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Abstract
Sleep-dependent memory consolidation refers to the process whereby the brain
reprocesses and strengthens newly learned information or skills during sleep,
thereby rendering memories more stable and durable. Sleep plays a crucial role
in consolidating newly acquired information into stable long-term memory. The
effects of sleep-dependent memory consolidation vary across different memory
types, and different stages and characteristics of sleep exert differential influ-
ences on the consolidation of different memory types. Building upon adult re-
search, recent studies on infants and young children have revealed that sleep also
serves a vital function in memory consolidation even during early stages of indi-
vidual development. Compared to control groups that did not experience sleep,
infants and young children who slept after learning demonstrated significantly
improved learning outcomes and could solve problems better and faster. Dur-
ing sleep in infants and young children, brain regions associated with memory,
such as the hippocampus and medial temporal lobe, become significantly acti-
vated, and electroencephalographic features like sleep spindles and slow waves
correlate with memory consolidation efficacy in this population. This review in-
troduces advances in behavioral and neuroscientific research on sleep-dependent
memory consolidation in infants and young children from the perspective of two
distinct memory types—declarative memory and procedural memory—thereby
facilitating an understanding of how sleep contributes to memory consolidation
for learning in early development.
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Abstract: Sleep-dependent memory consolidation refers to the process by
which the brain reprocesses and strengthens newly learned information or skills
during sleep, rendering memories more stable and enduring. Sleep plays a cru-
cial role in transforming newly acquired information into stable long-term mem-
ory. The effects of sleep-dependent memory consolidation vary depending on
memory type, and different sleep stages and characteristics exert differential
influences on the consolidation of different memory types. Building upon adult
research, recent studies on infants and toddlers have revealed that sleep serves a
vital function in memory consolidation even during early developmental stages.
Compared to control groups that remain awake, infants and toddlers who sleep
after learning demonstrate significantly improved learning outcomes and can
solve problems more effectively and efficiently. During sleep, brain regions asso-
ciated with memory, such as the hippocampus and medial temporal lobe, show
significant activation in infants, and electrophysiological features like sleep spin-
dles and slow waves correlate with memory consolidation efficacy. This review
examines the behavioral and neural research progress on sleep-dependent mem-
ory consolidation in infants and toddlers from the perspective of two distinct
memory systems—declarative and procedural memory—to elucidate how sleep
consolidates learning during early development.

Keywords: infants and toddlers, sleep, memory consolidation, sleep slow waves,
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Sleep constitutes one of humanity’s primary activities, occupying one-third of
our lives. Beyond restoring physical energy and stabilizing emotions (Ekinci
et al., 2016; Hatzinger et al., 2013, 2014; Przepiórka et al., 2019), sleep con-
solidates memory and facilitates learning (Stickgold, 2005). Adult studies have
demonstrated that post-learning sleep helps solidify newly acquired informa-
tion into stable, enduring memory representations (Schmid et al., 2020; Stick-
gold, 2005). Memory formation comprises an initial learning phase followed by
two consolidation stages—memory stabilization and memory enhancement (also
termed offline learning) (Walker, 2005). While initial learning and stabilization
(maintaining post-learning memory representations) do not depend on sleep,
the enhancement phase (improving memory without active rehearsal) typically
occurs during sleep (Al-Sharman & Siengsukon, 2014; Farhadian et al., 2021;
Sugawara et al., 2014; Walker, 2005). Individuals who sleep after learning show
significantly superior learning outcomes compared to those who remain awake
(Walker, 2005), a phenomenon known as sleep-dependent memory consolidation
(Stickgold, 2005).

Adult research confirms that sleep consolidates both declarative and procedural
memory (Diekelmann et al., 2009; Schmid et al., 2020). Compared to contin-
uous wakefulness, post-learning sleep enhances declarative memory while also
improving procedural memory performance (Wang et al., 2021). However, the
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underlying neural mechanisms may differ across memory types (Ackermann &
Rasch, 2014). Declarative memory consolidation activates the parahippocam-
pal gyrus, thalamus, medial temporal lobe, prefrontal cortex, and cerebellum
(van Dongen et al., 2012), whereas procedural memory consolidation involves
the striatum, hippocampus, cerebellum, and motor cortex (Albouy et al., 2008;
Cousins et al., 2016). Furthermore, declarative memory consolidation primarily
occurs during non-rapid eye movement (NREM) sleep (Rasch et al., 2007), while
procedural memory consolidation mainly takes place during rapid eye movement
(REM) sleep (Plihal & Born, 1997; Qian et al., 2022). Adult memory consol-
idation research also identifies sleep spindles as a crucial electrophysiological
marker, with their frequency, amplitude, and power closely linked to the con-
solidation of new information and memory retention (Ulrich, 2016).

