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Abstract This single-center prospective observational study aimed to evaluate sleep architecture
in mechanically ventilated pediatric intensive care unit (PICU) patients receiving
protocolized light sedation. We enrolled 18 children, 6 months to 17 years of age,
receiving mechanical ventilation and standard, protocolized sedation for acute respi-
ratory failure, and monitored them with 24 hours of limited (10 channels) polysomno-
gram (PSG). The PSGwas scored by a sleep technician and reviewed by a pediatric sleep
medicine physician. Sixteen children had adequate PSG data for sleep stage scoring. All
received continuous opioid infusions, 15 (94%) received dexmedetomidine, and 7
(44%) received intermittent benzodiazepines. Total sleep time was above the age-
matched normal reference range (median 867 vs. 641 minutes, p¼ 0.002), attribut-
able to increased stage N1 and N2 sleep. Diurnal variation was absent, with a median of
47% of sleep occurring during night-time hours. Rapid eye movement (REM) sleep was
observed as absent in most patients (n¼ 12, 75%). Sleep was substantially disrupted,
with more awakenings per hour than normal for age (median 2.2 vs. 1.1, p¼ 0.008),
resulting in a median average sleep period duration (sleep before awakening) of only
25 minutes (interquartile range [IQR]: 14–36) versus normal 72 minutes (IQR: 65–86,
p¼ 0.001). Higher ketamine and propofol doses were associated with increased sleep
disruption. Children receiving targeted, opioid-, and dexmedetomidine-based sedation
to facilitate mechanical ventilation for acute respiratory failure have substantial sleep
disruption and abnormal sleep architecture, achieving little to no REM sleep. Dexme-
detomidine-based sedation does not ensure quality sleep in this population.
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Sleep disruption is common among children receiving seda-
tion andmechanical ventilation for acute respiratory failure in
the intensive care unit (ICU).1 Polysomnogram (PSG)-based
studies show that these children have decreased rapid eye
movement (REM) sleep, decreased slow-wave sleep (SWS),
frequent arousals andawakenings, and loss ofcircadiancycling
(day/night variation).1 Sleep deprivation has numerous tran-
sient and cumulative physiologic effects, including impaired
glucose metabolism, growth hormone inhibition, decreased
respiratory function (including respiratorymuscle fatigue and
decreased response to hypercapnia), increased inflammatory
cytokine levels, altered immune function, increased sympa-
thetic tone, inattention, decreased cognitive function, and
hallucinations.2 These consequences are especiallyworrisome
in critically ill patients, who are already at risk of muscle
wasting, impaired nitrogen balance, delayed ventilator wean-
ing, healthcare-acquired infections, sleepdisruption, delirium,
and cognitive and psychiatric sequelae following ICU dis-
charge.2–7 Most ICU nurses and physicians agree that poor
sleep is common among critically ill patients and negatively
impacts recovery.8

Exposure to sedative medications common in the ICU,
including propofol,9 ketamine, opioids, and benzodiaze-
pines, is associated with abnormal sleep architecture,
including frequent sleep disruption and decreased or absent
SWS and REM sleep.1,2,10 Dexmedetomidine is an α-2 ago-
nist with sedative properties initially approved for use in the
United States in 1999, with pediatric-specific labeling added
in 2013. It has been enthusiastically adopted for continuous
intravenous sedation in the pediatric ICU (PICU) setting due
to its favorable side effect profile, including limited respira-
tory depression11 and its association with lower rates of
delirium compared with continuous sedation with midazo-
lam in adult ICU trials.12 In short-term use (up to 6 hours),
adults and children receiving dexmedetomidine have
electroencephalogram (EEG) tracings indistinguishable
from physiologic stage 2 sleep.13,14 Clinical studies in adults
have observed increased total sleep time, improved diurnal
variation, and reduced sleep fragmentation with nighttime
dexmedetomidine infusion compared with no dexmedeto-
midine15,16 and with its use as a continuous sedative or pain
treatment.17,18 These observations have led clinicians to
hope that dexmedetomidine-based sedationwould facilitate
physiologic sleep in PICU patients,1 but whether it does so
during typical clinical use in children receiving sedation and
mechanical ventilation is unknown.

We aimed to quantitatively evaluate sleep architecture in
children requiring mechanical ventilation for acute respira-
tory failure receiving standardized, nurse-directed sedation
targeted to a light depth using opioids and limited benzo-
diazepines, with or without dexmedetomidine, and using
standard clinical sleep scoring methodology from a limited
(10 channels) PSG. We compared quantitative measures of
sleep architecture and sleep disruption to published age-
matched normative values, hypothesizing that critically ill
children would have abnormal sleep architecture and more
frequent sleep disruption compared with reference values in
healthy children. We also evaluated associations between

quantitativemeasures of sleep architecture and demograph-
ic and clinical characteristics and sedation exposures.

