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Sleep is a critical neurobiological process essential for brain maturation,

emotional regulation, cognitive development, and overall organ system

homeostasis. In the pediatric intensive care unit (PICU), sleep architecture

is frequently disrupted by environmental stimuli, sedation, and clinical

interventions, resulting in sleep fragmentation. Unlike sleep deprivation, sleep

fragmentation preserves sleep duration but impairs its continuity and depth,

disproportionately a�ecting slow-wave sleep, that is essential for growth,

healing, in addition to immune function and REM sleep, that is fundamental for

synaptic plasticity, neurogenesis, and memory consolidation. These disruptions

are particularly concerning in children, who require more sleep than adults due

to ongoing neurogenesis and rapid somatic growth, rendering them uniquely

vulnerable to adverse e�ects. Emerging evidence links fragmented sleep in

the PICU to altered neurodevelopmental trajectories and increased risk of

Pediatric Post-Intensive Care Syndrome (PICS-p), with delirium serving as a

key mediator. Despite promising adult studies on sleep-promoting interventions

and EEG-based monitoring, pediatric research remains limited. Future research

should prioritize objective sleep monitoring, developmental tailoring of care

protocols, and longitudinal studies to clarify the impact of sleep fragmentation

on recovery and neurodevelopment. This narrative review highlights the

urgent need to recognize and preserve sleep as a modifiable determinant of

neurocognitive outcomes in critically ill children.

KEYWORDS

sleep fragmentation, delirium, neurodevelopmental outcomes, Post-Intensive Care

Syndrome (PICS), intensive care units, pediatric

1 Introduction

Sleep is a dynamic and fundamental physiological process essential for
neurodevelopment, cognitive maturation, and overall health. Sleep evolves over a
lifetime in support of age-specific biological needs. The ultradian cycle of sleep describes
24-h sleep-wake cycles. Within the period of sleep, cycles of stages of non-rapid eye
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movement (NREM) and rapid eye movement (REM) occur,
with the time spent in each dependent on age. Slow-wave
sleep (SWS), the deepest phase of NREM sleep, is critical
during early life for growth hormone secretion, cellular repair,
and immune regulation, while REM sleep facilitates emotional
regulation, memory consolidation, and neural plasticity (Soto
et al., 2024). Together, these stages form the architecture of
restorative sleep, which makes up a substantial portion of sleep in
childhood in support of growth, immune system maturation, and
brain development.

The integrity of this architecture is frequently disrupted
in children cared for in intensive care units (ICUs), where
continuous monitoring and interventions generate environmental
and physiological stressors that profoundly alter circadian rhythms
and sleep continuity (Boyko et al., 2017). Unlike total sleep
deprivation, sleep fragmentation—marked by recurrent arousals
and incomplete sleep cycles—can result in non-restorative sleep
even when total sleep duration appears preserved (Hassinger
et al., 2023). In adult ICU patients, such disruption has
been linked to adverse outcomes including delirium, cognitive
dysfunction, prolonged hospitalization, and increased morbidity
(Boyko et al., 2017; Herrup et al., 2017; Knauert et al.,
2018).

Despite these well-documented associations in adults, sleep

fragmentation remains an underexplored determinant of recovery

in pediatric critical care. Children admitted to the pediatric
intensive care unit (PICU) are uniquely susceptible to the

consequences of sleep fragmentation due to their developmental

dependence on high proportions of SWS and REM sleep (Berger
et al., 2021). Admission to the PICU often results in significant

alterations in sleep patterns, driven by a combination of PICU-

related stressors such as environmental noise, lighting, sedation,
and mechanical ventilation (Kudchadkar et al., 2019; Greenfield

et al., 2020; Stremler et al., 2021). On top of this, children’s reliance
on caregivers, limited communication capacity, and developmental
heterogeneity complicate both assessment and management of
sleep disruption (Burger et al., 2024). Consequently, while
these children are uniquely vulnerable, awareness of modifiable
contributors to sleep fragmentation remains limited.

Given the significant role of sleep in neurodevelopment
and recovery, identifying and mitigating these disruptions is
crucial. This narrative review synthesizes emerging evidence on
sleep fragmentation in critically ill children, examines its links
to neurocognitive and emotional impairments, and highlights
strategies to reduce fragmentation and protect sleep as a modifiable
factor in neuroprotective critical care.

For this review, we conducted an iterative search, starting
broadly, examining the relationship between sleep and
neurocognitive outcomes in children. We then focused our
search on critically ill patients, including adults, as there is very
little in the pediatric literature. The senior authors run their unit’s
PICU outcomes clinic and have significant knowledge related
to PICS-p. Utilizing this background, we finally attempted to
delve into the PICS-p literature and determine if sleep was being
investigated as a modifiable risk factor for improving outcomes
after pediatric critical illness.

2 Sleep and its neurodevelopmental
significance

Sleep and wake follow a 24-h ultradian cycle, regulated by
two key mechanisms that control wakefulness and sleepiness.
The homeostatic process increases the propensity for sleep as
wakefulness is prolonged, while the circadian system—driven by
the suprachiasmatic nucleus—modulates sleep propensity across
the 24-h cycle, promoting alertness during the day and facilitating
sleep onset in the evening. Together, these mechanisms orchestrate
the timing and depth of sleep to maintain physiological and
cognitive equilibrium (Desai et al., 2024; Shakankiry, 2011).

Sleep itself is a complex, dynamic process composed of
cyclic transitions between non-rapid eye movement (NREM)
and rapid eye movement (REM) sleep. NREM is subdivided
into three stages (N1–N3), with N3—also known as slow-wave
sleep (SWS)—representing the deepest and most restorative phase
(Memar and Faradji, 2018). Each stage is characterized by specific
electroencephalographic (EEG) features that reflect underlying
neuronal oscillations and cortical synchronization. NREM sleep,
particularly SWS, is implicated in growth hormone secretion,
energy restoration, and immune system development (Wilckens
et al., 2018). REM sleep plays a crucial role in neuronal growth,
sensorimotor integration, memory consolidation and emotional
regulation (Zhou et al., 2020). Collectively, these stages synergize
to facilitate neurodevelopmental processes, particularly in early
life when the brain undergoes rapid structural and functional
maturation (Ribeiro et al., 2004) (Table 1). The emergence and
refinement of sleep architecture follow a developmental trajectory
shaped by neurobiological maturation, hormonal regulation,
and behavioral routines. The development of stable circadian
rhythms and sleep regulation begins in utero, with sleep patterns
adapting across childhood and adolescence to modulate the timing,
depth, and duration of sleep (Escobar et al., 2021; Bathory and
Tomopoulos, 2017).

Compared to adults, children spend a markedly higher
proportion of sleep in REM and SWS, highlighting their greater
physiological requirement for restorative sleep (Figure 1). In
neonates, REM sleep may constitute up to 50% of total sleep
time, contributing to cortical differentiation and sensorimotor
pathway development—particularly in the context of limited
environmental stimulation (Dumoulin Bridi et al., 2015; Peirano
and Algarín, 2007). By early childhood, the total time in REM
sleep decreases while SWS increases, reflecting heightened growth
velocity and memory consolidation demands. Current pediatric
sleep research consistently shows that SWS and slow-wave activity
(SWA) peak in late childhood, prior to puberty, and decline
steeply during adolescence despite continued physiologic needs
such as growth hormone secretion (Kurth et al., 2010). As
adolescents complete puberty, SWS continues to decline toward
adult levels, mirroring broader processes of cortical thinning and
synaptic remodeling (Lockley and Foster, 2012; Feinberg and
Campbell, 2010). These developmental dynamics in the different
sleep states render pediatric populations uniquely sensitive to
disruptions in sleep continuity and depth. Shortened ultradian
cycles, higher REM density, and the predominance of SWS in
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TABLE 1 An overview of sleep stage distribution across pediatric developmental stages, highlighting expected sleep composition, neurophysiological characteristics, and their implications for cognitive,

emotional, and somatic development.

Type of
sleep

Age group Amount
expected

Physiological
characteristics

Neurodevelopmental
implications

Consequences of
disruption

References

Light sleep
(NREM stage 1 &
2)

Neonate (0–1
month)

20–50% Sleep spindles: absent; normally
characterized by 12–14Hz oscillatory
bursts during sleep.
Trace alternant pattern: most frequent
neonatal EEG pattern; marked by
intermittent high-amplitude slow waves
mixed with faster activity. Typically
disappears by 2 weeks of age and absent
by 6 weeks.

Lays foundation for circadian rhythm
development and future sleep
consolidation.

Linked to heightened stress response,
somatic pain, impaired cognition,
emotional distress, mood disorders, and
reduced quality of life.
Disturbs maturation of sleep-wake cycles
and neural network organization.

Goel and Goel, 2024; Lenehan
et al., 2023; Grigg-Damberger et al.,
2007; Barclay and Gregory, 2013;
Mirmiran et al., 2003

Infant (1–12
months)

25–50% Sleep spindles and K-complexes emerge
by 3 months, enhancing sleep stability.

Facilitates early memory formation,
sensorimotor integration, and
establishment of sleep homeostasis.

Disruption may lead to heightened
sensory reactivity, arousal disorders, and
delayed motor milestones.

Goel and Goel, 2024; Lenehan
et al., 2023; Grigg-Damberger et al.,
2007; Jiang, 2020

Early childhood
(1–5 years)

50–60% Increased N1/N2 time due to reduced
REM/SWS proportion; strong sleep
spindle presence.

Sleep spindles contribute to motor learning
and language development.

Disruption may impair procedural
learning, increase sleep fragmentation,
and contribute to attentional lability.

Goel and Goel, 2024; Barclay and
Gregory, 2013; Carskadon and
Dement, 2011; Fogel and Smith,
2011

Late childhood
(6–12 years)

50–55% N2 becomes the predominant stage of
sleep; increased spindle density.

Helps integrate daily experiences and
primes brain for higher-order tasks.

Associated with attention deficits,
learning difficulties, school struggles, and
risk-taking behaviors.

Goel and Goel, 2024; Barclay and
Gregory, 2013; Carskadon and
Dement, 2011; Paruthi et al., 2016;
Fogel and Smith, 2011

Adolescent (13–18
years)

55–60% Light sleep dominates due to SWS
decline; brain remains more reactive to
external stimuli.

Maintains continuity of sleep cycles,
supports emotional regulation and
transition to adult-like sleep architecture.

May affect academic performance,
daytime alertness, and sleep efficiency.

Goel and Goel, 2024; Barclay and
Gregory, 2013; Anastasiades et al.,
2022; Tarokh et al., 2016; Fogel and
Smith, 2011

Deep sleep
(NREM stage
3—SWS)

Neonate (0–1
month)

Absent Predominantly active (REM) and quiet
sleep; absence of slow-wave activity.

Early sleep stages support initial neural
circuit maturation critical for later
development; brainstem-driven regulation
dominates.

N/A Goel and Goel, 2024;
Grigg-Damberger et al., 2007

Infant (1–12
months)

Gradual
emergence

Slow-wave emergence: development of
NREM stages 3 and 4 around 3–5
months; characterized by delta brain
activity (0.5–4Hz).