Infants are defined as children within the first year of life (including the neonatal
period of the first 28 days), while toddlers refer to children aged one to three
years (sometimes broadly encompassing one to six years). Research on infants
and toddlers similarly indicates that sleep promotes memory consolidation. Be-
havioral studies show that sleep enhances learning abilities in young children
(Berger & Scher, 2017; Seehagen et al., 2015), which primarily involve acquiring
new knowledge and skills such as motor skill learning (crawling, sitting, stand-
ing, walking) and perceptual learning (color and number recognition) (Veldman
et al., 2019). Neuroimaging studies reveal that brain regions activated during
initial learning are reactivated during subsequent sleep (Johnson et al., 2020),
and EEG research demonstrates connections between specific types of sleep-
dependent memory consolidation and sleep architecture features (Friedrich et
al., 2019; Satomaa et al., 2020).

However, human sleep undergoes rapid development during the first years of life
(Iglowstein et al., 2003; Jenni et al., 2007), with infant sleep patterns differing
substantially from those of adults. Early in life, newborns exhibit polyphasic
sleep patterns comprising three sleep types: active sleep, quiet sleep, and in-
determinate sleep (Ednick et al., 2009). From the second month postpartum,
active sleep gradually evolves into REM sleep and quiet sleep into NREM sleep
(Jenni et al., 2004; Kurth et al., 2015). While adult NREM and REM sleep
alternate throughout the night in approximately 90-minute cycles (McCarley,
2007), three-month-old infants cycle through these stages roughly every 60 min-
utes (Davis et al., 2004). During the first year of life, sleep spindle density,
duration, and frequency in frontal and parietal regions increase continuously,
reaching a lifetime peak (D’Atri et al., 2018; Jenni et al., 2004). Sleep spindles
emerge at one to two months of age (Grigg-Damberger et al., 2007), then begin
declining in power, density, and duration between 12 and 30 months (D’Atri et
al., 2018; Page et al., 2018), continuing to decrease across the lifespan (Clawson
et al., 2016; Lokhandwala & Spencer, 2022). Sleep slow waves can be observed
in infants aged two to four months (Fattinger et al., 2014), gradually increasing
during early childhood before decreasing around puberty (Campbell & Feinberg,
2009). These abundant sleep spindles and slow waves during infancy play crucial
roles in early memory encoding and consolidation.
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Unlike adults, daytime sleep (i.e., napping) constitutes a common component of
infant and toddler sleep (Galland et al., 2012; Iglowstein et al., 2003) and proves
essential for early memory development (Horváth & Plunkett, 2018). First, day-
time sleep helps infants and toddlers consolidate and retrieve new information
learned during the day, enhancing memory stability and persistence. Research
shows that six- and twelve-month-old infants who nap for over 30 minutes within
four hours of learning retain memories longer (Seehagen et al., 2015). Second,
daytime sleep strengthens learning outcomes, with studies demonstrating that
toddlers who sleep immediately after learning new skills show significant per-
formance improvements (Berger & Scher, 2017), indicating that daytime sleep
enhances newly formed memories during learning.

Given these significant differences in sleep structure and physiological mecha-
nisms between infants/toddlers and adults, findings from adult sleep-dependent
memory consolidation cannot be directly generalized to young children. More-
over, examining sleep’s role in memory consolidation during infancy—character-
ized by high brain plasticity and unique sleep features—can deepen our under-
standing of the underlying neural mechanisms. This review synthesizes research
on sleep’s function in infant and toddler memory consolidation, summarizing
its effects on declarative and procedural memory to provide a theoretical foun-
dation for understanding how sleep influences neurodevelopment, cognitive de-
velopment, and motor development in early childhood.

2. Sleep Consolidation of Declarative Memory in Infants
and Toddlers
Throughout infancy and toddlerhood, daytime napping plays an important role
in consolidating declarative memory (Mason et al., 2021). Declarative memory
includes episodic memory (autobiographical memories associated with temporal
or spatial context) and semantic memory (memory for general knowledge). It
should be noted that since infants and toddlers have not yet fully developed
language abilities such as semantic comprehension and conceptualization, this
section will focus on sleep’s impact on language and conceptual generalization
abilities in the semantic memory domain.

