadian con-
tributions to nap patterns. However, many children will nap
even in the absence of nap promotion, and some children
are unable to nap even in sleep-promoting conditions (6),
likely reflecting homeostatic processes (i.e., variability in the
accumulation of homeostatic sleep pressure).

2.2.1. Circadian contribution to nap patterns. Consistency of nap
times is recommended as it is thought to promote stable and
predictable sleep patterns (32). As such, parents and child-
care providers institute many zeitgebers (such as light avail-
ability), which may then reinforce a circadian drive to sleep at
these times during the day. There is evidence that these
changes in environment alter the onset of melatonin and ulti-
mately, timing of sleep (33). Conversely, parents with negative
views toward naps in this age group likely provide no zeitgeb-
ers or no nap opportunity, and as such, those children have
fewer naps and naps of shorter duration (28). Cultural varia-
tion in naps may likewise reflect the use of light and rule set-
ting, which may promote or demote daytime sleep (16, 33).
2.2.2. Homeostatic contributions to nap patterns. Whereas parent-
guided zeitgebers can shift the circadian timing of sleep
bouts, homeostatic control of sleep offers an explanation as
to why naps can result from late bedtimes. Late bedtimes
are often followed by too-early wake times due to parent or
childcare schedules. The resulting shortened overnight sleep
creates additional sleep pressure or the need to nap the
subsequent day. However, while this provides an explana-
tion of how environmental and cultural influences contribute
to the presence of napping, they do not provide an cbvious
explanation of how and when nap transitions may occur. In
other words, they do not explain the persistence of napping.
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Nap transitions have most commonly been ascribed to
Process S (34, 35). Specifically, more rapid accumulation of
homeostatic sleep pressure in young compared with older
children is thought to create the need to more frequently
nap to release this sleep pressure. Preliminary support of
this comes from a study of a small sample (n = 8) of 2- to
5-y-old children (36). Sleep pressure was varied by altering
the amount of time that the child was awake before a nap
was permitted (4, 7, or 10 h after waking). Consistent with
the view that SWA serves as a proxy for sleep pressure,
SWA in the nap was greater following longer intervals
awake. However, this difference dissipated with age; the
difference in SWA across conditions was less in younger
compared with older children. This suggests that sleep
pressure accumulates more rapidly in young children, who
are also more likely to be habitual nappers.

In sum, there is evidence that both circadian (Process C)
and homeostatic (Process S) sleep regulation processes
contribute to whether a child naps (Fig. 14). To date, most
research regarding these processes and individual differ-
ences in nap transitions has focused on external factors,
such as the extent to which parents choose to promote
napping (28), a factor that varies across cultures and socio-
economic groups (27, 29). Despite these external influen-
ces, many children will nap even in the absence of nap
promotion, and some children are unable to nap even in
sleep-promoting conditions (6). These differences likely

A

stem from internal processes and reflect variability in the
accumulation of homeostatic sleep pressure (35). How-
ever, the biological mechanisms underlying these internal
processes remain unclear. Specifically, what underlies the
accumulation of homeostatic sleep pressure, and why
does it vary developmentally? Additionally, how do these
developmental changes contribute to changes in accumu-
lation of homeostatic sleep pressure and ultimately, the
transition out of naps? In the following section, we present
a novel hypothesis that may provide answers to these
questions by linking what we currently know about nap
transitions with what we know about the development of
the brain and its capacity to learn and remember at an
early age.

3. A Novel Hypothesis of Nap Transitions

A unique problem exists early in human development; there
is @ massive amount of information that must be learned,
yet the neural systems that support learning are still under
construction. Schema and semantic networks that support
learning in adults (37, 38) are nascent at very young ages
and must be built from scratch. Moreover, the structural
and functional neural circuitry that supports memory is also
immature. Specifically, the hippocampus—a brain region
associated with learning and memory—undergoes a period
of “learning to learn” (39). Finally, to support early learning,
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Understanding nap transitions through the two-process model of sleep regulation. (A) Although environmental and cultural factors (yellow; e.g., care-

giver schedules and the use of light) may influence the presence of naps, they are unlikely to explain the persistence of naps and nap transitions. Rather, nap
transitions are posited to largely be related to homeostatic processes (indicated by the pink arrow), with greater accumulation of sleep pressure in habitually
compared with nonhabitually napping children. (B) We hypothesize that brain development and memory development underlie this difference in homeostatic
sleep pressure. Specifically, as the hippocampal-dependent memory network develops, memories can be held for longer without interference, making more
space and/or using less energy resources, which may (directly or indirectly) yield sleep pressure as measured by SWA and result in nap transitions.
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there is overproduction of synapses across the brain, which
is most prolonged in prefrontal or higher cortical areas. The
increased firing rate that accompanies high synaptic density
escalates energy demand (40).

Seen in this light, naps provide a solution to what is
essentially a memory problem; high learning demands on
an immature system create an overproduction of synapses
that reaches its peak in early childhood. Sleep has been
argued to help meet space and energy challenges associ-
ated with development (40, 41). Thus, we posit that early
childhood is a time of competing demands of learning,
which loads the brain (the hippocampus in particular), and
sleeping, which may unload synapses across the cortex (42)
and free up the hippocampus for ongoing learning (43).

This leads to our hypothesis that maturation of the
brain, particularly the hippocampal-dependent memory
network, during early childhood results in more efficient
memory storage, which reduces the buildup of homeostatic
sleep pressure (as reflected by SWA) and eventually, con-
tributes to nap transitions (Fig. 1B). In the following sec-
tions, we provide motivation for this novel hypothesis and
review initial support for this view.

3.1. Role of the Hippocampus in Learning and Memory in
Early Development. The ability to learn novel information

and recall it later relies on a network of brain regions, includ-
ing the hippocampus and neocortex. Together, these regions
provide “complementary learning systems” that allow for the
rapid learning of new information while both preserving
existing knowledge and integrating new knowledge into
these existing frameworks (41). The hippocampus is particu-
larly important for the early stages of memory, including for-
mation and consolidation (or stabilization) (44). In short, this
structure provides short-term storage and initially works
together with the neocortex to support memory of new
information across long delays. Over time, connectivity
among distributed cortical regions strengthens, and the role
of the hippocampus gradually declines. Although learning
initiates memory processes in the hippocampus, these
memory traces are vulnerable to interference and forgetting.
Once memories are consolidated and stabilized in the cor-
tex, they are more robust against disruption (41).