Facilitates early synaptogenesis, early
memory formation, and sensorimotor
integration

Linked to impaired attachment
formation, hyperactivity, motor
development, and altered stress response.

Goel and Goel, 2024; Lenehan
et al., 2023; Grigg-Damberger et al.,
2007; Jiang, 2020

Early childhood
(1–5 years)

Increase High increase in SWS
EEG shows high-amplitude,
low-frequency delta waves

Critical for language acquisition, executive
function development, synaptic pruning
begins

May impair emotional regulation and
early learning; associated with increased
risk of behavioral dysregulation

Goel and Goel, 2024; Barclay and
Gregory, 2013; Kurth et al., 2010;
Cauter and Plat, 1996

Late childhood
(6–12 years)

Peak Proportion of SWS is greatest; high delta
power and cortical synchronization
Supports rapid physical growth and
neurocognitive development

Promotes memory consolidation, cortical
network integration, and somatic growth
(via growth hormone secretion).
Strengthens neural pathways linked to
learning and skill acquisition.

May cause cognitive impairment,
behavioral challenges, weakened immune
response, and growth delays.

Goel and Goel, 2024; Barclay and
Gregory, 2013; Carskadon and
Dement, 2011; Kurth et al., 2010;
Cauter and Plat, 1996

(Continued)

F
ro
n
tie

rs
in

S
le
e
p

0
3

fro
n
tie

rsin
.o
rg

https://doi.org/10.3389/frsle.2025.1629408
https://www.frontiersin.org/journals/sleep
https://www.frontiersin.org


B
y
e
o
n
e
t
a
l.

1
0
.3
3
8
9
/frsle

.2
0
2
5
.1
6
2
9
4
0
8

TABLE 1 (Continued)

Type of
sleep

Age group Amount
expected

Physiological
characteristics

Neurodevelopmental
implications

Consequences of
disruption

References

Adolescent (13–18
years)

Gradual
decline

SWS declines∼40% during adolescence,
reflecting synaptic refinement.
Despite high physiologic demand (e.g.,
growth hormone), N3
duration shortens.

Maturation of emotional regulation and
executive functions during adolescence.
Strengthens prefrontal cortex circuits
essential for decision-making
and self-regulation.

Reduced SWS associated with mood
disorders, impulsivity, and risk-taking
behaviors.

Goel and Goel, 2024; Barclay and
Gregory, 2013; Anastasiades et al.,
2022; Tarokh et al., 2016; Kurth
et al., 2010

REM Sleep Neonate (0–1
month)

50–80% 50–60min NREM-REM cycles; high
REM proportion compared to adults.

High REM promotes synaptogenesis and
formation of neural circuits, supporting
information acquisition and memory
consolidation in an environment with
minimal external stimulation.

Risk of impaired sensory processing and
abnormal neural connectivity.

Goel and Goel, 2024;
Grigg-Damberger et al., 2007;
Barclay and Gregory, 2013; Lockley
and Foster, 2012

Infant (1–12
months)

30–40% Decrease in REM sleep percentage;
NREM-REM cycle lengthens.

Supports visual system development,
memory consolidation and learning;
critical for language development.

Linked to impaired cognitive
development and emotional
dysregulation.

Goel and Goel, 2024; Lenehan
et al., 2023; Grigg-Damberger et al.,
2007; Jiang, 2020

Early childhood
(1–5 years)

25–30% REM cycles lengthen, become more
stable and organized.

Supports emotional processing and
regulation of affective responses

May impair socioemotional
development, learning readiness, and
sleep-related anxiety

Goel and Goel, 2024; Barclay and
Gregory, 2013; Jiang, 2020; Jenni
and Dahl, 2008; Paruthi et al., 2016

Late childhood
(6–12 years)

20–25% Stabilization of sleep architecture:
mature REM-NREM cycles (∼90min)

Involved in consolidation of complex
emotional memories and problem solving.

Associated with anxiety, learning
inefficiencies, and maladaptive emotional
reactivity

Goel and Goel, 2024; Barclay and
Gregory, 2013; Carskadon and
Dement, 2011; Tarokh et al., 2016;
Jenni and Dahl, 2008

Adolescent (13–18
years)

20–25% REM architecture stabilizes; REM
density increases toward adulthood

Supports integration of new social and
emotional experiences; critical for identify
development, stress coping, and complex
emotion regulation.

Linked to mood disorders, cognitive
impairments, and decreased academic
performance.

Goel and Goel, 2024; Barclay and
Gregory, 2013; Anastasiades et al.,
2022; Tarokh et al., 2016; Jenni and
Dahl, 2008

As infants mature, REM sleep decreases while SWS increases, peaking during late childhood and adolescence when growth hormone secretion and sexual maturation are most active. This stage supports both neurodevelopmental and physiologic processes such as

immune regulation, tissue repair, and homeostatic balance.
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FIGURE 1

Age-related changes in sleep stage distribution from infancy through adulthood, with peaks in SWS during late childhood.

early life collectively imply that even mild sleep fragmentation may
have amplified neurodevelopmental consequences. Fragmented
sleep has been associated with deficits in executive function,
attentional regulation, and socioemotional processing in children,
suggesting that maintaining sleep integrity is critical to optimizing
developmental trajectories (Kurth et al., 2015).

The integrity of sleep architecture is essential for optimizing
neurodevelopmental trajectories. Unlike total sleep deprivation,
which primarily reduces sleep duration, sleep fragmentation
disrupts the continuity and structure of sleep by causing frequent
arousals that prevent the progression through normal sleep stages
and result in incomplete cycles (Soto et al., 2024). Although
total sleep deprivation leads to broad cognitive and physiological
impairments, these effects can often be partially reversed with
subsequent recovery sleep. In contrast, fragmented sleep allows
for adequate sleep duration but disrupts its restorative functions,
resulting in recurrent arousals, disrupted cycles, and reduced SWS
and REM sleep (Bonnet and Arand, 2003).

As a result, this selective disruption of key sleep stages
may render fragmentation even more detrimental than sleep
deprivation. In adolescents, fragmented sleep and chronic sleep
restriction have been linked with impairments in memory
consolidation, executive function, and academic performance
(Carskadon et al., 2004). Even mild disturbances in sleep continuity
have been associated with deficits in cognitive processing, attention
regulation, and socioemotional development (Yorbik et al., 2014).
Moreover, disrupted sleep impairs emotional face recognition
and inhibitory control, likely due to reductions in REM and
slow-wave sleep and altered activity in inhibition- and vision-
related brain regions (Lee et al., 2022). These findings collectively
underscore that sleep fragmentation may not only compromise

immediate cognitive functioning but may also interfere with long-
term neurodevelopmental trajectories essential for behavioral and
psychosocial outcomes.

3 Contributing factors

The PICU environment presents a range of intrinsic challenges
to preserve sleep, with noise and lighting among the most
prominent disruptors. Noise levels in the PICU regularly exceed
World Health Organization guidelines of 35 decibels (dBA),
often peaking above 90 dBA due to alarms, staff activity, and
machinery (Romagnoli et al., 2020). Among various unwanted
noise contributors, medical alarms were previously identified as
the loudest, disruptive noises leading to discomfort, with medical
equipment noise being the second highest (Kaur et al., 2016).
Medical equipment alarms, while designed to enhance patient
safety, contribute significantly to excessive noise levels within the
ICU environment. The high frequency and unpredictability of
these alarms can result in alarm fatigue, cognitive overload, and
workflow interruptions among healthcare providers, potentially
diminishing clinical efficiency and attentiveness to critical patient
needs. Prolonged exposure to alarm noise may also exacerbate
stress and disrupt both patient and staff wellbeing (Bridi et al.,
2014).

In addition to auditory disturbances, artificial lighting in the
PICU significantly disrupts circadian alignment, making it harder
for children to fall and stay asleep. The circadian system regulates
the timing of physiological processes across multiple organ
systems, including the gastrointestinal tract, immune function,
and metabolic regulation (Hassinger et al., 2023). In the PICU,
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median nocturnal light levels are typically low (around 4 lux),
but care activities and monitor lights can cause peaks above 30–
50 lux overnight, which may suppress melatonin secretion and
disrupt circadian rhythms. Conversely, daytime light levels are
often suboptimal for circadian entrainment, with median values
around 27 lux—well below the 100–500 lux recommended for
essential physiological function—highlighting the importance of
both the timing and intensity of light exposure in pediatric critical
care settings (Greenfield et al., 2020; Dervan et al., 2022). These
findings have informed best practices in adult ICUs, but their
applicability to pediatric patients is limited due to age-dependent
differences in chronotype, dim light melatonin onset (DLMO),
and photoreceptor maturation. For example, standardized ICU
lighting routines (e.g., lights out at 9 PM) misalign with both
early chronotypes in infants and delayed ones in adolescents,
exacerbating circadian disruption regardless of total sleep time or
fragmentation (Greenfield et al., 2020).

Therapeutic interventions, though necessary for stabilizing
patients, also contribute substantially to disrupted sleep. Sedation
andmechanical ventilation are significant contributors to disrupted
sleep patterns, with profound implications for neurocognitive
recovery and long-term outcomes (Al-Samsam and Cullen, 2005).
Commonly used sedatives—including benzodiazepines, opioids,
ketamine, barbiturates, and alpha-2 agonists —are frequently
administered to manage pain, anxiety, and agitation in critically ill
children. While these medications can prolong total sleep duration,
they significantly alter sleep architecture, reducing restorative SWS
and REM sleep (Kudchadkar et al., 2014). Benzodiazepines, for
example, have been shown to decrease REM sleep while increasing
lighter N2 sleep, leading to fragmented and non-restorative sleep
(Zhao et al., 2022). Opioids, commonly used in combination
with benzodiazepines, further suppress SWS and REM sleep,
exacerbating sleep fragmentation (Al-Samsam and Cullen, 2005).
Paradoxically, increasing sedative doses to improve perceived
sleep quality often leads to negative impact on patient outcomes
such as prolonged mechanical ventilation, agitation and further
deterioration of sleep architecture (Shajan et al., 2023). Prolonged
EEG studies have demonstrated that sedated children exhibit
slower brain activity during sleep, characterized by diffuse delta
wave activity and loss of N1 and REM stages. In a continuous
EEG monitoring study of mechanically ventilated children, deeper
levels of sedation were associated with greater disruptions in sleep
architecture, including a higher proportion of REM stage loss and a
more substantial decrease in N2 sleep compared to lighter sedation
levels (Zhao et al., 2022).

Mechanical ventilation introduces additional challenges to
sleep in the PICU. Patient-ventilator dyssynchrony disrupts
sleep continuity and often necessitates higher sedative
dosing, compounding sleep disturbances (Zhao et al., 2022).
Polysomnography (PSG) studies have shown that mechanical
ventilation reduces sleep efficiency and alters slow-wave activity,
with younger children being particularly susceptible to these
disruptions (Sanchez et al., 2022). Moreover, sleep spindles—
hallmarks of memory consolidation during N2 sleep—are
frequently diminished in this population, contributing to impaired
cognitive recovery. Even after sedation is weaned, abnormalities in
circadian rhythm and sleep continuity can persist, reflecting the

long-term impact of ICU-related sleep disruption (Oxlund et al.,
2023).