Methods

Study Design and Setting
This prospective observational study was performed in the
Seattle Children’sHospital PICU. Seattle Children’sHospital is a
tertiary academic pediatric hospital with 403 inpatient beds,
and pediatric residency and critical care medicine fellowship
training programs. Patients receive ICU care beyond the neo-
natal period in a 32-bed PICU or a separate cardiac ICU. Our
PICU employs a nurse-directed sedation protocol originally
adopted in 2008.19 In addition, a multidisciplinary Sedation
Committee provides recommendations regarding delirium
prevention, which since 2013 have included an analgesia-first
approach, limiting benzodiazepines and other deliriogenic
medications, and maintaining light sedation whenever possi-
ble.20 Ventilated patients requiring sedation receive opioid
infusions with or without dexmedetomidine. Intermittent
benzodiazepine doses are given only for agitation that cannot
be managed with these medications and nonpharmacologic
measures.Deliriumscreening isperformed twicedailyat noon
and midnight using the Cornell Assessment of Pediatric Delir-
ium (CAPD) tool.21

Inclusion criteria were age 6 months to 17 years, within
the first 5 days of receiving mechanical ventilation through
an endotracheal tube for an acute respiratory indication, and
receiving standard sedation guided by the sedation protocol.
Exclusion criteria included developmental disability (pedi-
atric cerebral performance category [PCPC]22� 3), receiving
treatment for a diagnosed sleep disorder, acute or historical
neurologic injury, lack of an English-speaking parent avail-
able for consent, expected to extubate in< 24 hours, sedated
with a continuous propofol infusion, not anticipated to
survive the current illness, presence of limitation of care
orders, concurrently enrolled in another study, or PICU
attending refusal. This study was approved by the Seattle
Children’s Hospital Institutional Review Board, including a
waiver of patient assent due to the presence of mechanical
ventilation and sedation.

Study Screening, Enrollment, and Data Collection
The PICU patients were screened Monday through Friday
during business hours for eligibility.We screened and enrolled
patients from March 25, 2016 to October 30, 2019. Eligible
patients were reviewed with the primary attending and, if
deemedappropriate, approachedby the study team. Following
written parental consent, enrolled children underwent
24 hours of limited PSGmonitoring, including eight EEG leads
(F3, F4, C3, C4, O1, O2, M1, and M2), two electrooculographic
leads, two chin electromyographic (EMG) leads, and two limb
EMG leads (bilateral anterior tibialis). The bedside PSG mon-
tage was left off so that providers could not see it. Educational
resources regarding the study and the PSG procedure were
provided for bedside nursing and respiratory therapy staff on
enrollment. We obtained detailed clinical data on enrolled
patients from the electronicmedical record. Severity of illness
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was quantified by Pediatric Risk of Mortality III (PRISM3)
score.23 Depth of sedation was described by daily modal
Richmond Agitation Sedation Scale (RASS) scores.24

Analysis
PSG data were scored for sleep staging using American
Academy of Sleep Medicine (AASM) criteria25 by a sleep
technologist and reviewed by a board-certified pediatric
sleep medicine physician (J.W.), who were blinded to the
patient’s sedative regimen. AASM criteria define arousals as
characteristic EEG frequency changes that last for at least
3 seconds after 10 seconds of sleep. Demographics, clinical
characteristics, and sleepmetrics (total sleep time, nocturnal
sleep time, sleep stage times and percentages, sleep period
durations, arousal index, and awakening index) are pre-
sented using descriptive statistics. Night time sleep metrics
were calculated from 9 PM to 7 AM. Age-specific normal
values for sleep metrics were abstracted from multiple
references,26–33 using the mean of abstracted values if
multiple valueswere available. If values specific to a patient’s
agewere not available, we abstracted values from the closest
age range with available data. These age-specific normative
values were compared with individual study results using a
paired Wilcoxon’s signed-rank test. Univariate analyses to
evaluate associations between clinical and sedative expo-
sures and sleep times used Fisher’s exact tests for categorical
data, Wilcoxon’s rank-sum tests for comparisons of continu-
ous data by categorical exposures, and Pearson correlation
coefficient or linear regression for continuous exposures. We
used Stata SE 14.2 (StataCorp LP, College Station, Texas,
United States) for all analyses and considered a two-sided
p-value of <0.05 as significant.

Results

The majority of patients meeting inclusion criteria (n¼ 353)
were excluded (n¼ 295, 84%), primarily due to acute or histor-
ical neurologic injury (43%; ►Fig. 1). Additional common
reasons for exclusion included not having an English-speaking
parent available (13%), intubation for a nonrespiratory indica-
tion (11%), and anticipation of extubation within 24 hours
(11%). Of 58 eligible patients, 40 (69%) did not participate,
most oftenbecause parents declined approach by study staff or
declined participation (n¼ 33, 83%; usually citing either that
the study offered no potential for direct benefit or concern for
discomfort during EEG lead placement). We enrolled 18
patients who completed the 24-hour PSG. In total, 16 of the
18 patients (89%) had scorable PSG data. One patient had a
history of stable, chronic liver disease, and presented with
respiratory failure due to septic shock. She did not have
clinically apparent encephalopathy, but her PSG could not be
scored for sleep stages due to features suggestive of hepatic
encephalopathy. One additional recording could not be
retrieved due to technical issues.