The hippocampus is a complex structure composed of
multiple subfields (cornu ammonis [CA] areas 1 to 4, dentate
gyrus, and subiculum) that are distributed disproportionately
along its longitudinal axis (head, body, tail) (45, 46). These
regions show protracted development as a result of pro-
longed neurogenesis, synaptic growth, dendritic arborization,
pruning, vascularization, and myelination (47-49). Data from
nonhuman primates (e.g., ref. 50) and human children (e.g.,
ref. 51) suggest that the developmental trajectory of these
subfields and their connectivity with each other are related
to age-related improvements in memory, which is consistent
with theoretical proposals of brain and memory develop-
ment (52). Specifically, within the hippocampus, although
immature cells continue to accrue within the dentate gyrus
throughout the first year of postnatal life [and may be
related to the onset of other cognitive abilities, such as spa-
tial navigation (50)], elevated rates of dendritic development
and synapse formation persist until at least 5 y of age
(53, 54). During early childhood (~3 to 5 y of age), neuronal
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connections between granule cells of the dentate gyrus and
pyramidal neurons of Ammon’s horn form, which alter the
functional circuits of the hippocampus (54) and regions
located downstream from the dentate gyrus, particularly
CA3 (50). Because circuitry in the dentate gyrus is critical for
adult-like memory formation, its protracted developmental
profile suggests that adult-like memory formation in humans
may not be expected before 5y, as morphological develop-
ment is likely correlated with functional capability (54).

Prolonged development of memory due to the long mat-
urational time line of neural circuitry is supported by behav-
ioral research. Specifically, as children mature, they are
better able to remember individual items as well as associa-
tions between items (55, 56). In fact, children’s ability to
remember such details shows accelerated rates of change
between 5 and 7 y of age (55). These findings fit well with
cross-sectional research suggesting that children’s ability to
bind information increases between 4 and 6 y of age (e.g.,
refs. 57-59). Moreover, these improvements in memory are
associated with variations in hippocampal development (as
indexed by volume). Across two different studies and two
different memory paradigms, brain-behavior relations have
been found to change around 6 y of age—following the final
nap transition. Specifically, in younger (4- to 6-y) children, bet-
ter memory performance is associated with larger hippocam-
pal subfield volumes, whereas the opposite is true in older
(6- to 8-y) children (i.e., better memory performance is associ-
ated with smaller volumes). This difference in brain-behavior
relations may be the result of synaptic pruning within the
dentate gyrus — CA3 — CA1 circuit, which is critical for bind-
ing and ultimately, yields a more efficient system (50, 54).

In summary, ample evidence supports the role of the
hippocampus (and its associated neocortical network) in
learning and memory even from an early age [e.g., infants
3 to 24 mo (60)]. Critical to the present hypothesis, across
early childhood, the hippocampus is learning to learn in
conjunction with protracted development, a challenge that
we posit is met by naps (Fig. 2).

3.2. SWA Supports Hippocampal-Dependent Memory.

3.2.1. Evidence of SWA-related memory processing in adults. Mem-
ories from the day benefit from subsequent sleep. Recall is
better following sleep compared with an equivalent interval
awake, with memories protected by the sleep interval com-
pared with the decay that typically occurs over wake. For
example, in one study, adults retained memory for more
word pairs following an interval with sleep compared with
an equivalent interval awake (61). Notably, memory reten-
tion was associated with time spent in slow-wave sleep,
suggesting an active role of this sleep stage in memory
processing as opposed to passive protection of memories
during the sleep interval as a whole. Further support for
the role of slow-wave sleep is provided by studies that rep-
resent auditory or odor cues associated with learned mate-
rial during subsequent slow-wave sleep, which results in
enhanced consolidation of cue-related material (62). Con-
versely, when SWA, the primary spectral power of slow-
wave sleep, is reduced, performance benefits following
sleep are absent (63). Such results support that consolida-
tion of memories is enhanced by sleep and that SWA in par-
ticular supports memory consolidation.

pnas.org



triphasic ——m» biphasic ——m» monophasic

Relative change

Age (years)

Fig. 2. Growth trajectories across nap transitions (gray shading). Synaptic
density [prefrontal cortex (113)], hippocampal volume (114, 115), cortical
gray matter (116), and SWA (117) are illustrated.

Notably, not all memories benefit from sleep. Rather,
engagement of the hippocampus during encoding seems
to be a necessary condition for sleep-dependent memory
consolidation (64-66). For example, memory for novel
objects alone is not reliant on the hippocampus, whereas
memory requiring binding of an object with a location or
ordering with another object does (67). When rats per-
formed a task requiring memory for novel objects (“what”
memory), object location (“where” memory), or temporal
order (“when” memory), performance was better following
an interval of sleep compared with wake for the object
placement and temporal order tasks. Memory for novel
objects did not differ for sleep and wake conditions. This is
taken as evidence that sleep specifically supports memory
for tasks engaging the hippocampus (64).