Routine caregiving activities represent another major
contributor to sleep fragmentation. PICU patients may experience
40–60 care-related interruptions per night for tasks such as
vital sign measurements, medication administration, suctioning,
repositioning, and diagnostic procedures such as radiographs
and phlebotomy (Zhao et al., 2022; Kalvas et al., 2023; Kalvas
and Harrison, 2024; Witte et al., 2023). These interruptions
often coincide with critical sleep stages, preventing children
from completing full sleep cycles and reducing the proportion of
restorative SWS and REM sleep. Nursing care procedures have
been shown to increase pain and stress, further exacerbating
sleep fragmentation. In adult ICU populations, frequent nursing
interventions have been associated with increased N1 stage sleep
and decreased N3 and REM sleep, patterns that are likely mirrored
in pediatric patients (Zhao et al., 2022). Early morning and late
evening rounds by physicians and trainees also contribute to sleep
disruption, as these activities often occur during periods when
children would otherwise be in deeper stages of sleep (Witte et al.,
2023).

Parental insights further highlight key disruptors of pediatric
sleep. Surveys consistently report pain, illness-related fear, and
anxiety as the most cited causes of poor sleep in PICU patients
(Kaur et al., 2016). Other significant factors include the inability
to sleep at home, alarms from medical equipment, and disruptions
to normal sleep schedules. Suctioning and breathing treatments,
which are often necessary for children with respiratory conditions,
were also identified as major disruptors. Interestingly, factors
such as repositioning by nurses, ambient light, and hallway
conversations were considered less disruptive by parents (Kaur
et al., 2016; Hassinger et al., 2024; Nenningsland et al., 2024).
These findings underscore the value of caregiver perspectives in
identifying high-yield intervention targets for sleep optimization
in the PICU, particularly in reducing procedural disruptions and
improving environmental conditions.

4 Inflammation’s role in sleep
fragmentation and delirium

Sleep fragmentation in critically ill children triggers a cascade
of pathophysiological and neurodevelopmental consequences
(Bertrand et al., 2020). In the PICU, fragmentation is quantifiable
using the Sleep Fragmentation Index (SFI), which measures the
number of arousals or transitions to lighter sleep stages per hour of
sleep (Gregory et al., 2021). Elevated SFI scores are common among
critically ill children, driven by environmental stressors, autonomic
instability, mechanical ventilation, and prolonged sedation (Alegria
et al., 2023). Although total sleep duration may be preserved—or
even increased in adolescents—this sleep is often highly fragmented
and non-restorative, with marked reductions in both REM and
SWS (Dervan et al., 2022). Sleep disruption also varies by age:
infants and toddlers exhibit the greatest total sleep loss compared to
home, while adolescents may accrue more sleep but with reduced
quality. Caregiver-reported environmental disruptions, including
alarm noise, suctioning, and inconsistent light-dark cycles, are
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associated with poorer sleep quality, as reflected in higher Survey of
SleepQuality in the Pediatric Intensive Care Unit (SSqPICU) scores
(Hassinger et al., 2024).

Sleep fragmentation alters cytokine regulation, promoting a
pro-inflammatory state that disrupts normal neurodevelopmental
trajectories (Berger et al., 2021). Neuroinflammation has been
implicated in structural and functional changes in the hippocampus
and prefrontal cortex—regions critical for learning, memory,
executive function, and emotional regulation (Bertrand et al.,
2020). Repeated disruptions to SWS may impair synaptic
downscaling necessary for neural reorganization and memory
consolidation, contributing to persistent deficits in attention,
memory, and affect regulation (Kurth et al., 2015; Zamore and
Veasey, 2022). Similarly, reduced REM sleep compromises synaptic
plasticity and has been linked to affective disorders such as
anxiety, depression, and post-traumatic stress (Herrup et al., 2017).
These effects are especially concerning during early childhood,
when neuroplasticity is heightened and brain networks are rapidly
reorganizing (Peirano and Algarín, 2007).

The long-term impact of sleep fragmentation is further
supported by a prospective cohort study byDeng et al., which found
that higher SFI scores in infancy and toddlerhood were associated
with increased emotional and behavioral difficulties at age five.
Children with higher SFI scores exhibited significantly elevated
hyperactivity and total difficulty scores, even after adjusting for
confounders (Deng et al., 2023). These findings underscore the
enduring influence of early sleep fragmentation on emotional
regulation and behavior, reinforcing its potential role in the
development of PICS-p-related impairments. While the biological
mechanisms linking sleep fragmentation to neurodevelopment are
well-characterized, direct empirical evidence in PICU survivors
remains limited.

Delirium is a frequent complication in pediatric critical illness
and further compounds the neurodevelopmental consequences
of sleep fragmentation. Sleep disruption is a major precipitant
of delirium, as disrupted circadian signaling, increased nighttime
arousals, and fragmented REM sleep contribute to altered
consciousness and cognitive confusion (Gregory et al., 2021;
Calandriello et al., 2018; Weatherhead et al., 2021). Children who
develop delirium in the PICU are more likely to experience severe
and persistent deficits across multiple PICS-p domains, including
cognitive dysfunction, emotional dysregulation, and impairments
in adaptive behavior (Kamat and Berkenbosch, 2021; Ramnarain
et al., 2023).

Circadian disruption is a hallmark of pediatric delirium,
suggesting that ICU-related sleep fragmentation is central to
its onset and severity (Kalvas et al., 2023). Importantly, sleep
fragmentation and delirium appear to have a bidirectional
relationship: sleep loss predisposes children to delirium, while
agitation and hyperarousal associated with delirium further disturb
sleep architecture (Pisani and D’Ambrosio, 2020). A recent cohort
study found that nearly 25% of PICU patients developed delirium,
with risk factors including neurological comorbidities and liver
dysfunction. Deliriumwas independently associated with increased
PICU length of stay, higher mortality risk, and poorer sleep
quality. Notably, sedative regimens influenced delirium risk, with
benzodiazepines linked to higher incidence and the role of
dexmedetomidine remaining equivocal (Lei et al., 2023).

The pathophysiology of delirium remains poorly understood,
but likely involves complex interactions between premorbid
conditioning, underlying disease state(s), and the intensive care
environment (Fan et al., 2024). Similar to sleep fragmentation,
increased inflammatory markers (Il-6, Il-8, IL-10, IL-18, and
TNFa) have been reported in patients with delirium. Additionally,
elevations in biomarkers of microglial activation (S-100B) and
neuronal injury (neuronal-specific enolase) positively correlated
with delirium severity (Fan et al., 2024; Anderson et al., 2016; van
den Boogaard et al., 2011; Plaschke et al., 2010; Lammers-Lietz
et al., 2022; McNeil et al., 2019; Hughes et al., 2018; Brummel et al.,
2024). This has led to a proposedmechanism involving the crossing
of inflammatory mediators into the brain through a leaky blood-
brain barrier, resulting in the functional impairments observed
with delirium (Smith et al., 2024; Heffernan et al., 2025). This,
however, does not fully account for the significant role the PICU
environment has been shown to play in PICU delirium.

Beyond the ICU stay, delirium has been associated with
sustained declines in health-related quality of life (HRQL). Dervan
et al. reported that delirium independently predicted HRQL
deterioration, particularly in psychosocial functioning (Dervan
et al., 2022). Similarly, Silver et al. demonstrated that pediatric
delirium corresponded with lower parental perception of their
child’s quality of life (QOL) up to one-month post-discharge.
While causality remains unclear, baseline HRQL scores were
comparable between groups, strengthening the argument that
delirium itself contributes to long-term QOL impairments (Silver
et al., 2020). Additionally, the psychological toll of delirium on
families is substantial; parents frequently report emotional distress,
increased anxiety, and altered perceptions of their child’s recovery
(Thibault et al., 2024). These findings highlight the need to address
delirium not only as a neuropsychiatric complication, but as a
multifactorial condition with far-reaching implications for child
and family outcomes.

5 Pediatric Post-Intensive Care
Syndrome (PICS-p)

Over the past several decades, advances in critical care have
enabled the field to broaden its focus beyond survival to minimize
morbidity and improve long-term outcomes. While Post-Intensive
Care Syndrome (PICS) has been well-established in the adult
population (Bouzgarrou et al., 2024; Hiser et al., 2023; Ahn et al.,
2025; Zhou et al., 2023; Inoue et al., 2024; Schwitzer et al., 2023),
pediatric-specific PICS has only recently been conceptualized. First
introduced byManning et al. (2018), PICS-p has gained recognition
as a critical area of research in pediatric critical care, encompassing
aspects of the post-ICU experience that are unique to children and
their families.

PICS-p is a multifaceted condition characterized by newly
acquired or worsened impairments in physical, cognitive,
emotional, and social functioning following discharge from the
PICU (Manning et al., 2018). As survival rates for critically ill
children have improved, attention has shifted to the long-term
outcomes of PICU survivors, revealing significant morbidity and
impaired quality of life despite advances in critical care (Long and
Fink, 2021; Quadir et al., 2024). PICS-p encompasses a spectrum of
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challenges that extend beyond the acute phase of illness, affecting
children and their families for months to years after hospitalization.

Cognitive impairments are among the most debilitating
consequences of PICS-p, affecting intelligence, memory, attention,
and executive function (Kaur et al., 2016). Children with a
history of PICU admission demonstrated significantly poorer
performance across multiple neurocognitive domains—including
working memory, processing speed, executive function, and
sustained attention—as well as lower daily living skills and
increased internalizing problems, compared to both normative
and non-PICU samples (Chaiyakulsil et al., 2020; Canavera et al.,
2023; Als et al., 2013). This highlights the disproportionate
burden of neurodevelopmental impairment following critical
illness, independent of PICU disease severity. A major challenge
in understanding cognitive outcomes is the presence of pre-
existing neurodevelopmental delays in many children requiring
intensive care. Direct assessments have revealed new neurological
and neurocognitive concerns in 30% of PICU survivors, with
caregiver reports corroborating widespread concerns in cognition
and emotional wellbeing (Hall et al., 2022).

Emotional and behavioral challenges are prevalent among
PICU survivors, with up to 25% of children experiencing
psychological difficulties within the first year after discharge
(Rennick et al., 2014). The prevalence of post-traumatic stress
disorder (PTSD) and major depressive disorder in PICU survivors
is particularly concerning, with estimates as high as 28% and 13%,
respectively (Davydow et al., 2010). Following PICU discharge,
children commonly experience increased anxiety and reduced
self-esteem as well as persistent sleep disturbances within 2
months post-discharge. Additionally, nearly half of children
exhibited delays in personal-social functioning, indicating broader
psychosocial impairments that may contribute to long-term
emotional dysregulation and behavioral difficulties (Ducharme-
Crevier et al., 2021).