2.1 Sleep Consolidation of Episodic Memory in Infants and Toddlers

In research on episodic memory during infant sleep, Horváth et al. (2018) used
a visual paired comparison task to investigate sleep-dependent memory consol-
idation in three-month-old infants, finding that only infants who napped af-
ter learning (1.5 hours) could remember the learned cartoon faces. Moreover,
learning speed correlated with sleep EEG measures: the time infants took to
habituate to cartoon faces was inversely proportional to frontal sleep spindle
density. Spencer’s research group in the United States examined sleep’s im-
pact on episodic memory in three- to six-year-old toddlers using two different
declarative memory tasks. The first study (Kurdziel et al., 2013) employed a
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visuospatial learning task and found that toddlers who napped showed higher
recall accuracy for cartoon picture locations than those who did not nap, with
this difference remaining significant after 24 hours and sleep spindle density
positively correlating with recall accuracy. The second study (Lokhandwala
& Spencer, 2021) used a cartoon picture sequence memory task and similarly
found that toddlers in the post-learning sleep group showed higher recall accu-
racy in delayed testing than the wake group, with group differences persisting
after 24 hours and recall accuracy positively correlating with slow-wave sleep du-
ration. Spencer’s two studies indicate that different sleep features make unique
contributions to different types of episodic memory during toddlerhood: spatial
memory may depend more on sleep spindles, while episodic sequence memory
may rely more on sleep slow waves.

Deferred imitation is a widely recognized measure of episodic memory (Mc-
Donough et al., 1995), in which participants imitate actions they observed oth-
ers perform after a time delay. Seehagen’s research group in Germany employed
this paradigm in three studies, having infants watch and learn from an experi-
menter’s manual toy manipulation (e.g., moving a car, changing a doll’s gloves)
face-to-face to examine napping’s effect on action imitation memory. The first
study (Seehagen et al., 2015) found that six- and twelve-month-old infants who
napped after action imitation learning showed greater memory quantity and ac-
curacy for learned actions compared to same-age infants who did not nap, with
group differences maintained for at least 24 hours. This study provided the first
experimental evidence supporting sleep’s role in consolidating declarative mem-
ory in infants under one year. The second study (Konrad et al., 2016) found
that twelve-month-old infants who napped after action imitation learning not
only showed significantly better memory quantity for learned actions than non-
napping infants but also could extract key learning points from novel stimuli,
suggesting that sleep helps infants apply recently acquired knowledge to new con-
texts. The third study (Konrad et al., 2016) further divided twelve-month-old
infants into post-learning sleep, wake, and baseline (no learning) groups, using
differently colored toys in learning and test phases (e.g., replacing a learned red
mouse doll with a pink one in testing) to examine learning and memory flexibil-
ity. Results showed the sleep group demonstrated higher memory quantity for
learned actions and executed the first learned action faster than the wake group,
indicating that sleep promotes infants’flexible application of learned knowledge
to similar retrieval cues. Collectively, Seehagen’s three studies demonstrate
sleep’s important role in memory encoding and consolidation in infants (Seeha-
gen et al., 2019). Additionally, Konrad et al. (2019) investigated selective sleep
memory consolidation in toddlers using an action imitation paradigm. During
learning, fifteen- and twenty-four-month-old toddlers were shown eight action
sequences involving both relevant actions for operating four toys (e.g., removing
an obstacle in front of a toy car to let it roll down a ramp) and irrelevant ac-
tions (e.g., removing an obstacle behind a stationary toy car). Toddlers who did
not sleep after learning retained information about all eight action sequences,
whereas those who slept did not show this ordered recall pattern—they only
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clearly remembered the four toy-relevant actions. This study provided the first
evidence of selective sleep memory consolidation in toddlers, demonstrating that
sleep helps children selectively“discard”information they deem useless or irrel-
evant for future use.