Among 16 patients with usable PSG data, the median age
was 2.5 years, and 50% had medical comorbidity (►Table 1).
Themajority were receiving acutemechanical ventilation for
respiratory failure due to bronchiolitis or viral pneumonia

(56%), followed by bacterial pneumonia (25%). The majority
were supported using a spontaneous mode of ventilation on
the study day (pressure support, n¼ 11, 69%). For sedation on
the study day, all received a continuous opioid infusion, 15
(94%) received a continuous dexmedetomidine infusion, and
7 (44%) received intermittent benzodiazepines. Few patients
received adjunctive sedation with intermittent doses of
propofol (n¼ 3) or ketamine (n¼ 2), and few received inter-
mittent pharmacologic paralysis (n¼ 3). Depth of sedation
was generally light, with amedian daily modal RASS score of
�1 (“drowsy”; interquartile range [IQR]: �2 to �1,
range¼ � 3 to þ2) during the 24-hour PSG monitoring. No
patients received melatonin or antipsychotic medications;
one patient received a norepinephrine infusion and seven
(44%) received steroids. Most patients had at least one
positive delirium screening score (CAPD � 9, 81%) during
the 24-hour PSG. Patients were enrolled early in their ICU
stay on a median of one day following ICU admission (IQR:
1–2).

Sample hypnograms from the enrolled patients are dis-
played in ►Fig. 2. Qualitatively, sleep was highly frag-
mented for nearly all study patients, without recognizable
circadian variation. Quantitatively, total sleep time over the
24-hour study period was nearly equally distributed be-
tween day and night periods, with a median of 47% (IQR:
41–59%) of total sleep time occurring at night. Patients
spent limited time in REM stage sleep (►Fig. 3; ►Table 2),
and 12 patients (75%) achieved no REM sleep. One patient
(6%) achieved no SWS, while three patients had individual
periods of SWS lasting for 2 hours or more. Compared with
normal parameters for sleep in age-matched peers, study
patients had increased total sleep time and increased time
in stage N1 and stage N2 sleep, with comparable duration of
SWS but fewer minutes of REM sleep over the 24-hour
study (►Fig. 3; ►Table 2). They had shorter sleep period

Fig. 1 Study participant enrollment flow diagram. EEG,
electroencephalogram; MV, mechanical ventilation; PCPC, pediatric
cerebral performance category; PSG, polysomnogram; RC/PI, re-
search coordinator or primary investigator.
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durations (median 25 vs. 72minutes, p¼ 0.001) and more
awakenings per hour. Median arousal index was lower for
study patients compared with age-matched normal values,
in contrast to the other measures of sleep fragmentation,
although this difference did not reach statistical
significance.

Gender, age, race, ethnicity, unscheduled admission, admis-
sion diagnosis, and mode of ventilation were not associated
with any of the sleep parameters studied in univariate analysis.
Presence of delirium on the study day was associated with
longer cumulative duration of SWS (median 285minutes
among those with delirium vs. 26minutes among those with-
out;p¼ 0.009). Patientswith PCPC¼ 2 (mild cognitive dysfunc-
tion) had a lower number of arousals per hour of sleep time
(arousal index) compared with those with normal baseline
cognitive status (median 1.3/hour vs. 5.3/hour, p¼ 0.026).
Increasing severity of illness was also associated with lower
arousal index (average decrease of 0.4 per increase in PRISM3
score by 1, p¼ 0.02) and a longer average sleep period duration
(mean2.4 additionalminutesper increase inPRISM3scoreby1,
p¼ 0.016.) Total sleep time andminutes andproportionof REM
sleep were not associated with any clinical or demographic
measures studied.

Certain sleep parameters were associated with other sleep
parameters. Minutes of REM sleep during the 24-h PSG were
higher among patients with more awake time and lower
among patients with longer total sleep time (►Table 3). The
three patientswho achieved any REM sleep had lowermedian
total sleep time than those not achieving any REM sleep (669
vs. 1201minutes,p¼ 0.05). Thiswas illustratedbya5-year-old
patient who achieved the most REM sleep (►Fig. 2, panel C),
who also remained awake during the entire daytime period.
Minutes of SWS during the 24-h PSG were increased among
thosewith longer total sleep time and decreased among those
with more frequent awakenings.

Sedation exposures were associated with certain sleep
parameters. Patients with higher exposure to dexmedeto-
midine had fewerminutes in REM sleep during the 24-h PSG,
although this difference was not statistically significant (R-
squared¼ 0.19, p¼ 0.09). This difference was illustrated by
the 5-year-old patient achieving the most REM sleep
(►Fig. 2, panel C), who also received the least amount of
sedative medications during the PSG, including no benzo-
diazepines, no dexmedetomidine, and the lowest dose of
opioid among the study cohort at 0.4mg/kg/day. Patients
with longer duration of SWS during the 24-hour PSG study
period than expected for age (n¼ 9, 56%) had higher median
dexmedetomidine exposure (16.5 vs. 9.5 mcg/kg/day,
p¼ 0.023), but had no differences in other sedative expo-
sures. Total duration of SWS was also associated with depth
of sedation, with an average of 184 additional minutes in
stage N3 sleep for each decrease in modal RASS by 1 (R-
squared¼ 0.25, p¼ 0.049). Ketamine exposure was associat-
ed with increased time in light sleep and with increased
awakening index, and propofol exposurewas associatedwith
increased arousal index (►Table 3). Opioid, benzodiazepine,
diphenhydramine, and paralytic agent exposures were not
associated with any sleep parameters.