Most importantly, the impact of PICS-p extends beyond the
child, affecting families’ psychological wellbeing, financial stability,
and overall quality of life. Parents of PICU survivors often
experience fear, uncertainty, and emotional distress during the early
phases of their child’s illness, with many feeling unprepared for
the challenges of post-discharge care (Kirk et al., 2015). Increased
family burden scores after PICU discharge were associated with
worsening child functional status in several studies, creating a
bidirectional relationship between the child’s impairments and
family stress (Meert et al., 2016). Financial burdens, including
medical expenses and lost income, further compound the
challenges faced by families. Despite these difficulties, some families
report post-traumatic growth, finding meaning and resilience in
the face of adversity (Rodríguez-Rey and Alonso-Tapia, 2017).
Importantly, the subdomain of family functioning intersects
meaningfully with all other PICS-p domains, highlighting its
centrality in shaping recovery trajectories.

Researchers are actively trying to understand factors that
increase children’s risk for PICS-p, in addition to evaluating
interventions to mitigate this risk. Currently, several longitudinal
cohort studies are ongoing, including a large, multi-site study in
the United States involving 30 PICUs (Curley et al., 2024b). The
current recommended core outcome measurements to standardize
the assessments used in PICS-p research (Pinto et al., 2022) do not

include in-depth assessments of sleep hygiene beyond evaluation of
nightmares amongst some of the pediatric trauma screens (Sachser
et al., 2017). Given the importance of sleep to neurocognitive and
emotional development, we suggest that additional screening for
disordered sleep, utilizing a validated measure such as the Sleep
Disturbance Scale for Children (SDSC) (Bruni et al., 1996) or
the Children’s Sleep Habits Questionnaire (Dias et al., 2018), be
incorporated into outcomes research. Unfortunately, this can only
help address sleep concerns after PICU discharge. To understand
the role of sleep fragmentation during PICU admissions to PICS-
p and outcomes would require a significant shift in bedside
management, with a focus on monitoring sleep states using EEG
or other wearable technology, and prioritizing sleep as an essential
component of recovery and outcome.

6 Discussion

Despite the emerging evidence demonstrating various
neurodevelopmental consequences of fragmented sleep in
critically ill patients, optimal strategies for improving PICU
sleep remain elusive. Recent advances in adult critical care have
demonstrated that targeted interventions can significantly mitigate
sleep disruption and its downstream effects (Dorsch et al., 2019;
Zhang et al., 2024; Christina-Athanasia et al., 2024). Dynamic
lighting systems that mimic natural circadian rhythms—providing
cooler, brighter light (3000K/150 lux) during daytime hours and
transitioning to warmer, dimmer tones (2,200 K/ < 10 lux) at
night—have been shown to enhance melatonin secretion and
enhance sleep quality (Marra et al., 2019; Hosseini et al., 2024).
Complementary noise reduction strategies, particularly auditory
masking using white or pink noise, effectively stabilize sound
environments by reducing cortical activation during sleep, as
evidenced by altered evoked potential amplitudes (Alegria et al.,
2023). Similarly, cardiac ICU patients who used earplugs and
eye masks overnight experienced improved sleep quality and a
reduction in delirium incidence (Kiliç and Kav, 2023). Additionally,
managing alarm fatigue is essential, as constant alarms can be
detrimental to both patients and families. Positioning alarms away
from patient rooms or utilizing ear protection devices, such as soft
ear plugs, can significantly reduce these disturbances and improve
sleep quality (Richardson et al., 2007).

The success of these environmental strategies has been
amplified through bundled care frameworks. The Society of
Critical Care Medicine’s ABCDEF bundle, validated in over 15,000
adult ICU patients, reduced delirium incidence and mechanical
ventilation duration through coordinated pain management,
early mobility, and family engagement (Pun et al., 2019).
Gorecki and Prasun further demonstrated that bundled sleep
promotion protocols incorporating cycled lighting and noise
reduction significantly decreased ICU length of stay and agitation
scores (Gorecki and Prasun, 2024). Ongoing trials aim to build
on this foundation by rigorously evaluating multi-component
environmental interventions that target various aspects of the ICU
environment (Alegria et al., 2023; Tronstad et al., 2024).

Moreover, technological advancements have paralleled these
environmental interventions. Wearable EEG devices with machine
learning capabilities now enable continuous sleep staging at the
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bedside, providing critical insights into NREM sleep preservation
and delirium risk (van Twist et al., 2024). This approach provides
real-time insights into sleep architecture, allowing for more precise
differentiation between sleep and wake states and distinguishing
between light and deep sleep. Such classification is particularly
valuable for heavily sedated patients, allowing clinicians to tailor
care schedules and minimize disruptions during restorative sleep
phases (Markov et al., 2024). The ability to obtain continuous,
high-resolution sleep data may enable clinicians to refine sedation
protocols, optimize medication administration, and implement
other interventions aimed at enhancing sleep quality (Ala-Kokko
et al., 2022; Angelucci et al., 2025). The integration of such
monitoring with bundled care protocols represents a promising
frontier, as demonstrated by Knauert et al., who found preserved
N2 sleep features were strongly associated with reduced mortality
in delirious ICU patients (Knauert et al., 2018).

While adult ICU studies demonstrate the efficacy of sleep-
promoting interventions, these strategies have not yet been
rigorously evaluated in pediatric ICU settings. Given that up to
93% of pediatric ICU patients are reported by their parents to
experience sleep disturbances—primarily attributed to nocturnal
caregiving interactions and environmental disruptions (Burger
et al., 2024)—the absence of tailored, evidence-based sleep
interventions in this population represents critical oversight.
Compared to adults, children require substantially more slow-
wave sleep to support critical processes (Bertrand et al., 2020). As
a result, their underdeveloped stress response systems heighten
vulnerability to the adverse effects of sleep fragmentation (Kalvas
et al., 2023). Communication limitations further complicate
pain and sedation assessment in pediatric patients, elevating
the risk of both under- and oversedation (Herrup et al.,
2017; Kudchadkar et al., 2014). Current analgesia-first sedation
approaches, though theoretically sound, suffer from inconsistent
implementation due to limited pediatric pharmacodynamic data
and staffing constraints (Shajan et al., 2023; Budic et al., 2023).
Moreover, adult-derived strategies require significantmodifications
for pediatric use. Even promising adult-derived interventions face
pediatric-specific barriers: circadian lighting must accommodate
light sensitivity variations across ages, noise reduction strategies
must balance alarm safety with sensory overload prevention,
and bundled care requires resource-intensive implementation
challenges (Richardson et al., 2007; Michel et al., 2022; Kawai et al.,
2017).

Emerging pediatric-specific bundles demonstrate both the
potential and limitations of current approaches. The modified
ABCDEFGH bundle achieved a clinically meaningful 32%
reduction in delirium incidence through its innovative two-phase
system: utilizing noise/light shielding for sedated patients and
parent-facilitated circadian entrainment for awake children
(Engel et al., 2022). Similarly, the RESTORE Resilience (R2)
bundle attained 63% protocol compliance by integrating cycled
light/sound modulation with parental sleep diaries, showing
significant improvements in daytime activity consolidation
prior to extubation (Curley et al., 2024a). However, these
small-scale feasibility studies remain without multicenter
validation. Current research predominantly focuses on short-
term outcomes, neglecting longitudinal neurodevelopmental

consequences (Herrup et al., 2017). Pediatric trials face inherent
challenges, including developmental variability in cognition,
behavior, and organ maturation, which complicate study design,
intervention feasibility, and outcome assessment (Herrup et al.,
2017; Kudchadkar et al., 2014).

Designing effective interventions also requires consideration
of pediatric chronotypes and developmental variation in sleep-
wake cycling—from the polyphasic patterns of infants to the
circadian shifts seen in adolescents. As a result, there remains
a critical need to develop evidence-based approaches that not
only promote sleep in pediatric ICU patients but also address the
multifaceted consequences of sleep fragmentation while supporting
neurodevelopmental recovery (Lee et al., 2023; Egbuta and Mason,
2021).

7 Future directions

To advance pediatric sleep science within critical care, the
field must undergo a paradigm shift: sleep should be recognized
not as a passive correlate of sedation but as a distinct,
measurable physiologic state with vital implications for recovery
and neurodevelopment. This reconceptualization necessitates the
routine use of objective monitoring tools such as wearable EEG
devices—compact, non-invasive headsets capable of continuously
recording brain activity at the bedside— to distinguish between
pharmacologically induced sedation and restorative sleep. To
operationalize this shift, multicenter pilot trials must be designed
to evaluate pediatric-adapted bundled interventions (Curley et al.,
2024a). These studies should adopt objective sleep metrics—such
as EEG-confirmed N3/SWS duration—as primary outcomes while
incorporating standardized delirium assessments and tailoring
interventions for family-centered care delivery. While modest
in scope, such trials represent a foundational effort to elevate
sleep to a neuroprotective priority in pediatric critical care.
Moreover, longitudinal research should bridge the current gap
between pediatric ICU sleep disruption and long-term outcomes
by expanding the PICS-p cohort study to correlate in-hospital sleep
architecture with neurodevelopmental trajectories post-discharge,
while integrating sleep hygiene interventions into post-PICU
follow-up clinics through multidisciplinary models (Ducharme-
Crevier et al., 2021). Given the heightened neurodevelopmental
vulnerability of critically ill children, incorporating assessments
of sleep disruption into post-discharge follow-up protocols may
help identify those at greatest risk for long-term cognitive and
behavioral impairments. Furthermore, implementation science
approaches are essential for translating research into practice. This
includes developing consensus-based pediatric sleep promotion
protocols, integrating sleep monitoring dashboards into electronic
health records, and deploying targeted staff training in circadian
rhythm entrainment and sleep preservation strategies. Dedicated
funding mechanisms and multicenter collaborative networks will
be vital to ensuring these interventions are scalable and adaptable
across diverse PICU environments. In doing so, we shift from
merely documenting sleep disruption to actively safeguarding the
restorative processes essential to children’s long-term health and
developmental trajectories.
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8 Conclusion

Sleep in the pediatric intensive care unit is not merely
a passive state of recovery but rather an essential and active
biological process integral to healing, neurodevelopment, and long-
term recovery. Sleep fragmentation remains an underrecognized
contributor to adverse outcomes such as delirium and Pediatric
Post-Intensive Care Syndrome, yet tailored strategies to protect
sleep in critically ill children are still lacking. While adult ICU
models provide a foundation, pediatric-focused interventions
must address the unique neurodevelopmental vulnerabilities
of this population. Developing tailored PICU protocols that
prioritize sleep promotion, minimize environmental disruptions,
and actively engage families could profoundly improve children’s
neurodevelopmental trajectories and quality of life. Advancing
this field can begin with pediatric-specific pilot trials to generate
objective evidence, refine interventions, and establish sleep as a
measurable, modifiable vital sign in critical care. By fostering robust
research, clinical innovation, and multidisciplinary collaboration,
the pediatric critical care community can transform sleep
from an overlooked aspect of care into a central pillar of
neuroprotective recovery.