Targeted memory reactivation (TMR) represents an important paradigm for
investigating the neural mechanisms of sleep-dependent memory consolidation
(Hu et al., 2020). Adult studies show that TMR for declarative memory signif-
icantly activates memory-related brain regions including the parahippocampal
gyrus, thalamus, and medial temporal lobe (van Dongen et al., 2012). Ghetti’
s research group in the United States used the TMR paradigm to examine
the neural mechanisms of sleep in consolidating episodic and semantic memory
in two-year-old toddlers. In the first episodic memory study (Prabhakar et al.,
2018), experimenters had toddlers play with specific dolls in specific rooms while
listening to target songs. During natural nighttime sleep one week after learn-
ing, functional MRI signals were collected while playing target and novel songs.
Results showed that when memory cues associated with episodic memory were
played during sleep (target songs, both forward and reversed), toddlers showed
increased bilateral hippocampal activation compared to novel songs, with right
hippocampal activation positively correlating with memory accuracy for asso-
ciations between target songs and room locations/dolls. This study highlights
the hippocampus’s important role in episodic memory consolidation during
early development. In the second episodic memory study (Mooney et al., 2021),
toddlers learned three person-location pairings in sequence (first a doctor went
to school, then a firefighter went to the slide, finally an astronaut went to the
school bus). Once toddlers could successfully pair the three person-space re-
lationships in chronological order, the program played a reward song (target
song). Results showed toddlers could remember spatial location information
well after a one-week delay but performed poorly on temporal order memory.
Playing the target song during sleep one week after learning revealed that right
hippocampal activation levels (compared to novel songs) positively correlated
with toddlers’temporal order memory accuracy but not with spatial location
memory performance, revealing a close link between the hippocampus and tem-
poral order memory. The inconsistent hippocampal activation results across
these two studies regarding spatial memory conditions may stem from differ-
ences in memory tasks: the first used a simple spatial location pairing task,
while the second employed a more complex sequence memory task examining
both spatial location and temporal order memory. These task differences may
lead to different neural mechanisms for memory consolidation. Future TMR
studies should further investigate the relationship between the hippocampus
and temporal order versus spatial location memory.

In summary, these studies demonstrate that sleep improves memory quantity
and accuracy for various types of episodic memory in infants and toddlers, in-
cluding cartoon faces, toy manipulation, spatial locations, and temporal order,
with different sleep features (e.g., spindles and slow waves) making unique con-
tributions to different episodic memories. Furthermore, sleep promotes selective
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memory consolidation and knowledge transfer while activating memory-related
brain regions such as the hippocampus. These findings provide valuable infor-
mation for exploring the neural mechanisms of episodic memory during early
development.

2.2 Sleep’s Impact on Semantic Memory and Generalization Abilities
in Infants and Toddlers

Similar to episodic memory, daytime napping plays a crucial role in consolidat-
ing semantic memory in young children. In an observational study (Horváth &
Plunkett, 2016), researchers collected daytime and nighttime sleep patterns in
eight- to thirty-six-month-old toddlers through parental sleep diaries. Results
showed that both nap frequency and nighttime sleep efficiency positively cor-
related with productive vocabulary (words children can actively use in speech
or writing) and receptive vocabulary (words children can comprehend) growth
four months later, whereas nighttime sleep duration did not predict vocabulary
growth.

In laboratory studies of language learning, Nadel’s research group in the United
States used the habituation-head-turn preference paradigm in two experiments
to examine sleep’s impact on language learning in fifteen-month-old toddlers.
After learning the phonology of 24 artificial“pseudowords”generated by specific
spelling rules, toddlers’memory for learned words was tested after napping. The
first study (Gómez et al., 2006) found that post-learning naps helped toddlers ex-
tract spelling rules from learned word examples and flexibly apply these rules to
unlearned words. The second study (Hupbach et al., 2009) found that toddlers
only retained memory for spelling rules 24 hours after learning word examples
if they had napped after learning. These results demonstrate sleep’s important
influence on language learning and memory in toddlers. Additionally, Simon et
al. (2017) used the habituation-head-turn preference paradigm to examine sleep’
s effect on statistical word learning in 6.5-month-old infants, finding that only
infants who napped after learning could remember linguistic statistical regulari-
ties, with consolidation effects positively correlating with alpha and theta power
and frontal-central slow wave energy. Beyond habituation paradigms, Williams
and Horst (2014) used a story-reading task to investigate sleep’s impact on
word learning in three-year-old toddlers. One group of toddlers read the same
story three times while another group read three different stories to learn new
words appearing in the stories, with each reading group then subdivided into
nap and wake conditions. Memory tests administered at 2.5 hours, 24 hours,
and one week after learning revealed that sleep group toddlers showed signifi-
cantly higher memory accuracy for new words than wake groups in both reading
conditions, demonstrating sleep’s memory consolidation effect on word learning.
Furthermore, toddlers who read the same story repeatedly showed better word
learning and memory than those who read different stories.