Table 1 Demographic and clinical characteristics of study
patients

n (%) or
median (IQR)
n¼ 16

Female 9 (56%)

Age, y 2.5 (1.1–11.5)

Race

Black/African American 1 (6%)

White/Caucasian 10 (63%)

Other 4 (25%)

Declined to answer 1 (6%)

Ethnicity

Hispanic 2 (13%)

Non-Hispanic 13 (81%)

Declined to answer 1 (6%)

Baseline PCPC

1 (normal) 14 (88%)

2 (mild disability) 2 (13%)

Medical comorbiditya 8 (50%)

Primary admission diagnosis

Bronchiolitis/viral pneumonia 9 (56%)

Bacterial pneumonia 4 (25%)

Airway abnormality (abscess, tonsilitis,
and foreign body aspiration)

2 (13%)

Sepsis-associated PARDS 1 (6%)

Admission PRISM score 3 (0–12)

Unscheduled admission 12 (75%)

Ventilation modeb

Synchronized intermittent mandatory
ventilation

5 (31%)

Pressure support ventilation 11 (69%)

Sedative exposureb

Opioids, any 16 (100%)

Opioids, mg/kg/day 1.9 (1.2–3.6)

Dexmedetomidine, any 15 (94%)

Dexmedetomidine, mcg/kg/day 11.9 (9.2–19.5)

Benzodiazepines, any 7 (44%)

Benzodiazepines, mg/kg/day 0 (0–0.2)

Depth of sedation (mode RASSb) �1 (�2 to �1)

Deliriumb,c 13 (81%)

ICU length of stay, d 8.8 (5.3–10.8)

Abbreviations: ICU, intensive care unit; IQR, interquartile ratio; PARDS,
pediatric acute respiratory distress syndrome; PCPC, pediatric cerebral
performance category; PRISM, pediatric risk of mortality score; PSG,
polysomnogram; RASS, Richmond Agitation Sedation Scale.
aIncluding osteogenesis imperfecta, acute myelogenous leukemia,
Pompe disease, esophageal atresia, craniofacial syndromes, aplastic
anemia, and bronchopulmonary dysplasia.

bDuring the 24-hour PSG study period.
cPositive delirium screening based on having any Cornell Assessment of
Pediatric Delirium score�9 during the PSG study period. The screening
score is performed on all ICU patients every 12 hours as standard of
care.
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Discussion

Pediatric patients receiving sedation to facilitate mechanical
ventilation for acute respiratory failure, targeted to a light
level of sedation using opioids with or without dexmedeto-
midine, have substantially disrupted sleep. Their sleep was
predominantly light (stage N1 and stage N2), and few
patients achieved REM sleep during the study period. While
some patients failed to achieve any SWS, others had abnor-
mally prolonged periods of SWS. Sleep periods were gener-
ally short, with frequent arousals and awakenings. Diurnal
variation in sleep pattern (circadian rhythm) was absent.

Prior studies evaluating sleep architecture in sedated,
mechanically ventilated pediatric patients using PSG involved
no patients treated with dexmedetomidine and were con-
ducted when a deeper level of sedation was more commonly
targeted.1 In our study, children achieved an average light level
of sedation using dexmedetomidine, opioids, and limited
benzodiazepines, and demonstrated increased total sleep
time, increased stage N1 and N2 sleep, extremely fragmented
sleepwith abnormal sleep architecture, and REM deprivation.
Theseobservations are consistentwithEEGfindings inhealthy
individuals receiving dexmedetomidine, which are indistin-
guishable from N2 sleep.13,14 Our observations are also con-

sistent with PSG studies in critically ill adults receiving
dexmedetomidine, who demonstrate increased N1 and N2
sleep but with very little to no REM sleep and SWS,15,16 with
the exception of a single study that observed increased SWS in
nonventilated critically ill adults receiving dexmedetomi-
dine.18 Animal model data demonstrate that dexmedetomi-
dine suppresses REM sleep, followed by rebound increases in
REM and NREM sleep after discontinuation.34 While dexme-
detomidine may promote light (stage N1 and N2) sleep,
critically ill patients receiving dexmedetomidine still experi-
ence highly fragmented sleep and REM deprivation.