Author contributions

AB: Conceptualization, Investigation, Writing – original
draft, Writing – review & editing. SW: Writing – review &
editing. EG: Writing – review & editing. NM: Conceptualization,
Investigation, Writing – original draft, Writing – review &
editing, Supervision.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Gen AI was used in the creation
of this manuscript.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Ahn, S., LaNoue, M., Su, H., Moale, A. C., Scheunemann, L. P., Kiehl, A.
L., et al. (2025). Post–intensive care syndrome and caregiver burden: a post
hoc analysis of a randomized clinical trial. Random. Controll. Trial 8:e253443.
doi: 10.1001/jamanetworkopen.2025.3443

Ala-Kokko, T., Erikson, K., Koskenkari, J., Laurila, J., and Kortelainen, J. (2022).
Monitoring of nighttime EEG slow-wave activity during dexmedetomidine infusion in
patients with hyperactive ICU delirium: an observational pilot study.Acta Anaesthesiol.
Scand. 66, 1211–1218. doi: 10.1111/aas.14131

Alegria, L., Brockmann, P., Repetto, P., Leonard, D., Cadiz, R., Paredes, F., et al.
(2023). Improve sleep in critically ill patients: study protocol for a randomized
controlled trial for amulti-component intervention of environment control in the ICU.
PLoS ONE 18:e0286180. doi: 10.1371/journal.pone.0286180

Als, L. C., Nadel, S., Cooper, M., Pierce, C. M., Sahakian, B. J., and Garralda,
M. E. (2013). Neuropsychologic function three to six months following admission to
the PICU with meningoencephalitis, sepsis, and other disorders. Crit. Care Med. 41,
1094–1103. doi: 10.1097/CCM.0b013e318275d032

Al-Samsam, R. H., and Cullen, P. (2005). Sleep and adverse environmental factors
in sedated mechanically ventilated pediatric intensive care patients. Pediatr. Crit. Care
Med. 6, 562–567. doi: 10.1097/01.PCC.0000165561.40986.A6

Anastasiades, P. G., de Vivo, L., Bellesi, M., and Jones, M. W. (2022). Adolescent
sleep and the foundations of prefrontal cortical development and dysfunction. Prog.
Neurobiol. 218:102338. doi: 10.1016/j.pneurobio.2022.102338

Anderson, B. J., Reilly, J. P., Shashaty, M. G. S., Palakshappa, J. A., Wysoczanski,
A., Dunn, T. G., et al. (2016). Admission plasma levels of the neuronal injury marker
neuron-specific enolase are associated with mortality and delirium in sepsis. J. Crit.
Care 36, 18–23. doi: 10.1016/j.jcrc.2016.06.012

Angelucci, A., Greco, M., Cecconi, M., and Aliverti, A. (2025). Wearable devices
for patient monitoring in the intensive care unit. Intensive Care Med. 13:26.
doi: 10.1186/s40635-025-00738-8

Barclay, N. L., and Gregory, A. M. (2013). The neurobiology of childhood. Curr.
Top. Behav. Neurosci. 16, 337–365. doi: 10.1007/978-3-662-45758-0_239

Bathory, E., and Tomopoulos, S. (2017). Sleep regulation, physiology and
development, sleep duration and patterns, and sleep hygiene in infants, toddlers,
and preschool-age children. Curr. Probl. Pediatr. Adolesc. Heal. Care 47, 29–42.
doi: 10.1016/j.cppeds.2016.12.001

Berger, J., Zaidi, M., Halferty, I., and Kudchadkar, S. R. (2021). Sleep
in the hospitalized child: a contemporary review. Chest 160, 1064–1074.
doi: 10.1016/j.chest.2021.04.024

Bertrand, S. J., Zhang, Z., Patel, R., O’Ferrell, C., Punjabi, N. M., Kudchadkar,
S. R., et al. (2020). Transient neonatal sleep fragmentation results in long-term
neuroinflammation and cognitive impairment in a rabbit model. Exp. Neurol.
327:113212. doi: 10.1016/j.expneurol.2020.113212

Bonnet, M. H., and Arand, D. L. (2003). Clinical effects of sleep fragmentation
versus sleep deprivation. Sleep Med. Rev. 7, 297–310. doi: 10.1053/smrv.2001.0245

Bouzgarrou, R., Farigon, N., Morlat, L., Bouaziz, S., Philipponet, C., Laurichesse,
G., et al. (2024). Incidence of post-intensive care syndrome among patients admitted
to post-ICUmultidisciplinary consultations: the retrospective observational PICS-MIR
study. Observat. Study 14:27389. doi: 10.1038/s41598-024-78686-8

Boyko, Y., Jennum, P., and Toft, P. (2017). Sleep quality and circadian rhythm
disruption in the intensive care unit: a review. Nat. Sci. Sleep 9, 277–284.
doi: 10.2147/NSS.S151525

Bridi, A. C., Louro, T. Q., and da Silva, R. C. L. (2014). Clinical Alarms in intensive
care: implications of alarm fatigue for the safety of patients. Rev. Lat.-Am. Enferm. 22,
1034–1040. doi: 10.1590/0104-1169.3488.2513

Brummel, N. E., Hughes, C. G., McNeil, J. B., Pandharipande, P. P., Thompson, J. L.,
Orun, O. M., et al. (2024). Systemic inflammation and delirium during critical illness.
Intensive Care Med. 50, 687–696. doi: 10.1007/s00134-024-07388-6

Frontiers in Sleep 10 frontiersin.org

https://doi.org/10.3389/frsle.2025.1629408
https://doi.org/10.1001/jamanetworkopen.2025.3443
https://doi.org/10.1111/aas.14131
https://doi.org/10.1371/journal.pone.0286180
https://doi.org/10.1097/CCM.0b013e318275d032
https://doi.org/10.1097/01.PCC.0000165561.40986.A6
https://doi.org/10.1016/j.pneurobio.2022.102338
https://doi.org/10.1016/j.jcrc.2016.06.012
https://doi.org/10.1186/s40635-025-00738-8
https://doi.org/10.1007/978-3-662-45758-0_239
https://doi.org/10.1016/j.cppeds.2016.12.001
https://doi.org/10.1016/j.chest.2021.04.024
https://doi.org/10.1016/j.expneurol.2020.113212
https://doi.org/10.1053/smrv.2001.0245
https://doi.org/10.1038/s41598-024-78686-8
https://doi.org/10.2147/NSS.S151525
https://doi.org/10.1590/0104-1169.3488.2513
https://doi.org/10.1007/s00134-024-07388-6
https://www.frontiersin.org/journals/sleep
https://www.frontiersin.org


Byeon et al. 10.3389/frsle.2025.1629408

Bruni, O., Ottaviano, S., Guidetti, V., Romoli, M., Innocenzi, M., Cortesi, F., et al.
(1996). The sleep disturbance scale for children (SDSC) construct ion and validation
of an instrument to evaluate sleep disturbances in childhood and adolescence. J. Sleep
Res. 5, 251–261. doi: 10.1111/j.1365-2869.1996.00251.x

Budic, I., Marjanovic, V., Djordjevic, I., Stevic, M., Zivanovic, D., and Simic, D.
(2023). Procedural sedation and analgesia in the pediatric intensive care unit. Pediatr.
Crit. Care 19, 38–46. doi: 10.22514/sv.2023.007

Burger, P., Steur, L. M. H., Polderman, J. A. W., Twisk, J. W. R., Lindeboom, R., and
Gemke, R. J. B. J. (2024). Sleep disturbances in hospitalized children: a wake-up call.
Eur. J. Pediatr. 183, 4063–4072. doi: 10.1007/s00431-024-05660-x

Calandriello, A., Tylka, J. C., and Patwari, P. P. (2018). Sleep and
delirium in pediatric critical illness: what is the relationship? Med. Sci. 6:90.
doi: 10.3390/medsci6040090

Canavera, K., Ghafoor, S., Fan, K., Cheng, C., Jeha, S., Pui, C. H., et al.
(2023). Post-PICU cognitive and psychological outcomes in children receiving
treatments for acute lymphoblastic leukemia. Pediatr. Crit. Care Med. 24, e584–e591.
doi: 10.1097/PCC.0000000000003340

Carskadon and Dement, W. C. (2011). “Monitoring and staging human sleep,” in
Principles and Practice of Sleep Medicine, eds. M. H. Kryger, T. Roth, andW. C. Dement
(St. Louis, MO: Elsevier Saunders), 16–26. doi: 10.1016/B978-1-4160-6645-3.00002-5

Carskadon, M. A., Acebo, C., and Jenni, O. G. (2004). Regulation of
adolescent sleep: implications for behavior. Ann. N. York Acad. Sci. 1021, 276–291.
doi: 10.1196/annals.1308.032

Cauter, E. V., and Plat, L. (1996). Physiology of growth hormone secretion during
sleep. J. Pediatr. 128, S32–S37. doi: 10.1016/S0022-3476(96)70008-2

Chaiyakulsil, C., Opasatian, R., and Tippayawong, P. (2020). Pediatric postintensive
care syndrome: high burden and a gap in evaluation tools for limited-resource settings.
J. Korean Pediatr. Soc. 64, 436–442. doi: 10.3345/cep.2020.01354

Christina-Athanasia, S., Georgios, K., Athanasia, L., and Papageorgiou, D. (2024).
Sleep quality and circadian rhythm disruption in critically ill patients in intensive care
unit.medRxiv doi: 10.1101/2024.09.10.24313393

Curley, M. A. Q., Dawkins-Henry, O. S., Kalvas, L. B., Perry-Eaddy, M. A.,
Georgostathi, G., Yuan, I., et al. (2024a). The nurse-implemented chronotherapeutic
bundle in critically ill children, RESTORE resilience (R2): pilot testing in a
two-phase cohort study, 2017–2021. Pediatr. Crit. Care Med. 25, 1051–1064.
doi: 10.1097/PCC.0000000000003595

Curley, M. A. Q., Watson, R. S., Killien, E. Y., Kalvas, L. B., Perry-Eaddy, M.
A., Cassidy, A. M., et al. (2024b). Design and rationale of the Post-Intensive Care
Syndrome – paediatrics (PICS-p) longitudinal cohort study. BMJ Open 14:e084445.
doi: 10.1136/bmjopen-2024-084445

Davydow, D. S., Richardson, L. P., Zatzick, D. F., and Katon, W.
J. (2010). Psychiatric morbidity in pediatric critical illness survivors: a
comprehensive review of the literature. Arch. Pediatr. Adolesc. Med. 164, 377–385.
doi: 10.1001/archpediatrics.2010.10

Deng, Y. J., Gui, Y. D., Lin, J. F., Lin, Q. M., Wang, G. H., Jiang, Y. R., et al.
(2023). Influence of sleep fragmentation in infancy and toddler period on emotional
and behavioral problem at the age of 6 years: a birth cohort study. Chin. J. Pediatr. 61,
418–424. doi: 10.3760/cma.j.cn112140-20230220-00116

Dervan, L. A., Wrede, J. E., and Watson, R. S. (2022). Sleep architecture
in mechanically ventilated pediatric ICU patients receiving goal-directed,
dexmedetomidine- and opioid-based sedation. J. Pediatr. Intensive Care 11, 032–040.
doi: 10.1055/s,-0040-1719170