Mechanistically, the synaptic homeostasis hypothesis con-
tends that the association between SWA and memory consol-
idation over the sleep interval reflects synaptic downscaling
over sleep, with superfluous synapses (incidental memories)
being downscaled, while intentionally learned memories are
benefited by reduced signal to noise (38). According to the
active systems consolidation view, synchronous slow waves
aligned with hippocampal activity (i.e., hippocampal sharp-
wave ripples) support a hippocampal-neocortical shift of the
memory representation. Numerous studies in animals have
demonstrated that patterns of hippocampal activation asso-
ciated with a learning episode are seen again in subsequent
sleep and not in the prior sleep bouts (68). Such “replay
events” undergo developmental changes early in life (69) and
have been linked with the emergence of episodic-like mem-
ory in rodents (70). The timing of these developmental
changes coincides with the transition to monophasic sleep in
humans [i.e., roughly during the early childhood years
(13-15)]. Replay activity is associated with hippocampal rip-
ples, which co-occur with sleep spindles and slow oscillations
(71). Although hippocampal ripples cannot be measured non-
invasively in humans, spindle-slow oscillation coupling pre-
dicts performance changes over sleep in adults (72, 73).
Growing support for both the synaptic homeostasis hypothe-
sis and the active systems consolidation view has brought
many to agree that these memory-supporting mechanisms
in sleep are not mutually exclusive (74, 75). Although both of
these theories have influenced our thinking, our proposal
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intentionally does not ascribe to either one specifically, nor is
our work intended to provide direct evidence supporting one
or the other. Rather, we focus on the importance of sleep for
memory—as it both stabilizes existing memories in cortical
regions and optimizes synaptic organization (76), which ulti-
mately frees up the hippocampus for ongoing learning.
3.2.2. Evidence of SWA-related memory processing in children.
Sleep benefits memory consolidation from a very young age.
Benefits of sleep relative to wake have been observed in the
performance of children ranging from 6 mo through adoles-
cence, particularly for declarative learning tasks (reviewed in
ref. 77). Under normal conditions, motor procedural learning
does not benefit from sleep in childhood. However, when chil-
dren receive additional training, performance improves follow-
ing sleep relative to wake (78), which may suggest that, like
adults, hippocampal engagement with encoding may be essen-
tial to sleep-dependent memory consolidation. Moreover, a
study in toddlers supports that hippocampal-based memories
are reactivated during a nap even in children as young as 2y
(79), providing evidence that the hippocampus is functional
during sleep and directly related to memory at an early age.
Interestingly, SWA in children’s naps predicts the over-
nap protection of memory for emotional faces (80) and
also, predicts reductions in the emotional attention bias fol-
lowing a nap in young children (81). We posit that consoli-
dation of emotional memories from the morning decreases
emotional load, and as a result, children are less reactive to
emotional stimuli thereafter. This provides a potential
explanation of the oft observed phenomena that habitually
napping children are emotionally dysregulated at the end
of the day if they do not nap (the “witching hour”).
Sleep-related declarative memory benefits in children
have also been associated with sleep spindles and accompa-
nying slow oscillations in children 3 to 5y (82, 83). Moreover,
a longitudinal study of older children (9 y) who were tested
subsequently at 16 y of age showed that developmental
increases in coupling strength between spindles and slow
oscillations provided a strong predictor of developmental
changes in sleep-related benefits on a word-pair learning
task (84). This provides additional support for the cortical sta-
bilization of memories, initially encoded in the hippocampus,
in the cortex during sleep and the theory that this process is
present in children and strengthens with development.
Notably, whether such benefits reflect hippocampal-
neocortical transition of memory representations as pro-
posed by the active systems consolidation theory, cortical
stabilization via synaptic downscaling as proposed by the
synaptic homeostasis hypothesis, or both is unknown. It has
been hypothesized that active systems consolidation would
be unlikely before 18 to 24 mo due to underdevelopment of
the hippocampus (85). Although few studies in this young
age group have included polysomnography (77), there is
some evidence that sleep-dependent memory processing is
associated with sleep spindles, even at this young age. For
instance, 9- and 16-mo-old infants who learned word-object
pairs prior to a nap or wake interval generalized to category
exemplars only after sleep. Notable here is that nap-related
generalization was associated with the EEG sigma power,
the frequency range of sleep spindles (10 to 15 Hz) (86, 87).
This lends support that key brain areas for active systems
consolidation may be sufficiently developed in infancy
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(60). An alternative is that synaptic downscaling oversleep
accounts for memory benefits at a very young age, while
active systems consolidation accounts for sleep-related
benefits later on (85). Importantly, the present hypothesis
can accommodate either mechanism.

3.3. Evidence Supporting the Relation between Brain Development
and Nap Transitions. Support for the present hypothesis can be

drawn from the coincident development of brain, memory,
and sleep described above. Additionally, a growing number of
behavioral and neural developmental studies provide more
direct support for the relation between brain development
and nap transitions, although to date, this work has been
focused on the biphasic to monophasic sleep transition.

3.3.1. Behavioral studies. At a behavioral level, support for rela-
tions between brain development and nap transitions can be
drawn from studies comparing cognitive performance in
habitually and nonhabitually napping children who are the
same age. In one such study, children who performed better
on a cognitive battery were found to take fewer naps than
those with lower performance (88). In particular, fewer naps
corresponded to enhanced memory span for auditory num-
ber sequences and larger vocabulary. One interpretation of
this result is that those who nap have insufficient overnight
sleep (supported by a negative correlation between nighttime
sleep and nap length), and this may explain both lower cogni-
tive performance and nap frequency. However, an alternative
is that nap habituality is related to brain maturation; children
who have more mature brains need to nap less often and
also, perform better on cognitive assessments.