Patients in our study did achievemore SWS comparedwith
prior PICU sleep studies, with a median of 26% of total sleep
time spent in stage N3 versus 0 to 8%.35,36 Increasing SWS
durationwasassociatedwithdeeper levelsof sedationbyRASS
score, and patients with abnormally long periods of SWS had
higher average dexmedetomidine exposure, suggesting an
association with sedation. However, increased duration of
SWS was also associated with increased sleep fragmentation.
The few patients in our study who achieved REM sleep had
lower total sleep time than thosewho did not, suggesting that
increaseddaytimewakefulnessmaypreserve circadian signal-
ing, resulting in less REM suppression. These observations
indicate that longer total sleep time in the sedated, critically ill

Fig. 2 Sample hypnograms from three mechanically ventilated pediatric intensive care unit patients receiving protocolized sedation including
opioids with or without dexmedetomidine, targeted to a light depth of sedation. Patient details. (A) An 8-year-old male, with retropharyngeal
abscess and shock in the setting of aplastic anemia. Ventilated in PS mode, received 1.2 mg/kg morphine equivalents, 12.9 mcg/kg
dexmedetomidine, propofol and ketamine on the study day, achieving modal RASS �2 (“light sedation”). (B) An 8-month-old female, with
Haemophilus influenzae pneumonia in the setting of respiratory syncytial virus bronchiolitis. Ventilated in PS mode, received 1.2 mg/kg morphine
equivalents and 10.1 mcg/kg dexmedetomidine on the study day, achieving modal RASS �2 (“light sedation”). (C) A 5-year-old female with
rhinoviral/enteroviral viral pneumonia and Pompe disease. Ventilated in PS mode, received 0.3 mg/kg morphine equivalents on the study day,
achieving modal RASS �1 (“drowsy”). Shaded box¼ nighttime (9 PM–7 AM). N1, stage 1 (light) sleep; N2, stage 2 (light) sleep; N3, stage 3
(deep) sleep, or slow wave sleep; PS, pressure support; R, rapid eye movement sleep; RASS, Richmond Agitation Sedation Scale; W, wake.
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patient may counterintuitively be associated with more ab-
normal sleep architecture and poor sleep quality.

Many additional factors contribute to fragmented, poor
quality sleep in the ICU population. For ventilated patients,

ventilator dyssynchrony, inadequate ventilation, and central
apneas are all associated with sleep fragmentation.37 Lack of
exposure to daylight, exposure to artificial light during
nighttime hours, noise, frequent hands-on assessments,

Fig. 3 Observed sleep characteristics by age over 24 hours for study patients compared with age-matched normative values. Fitted values from
linear regression. Shaded areas represent 95% confidence intervals. Average sleep period duration is presented in minutes. Arousal and
awakening index¼ number events per hour of sleep time. Min, minutes; REM, rapid eye movement; SWS; slow wave sleep.
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nighttime enteral feeding, neurologic dysfunction, and com-
mon ICUmedications including vasoactive agents all further
disrupt circadian rhythms.38,39 Unfortunately, trying to
restore circadian rhythm with melatonin or melatonin
receptor agonists has not been clearly effective.40 No studies
have evaluated the effect of melatonin in adult or pediatric
ICU patients on sleep architecture or fragmentation by PSG,

although at least two such studies have been planned in
critically ill adults.41

Most of the patients in this study had screening scores
consistent with delirium. These patients had longer SWS than
those without delirium, and the duration of SWS was in turn
associated with the depth of sedation, suggesting that SWS in
these patientsmay have been a feature of sedation instead of a

Table 2 Polysomnogram results. Sleep characteristics and sleep staging over 24 hours for 16 pediatric patients requiring sedation
and mechanical ventilation for acute respiratory failure

Measurea Median (IQR) Reference rangeb p-Valuec

TST 867 (790–1297) 641 (508–679) 0.002

Night time sleep time 438 (413–578) 548 (481–579) 0.07

% of TST 47 (41–59) 89 (85–95) 0.0004

Stage N1 sleep 92 (24–119) 39 (29–41) 0.02

% of TST 9 (3–13) 6 (6–6) 0.1

Stage N2 sleep 474 (238–702) 250 (228–268) 0.02

% of TST 52 (41–73) 40 (40–46) 0.2

Slow wave sleep (stage N3) 202 (122–731) 200 (139–223) 0.3

% of TST 26 (14–54) 31 (28–32) 0.8

Rapid eye movement (stage REM) 0 (0–5) 132 (105–144) 0.0004

% of TST 0 (0–1) 21 (21–22) 0.0004

Arousal index 4.5 (2.5–9.9) 8.3 (7.7–8.3) 0.06

Awakening index 2.2 (1.4–4.3) 1.1 (1.1–1.3) 0.008

Sleep period duration 25 (14–36) 72 (65–86) 0.001

Abbreviations: IQR, interquartile range; REM, rapid eye movement; TST, total sleep time.
aAll sleep measurements in minutes unless otherwise indicated.
bPublished reference ranges vary and are specific to age, sex, and developmental stages. Median (IQR) ranges presented are specific to the ages of the
patients enrolled in this study, based on published reference data.26–33

cComparing each patient’s result to age-matched norms26–33 using a paired Wilcoxon’s signed-rank test.