Desai, D., Momin, A., Hirpara, P., Jha, H., Thaker, R., and Patel, J. (2024). Exploring
the role of circadian rhythms in sleep and recovery: a review article. Cureus 16:e61568.
doi: 10.7759/cureus.61568

Dias, C. C., Figueiredo, B., and Pinto, T. M. (2018). Children’s sleep habits
questionnaire – infant version. J. Pediatr. 94, 146–154. doi: 10.1016/j.jped.2017.05.012

Dorsch, J., Martin, J., Malhotra, A., Owens, R., and Kamdar, B. (2019). Sleep in
the intensive care unit: strategies for improvement. Semin. Respir. Crit. Care Med. 40,
614–628. doi: 10.1055/s-0039-1698378

Ducharme-Crevier, L., La, K. A., Francois, T., Gerardis, G., Beauchamp,
M., Harrington, K., et al. (2021). PICU follow-up clinic: patient and family
outcomes 2 months after discharge∗ . Pediatr. Crit. Care Med. 22, 935–943.
doi: 10.1097/PCC.0000000000002789

Dumoulin Bridi, M. C., Aton, S. J., Seibt, J., Renouard, L., Coleman, T., and Frank,
M. G. (2015). Rapid eye movement sleep promotes cortical plasticity in the developing
brain. Sci. Adv. 1:e1500105. doi: 10.1126/sciadv.1500105

Egbuta, C., and Mason, K. P. (2021). Current state of analgesia and sedation in the
pediatric intensive care unit. J. Clin. Med. 10:1847. doi: 10.3390/jcm10091847

Engel, J., von Borell, F., Baumgartner, I., Kumpf, M., Hofbeck, M., Michel, J., et al.
(2022). Modified ABCDEF-bundles for critically ill pediatric patients - what could they
look like? Front. Pediatr. 10:886334. doi: 10.3389/fped.2022.886334

Escobar, C., Rojas-Granados, A., and Angeles-Castellanos, M. (2021).
Chapter 16 development of the circadian system and relevance of periodic

signals for neonatal development. Handb. Clin. Neurol. 179, 249–258.
doi: 10.1016/B978-0-12-819975-6.00015-7

Fan, Y. Y., Luo, R. Y., Wang, M. T., Yuan, C. Y., Sun, Y. Y., and Jing, J. Y. (2024).
Mechanisms underlying delirium in patients with critical illness. Front. Aging Neurosci.
16:1446523. doi: 10.3389/fnagi.2024.1446523

Feinberg, I., and Campbell, I. G. (2010). Sleep EEG changes during adolescence:
an index of a fundamental brain reorganization. Brain Cogn. 72, 56–65.
doi: 10.1016/j.bandc.2009.09.008

Fogel, S. M., and Smith, C. T. (2011). The function of the sleep
spindle: a physiological index of intelligence and a mechanism for sleep-
dependent memory consolidation. Neurosci. Biobehav. Rev. 35, 1154–1165.
doi: 10.1016/j.neubiorev.2010.12.003

Goel, P., and Goel, A. (2024). Exploring the evolution of sleep patterns from infancy
to adolescence. Cureus 16:e64759. doi: 10.7759/cureus.64759

Gorecki, N. M., and Prasun, M. A. (2024). Intensive care unit sleep promotion
bundle: impact on sleep quality, delirium, and other patient outcomes. Crit. Care Nurse
44, 11–18. doi: 10.4037/ccn2024972

Greenfield, K. D., Karam, O., and O’Meara, A. M. I. (2020). Brighter days may be
ahead: continuous measurement of pediatric intensive care unit light and sound. Front.
Pediatr. 8:590715. doi: 10.3389/fped.2020.590715

Gregory, J. L., Brown, A. T., and Kudchadkar, S. R. (2021). Characterizing sleep
disruption and delirium in children after cardiac surgery: a feasibility study. Pediatr.
Crit. Care Med. 22, 988–992. doi: 10.1097/PCC.0000000000002777

Grigg-Damberger, M., Gozal, D., Marcus, C. L., Quan, S. F., Rosen, C. L., Chervin,
R. D., et al. (2007). The visual scoring of sleep and arousal in infants and children. J.
Clin. sleep Med. 3, 201–240. doi: 10.5664/jcsm.26819

Hall, T. A., Leonard, S., Bradbury, K., Holding, E., Lee, J., Wagner, A., et al.
(2022). Post-intensive care syndrome in a cohort of infants & young children receiving
integrated care via a pediatric critical care & neurotrauma recovery program: a pilot
investigation. Clin. Neuropsychol. 36, 639–663. doi: 10.1080/13854046.2020.1797176

Hassinger, A. B., Afzal, S., Rauth, M., and Breuer, R. K. (2023). Pediatric intensive
care unit related sleep and circadian dysregulation: a focused review. Semin. Pediatr.
Neurol. 48:101077. doi: 10.1016/j.spen.2023.101077

Hassinger, A. B., Mody, K., Li, S., Flagg, L. K., Faustino, E. V. S., Kudchadkar, S.
R., et al. (2024). Parental perspectives from the survey of sleep quality in the PICU
validation study on environmental factors causing sleep disruption in critically ill
children. Crit. Care Med. 52, e578–e588. doi: 10.1097/CCM.0000000000006403

Heffernan, Á. B., Steinruecke, M., Dempsey, G., Chandran, S., Selvaraj, B. T., Jiwaji,
Z., et al. (2025). Role of glia in delirium: proposed mechanisms and translational
implications.Mol. Psychiatry 30, 1138–1147. doi: 10.1038/s41380-024-02801-4

Herrup, E. A., Wieczorek, B., and Kudchadkar, S. R. (2017). Characteristics of
postintensive care syndrome in survivors of pediatric critical illness: a systematic
review.World J. Crit. Care Med. 6, 124–134. doi: 10.5492/wjccm.v6.i2.124

Hiser, S. L., Fatima, A., Ali, M., and Needham, D. M. (2023). Post-
intensive care syndrome (PICS): recent updates. J. Intensive Care 11:23.
doi: 10.1186/s40560-023-00670-7

Hosseini, S. N., and Walton, J. C., SheikhAnsari, I., Kreidler, N., and Nelson, R. J.
(2024). An architectural solution to a biological problem: a systematic review of lighting
designs in healthcare environments. Appl. Sci. 14:2945. doi: 10.3390/app14072945

Hughes, C. G., Patel, M. B., Brummel, N. E., Thompson, J. L., McNeil, J. B.,
Pandharipande, P. P., et al. (2018). Relationships between markers of neurologic and
endothelial injury during critical illness and long-term cognitive impairment and
disability. Intensive Care Med. 44, 345–355. doi: 10.1007/s00134-018-5120-1

Inoue, S., Nakanishi, N., Amaya, F., Fujinami, Y., Hatakeyama, J., Hifumi, T., et al.
(2024). Post-intensive care syndrome: recent advances and future directions. Acute
Med. Surg. 11:e929. doi: 10.1002/ams2.929

Jenni, O. G., andDahl, R. E. (2008). “Sleep, cognition, and emotion: a developmental
view,” inHandbook of Developmental Cognitive Neuroscience, eds. C. A. Nelson and M.
Luciana (Cambridge, MA: Boston Review), 807–817.

Jiang, F. (2020). Sleep and early brain development. Ann. Nutr. Metab. 75, 25–34.
doi: 10.1159/000508055

Kalvas, L. B., andHarrison, T.M. (2024). Screen time and sleep duration in pediatric
critical care: secondary analysis of a pilot observational study. J. Pediatr. Nurs. 76,
e101–e108. doi: 10.1016/j.pedn.2024.01.025

Kalvas, L. B., Harrison, T. M., Curley, M. A. Q., Ordway, M. R., Redeker, N. S., and
Happ, M. B. (2023). An observational pilot study of sleep disruption and delirium in
critically ill children. Hear. Lung 62, 215–224. doi: 10.1016/j.hrtlng.2023.08.005

Kamat, P. P., and Berkenbosch, J.W. (2021). Sedation and Analgesia for the Pediatric
Intensivist: A Clinical Guide. Cham: Springer. doi: 10.1007/978-3-030-52555-2

Kaur, H., Rohlik, G. M., Nemergut, M. E., and Tripathi, S. (2016). Comparison
of staff and family perceptions of causes of noise pollution in the Pediatric
Intensive Care Unit and suggested intervention strategies. Noise Heal. 18, 78–84.
doi: 10.4103/1463-1741.178480

Frontiers in Sleep 11 frontiersin.org

https://doi.org/10.3389/frsle.2025.1629408
https://doi.org/10.1111/j.1365-2869.1996.00251.x
https://doi.org/10.22514/sv.2023.007
https://doi.org/10.1007/s00431-024-05660-x
https://doi.org/10.3390/medsci6040090
https://doi.org/10.1097/PCC.0000000000003340
https://doi.org/10.1016/B978-1-4160-6645-3.00002-5
https://doi.org/10.1196/annals.1308.032
https://doi.org/10.1016/S0022-3476(96)70008-2
https://doi.org/10.3345/cep.2020.01354
https://doi.org/10.1101/2024.09.10.24313393
https://doi.org/10.1097/PCC.0000000000003595
https://doi.org/10.1136/bmjopen-2024-084445
https://doi.org/10.1001/archpediatrics.2010.10
https://doi.org/10.3760/cma.j.cn112140-20230220-00116
https://doi.org/10.1055/s
https://doi.org/10.7759/cureus.61568
https://doi.org/10.1016/j.jped.2017.05.012
https://doi.org/10.1055/s-0039-1698378
https://doi.org/10.1097/PCC.0000000000002789
https://doi.org/10.1126/sciadv.1500105
https://doi.org/10.3390/jcm10091847
https://doi.org/10.3389/fped.2022.886334
https://doi.org/10.1016/B978-0-12-819975-6.00015-7
https://doi.org/10.3389/fnagi.2024.1446523
https://doi.org/10.1016/j.bandc.2009.09.008
https://doi.org/10.1016/j.neubiorev.2010.12.003
https://doi.org/10.7759/cureus.64759
https://doi.org/10.4037/ccn2024972
https://doi.org/10.3389/fped.2020.590715
https://doi.org/10.1097/PCC.0000000000002777
https://doi.org/10.5664/jcsm.26819
https://doi.org/10.1080/13854046.2020.1797176
https://doi.org/10.1016/j.spen.2023.101077
https://doi.org/10.1097/CCM.0000000000006403
https://doi.org/10.1038/s41380-024-02801-4
https://doi.org/10.5492/wjccm.v6.i2.124
https://doi.org/10.1186/s40560-023-00670-7
https://doi.org/10.3390/app14072945
https://doi.org/10.1007/s00134-018-5120-1
https://doi.org/10.1002/ams2.929
https://doi.org/10.1159/000508055
https://doi.org/10.1016/j.pedn.2024.01.025
https://doi.org/10.1016/j.hrtlng.2023.08.005
https://doi.org/10.4103/1463-1741.178480
https://www.frontiersin.org/journals/sleep
https://www.frontiersin.org