Supporting the latter interpretation, our recent study pro-
vided experimental evidence of differences in memory per-
formance around the nap transition. In this study, we taught
habitually napping and nonhabitually napping children a
visuospatial task prior to an afternoon nap and again prior
to an equivalent interval awake (within subjects) (82). Mem-
ory for item locations was probed again after the nap or
wake interval and once more the following morning. We
found that memories were protected by the nap; accuracy
following the nap did not differ from immediate recall. How-
ever, when children stayed awake during the nap opportunity,
recall accuracy was reduced by ~12% compared with immedi-
ate recall. The benefit of the nap remained when performance
was assessed again the following morning. We then consid-
ered whether the nap benefit varied for children who napped
habitually (greater than or equal to five naps per week) com-
pared with those who no longer napped (zero to time per
week but were nap promoted for the experiment). Memory
consolidation over the nap did not differ for habitually and
nonhabitually napping children; naps protected memories
regardless of nap habituality. Rather, what differed was how
much memories decayed over the waking interval; memory
decay over an afternoon awake was greater for children who
napped habitually and minimal for those who no longer
napped, even when controlling for age. We interpret this as
evidence that in habitual nappers, sleep needs to occur more
frequently in order to prevent the catastrophic interference
between memories that occurs when kept awake. Nonhabitual
nappers, on the other hand, may have more developed mem-
ory storage and thus, be able to hold memories for longer
without interference. Subsequently, other studies have found
similar differences between habitually and nonhabitually
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napping children with a word-learning task (89) and an emo-
tional face-learning task (80). Collectively, these studies provide
evidence that naps are similarly beneficial regardless of nap
habituality but that memory of habitually napping children is
much more damaged by a missed nap compared with nonha-
bitually napping children.
3.3.2. Neural studies. At a neural level, SWA, the marker of
the accumulation of sleep pressure that contributes to
naps (36, 90), has also been related to brain development
(as reviewed in ref. 91). Slow-wave amplitude increases dur-
ing childhood and is highest shortly before puberty. This
parallels findings of developmental changes in synaptic
density (Fig. 2) (92). SWA is highly predictive of decreases in
gray matter volume, a relation that is strongest in areas
undergoing maturation at this age (93). In addition, the dis-
tribution (or topography) of SWA also tracks with the devel-
opment of underlying cortical areas (93, 94). Specifically,
SWA, which peaks maximally over occipital regions in youn-
ger children, shifts to a peak over frontal regions by adoles-
cence, a trajectory that mirrors that of cortical maturation
[cortical thickness (93, 94)] and is predictive of brain myelin
(95). Taken together, these studies support a link between
brain development and global SWA in early childhood.
Finally and more directly, we recently reported a differ-
ence in hippocampal volume for habitually and nonhabitu-
ally napping children. We compared hippocampal subfield
volumes in 4- to 6-y-old children who napped habitually with
those who did not nap habitually. Habitually napping chil-
dren had larger CA1 hippocampal subfield volumes in the
hippocampal body compared with nonnapping children (96).
This study provides the first direct evidence for a difference
in the hippocampus between habitually napping and nonha-
bitually napping children that cannot be accounted for by
age. Critically, prior reports on this same sample of children
have linked volume of the CA1 to children’s memory perfor-
mance, and this region also shows developmental change
across the early childhood period (51, 97). Most germane to
our hypothesis is the finding that across all children in the
study (4 to 8y, regardless of nap status), smaller CA1 was
associated with better memory performance (53).

3.4. Summary, Caveats, and Future Research Directions. Collec-
tively, we provide support for a relation between nap transi-
tions and underlying memory and brain development.
Together with studies relating nap habituality to SWA and mem-
ory to SWA, we provide a parsimonious hypothesis suggesting
that maturation of the hippocampal-dependent memory net-
work during early childhood results in more efficient memory
storage, which reduces the buildup of homeostatic sleep pres-
sure and in turn, contributes to nap transitions (Fig. 1B).
However, there are some caveats given the limited body
and nature of the current literature. First, much of the data
supporting our hypothesis lack causality. While we posit that
reduced need for memory consolidation is related to chang-
ing accumulation of sleep pressure (and related SWA),
whether these are related directly (e.g., SWA changes could
be related to simultaneous development in cortical regions
in the hippocampal-memory network where SWA may be
generated) or indirectly (e.g., less adenosine accumulation
in the developing hippocampus benefiting memory and
less adenosine accumulation in the cortex reducing SWA)
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is important to consider. We also interpret associations
between the development of the hippocampal-dependent
memory network and sleep, particularly nap habituality, to
indicate that development of the brain drives nap habitu-
ality. An alternative developmental time line is that changes
in sleep are a necessary precursor to brain development.
Indeed, changes in SWA have been shown to precede
improvements in some motor skills, which in turn, preceded
decreases in gray matter in a cross-sectional sample of those
2 to 26 y of age (98). It will also be important to consider the
development of other brain regions associated with the biore-
gulation of sleep. For example, hypothalamic development
may follow a similar time line (99). Although this is unlikely to
account for the differences in behavior of habitual and nonha-
bitual nappers described above, it will be important for future
work to consider interactions in the development of multiple
brain areas, which may support the bioregulation of sleep in
early development and their causal role in nap habituality.

Second, while we posit that brain and memory develop-
ment may underlie the transition from triphasic to biphasic
sleep, current data in support of the hypothesis are based on
the biphasic to monophasic sleep transition. Moreover, the
present hypothesis is based on mostly cross-sectional data
supporting individual relationships between sleep-brain,
sleep-memory, or brain-memory. It is essential to acquire
longitudinal data that capture sleep physiology, structural
and functional brain development, and memory changes
across the nap transitions, starting at 12 mo to capture both
critical transitions, within a single sample that is large enough
to overcome individual differences and tease apart general
maturation from nap-related change. Such longitudinal data
can be probed using latent change score modeling to assess
the relations between these factors. Latent change score
models evaluate ways in which variables are recursively asso-
ciated over time in order to isolate temporal components of
change within a person or group in order to specify lead vs.
lag (100). For example, latent change score modeling has
been used successfully in studies of memory decline to better
understand the dynamics among processes, including
changes at the neural level (e.g., ref. 101).

Third, there is considerable variability in the experimental
methods used to examine the impact of sleep on memory
early in life. This variation applies to the stimuli used (words
vs. pictures), age ranges explored, and durations over which
information is retained, as well as other factors. These differ-
ences likely contribute to the lack of consensus in results. For
example, one study that used a verb-learning task, which
required generalization to a novel exemplar, failed to find a
difference in performance between habitual and nonhabi-
tual nappers following intervals of wake and sleep (which
benefited both groups) (102). However, it is possible that
measurement limitations (as change in performance over
the interval cannot be assessed) or other task differences
may account for these discrepancies. Moreover, there are
clear task nuances that can vary sleep’s function in memory
consolidation even in the adult literature (103, 104). Better
understanding of these tasks and related neural underpin-
nings is essential for a mechanistic understanding of nap
function and nap transitions. Thus, it is important for future
work to also consider memory consolidation with various
types of tasks as it relates to brain development.
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Finally, several factors contribute to the presence of
naps. Cultural (including parenting practices) and environ-
mental factors likely play a role (105-107). Although many
of these are related to circadian and homeostatic sleep
regulation (section 2), many other factors could be consid-
ered [e.g., diet, iliness (108)] that are likely to contribute to
the presence of naps but not the persistence of naps and
nap transitions. Importantly, while we posit that brain mat-
uration is a strong factor underlying nap transitions, these
factors are not mutually exclusive [e.g., environmental fac-
tors can also contribute to brain development (109)].
Moreover, whether other species demonstrate similar nap
transitions and factors that may affect these transitions
have received little attention and would contribute greatly
to a broader understanding of sleep regulation. Identifying
factors that moderate or interact with brain development
and sleep is an important goal for future research.