Table 3 Univariate associations of sleep parameters and sedation exposures

Sleep parametera Associated with
sleep parametera

Average change if associated
parameter increases by 1b

R-squared p-Valueb

REM TST �0.04 0.38 0.02

N3 TST 0.8 0.32 0.01

N3 N1 �4 0.44 0.005

N3 N2 �0.8 0.37 0.013

N3 Awakening index �8.4 0.01 0.038

Awakening index Arousal index 0.3 0.69 0.002

Sleep parametera Associated with
sedation exposurea

Average sleep parameter change if
sedation exposure increases by 1b

R-squared p-Valueb

N3 Modal RASS score �184 0.25 0.049

N2 Ketamine 117 0.27 0.04

Arousal index Propofol 10.6 0.06 0.035

Awakening index Ketamine 12.7 0.06 0.007

Abbreviations: N1, stage 1 sleep; N2, stage 2 sleep; N3, stage 3 (deep) sleep, or slow wave sleep; RASS, Richmond Agitation Sedation Scale; REM,
rapid eye movement; TST, total sleep time.
aSleep stages presented in minutes. Arousal and awakening indices equal the number of events per hour of total sleep time. Sedation exposures
analyzed in mg/kg/day.

bCoefficients and p-values presented from linear regression, except where otherwise indicated.
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feature of physiologic sleep. Delirium frequently coexistswith
abnormal sleep in ICUpatients. The neuropsychiatric effects of
sleepdeprivationcanmimic featuresofdelirium;however, it is
unclear to what extent sleep deprivation might influence the
development of delirium.42 Rigorous and longitudinal studies
are needed to develop a better understanding of the relation-
ship between sleep and ICU delirium and to identify effective
interventions for improving both.

We struggled with a low rate of enrollment despite thor-
ough screening and multidisciplinary support for the study
among ICU staff, primarily due to a high rate of exclusions for
acute or historical neurologic injury. Among the relatively few
eligible patients, parents/caregivers frequently declined par-
ticipation, citing concern forpatientdiscomfortduring thePSG
setup. Unfortunately, sleep architecture is difficult to study
without PSG, particularly in sedated patients. Clinical sleep
scoring does not correlate with PSG findings.43 In critically ill
adults, actigraphy overestimates total sleep time and under-
estimatessleepfragmentation.44AlgorithmicEEG-basedmon-
itors, such as theBispectral Index, alsohavepoor correlation to
actigraphy and patient assessments of sleep45 and poor capa-
bility to distinguish wakefulness, light sleep, and REM sleep
when compared with PSG.46 Novel methods of evaluating
sleep in critically ill patients, such as in a recent study
evaluating circadian rhythm and loss of normal spectral
frequency bands during sleep in critically ill children,47 will
need to be developed to support future sleep research in the
ICU setting.

This study has important limitations. In addition to small
sample size, we observed only one 24-hour period per
patient early in the ICU stay, which precludes any evaluation
of how sleep might change over the ICU stay. This period of
observation may not be generalizable to other phases of ICU
care, such asweaning and convalescence.While 24 hours has
been the most common period of time evaluated for PSG-
based studies in ICU patients, permitting evaluation of both
day and nighttime sleep in patients who lack circadian
rhythm; this time frame reduces the ability to identify which
exposures precede disrupted sleep and which may be a
consequence of it. At the time of this study, our ICU had
not established a formal sleep hygiene protocol, so patient
care, noise, and light disruptions may not have been rigor-
ously minimized. We excluded patients with acute or prior
neurologic injury and moderate or worse cognitive dysfunc-
tion, given the potential difficulties in applying sleep scoring
criteria to these patients and the likelihood that they experi-
ence abnormal sleep at baseline; however, these patients are
also at risk of sleep deprivation and its effects.

Conclusion

Mechanically ventilated, critically ill children receiving seda-
tion targeted to a light depth have substantially fragmented
sleep with limited to no REM sleep and highly variable SWS,
despite common use of dexmedetomidine. As we observed
very few associations between sedation exposures and sleep
parameters, it remains unclear whether any specific approach
to sedation management optimizes sleep, although daytime

wakefulness was associatedwith increased REM sleep. Due to
technical challenges and cost, little research has evaluated the
effectiveness of various interventions on sleep architecture
and fragmentation in the context of pediatric critical illness,
sedation, andmechanical ventilation. Technical advancements
in this field are needed to support more rigorous evaluation of
clinical outcomes related to sleep disruption and of potential
interventions to improve sleep in critically ill patients.

Funding
This work was supported by a Seattle Children’s Hospital
Academic Enrichment Fund grant.

Conflict of Interest
None declared.

Acknowledgments
The authors are indebted to Dr. Horacio de la Iglesia for his
review of and comments to the original manuscript. They
also gratefully acknowledge the funding provided by the
Seattle Children’s Hospital Academic Enrichment Fund.