Byeon et al. 10.3389/frsle.2025.1629408

Kawai, Y., Weatherhead, J. R., Traube, C., Owens, T. A., Shaw, B. E., Fraser, E. J.,
et al. (2017). Quality improvement initiative to reduce pediatric intensive care unit
noise pollution with the use of a pediatric delirium bundle. J. Intensive Care Med. 34,
383–390. doi: 10.1177/0885066617728030

Kiliç, G., and Kav, S. (2023). Effect of using eye masks and earplugs in preventing
delirium in intensive care patients: a single-blinded, randomized, controlled trial.Nurs.
Crit. Care 28, 698–708. doi: 10.1111/nicc.12901

Kirk, S., Fallon, D., Fraser, C., Robinson, G., and Vassallo, G. (2015). Supporting
parents following childhood traumatic brain injury: a qualitative study to examine
information and emotional support needs across key care transitions. Child: Care Heal.
Dev. 41, 303–313. doi: 10.1111/cch.12173

Knauert, M. P., Gilmore, E. J., Murphy, T. E., Yaggi, H. K., Van Ness, P.
H., Han, L., et al. (2018). Association between death and loss of stage N2 sleep
features among critically Ill patients with delirium. J. Crit. Care 48, 124–129.
doi: 10.1016/j.jcrc.2018.08.028

Kudchadkar, S. R., Aljohani, O., Johns, J., Leroux, A., Alsafi, E., Jastaniah, E., et al.
(2019). Day-night activity in hospitalized children after major surgery: an analysis of
2271 hospital days. J. Pediatr. 209, 190–197.e1. doi: 10.1016/j.jpeds.2019.01.054

Kudchadkar, S. R., Aljohani, O. A., and Punjabi, N. M. (2014). Sleep of critically ill
children in the pediatric intensive care unit: a systematic review. Sleep Med. Rev. 18,
103–110. doi: 10.1016/j.smrv.2013.02.002

Kurth, S., Jenni, O. G., Riedner, B. A., Tononi, G., Carskadon, M. A., and Huber,
R. (2010). Characteristics of sleep slow waves in children and adolescents. Sleep 33,
475–480. doi: 10.1093/sleep/33.4.475

Kurth, S., Olini, N., Huber, R., and Le Bourgeois, M. (2015). Sleep and early cortical
development. Curr. Sleep Med. Rep. 1, 64–73. doi: 10.1007/s40675-014-0002-8

Lammers-Lietz, F., Akyuz, L., Feinkohl, I., Lachmann, C., Pischon, T., Volk, H. D.,
et al. (2022). Interleukin 8 in postoperative delirium – preliminary findings from two
studies. Brain Behav. Immun. Heal. 20:100419. doi: 10.1016/j.bbih.2022.100419

Lee, J. J., Jaconia, G. D., Sun, L. S., Biagas, K. V., Naim, M. Y., Beers, S.
R., et al. (2023). Pediatric intensive care unit patients: sedation, monitoring,
and neurodevelopmental outcomes. J. Neurosurg. Anesthesiol. 35, 147–152.
doi: 10.1097/ANA.0000000000000881

Lee, V. V., Schembri, R., Jordan, A. S., and Jackson, M. L. (2022). The independent
effects of sleep deprivation and sleep fragmentation on processing of emotional
information. Behav. Brain Res. 424:113802. doi: 10.1016/j.bbr.2022.113802

Lei, L., Li, Y., Xu, H., Zhang, Q., Wu, J., Zhao, S., et al. (2023). Incidence, associated
factors, and outcomes of delirium in critically ill children in china: a prospective cohort
study. BMC Psychiatry 23:925. doi: 10.1186/s12888-023-05406-3

Lenehan, S. M., Fogarty, L., O’Connor, C., Mathieson, S., and Boylan, G. B. (2023).
The architecture of early childhood sleep over the first two years.Matern. Child Heal. J.
27, 226–250. doi: 10.1007/s10995-022-03545-9

Lockley, S. W., and Foster, R. G. (2012). Sleep: A Very Short Introduction Oxford:
Oxford Academic. doi: 10.1093/actrade/9780199587858.001.0001

Long, D. A., and Fink, E. L. (2021). Transitions from short to long-term outcomes
in pediatric critical care: considerations for clinical practice. Transl. Pediatr. 10,
2858–2874. doi: 10.21037/tp-21-61

Manning, J. C., Pinto, N. P., Rennick, J. E., Colville, G., and Curley, M. A. Q. (2018).
Conceptualizing Post Intensive Care Syndrome in Children—The PICS-p Framework∗

Pediatr. Crit. Care Med. 19, 298–300. doi: 10.1097/PCC.0000000000001476

Markov, K., Elgendi, M., and Menon, C. (2024). EEG-based headset sleep wearable
devices. NPJ Biosensing 1:12. doi: 10.1038/s44328-024-00013-y

Marra, A., McGrane, T. J., Henson, C. P., and Pandharipande, P. P. (2019).
Melatonin in critical care. Crit. Care Clin. 35, 329–340. doi: 10.1016/j.ccc.2018.11.008

McNeil, J. B., Hughes, C. G., Girard, T., Ware, L. B., Ely, E. W., Chandrasekhar,
R., et al. (2019). Plasma biomarkers of inflammation, coagulation, and brain injury as
predictors of delirium duration in older hospitalized patients. PLoS ONE 14:e0226412.
doi: 10.1371/journal.pone.0226412

Meert, K. L., Slomine, B. S., Christensen, J. R., Telford, R., Holubkov, R., Dean, J.
M., et al. (2016). Family burden after out-of-hospital cardiac arrest in children. Pediatr.
Crit. Care Med. 17, 498–507. doi: 10.1097/PCC.0000000000000726

Memar, P., and Faradji, F. A. (2018). Novel multi-class EEG-based sleep
stage classification system. IEEE Trans. Neural Syst. Rehabilitation Eng. 26, 84–95.
doi: 10.1109/TNSRE.2017.2776149

Michel, J., Schepan, E., Hofbeck, M., Engel, J., Simma, A., and Neunhoeffer, F.
(2022). Implementation of a delirium bundle for pediatric intensive care patients.
Front. Pediatr. 10:826259. doi: 10.3389/fped.2022.826259

Mirmiran, M., Baldwin, R. B., and Ariagno, R. L. (2003). Circadian
and sleep development in preterm infants occurs independently from
the influences of environmental lighting. Pediatr. Res. 53, 933–938.
doi: 10.1203/01.PDR.0000061541.94620.12

Nenningsland, T. S., Asadi-Azarbaijani, B., Alfheim, H. B., and Hansen, E. H.
(2024). Parents’ perceptions of factors influencing sleep in pediatric intensive care units:
a qualitative study. J. Pediatr. Nurs. 77, e225–e230. doi: 10.1016/j.pedn.2024.04.033

Oxlund, J., Knudsen, T., Sörberg, M., Strøm, T., Toft, P., and Jennum, P. J. (2023).
Sleep quality and quantity determined by polysomnography in mechanically ventilated
critically ill patients randomized to dexmedetomidine or placebo. Acta Anaesthesiol.
Scand. 67, 66–75. doi: 10.1111/aas.14154

Paruthi, S., Brooks, L. J., D’Ambrosio, C., Hall, W. A., Kotagal, S., Lloyd, R. M.,
et al. (2016). Consensus statement of the american academy of sleep medicine on the
recommended amount of sleep for healthy children: methodology and discussion. J.
Clin. Sleep Med. 12, 1549–1561. doi: 10.5664/jcsm.6288

Peirano, P. D., and Algarín, C. R. (2007). Sleep in brain development. Biol. Res. 40,
471–478. doi: 10.4067/S0716-97602007000500008

Pinto, N. P., Maddux, A. B., Dervan, L. A., Woodruff, A. G., Jarvis, J. M., Nett, S.,
et al. (2022). A core outcome measurement set for pediatric critical care∗ . Pediatr. Crit.
Care Med. 23, 893–907. doi: 10.1097/PCC.0000000000003055

Pisani, M. A., and D’Ambrosio, C. (2020). Sleep and delirium in
adults who are critically ill a contemporary review. Chest 157, 977–984.
doi: 10.1016/j.chest.2019.12.003

Plaschke, K., Fichtenkamm, P., Schramm, C., Hauth, S., Martin, E., Verch, M., et al.
(2010). Early postoperative delirium after open-heart cardiac surgery is associated with
decreased bispectral EEG and increased cortisol and interleukin-6. Intensive Care Med.
36, 2081–2089. doi: 10.1007/s00134-010-2004-4

Pun, B. T., Balas, M. C., Barnes-Daly, M. A., Thompson, J. L., Aldrich, J. M., Barr, J.,
et al. (2019). Caring for critically ill patients with the ABCDEF bundle. Crit. Care Med.
47, 3–14. doi: 10.1097/CCM.0000000000003482

Quadir, A., Festa, M., Gilchrist, M., Thompson, K., Pride, N., and Basu, S. (2024).
Long-term follow-up in pediatric intensive care—a narrative review. Front. Pediatr.
12:1430581. doi: 10.3389/fped.2024.1430581

Ramnarain, D., Pouwels, S., Fernández-Gonzalo, S., Navarra-Ventura, G.,
and Balanzá-Martínez, V. (2023). Delirium-related psychiatric and neurocognitive
impairment and the association with post-intensive care syndrome-a narrative review.
Acta Psychiatr. Scand. 147, 460–474. doi: 10.1111/acps.13534

Rennick, J. E., Dougherty, G., Chambers, C., Stremler, R., Childerhose, J. E., Stack,
D. M., et al. (2014). Children’s psychological and behavioral responses following
pediatric intensive care unit hospitalization: the caring intensively study. BMC Pediatr.
14:276. doi: 10.1186/1471-2431-14-276

Ribeiro, S., Gervasoni, D., Soares, E. S., Zhou, Y., Lin, S. C., Pantoja, J., et al.
(2004). Long-lasting novelty-induced neuronal reverberation during slow-wave sleep
in multiple forebrain areas. PLoS Biol. 2:e24. doi: 10.1371/journal.pbio.0020024

Richardson, A., Allsop, M., Coghill, E., and Turnock, C. (2007). Earplugs and eye
masks: do they improve critical care patients’ sleep? Nurs. Crit. Care 12, 278–286.
doi: 10.1111/j.1478-5153.2007.00243.x

Rodríguez-Rey, R., and Alonso-Tapia, J. (2017). Relation between parental
psychopathology and posttraumatic growth after a child’s admission to intensive
care: two faces of the same coin? Intensive Crit. Care Nurs. 43, 156–161.
doi: 10.1016/j.iccn.2017.08.005

Romagnoli, S., Villa, G., Fontanarosa, L., Tofani, L., Pinelli, F., De
Gaudio, A. R., et al. (2020). Sleep duration and architecture in non-intubated
intensive care unit patients: an observational study. Sleep Med. 70, 79–87.
doi: 10.1016/j.sleep.2019.11.1265