4. Conclusions and Implications

Here, we present a first review of the bioregulatory pro-
cesses that contribute to the napping patterns of young
children. Every young child naps and transitions out of naps
at some point in early childhood—but the age at which this
transition takes places varies dramatically (14, 15, 110).

Better understanding nap transitions would allow educa-
tors and caregivers to support these transitions, thereby
strengthening children’s health and cognition. Scientific evi-
dence showing that nap transitions are a product of brain
development that is quite variable between individual chil-
dren would help parents and providers appreciate that nap
transitions cannot be determined by age and that the
opportunity to nap should be protected for those that need
it. This would also have substantial policy implications for
early education, suggesting that nap opportunities should
not only be protected for some children but actively sup-
ported and of sufficient length. Moreover, understanding
typical sleep development is essential to identifying disor-
ders of sleep as well as the extent of the impact associated
with insufficient sleep. Thirty percent of children aged 6 to
11 y have insufficient sleep (111). Unfortunately, the extent
of this deficiency in younger children is unclear due to a
dearth of data on sleep in early childhood (1). This is egre-
giously problematic as younger children are at greater risk
for problems stemming from insufficient sleep due to their
immature brain development. Moreover, sleep is particu-
larly reduced in low-income and atypically developing chil-
dren (112) of this age and thus, contributes to known health
disparities that are widespread and have far-reaching
impacts. Given the prevalence of naps, the importance of
naps to early cognition, and the policy ramifications, a sci-
entific understanding is essential, as these periods may pro-
vide unique windows of opportunity to promote healthy
development and optimize cognitive abilities.

Data Availability. There are no data underlying this work.

ACKNOWLEDGMENTS. Support for this work is provided by NSF Grant BCS
1749280 (to RM.CS. and T.R.), NIH Grant R21 HD094758 (to R.M.C.S. and
T.R.), and NIH Grant ROT HL111695 (to R.M.C.S.). We thank Dr. Marc Weissbluth
for dialogue and feedback on this work and Neely Miller, Gina Mason, Bethany
Jones, Tamara Allard, and our laboratory members for feedback.

https://doi.org/10.1073/pnas.2123415119 7 of 9



B. C. Galland, B. J. Taylor, D. E. Elder, P. Herbison, Normal sleep patterns in infants and children: A systematic review of observational studies. Sleep Med. Rev. 16, 213-222 (2012).

C. Dutil et al., Influence of sleep on developing brain functions and structures in children and adolescents: A systematic review. Sleep Med. Rev. 42, 184-201(2018).

R. Gruber et al., A call for action regarding translational research in pediatric sleep. Sleep Health 2, 88-89 (2016).

N. Trejos, Time may be up for naps in pre-K class. The Washington Post, 15 March 2004. https://www.washingtonpost.com/archive/politics/2004/03/15/time-may-be-up-for-naps-in-pre-k-class/h6149643-6e7c-

4997-88ff-588c0f740829/. Accessed 1 January 2022.

T. Haelle, Do preschoolers still need naps? CBS News, 18 February 2015. https://www.cbsnews.com/news/do-preschoolers-still-need-naps/

#:~:text=Parents%20should%20not%20impose%20a,research%2C%20the%20researchers%20pointed%20out. Accessed 1 January 2022.

6. R.M.C. Spenceretal., Sleep and behavior of preschool children under typical and nap-promoted conditions. Sleep Health 2, 35-41(2016).

7. K.Thorpe et al., Napping, development and health from 0 to 5 years: A systematic review. Arch. Dis. Child. 100, 615-622 (2015).

8. J. A Mindell, J. A. Owens, D. Babcock, V. M. L. Crabtree, D. Ingram, Child sleep coaches: Current state and future directions. Clin. Pediatr. (Phila.) 56, 5-12 (2017).

9. J.M.Zeitzer, The neurobiological underpinning of the circadian wake signal. Biochem. Pharmacol. 191, 114386 (2021).

10.  C. A Alfano, A. L. Gamble, The role of sleep in childhood psychiatric disorders. Child Youth Care Forum 38, 327-340 (2009).

1. L J. Meltzer, J. A. Mindell, Sleep and sleep disorders in children and adolescents. Psychiatr. Clin. North Am. 29, 1059-1076 (2006).

12. J.H.Breslin, J. 0. Edgin, R. R. Bootzin, J. L. Goodwin, L. Nadel, Parental report of sleep problems in Down syndrome. J. Intellect. Disabil. Res. 55, 1086-1091 (2011).

13. 1. Iglowstein, 0. G. Jenni, L. Molinari, R. H. Largo, Sleep duration from infancy to adolescence: Reference values and generational trends. Pediatrics 111, 302-307 (2003).

14. M. Weissbluth, Naps in children: 6 months-7 years. Sleep 18, 82-87 (1995).

15. S.Staton etal., Many naps, one nap, none: A systematic review and meta-analysis of napping patterns in children 0-12 years. Sleep Med. Rev. 50, 101247 (2020).

16.  B.Crosby, M. K. LeBourgeois, J. Harsh, Racial differences in reported napping and noctumal sleep in 2- to 8-year-old children. Pediatrics 115 (1 suppl.), 225-232 (2005).

17. E.Touchette et al., Genetic and environmental influences on daytime and nighttime sleep duration in early childhood. Pediatrics 131, e1874-¢1880 (2013).

18.  A.A.Borbély, A two process model of sleep regulation. Hum. Neurobiol. 1, 195-204 (1982).

19. A A Borbély, S. Daan, A. Wirz-Justice, T. Deboer, The two-process model of sleep regulation: A reappraisal. J. Sleep Res. 25, 131-143 (2016).

20. M. Quante et al., Zeitgebers and their association with rest-activity patterns. Chronobiol. Int. 36,203-213 (2019).

21, C.Liuetal, Molecular dissection of two distinct actions of melatonin on the suprachiasmatic circadian clock. Neuron 19, 91-102 (1997).

22.  R.Allada, C. Cirelli, A. Sehgal, Molecular mechanisms of sleep homeostasis in flies and mammals. Cold Spring Harb. Perspect. Biol. 9, a0277730 (2017).