References
1 Kudchadkar SR, Aljohani OA, Punjabi NM. Sleep of critically ill

children in the pediatric intensive care unit: a systematic review.
Sleep Med Rev 2014;18(02):103–110

2 Kamdar BB, NeedhamDM, Collop NA. Sleep deprivation in critical
illness: its role in physical and psychological recovery. J Intensive
Care Med 2012;27(02):97–111

3 Johnson RW, Ng KWP, Dietz AR, et al. Muscle atrophy in mechani-
cally-ventilated critically ill children. PLoS One 2018;13(12):
e0207720

4 Valla FV, Baudin F, Gaillard Le Roux B, et al. Nutritional status
deterioration occurs frequently during children’s ICU stay. Pediatr
Crit Care Med 2019;20(08):714–721

5 de Mello MJ, de Albuquerque MdeF, Lacerda HR, Barbosa MT, de
Alencar Ximenes RA. Risk factors for healthcare-associated infec-
tion in a pediatric intensive care unit. Pediatr Crit CareMed 2010;
11(02):246–252

6 Newth CJ, Venkataraman S, Willson DF et al. Eunice Shriver
Kennedy National Institute of Child Health and Human Develop-
ment Collaborative Pediatric Critical Care Research Network.
Weaning and extubation readiness in pediatric patients. Pediatr
Crit Care Med 2009;10(01):1–11

7 Manning JC, Pinto NP, Rennick JE, Colville G, Curley MAQ. Con-
ceptualizing post intensive care syndrome in children: the PICS-p
framework. Pediatr Crit Care Med 2018;19(04):298–300

8 Kamdar BB, Knauert MP, Jones SF, Parsons EC, Parthasarathy S,
Pisani MA; Sleep in the ICU (SLEEPii) Task Force. Perceptions and
practices regarding sleep in the intensive care unit. a survey of
1,223 critical care providers. Ann Am Thorac Soc 2016;13(08):
1370–1377

9 Kondili E, Alexopoulou C, Xirouchaki N, Georgopoulos D. Effects of
propofol on sleep quality in mechanically ventilated critically ill
patients: a physiological study. Intensive Care Med 2012;38(10):
1640–1646

10 Bourne RS, Mills GH. Sleep disruption in critically ill patients–
pharmacological considerations. Anaesthesia 2004;59(04):
374–384

11 Shutes BL, Gee SW, Sargel CL, Fink KA, Tobias JD. Dexmedetomi-
dine as single continuous sedative during noninvasive ventila-
tion: typical usage, hemodynamic effects, and withdrawal.
Pediatr Crit Care Med 2018;19(04):287–297

Journal of Pediatric Intensive Care Vol. 11 No. 1/2022 © 2020. Thieme. All rights reserved.

Sleep in PICU Patients Receiving Protocolized Sedation Dervan et al. 39

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



12 Fraser GL, Devlin JW, Worby CP, et al. Benzodiazepine versus
nonbenzodiazepine-based sedation for mechanically ventilated,
critically ill adults: a systematic review and meta-analysis of
randomized trials. Crit Care Med 2013;41(09, Suppl 1):S30–S38

13 Mason KP, O’Mahony E, Zurakowski D, Libenson MH. Effects of
dexmedetomidine sedation on the EEG in children. Paediatr
Anaesth 2009;19(12):1175–1183

14 Huupponen E, Maksimow A, Lapinlampi P, et al. Electroencephalo-
gram spindle activity during dexmedetomidine sedation and phys-
iological sleep. Acta Anaesthesiol Scand 2008;52(02):289–294

15 Alexopoulou C, Kondili E, Diamantaki E, et al. Effects of dexme-
detomidine on sleep quality in critically ill patients: a pilot study.
Anesthesiology 2014;121(04):801–807

16 Oto J, Yamamoto K, Koike S, OnoderaM, Imanaka H, NishimuraM.
Sleep quality of mechanically ventilated patients sedated with
dexmedetomidine. Intensive Care Med 2012;38(12):1982–1989

17 Chen Z, Tang R, Zhang R, Jiang Y, Liu Y. Effects of dexmedetomidine
administered for postoperative analgesia on sleep quality in patients
undergoingabdominalhysterectomy. JClinAnesth2017;36:118–122

18 Romagnoli S, Amigoni A, Blangetti I, et al. Light sedation with
dexmedetomidine: a practical approach for the intensivist in
different ICU patients. Minerva Anestesiol 2018;84(06):731–746

19 Yaghmai BF, Di Gennaro JL, Irby GA, Deeter KH, Zimmerman JJ. A
pediatric sedation protocol for mechanically ventilated patients
requires sustenance beyond implementation. Pediatr Crit Care
Med 2016;17(08):721–726

20 Devlin JW, Fraser GL, Ely EW, Kress JP, Skrobik Y, Dasta JF.
Pharmacological management of sedation and delirium in me-
chanically ventilated ICU patients: remaining evidence gaps and
controversies. Semin Respir Crit Care Med 2013;34(02):201–215

21 Traube C, Silver G, Kearney J, et al. Cornell assessment of pediatric
delirium: a valid, rapid, observational tool for screening delirium
in the PICU�. Crit Care Med 2014;42(03):656–663

22 Fiser DH. Assessing the outcome of pediatric intensive care. J
Pediatr 1992;121(01):68–74

23 Pollack MM, Patel KM, Ruttimann UE. The pediatric risk of
mortality III–acute Physiology Score (PRISM III-APS): a method
of assessing physiologic instability for pediatric intensive care
unit patients. J Pediatr 1997;131(04):575–581