Sachser, C., Berliner, L., Holt, T., Jensen, T. K., Jungbluth, N., Risch, E., et al. (2017).
International development and psychometric properties of the Child and Adolescent
Trauma Screen (CATS). J. Affect. Disord. 210, 189–195. doi: 10.1016/j.jad.2016.12.040

Sanchez, R. E. A., Wrede, J. E., Watson, R. S., de la Iglesia, H. O., and Dervan, L. A.
(2022). Actigraphy in mechanically ventilated pediatric ICU patients: comparison to
PSG and evaluation of behavioral circadian rhythmicity. Chronobiol. Int. 39, 117–128.
doi: 10.1080/07420528.2021.1987451

Schwitzer, E., Jensen, K. S., Brinkman, L., DeFrancia, L., VanVleet, J., Baqi, E.,
et al. (2023).Survival 6= recovery: a narrative review of post-intensive care syndrome.
CHEST Crit. Care 1:100003. doi: 10.1016/j.chstcc.2023.100003

Shajan, N., Sharma,M., andKaur, G. (2023). Sedation in pediatric intensive care unit
and its impact on outcomes of ventilated children: a prospective observational study.
Egypt. Pediatr. Assoc. Gaz. 71:41. doi: 10.1186/s43054-023-00191-w

Shakankiry, H.M. E. (2011). Sleep physiology and sleep disorders in childhood.Nat.
Sci. Sleep 3, 101–114. doi: 10.2147/NSS.S22839

Silver, G., Doyle, H., Hegel, E., Kaur, S., Mauer, E. A., Gerber, L. M., et al. (2020).
Association between pediatric delirium and quality of life after discharge∗ . Crit. Care
Med. 48, 1829–1834. doi: 10.1097/CCM.0000000000004661

Smith, C. J., Hodge, D., Harrison, F. E., and Roberson, S. W. (2024).
The pathophysiology and biomarkers of delirium. Semin. Neurol. 44, 720–731.
doi: 10.1055/s-0044-1791666

Soto, P. J. L., Jiménez-Pastor, J. M., López-Coleto, L., and Cruz, M. M. E. (2024).
Enhancing sleep quality in pediatric intensive care: a chronobiological perspective.
Dent. Clin. North Am. 68, 467–474. doi: 10.1016/j.cden.2024.03.003

Stremler, R., Micsinszki, S., Adams, S., Parshuram, C., Pullenayegum, E., and
Weiss, S. K. (2021). Objective sleep characteristics and factors associated with sleep

Frontiers in Sleep 12 frontiersin.org

https://doi.org/10.3389/frsle.2025.1629408
https://doi.org/10.1177/0885066617728030
https://doi.org/10.1111/nicc.12901
https://doi.org/10.1111/cch.12173
https://doi.org/10.1016/j.jcrc.2018.08.028
https://doi.org/10.1016/j.jpeds.2019.01.054
https://doi.org/10.1016/j.smrv.2013.02.002
https://doi.org/10.1093/sleep/33.4.475
https://doi.org/10.1007/s40675-014-0002-8
https://doi.org/10.1016/j.bbih.2022.100419
https://doi.org/10.1097/ANA.0000000000000881
https://doi.org/10.1016/j.bbr.2022.113802
https://doi.org/10.1186/s12888-023-05406-3
https://doi.org/10.1007/s10995-022-03545-9
https://doi.org/10.1093/actrade/9780199587858.001.0001
https://doi.org/10.21037/tp-21-61
https://doi.org/10.1097/PCC.0000000000001476
https://doi.org/10.1038/s44328-024-00013-y
https://doi.org/10.1016/j.ccc.2018.11.008
https://doi.org/10.1371/journal.pone.0226412
https://doi.org/10.1097/PCC.0000000000000726
https://doi.org/10.1109/TNSRE.2017.2776149
https://doi.org/10.3389/fped.2022.826259
https://doi.org/10.1203/01.PDR.0000061541.94620.12
https://doi.org/10.1016/j.pedn.2024.04.033
https://doi.org/10.1111/aas.14154
https://doi.org/10.5664/jcsm.6288
https://doi.org/10.4067/S0716-97602007000500008
https://doi.org/10.1097/PCC.0000000000003055
https://doi.org/10.1016/j.chest.2019.12.003
https://doi.org/10.1007/s00134-010-2004-4
https://doi.org/10.1097/CCM.0000000000003482
https://doi.org/10.3389/fped.2024.1430581
https://doi.org/10.1111/acps.13534
https://doi.org/10.1186/1471-2431-14-276
https://doi.org/10.1371/journal.pbio.0020024
https://doi.org/10.1111/j.1478-5153.2007.00243.x
https://doi.org/10.1016/j.iccn.2017.08.005
https://doi.org/10.1016/j.sleep.2019.11.1265
https://doi.org/10.1016/j.jad.2016.12.040
https://doi.org/10.1080/07420528.2021.1987451
https://doi.org/10.1016/j.chstcc.2023.100003
https://doi.org/10.1186/s43054-023-00191-w
https://doi.org/10.2147/NSS.S22839
https://doi.org/10.1097/CCM.0000000000004661
https://doi.org/10.1055/s-0044-1791666
https://doi.org/10.1016/j.cden.2024.03.003
https://www.frontiersin.org/journals/sleep
https://www.frontiersin.org


Byeon et al. 10.3389/frsle.2025.1629408

duration and waking during pediatric hospitalization. JAMA Netw. Open 4:e213924.
doi: 10.1001/jamanetworkopen.2021.3924

Tarokh, L., Saletin, J. M., and Carskadon, M. A. (2016). Sleep in adolescence:
physiology, cognition and mental health. Neurosci. Biobehav. Rev. 70, 182–188.
doi: 10.1016/j.neubiorev.2016.08.008

Thibault, C., Pont-Thibodeau, G. D., MacDonald, S., Jutras, C., Metras, M. É.,
Harrington, K., et al. (2024). Two months outcomes following delirium in the pediatric
intensive care unit. Eur. J. Pediatr. 183, 2693–2702. doi: 10.1007/s00431-024-05491-w

Tronstad, O., Zangerl, B., Patterson, S., Flaws, D., Yerkovich, S., Szollosi, I., et al.
(2024). The effect of an improved ICU physical environment on outcomes and
post-ICU recovery-a protocol. Trials 25:376. doi: 10.1186/s13063-024-08222-6

van den Boogaard, M., Kox, M., Quinn, K. L., van Achterberg, T., van der Hoeven,
J. G., Schoonhoven, L., et al. (2011). Biomarkers associated with delirium in critically ill
patients and their relation with long-term subjective cognitive dysfunction; indications
for different pathways governing delirium in inflamed and noninflamed patients. Crit.
Care 15:R297. doi: 10.1186/cc10598

van Twist, E., Hiemstra, F. W., Cramer, A. B. G., Verbruggen, S. C. A. T., Tax,
D. M. J., Joosten, K., et al. (2024). An electroencephalography-based sleep index and
supervised machine learning as a suitable tool for automated sleep classification in
children. J. Clin. Sleep Med. 20, 389–397. doi: 10.5664/jcsm.10880

Weatherhead, J. R., Niedner, M., Dahmer, M. K., Malas, N., Owens, T., and Kawai,
Y. (2021). Patterns of delirium in a pediatric intensive care unit and associations with
noise pollution. J. Intensive Care Med. 37, 946–953. doi: 10.1177/08850666211055649

Wilckens, K. A., Ferrarelli, F., Walker, M. P., and Buysse, D. J. (2018). Slow-
wave activity enhancement to improve cognition. Trends Neurosci. 41, 470–482.
doi: 10.1016/j.tins.2018.03.003

Witte, M. A., Lloyd, R. M., McGree, M., and Kawai, Y. (2023). Sleep
quantity and quality of critically ill children perceived by caregivers and bedside
nursing staff: a pilot study. J. Clin. Sleep Med. 19, 2027–2033. doi: 10.5664/jcsm.
10750

Yorbik, O., Mutlu, C., Koc, D., and Mutluer, T. (2014). Possible negative
effects of snoring and increased sleep fragmentation on developmental status of
preschool children: snoring and sleep fragmentation. Sleep Biol. Rhyth. 12, 30–36.
doi: 10.1111/sbr.12042

Zamore, Z., and Veasey, S. C. (2022). Neural consequences of chronic
sleep disruption. Trends Neurosci. 45, 678–691. doi: 10.1016/j.tins.2022.
05.007

Zhang, Y., Yang, Y., Cheng, C., Hou, G., Ding, X., and Ma, J. (2024). Based
-evidence, an intervention study to improve sleep quality in awake adult ICU
patients: a prospective, single-blind, clustered controlled trial. Crit. Care 28:365.
doi: 10.1186/s13054-024-05161-1

Zhao, X., Yan, J., Wu, B., Zheng, D., Fang, X., and Xu, W. (2022). Sleep cycle
in children with severe acute bronchopneumonia during mechanical ventilation
at different depths of sedation. BMC Pediatr. 22:589. doi: 10.1186/s12887-022-
03658-8

Zhou, M., Zhang, J., Xu, Z., Gu, H., Chen, Z., and Ding, Y. (2023). Incidence of
and risk factors for post–intensive care syndrome among Chinese respiratory intensive
care unit patients: a cross-sectional, prospective study. Aust. Crit. Care 36, 464–469.
doi: 10.1016/j.aucc.2022.07.005

Zhou, Y., Lai, C. S. W., Bai, Y., Li, W., Zhao, R., Yang, G., et al. (2020). REM sleep
promotes experience-dependent dendritic spine elimination in the mouse cortex. Nat.
Commun. 11:4819. doi: 10.1038/s41467-020-18592-5

Frontiers in Sleep 13 frontiersin.org

https://doi.org/10.3389/frsle.2025.1629408
https://doi.org/10.1001/jamanetworkopen.2021.3924
https://doi.org/10.1016/j.neubiorev.2016.08.008
https://doi.org/10.1007/s00431-024-05491-w
https://doi.org/10.1186/s13063-024-08222-6
https://doi.org/10.1186/cc10598
https://doi.org/10.5664/jcsm.10880
https://doi.org/10.1177/08850666211055649
https://doi.org/10.1016/j.tins.2018.03.003
https://doi.org/10.5664/jcsm.10750
https://doi.org/10.1111/sbr.12042
https://doi.org/10.1016/j.tins.2022.05.007
https://doi.org/10.1186/s13054-024-05161-1
https://doi.org/10.1186/s12887-022-03658-8
https://doi.org/10.1016/j.aucc.2022.07.005
https://doi.org/10.1038/s41467-020-18592-5
https://www.frontiersin.org/journals/sleep
https://www.frontiersin.org

	Sleep fragmentation in critically ill children: a review of contributing factors in the pediatric intensive care unit and neurodevelopmental outcomes
	1 Introduction
	2 Sleep and its neurodevelopmental significance
	3 Contributing factors
	4 Inflammation's role in sleep fragmentation and delirium
	5 Pediatric Post-Intensive Care Syndrome (PICS-p)
	6 Discussion
	7 Future directions
	8 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


	Figure 1: 