The object-category task represents the most commonly used paradigm for inves-
tigating semantic learning and generalization in infants and toddlers. Friedrich’
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s research group in Germany used this paradigm combined with EEG measures
(N400 and spindles) in a series of studies examining sleep’s role in memory re-
organization and generalization from language perception to semantic learning.
The first study (Friedrich et al., 2015) found that napping (approximately 1.5
hours) in nine- to sixteen-month-old infants could reorganize memory and gener-
ate new semantic knowledge, with this semantic generalization effect (applying
learned category labels to new objects) positively correlating with sleep spindle
amplitude in frontal, parietal, and central regions. The second study (Friedrich
et al., 2017) found that six- to eight-month-old infants only showed semantic
generalization effects after experiencing NREM sleep following object-category
learning, with this effect positively correlating with NREM duration and sleep
spindle amplitude; infants in light sleep (without NREM) could only consolidate
memory related to phonological perception. Subsequently, this research group
used the object-category paradigm combined with the N400 component to ex-
amine the relationship between semantic and episodic memory during sleep in
fourteen- to seventeen-month-old toddlers (Friedrich et al., 2020). The N400 is a
negative waveform over central-parietal regions elicited by semantic expectancy
violations. Friedrich et al. (2020) first had toddlers learn object-category label
pairings (presenting objects followed by category labels), creating an episodic
context. One group of toddlers then napped while another remained awake.
During testing, both learned (old) and new objects were presented twice each
—once paired with correct category labels and once with incorrect labels. Re-
sults showed that new object-incorrect category label pairings elicited N400 in
all toddlers (compared to correct pairings), indicating semantic memory forma-
tion through learning. Old object-incorrect category labels only elicited N400
in the wake group (not the sleep group). Moreover, old object-correct label
pairings elicited a larger negative wave than old object-incorrect label pairings
in frontal-temporal regions of sleep group toddlers (reflecting an episodic mem-
ory effect), with this component’s amplitude positively correlating with frontal
sleep spindle amplitude. These results suggest that after simultaneous episodic
and semantic learning, sleep consolidates episodic memory and protects precise
episodic memories from temporary interference by semantic memory. Addition-
ally, Spanò et al. (2018) used the object-category paradigm to examine REM
sleep’s impact on word semantic learning in typically developing toddlers and
children with Down syndrome. Typically developing one- to four-year-old chil-
dren only showed high accuracy in memory post-tests after napping, with sleep’
s memory consolidation effect maintained for at least 24 hours and REM du-
ration positively correlating with word learning accuracy. Conversely, children
with Down syndrome showed decreased word semantic learning accuracy after
napping compared to wake groups, with learning effects unrelated to REM du-
ration. This represents rare evidence linking REM sleep to declarative memory
consolidation, though its reliability requires verification in future studies.

The object naming learning task (also called fast mapping) resembles the object-
category task, involving the association of specific objects with new words.
Horst’s research groups in the UK and Australia used this task to examine
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napping’s effect on semantic learning in 2.5-year-old toddlers. The first study
(Axelsson et al., 2018) presented toddlers with novel object pictures and novel
word audio to learn word-object pairings, with testing requiring toddlers to
point to corresponding object pictures on a screen after hearing object names.
Results showed that sleep group toddlers exhibited higher and more stable re-
call accuracy at 4-hour and 24-hour memory tests, while wake group toddlers
showed significantly lower recall accuracy at both tests, with 24-hour perfor-
mance worse than 4-hour performance. This study demonstrates that napping
helps maintain and consolidate memory for object naming learning. The sec-
ond study (Axelsson et al., 2021) added a memory reinforcement phase during
learning, repeating each object-name fast mapping twice. Results mirrored the
first study and revealed that toddlers with memory reinforcement showed higher
performance at both delayed tests (4 and 24 hours) than at immediate testing,
highlighting napping’s memory-enhancing effect on object naming learning.

Another object naming learning task measures cross-modal preferential looking
(IPL; Golinkoff et al., 1987), where instead of pointing to objects, toddlers’look-
ing times to target versus distractor objects are measured when hearing names.
Horváth’s research group in the UK used this measure in two studies examining
sixteen-month-old toddlers’novel word learning. The first study (Horváth et
al., 2015) had toddlers learn voice labels for two objects during learning, then
randomly assigned them to sleep or wake groups for testing immediately and
after a 2-hour delay. No group differences emerged at immediate testing, but
after the sleep group napped, they showed longer looking times to target objects
upon hearing labels than the wake group at the second test. The second study
(Horváth et al., 2016) examined napping’s effect on toddlers’word meaning
generalization. After learning object-label pairings and immediate memory test-
ing, toddlers were randomly assigned to sleep or wake groups and retested after
1.5 hours. Both tests presented generalization forms of the two learned objects
(same shape but different color from learning) and unlearned new objects. IPL
measures revealed an interaction between sleep group and test session: the sleep
group showed significantly increased looking times to target objects after nap-
ping (compared to immediate testing), while the wake group’s looking times
did not differ significantly across tests. This study demonstrates napping’s
role in semantic generalization, suggesting that napping is an active language
representation enhancement process that extracts and retains key features of
semantic concepts.