24 Sessler CN, Gosnell MS, Grap MJ, et al. The Richmond agitation-
sedation scale: validity and reliability in adult intensive care unit
patients. Am J Respir Crit Care Med 2002;166(10):1338–1344

25 Berry RB, Brooks R, Gamaldo C, et al. AASMscoringmanual updates
for 2017 (version 2.4). J Clin Sleep Med 2017;13(05):665–666

26 McLaughlin Crabtree V, Williams NA. Normal sleep in children and
adolescents. ChildAdolescPsychiatrClinNAm2009;18(04):799–811

27 Lopp S, Navidi W, Achermann P, LeBourgeois M, Diniz Behn C.
Developmental Changes in ultradian sleep cycles across early
childhood. J Biol Rhythms 2017;32(01):64–74

28 Montgomery-Downs HE, O’Brien LM, Gulliver TE, Gozal D. Poly-
somnographic characteristics in normal preschool and early
school-aged children. Pediatrics 2006;117(03):741–753

29 Scholle S, Beyer U, Bernhard M, et al. Normative values of
polysomnographic parameters in childhood and adolescence:
quantitative sleep parameters. Sleep Med 2011;12(06):542–549

30 Scholle S, Wiater A, Scholle HC. Normative values of polysomno-
graphic parameters in childhood and adolescence: arousal events.
Sleep Med 2012;13(03):243–251

31 Galland BC, Taylor BJ, Elder DE, Herbison P. Normal sleep patterns
in infants and children: a systematic review of observational
studies. Sleep Med Rev 2012;16(03):213–222

32 HowardBJ,Wong J. Sleepdisorders. PediatrRev2001;22(10):327–342
33 Marcus CL, Traylor J, Gallagher PR, et al. Prevalence of periodic

limb movements during sleep in normal children. Sleep (Basel)
2014;37(08):1349–1352

34 Garrity AG, Botta S, Lazar SB, et al. Dexmedetomidine-induced
sedation does not mimic the neurobehavioral phenotypes of
sleep in Sprague Dawley rat. Sleep (Basel) 2015;38(01):73–84

35 Carno MA, Hoffman LA, Henker R, Carcillo J, Sanders MH. Sleep
monitoring in children during neuromuscular blockade in the
pediatric intensive care unit: a pilot study. Pediatr Crit Care Med
2004;5(03):224–229

36 Gottschlich MM, Jenkins ME, Mayes T, et al. The 1994 Clinical
Research Award. A prospective clinical study of the polysomno-
graphic stages of sleep after burn injury. J Burn Care Rehabil 1994;
15(06):486–492

37 Rittayamai N, Wilcox E, Drouot X, Mehta S, Goffi A, Brochard L.
Positive and negative effects of mechanical ventilation on sleep in
the ICU: a review with clinical recommendations. Intensive Care
Med 2016;42(04):531–541

38 MaasMB, Lizza BD, Abbott SM, et al. Factors disruptingmelatonin
secretion rhythms during critical illness. Crit Care Med 2020;48
(06):854–861

39 Korompeli A, Muurlink O, Kavrochorianou N, Katsoulas T, Fildissis
G, Baltopoulos G. Circadian disruption of ICU patients: a reviewof
pathways, expression, and interventions. J Crit Care 2017;
38:269–277

40 Lewis SR, PritchardMW, Schofield-RobinsonOJ, Alderson P, Smith
AF. Melatonin for the promotion of sleep in adults in the intensive
care unit. Cochrane Database Syst Rev 2018;5:CD012455

41 Mo Y, Scheer CE, Abdallah GT. Emerging role of melatonin and
melatonin receptor agonists in sleep and delirium in intensive
care unit patients. J Intensive Care Med 2016;31(07):451–455

42 Calandriello A, Tylka JC, Patwari PP. Sleep and delirium in pediatric
critical illness:what is therelationship?MedSci (Basel)2018;6(04):90

43 Armour AD, Khoury JC, Kagan RJ, Gottschlich MM. Clinical assess-
ment of sleep among pediatric burn patients does not correlate
with polysomnography. J Burn Care Res 2011;32(05):529–534

44 Schwab KE, Ronish B, Needham DM, To AQ, Martin JL, Kamdar BB.
Actigraphy to evaluate sleep in the intensive care unit. A system-
atic review. Ann Am Thorac Soc 2018;15(09):1075–1082

45 Bourne RS, Minelli C, Mills GH, Kandler R. Clinical review: sleep
measurement in critical care patients: research and clinical
implications. Crit Care 2007;11(04):226

46 GiménezS,RomeroS,Alonso JF, etal.Monitoringsleepdepth:analysis
of bispectral index (BIS) based on polysomnographic recordings and
sleep deprivation. J Clin Monit Comput 2017;31(01):103–110

47 Kudchadkar SR, Yaster M, Punjabi AN, et al. Temporal character-
istics of the sleep EEG power spectrum in critically ill children.
J Clin Sleep Med 2015;11(12):1449–1454

Journal of Pediatric Intensive Care Vol. 11 No. 1/2022 © 2020. Thieme. All rights reserved.

Sleep in PICU Patients Receiving Protocolized Sedation Dervan et al.40

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.