23. S.K.Esser, S. L Hill, G. Tononi, Sleep homeostasis and cortical synchronization. I. Modeling the effects of synaptic strength on sleep slow waves. Sleep 30, 1617-1630 (2007).

24.  0.G.Jenni, M. A. Carskadon, Spectral analysis of the sleep electroencephalogram during adolescence. Sleep 27, 774-783 (2004).

25. M. Steriade, I. Timofeev, F. Grenier, Natural waking and sleep states: A view from inside neocortical neurons. J. Neurophysiol. 85, 1969-1985 (2001).

26. A Fisher, C. H. M. van Jaarsveld, C. H. Llewellyn, J. Wardle, Genetic and environmental influences on infant sleep. Pediatrics 129, 1091-1096 (2012).

27. C.H.D.Jones, H. Ball, Exploring socioeconomic differences in bedtime behaviours and sleep duration in English preschool children. Infant Child Dev. 23, 518-531(2014).

28.  C.H.D.Jones, H. L Ball, Napping in English preschool children and the association with parents' attitudes. Sleep Med. 14, 352-358 (2013).

29.  0.G.Jenni, B. B. 0'Connor, Children's sleep: An interplay between culture and biology. Pediatrics 115 (1 suppl.), 204-216 (2005).

30.  J.A Mindell, A. Sadeh, R. Kwon, D. Y. T. Goh, Cross-cultural differences in the sleep of preschool children. Sleep Med. 14, 1283-1289 (2013).

31. A Sadeh, J. A Mindell, K. Luedtke, B. Wiegand, Sleep and sleep ecology in the first 3 years: A web-based study. J. Sleep Res. 18, 60-73(2009).

32, LJ. Meltzer, Sleeping through the Night (Harper Collins, 2005).

33.  L.D.Akacem etal., The timing of the circadian clock and sleep differ between napping and non-napping toddlers. PLoS One 10, €0125181 (2015).

34, 0.G.Jenni, M. A. Carskadon, Sleep behavior and sleep regulation from infancy through adolescence: Normative aspects. Sleep Med. Clin. 2, 321-329 (2007).

35 0.G.Jenni, M. K. LeBourgeois, Understanding sleep-wake behavior and sleep disorders in children: The value of a model. Curr. Opin. Psychiatry 19, 282-287 (2006).

36.  S.Kurth et al., Development of nap neurophysiology: Preliminary insights into sleep regulation in early childhood. J. Sleep Res. 25, 646-654 (2016).

37. D.Rumelhart, Schmeta: The Building Blocks of Cognition (Routledge, 2017).

38.  P.A Lewis, S.J. Durrant, Overlapping memory replay during sleep builds cognitive schemata. Trends Cogn. Sci. 15, 343-351(2011).

39.  F.Donato et al., The ontogeny of hippocampus-dependent memories. J. Neurosci. 41, 920-926 (2021).

40.  G.Tononi, C. Cirelli, Sleep and the price of plasticity: From synaptic and cellular homeostasis to memory consolidation and integration. Neuron 81, 12-34 (2014).

41, J. L. McClelland, B. L. McNaughton, A. K. Lampinen, Integration of new information in memory: New insights from a complementary learning systems perspective. Philos. Trans. R. Soc. Lond. B Biol. Sci. 375,
20190637 (2020).

42.  G.Tononi, C. Cirelli, Sleep function and synaptic homeostasis. Sleep Med. Rev. 10, 49-62 (20006).

43, B.Rasch, J. Born, About sleep's role in memory. Physiol. Rev. 93, 681-766 (2013).

44. L R.Squire, Memory and brain systems: 1969-2009. J. Neurosci. 29, 12711-12716 (2009).

45, R.Insausti, D. G. Amaral, "Hippocampal formation” in The Human Nervous System, J. K. Mai, Ed. (Academic Press, 2012), pp. 896-942.

46. ). Poppenk, H. R. Evensmoen, M. Moscovitch, L. Nadel, Long-axis specialization of the human hippocampus. Trends Cogn. Sci. 17, 230-240 (2013).

47.  F.M.Benes, C. A. Tamminga, Images in neuroscience. Cortical GABA-ergic interneurons. Am. J. Psychiatry 151, 1104 (1994).

48.  P.R. Huttenlocher, Morphometric study of human cerebral cortex development. Neuropsychologia 28, 517-527 (1990).

49.  R.K.Lenroot, J. N. Giedd, Brain development in children and adolescents: Insights from anatomical magnetic resonance imaging. Neurosci. Biobehav. Rev. 30, 718-729 (2006).

50.  P.Llavenex, P. Banta Lavenex, Building hippocampal circuits to learn and remember: Insights into the development of human memory. Behav. Brain Res. 254, 8-21(2013).

51. K. L Canada, G. R. Hancock, T. Riggins, Modeling longitudinal changes in hippocampal subfields and relations with memory from early- to mid-childhood. Dev. Cogn. Neurosci. 48, 100947 (2021).

52. L Nadel, S. Zola-Morgan, "Infantile amnesia: A neurobiological perspective” in Infant Memory, M. Moscovitch, Ed. (Plenum Press, 1984), pp. 154-172.

53. M. F. Eckenhoff, P. Rakic, A quantitative analysis of synaptogenesis in the molecular layer of the dentate gyrus in the rhesus monkey. Brain Res. Dev. Brain Res. 64, 129-135(1991).

54. L Seress, "Morphological changes of the human hippocampal formation from midgestation to early childhood" in Handbook of Developmental Cognitive Neuroscience, C. A. Nelson, M. Luciana, Eds.
(Massachusetts Institute of Technology Press, Cambridge, MA, 2001), pp. 45-58.

55.  T.Riggins, Longitudinal investigation of source memory reveals different developmental trajectories for item memory and binding. Dev. Psychol. 50, 449-459 (2014).

56.  M.E.Lloyd, A. 0. Doydum, N. S. Newcombe, Memory binding in early childhood: Evidence for a retrieval deficit. Child Dev. 80, 1321-1328 (2009).

57. J.Sluzenski, N. S. Newcombe, S. L. Kovacs, Binding, relational memory, and recall of naturalistic events: A developmental perspective. J. Exp. Psychol. Learn. Mem. Cogn. 32, 89-100 (2006).