Targeted memory reactivation (TMR) can also investigate semantic memory
consolidation mechanisms. Beyond episodic memory, Ghetti’s research group
used TMR to examine how the toddler brain consolidates newly learned words
during sleep (Johnson et al., 2021). Toddlers first learned words through an
object-label task (object naming learning) and were tested immediately and one
week later. Results showed toddlers learned new words and retained memory
for them after one week. During natural nighttime sleep one week after learn-
ing, playing memory cues (learned words) activated the left hippocampus and
left anterior medial temporal lobe (compared to unlearned novel words), with
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activation levels in these regions positively correlating with memory accuracy
for learned words and vocabulary production at age three. This study confirms
the role of the medial temporal lobe, centered on the hippocampus, in semantic
memory consolidation.

In summary, existing research demonstrates that timely naps after learning con-
solidate and enhance declarative memory in infants and toddlers (Mason et al.,
2021). Activation of memory-related brain regions during sleep (hippocampus,
medial temporal lobe) and sleep EEG measures (spindles, slow wave amplitude)
play important positive roles in declarative memory consolidation. A summary
of experimental studies on sleep’s consolidation of declarative memory in infants
and toddlers is presented in Table 1 .

3. Sleep Consolidation of Procedural Memory in Infants
and Toddlers
Procedural memory, also called skill memory, refers to our memory for skills,
habits, and behaviors that derive from learning and experience and may not
be consciously recalled. Studying procedural learning in infancy is challenging
because infants’motor abilities are still developing. Currently, few studies ex-
amine the relationship between sleep and procedural memory consolidation in
infants and toddlers.

The earliest study (Fagen & Rovee-Collier, 1983) trained three-month-old in-
fants to move a mobile above their crib through leg-kicking actions. Two weeks
later, kick rate (retention probability of leg-kicking actions) positively corre-
lated with infants’total sleep time during that period. Gibson et al. (2011)
examined sleep’s impact on motor development in twelve-month-old infants,
recording sleep patterns for one week using actigraphy, sleep diaries, and the
Brief Infant Sleep Questionnaire, while measuring development using the Ages
and Stages Questionnaire (ASQ). Results showed that nighttime sleep efficiency
positively correlated with problem-solving skills and fine motor ability scores on
the ASQ, indicating that sleep promotes skill and motor development. DeMasi
et al. (2023) divided ten- to nineteen-month-old infants into high and low walk-
ing experience groups and measured their physical activity during sleep using
actigraphy. High walking experience infants showed more irregular movements
during sleep, with physical activity increasing hour by hour. This study demon-
strates that infants’physical activity during nighttime sleep changes with motor
skill learning, with walking experience significantly impacting infant sleep and
sleep-related movements. Thus, infant sleep and motor development are mutu-
ally influential and facilitative, playing important roles in cognitive development
during early development.

Neuroimaging studies on procedural memory in infants and toddlers remain
scarce, but preliminary evidence suggests that sleep spindles and slow-wave
sleep activity relate to fine motor skill learning and consolidation. For example,
Satomaa et al. (2020) found that left frontal and occipital sleep slow waves
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in eight-month-old infants positively correlated with fine motor abilities, while
Page et al. (2018) found that fine motor abilities in twelve- to thirty-month-
old toddlers positively correlated with theta rhythm activity and negatively
correlated with delta rhythm during NREM sleep.

The tunnel task provides an excellent paradigm for examining motor problem-
solving in infants and toddlers (Brawn et al., 2008). In this task, infants placed
before a tunnel must change body posture (from standing to crawling) to enter
it. During training, infants learn to crawl through the tunnel via nonverbal
cues (toys attracting attention at the tunnel’s far end). Motor performance
is measured by posture switches, time to pass through the tunnel, and number
of cues needed. Berger’s research group in the United States used this task
in four studies examining sleep’s impact on infant motor learning. The first
study (Berger & Scher, 2017) had nine- to sixteen-month-old infants learn the
tunnel task, comparing motor problem-solving between infants who napped af-
ter learning and those who did not, finding that the sleep group required fewer
cues to pass through the tunnel. The second study (DeMasi et al., 2021) divided
ten- to nineteen-month-old infants into two groups—one napping immediately
after learning and another delaying nap by four hours—finding that the imme-
diate nap group required fewer cues and less time to pass through the tunnel
at the 6-hour post-learning test, with fewer posture switches before entering,
highlighting the importance of timely sleep for procedural memory consolida-
tion in infants. The third study (Horger et al., 2023) randomly assigned ten- to
nineteen-month-old infants to three groups: nap between learning and first test,
wake between learning and first test, and immediate test after learning, with all
groups retested after natural nighttime sleep. While nap and wake groups did
not differ significantly in posture switches before the tunnel at first test, the
sleep group showed significantly fewer posture switches than the wake group at
second test, indicating that only infants who napped immediately after motor
learning could further consolidate procedural memory through natural nighttime
sleep to improve motor task performance. This study also separately examined
the effects of daytime naps and nighttime sleep on infant procedural memory,
providing a valuable approach for future research.

The serial reaction time task (SRT) is a classic paradigm for studying motor
learning ability, requiring participants to rapidly press buttons in a learned se-
quence. Wilhelm et al. (2012) used the SRT to examine sleep’s consolidation of
procedural memory in four- to six-year-old children. Children were divided into
high- and low-intensity learning groups (receiving 10 versus 30 training trials),
with all children undergoing two tests after learning (30-minute delay, 2-hour
delay) and napping or remaining awake between tests. Only children in the high-
intensity learning condition showed significantly lower reaction times in the nap
group than the wake group at the 2-hour delay test, with no significant sleep
effects under low-intensity learning conditions. This study suggests that sleep’
s consolidation of procedural memory is also influenced by pre-sleep procedural
learning levels. Desrochers et al. (2016) used the SRT to examine different sleep
types’effects on procedural memory in three- to six-year-old children, with all
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children undergoing three tests (immediate, 5-hour delay, 24-hour delay) after
learning. At the 5-hour delay test, nap group children’s reaction time and ac-
curacy improvements did not differ significantly from immediate post-learning
performance, but after 24 hours (following nighttime sleep), behavioral abili-
ties measured by reaction time and accuracy improved significantly. Consistent
with Horger et al. (2023), this study suggests that procedural learning requires
nighttime sleep to form stable memory representations. Additionally, research
using the SRT and its variants has examined sleep disorders’impact on proce-
dural memory consolidation in eight- to eleven-year-old children (Csábi et al.,
2016), finding that children with sleep apnea syndrome, like healthy children,
showed significantly improved sequence button-pressing reaction times and ac-
curacy after natural nighttime sleep, indicating that sleep also positively affects
procedural memory consolidation in children with sleep disorders.

In summary, although research on sleep and procedural memory consolidation
in infants and toddlers remains limited, existing studies demonstrate sleep’s
positive role in consolidating procedural memory. More research is needed on
the relationship between sleep and motor skills, particularly regarding REM
sleep, which has been extensively linked to procedural memory consolidation
in adults (Plihal & Born, 1997; Qian et al., 2022) but remains unexamined in
infant studies. A summary of experimental studies on sleep’s consolidation of
procedural memory in infants and toddlers is presented in Table 2 .

4. Summary and Future Directions
Our review of existing literature reveals that sleep plays an important consoli-
dating role for both declarative and procedural memory in infants and toddlers,
with daytime naps significantly facilitating declarative memory consolidation
while procedural memory consolidation appears more dependent on nighttime
sleep. During sleep, memory-related brain regions (e.g., hippocampus, medial
temporal lobe) are activated, and changes in sleep EEG features (spindles, slow
wave amplitude) correlate with memory consolidation efficacy. Nevertheless,
several issues remain unresolved, and we propose future research address the
following questions:

First, does sleep also consolidate memory in newborns? Current sleep mem-
ory consolidation research primarily focuses on adults and children/adolescents
(Mason et al., 2021; Schmid et al., 2020), with the youngest reported age for
sleep-dependent memory consolidation being three months (Horváth et al., 2018;
Fagen & Rovee-Collier, 1983). No studies have examined sleep’s memory consoli-
dation effects on newborn learning. Younger age is associated with greater brain
plasticity. Newborns, having just entered a completely new world, continuously
receive environmental information and establish numerous synaptic connections
through learning, forming declarative and procedural memory representations.
Does sleep play a role in this process, and if so, what role? Although newborns
show rudimentary forms of adult sleep cycles, they have not yet developed dis-
tinct NREM and REM sleep stages. We recommend future studies use EEG
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and near-infrared spectroscopy to monitor newborn sleep states in real time,
combined with TMR paradigms, to examine how sleep and associated neural
activity consolidate newborn learning.