58.  A.B.Drummey, N. S. Newcombe, Developmental changes in source memory. Dev. Sci. 5, 502-513 (2002).

59.  P.J.Baueretal, It's all about location, location, location: Children’s memory for the "where" of personally experienced events. J. Exp. Child Psychol. 113, 510-522 (2012).

60.  C.T.Ellis et al., Evidence of hippocampal leaming in human infants. Curr. Biol. 31, 3358-3364.e4 (2021).

61. M. K. Scullin, Sleep, memory, and aging: The link between slow-wave sleep and episodic memory changes from younger to older adults. Psychol. Aging 28, 105-114 (2013).

62.  B.Rasch, C. Biichel, S. Gais, J. Born, Odor cues during slow-wave sleep prompt declarative memory consolidation. Science 315, 1426-1429 (2007).

63.  D.Aeschbach, A. J. Cutler, J. M. Ronda, A role for non-rapid-eye-movement sleep homeostasis in perceptual learing. J. Neurosci. 28, 2766-2772 (2008).

64. M. Inostroza, S. Binder, J. Born, Sleep-dependency of episodic-like memory consolidation in rats. Behav. Brain Res. 237, 15-22 (2013).

65.  E.Kelemen, M. Bahrendt, J. Born, M. Inostroza, Hippocampal corticosterone impairs memory consolidation during sleep but improves consolidation in the wake state. Hippocampus 24, 510-515 (2014).

66.  S.Binder et al., Sleep enhances memory consolidation in the hippocampus-dependent object-place recognition task in rats. Neurobiol. Learn. Mem. 97, 213-219 (2012).

67.  H.Eichenbaum, A. P. Yonelinas, C. Ranganath, The medial temporal lobe and recognition memory. Annu. Rev. Neurosci. 30, 123-152 (2007).

68.  D.Ji, M. A. Wilson, Coordinated memory replay in the visual cortex and hippocampus during sleep. Nat. Neurosci. 10, 100-107 (2007).

69.  U. Faroog, G. Dragoi, Emergence of preconfigured and plastic time-compressed sequences in early postnatal development. Science 363, 168-173 (2019).

70. L Muessig, M. Lasek, I. Varsavsky, F. Cacucci, T. J. Wills, Coordinated emergence of hippocampal replay and theta sequences during post-natal development. Curr. Biol. 29, 834-840.¢4 (2019).

71.  B.P.Staresina et al., Hierarchical nesting of slow oscillations, spindles and ripples in the human hippocampus during sleep. Nat. Neurosci. 18, 1679-1686 (2015).

72.  R.F.Helfrich, B. A. Mander, W. J. Jagust, R. T. Knight, M. P. Walker, Old brains come uncoupled in sleep: Slow wave-spindle synchrony, brain atrophy, and forgetting. Neuron 97, 221-230.e4 (2018).

73.  B.E.Muehlroth et al., Precise slow oscillation-spindle coupling promotes memory consolidation in younger and older adults. Sci. Rep. 9, 1940 (2019).

74.  J.G.Klinzing, N. Niethard, J. Born, Mechanisms of systems memory consolidation during sleep. Nat. Neurosci. 22, 1598-1610 (2019).

75. K. A Paller, J. D. Creery, E. Schechtman, Memory and sleep: How sleep cognition can change the waking mind for the better. Annu. Rev. Psychol. 72,123-150(2021).

76.  S.Maret, U. Faraguna, A. B. Nelson, C. Cirelli, G. Tononi, Sleep and waking modulate spine turnover in the adolescent mouse cortex. Nat. Neurosci. 14, 1418-1420 (2011).

77.  G.M.Mason, S. Lokhandwala, T. Riggins, R. M. C. Spencer, Sleep and human cognitive development. Sleep Med. Rev. 57, 101472 (2021).

78. 1. Wilhelm, M. Metzkow-Mészaros, S. Knapp, J. Born, Sleep-dependent consolidation of procedural motor memories in children and adults: The pre-sleep level of performance matters. Dev. Sci. 15, 506-515
(2012).

79.  J. Prabhakar, E. G. Johnson, C. W. Nordahl, S. Ghetti, Memory-related hippocampal activation in the sleeping toddler. Proc. Natl. Acad. Sci. U.S.A. 115, 6500-6505 (2018).

Hwn =

v

8 of 9 https://doi.org/10.1073/pnas.2123415119 pnas.org


https://www.washingtonpost.com/archive/politics/2004/03/15/time-may-be-up-for-naps-in-pre-k-class/b6149643-6e7c-4997-88ff-588c0f740829/
https://www.washingtonpost.com/archive/politics/2004/03/15/time-may-be-up-for-naps-in-pre-k-class/b6149643-6e7c-4997-88ff-588c0f740829/
https://www.cbsnews.com/news/do-preschoolers-still-need-naps/#:~:text=Parents%20should%20not%20impose%20a,research%2C%20the%20researchers%20pointed%20out
https://www.cbsnews.com/news/do-preschoolers-still-need-naps/#:~:text=Parents%20should%20not%20impose%20a,research%2C%20the%20researchers%20pointed%20out

PNAS 2022 Vol.119 No.44 2123415119 https://doi.org/10.1073/pnas.2123415119 9 of 9

L. B. F. Kurdziel, J. Kent, R. M. C. Spencer, Sleep-dependent enhancement of emotional memory in early childhood. Sci. Rep. 8, 12609 (2018).

A. Cremone, L. B. F. Kurdziel, A. Fraticelli-Torres, J. M. McDermott, R. M. C. Spencer, Napping reduces emotional attention bias during early childhood. Dev. Sci. 20, €12411 (2017).
L. Kurdziel, K. Duclos, R. M. C. Spencer, Sleep spindles in midday naps enhance learning in preschool children. Proc. Natl. Acad. Sci. U.S.A. 110, 17267-17272 (2013).

S. Lokhandwala, R. M. C. Spencer, Slow wave sleep in naps supports episodic memories in early childhood. Dev. Sci. 24, €13035 (2021).