Second, what are the similarities and differences between infant/toddler and
adult sleep-dependent memory consolidation? Sleep can promote new synapse
formation to create stable memory representations (Yang et al., 2014). Synaptic
number changes represent the brain’s process of learning from and adapting
to experience and constitute an important memory consolidation mechanism.
From birth, human synapse numbers follow a developmental trajectory of ini-
tial increase followed by pruning: the first year represents a critical period for
synapse development, peaking at age three (approximately twice adult levels),
then gradually pruning until stabilizing around adolescence at age 16. Differ-
ences in synapse numbers and developmental stages between infants/toddlers
and adults may lead to different mechanisms of sleep-dependent memory con-
solidation, making it inappropriate to simply generalize adult findings to young
children. Current adult research explanations for the sleep-memory consolida-
tion relationship primarily include the synaptic homeostasis hypothesis, systems
consolidation hypothesis (Squire & Alvarez, 1995), and memory replay overlap
theory (Lewis & Durrant, 2011). Studying sleep-memory consolidation relation-
ships in infants and toddlers can not only enhance understanding of cognitive
development and learning abilities but also provide new perspectives and evi-
dence for adult theories. For example, does information exchange between hip-
pocampus and neocortex occur during infant sleep? Do infant synapses undergo
optimization and pruning during sleep? Does memory replay occur during in-
fant sleep? These questions warrant further exploration. Given that most adult
experimental paradigms cannot be used with infant participants, future research
should develop new infant-appropriate paradigms to compare sleep-dependent
memory consolidation mechanisms across ages. We suggest using simple learn-
ing and memory tasks that facilitate behavioral output in infants and toddlers,
including but not limited to visual discrimination learning tasks (examining
eye movement measures), binaural competitive speech learning tasks (examin-
ing head-turn preferences), or oddball paradigms combined with EEG MMR
measures to directly assess memory performance using neural indicators.

Third, how does sleep systematically promote social and language learning in
infants and toddlers? Unlike children, adolescents, and adults who engage in
substantial declarative and procedural learning (e.g., knowledge, skills), the pri-
mary tasks during infancy and toddlerhood involve social learning (including
secure attachment, social interaction, emotion, theory of mind) and language
learning (native language, phonology, vocabulary) (Bremner & Fogel, 2004; Slot
et al., 2020; Tomasello, 2001). Although existing research has examined sleep’
s impact on infant/toddler learning of phonology, semantics, and cartoon faces,
many aspects of social and language learning remain unexplored. For exam-
ple, numerous studies emphasize the importance of early experience in animals
and humans, with biologists even proposing imprinting concepts (Robledo et
al., 2022). What role does infant sleep play in forming social learning? Which
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learning experiences are preferentially consolidated by sleep to form knowledge
schemas that subsequently influence cognitive and social development? Fur-
thermore, adult research shows sleep can reduce negative emotional intensity,
enhance positive emotional experiences, and improve memory for faces and emo-
tions (Walker & van der Helm, 2009; Tempesta et al., 2018). Does sleep have
special effects on emotional and social memory in infants and toddlers (e.g.,
social smiling, stranger anxiety, separation anxiety)? We recommend future
research adopt experimental paradigms suitable for infant/toddler social and
language learning to examine sleep’s consolidation of social and language mem-
ories (e.g., memory for mother’s and strangers’faces, vocal tones, and intonation
patterns).

Fourth, do different sleep types, durations, and timing contribute differently to
memory consolidation? Current research shows daytime naps promote declar-
ative memory in infants and toddlers, while procedural memory consolidation
appears more dependent on nighttime sleep. However, direct comparisons of
sleep types remain lacking. Do daytime naps and nighttime sleep have specific
effects on different memory types? Furthermore, do different effects of daytime
versus nighttime sleep on memory stem from differential NREM/REM propor-
tions? Additionally, how do sleep duration (e.g., 2-hour versus 5-hour naps)
and sleep onset timing (e.g., immediate sleep versus sleep after a 2-hour delay)
affect memory consolidation? These questions merit investigation.
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