M. A. Hahn, D. Heib, M. Schabus, K. HoedImoser, R. F. Helfrich, Slow oscillation-spindle coupling predicts enhanced memory formation from childhood to adolescence. eLife 9, 53730 (2020).
R. L. Gémez, J. 0. Edgin, The extended trajectory of hippocampal development: Implications for early memory development and disorder. Dev. Cogn. Neurosci. 18, 57-69 (2016).
M. Friedrich, . Wilhelm, J. Born, A. D. Friederici, Generalization of word meanings during infant sleep. Nat. Commun. 6, 6004 (2015).

E. L. Axelsson, J. Swinton, A. I. Winiger, J. S. Horst, Napping and toddlers' memory for fast-mapped words. First Lang. 38, 582-595 (2018).

J. C. Lam, E. M. Mahone, T. Mason, S. M. Scharf, The effects of napping on cognitive function in preschoolers. J. Dev. Behav. Pediatr. 32, 90-97 (2011).

K. Esterline, R. L. Gomez, The role of sleep in retention of new words in habitually and non-habitually napping children. Brain Sci. 11, 1320 (2021).

J. M. Lassonde et al., Sleep physiology in toddlers: Effects of missing a nap on subsequent night sleep. Neurobiol. Sleep Circadian Rhythms 1, 19-26 (2016).

M. Ringli, R. Huber, Developmental aspects of sleep slow waves: Linking sleep, brain maturation and behavior. Prog. Brain Res. 193, 63-82 (2011).

S. Kurth, N. Olini, R. Huber, M. LeBourgeois, Sleep and early cortical development. Curr. Sleep Med. Rep. 1, 64-73(2015).

A. Buchmann et al., EEG sleep slow-wave activity as a mirror of cortical maturation. Cereb. Cortex 21, 607-615 (2011).

S. Kurth et al., Mapping of cortical activity in the first two decades of life: A high-density sleep electroencephalogram study. J. Neurosci. 30, 13211-13219 (2010).

M. K. LeBourgeois, D. C. Dean, S. C. L. Deoni, M. Kohler, S. Kurth, A simple sleep EEG marker in childhood predicts brain myelin 3.5 years later. Neuroimage 199, 342-350 (2019).
T.Riggins, R. M. C. Spencer, Habitual sleep is associated with both source memory and hippocampal subfield volume during early childhood. Sci. Rep. 10, 15304 (2020).

T. Riggins et al., Protracted hippocampal development is associated with age-related improvements in memory during early childhood. Neuroimage 174, 127-137 (2018).

S. Kurth et al., Mapping the electrophysiological marker of sleep depth reveals skill maturation in children and adolescents. Neuroimage 63, 959-965 (2012).

D. F. Swaab, Development of the human hypothalamus. Neurochem. Res. 20, 509-519 (1995).

E. Ferrer, J. J. McArdle, Longitudinal modeling of developmental changes in psychological research. Curr. Dir. Psychol. Sci. 19, 149-154 (2010).

N. Raz et al., Regional brain changes in aging healthy adults: General trends, individual differences and modifiers. Cereb. Cortex 15, 1676-1689 (2005).

M. Sandoval, J. A. Leclerc, R. L. Gémez, Words to sleep on: Naps facilitate verb generalization in habitually and nonhabitually napping preschoolers. Child Dev. 88, 1615-1628 (2017).
. Lerner, M. A. Gluck, Sleep and the extraction of hidden regularities: A systematic review and the importance of temporal rules. Sleep Med. Rev. 47, 39-50 (2019).

. S.C.Pan, T. C.Rickard, Sleep and motor learning: Is there room for consolidation? Psychol. Bull. 141, 812-834 (2015).

. G. M. Mason, J. F. Holmes, C. Andre, R. M. C. Spencer, Bed sharing in preschool children: Frequency, partner characteristics, and relations to sleep. J. Genet. Psychol. 182, 269-288 (2021).
. J.F. Holmes, C. W. St Laurent, R. M. C. Spencer, Unhealthy diet is associated with poor sleep in preschool-aged children. J. Genet. Psychol. 182, 289-303 (2021).

. A F.Helm, R. M. C. Spencer, Television use and its effects on sleep in early childhood. Sleep Heal. 5, 241-247 (2019).

. J. Manuel Duhart, S. Inami, K. Koh, J. M. Duhart, Many faces of sleep regulation: Beyond the time of day and prior wake time. FEBS J., 10.1111/FEBS.16320 (2021).

N. L. Hair, J. L. Hanson, B. L. Wolfe, S. D. Pollak, Association of child poverty, brain development, and academic achievement. JAMA Pediatr. 169, 822-829 (2015).
B. Galland et al., Criteria for nap identification in infants and young children using 24-h actigraphy and agreement with parental diary. Sleep Med. 19, 85-92 (2016).
L. A. Matricciani, T. S. Olds, S. Blunden, G. Rigney, M. T. Williams, Never enough sleep: A brief history of sleep recommendations for children. Pediatrics 129, 548-556 (2012).

B. L. Goodlin-Jones, K. Tang, J. Liu, T. F. Anders, Sleep patterns in preschool-age children with autism, developmental delay, and typical development. J. Am. Acad. Child Adolesc. Psychiatry 47, 930-938 (2008).

P.R. Huttenlocher, A. S. Dabholkar, Regional differences in synaptogenesis in human cerebral cortex. J. Comp. Neurol. 387, 167-178 (1997).

. A Uematsu et al., Developmental trajectories of amygdala and hippocampus from infancy to early adulthood in healthy individuals. PLoS One 7, €46970 (2012).
K. L. Canada, C. T. Ngo, N. S. Newcombe, F. Geng, T. Riggins, It's all in the details: Relations between young children's developing pattern separation abilities and hippocampal subfield volumes. Cereb. Cortex

29, 3427-3433(2019).

. J.H. Gilmore, R. C. Knickmeyer, W. Gao, Imaging structural and functional brain development in early childhood. Nat. Rev. Neurosci. 19, 123-137 (2018).

I. Feinberg, Schizophrenia: Caused by a fault in programmed synaptic elimination during adolescence? J. Psychiatr. Res. 17, 319-334 (1982-1983).


https://doi.org/10.1111/FEBS.16320

	s1
	s2
	s2A
	s2A1
	s2A2
	s2B
	s2B3
	s2B4
	s3
	s3A
	s3B
	s3B1
	s3B2
	s3C
	s3C3
	s3C4
	s3D
	s4

