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Abstract

Background: Sleep and circadian disruption (SCD) is common
and severe in the ICU. On the basis of rigorous evidence in non-
ICU populations and emerging evidence in ICU populations,
SCD is likely to have a profound negative impact on patient
outcomes. Thus, it is urgent that we establish research priorities
to advance understanding of ICU SCD.

Methods: We convened a multidisciplinary group with relevant
expertise to participate in an American Thoracic Society Workshop.
Workshop objectives included identifying ICU SCD subtopics of
interest, key knowledge gaps, and research priorities. Members
attended remote sessions from March to November 2021. Recorded
presentations were prepared and viewed by members before
Workshop sessions. Workshop discussion focused on key gaps and
related research priorities. The priorities listed herein were selected
on the basis of rank as established by a series of anonymous surveys.

Results: We identified the following research priorities:
establish an ICU SCD definition, further develop rigorous and
feasible ICU SCD measures, test associations between ICU SCD
domains and outcomes, promote the inclusion of mechanistic
and patient-centered outcomes within large clinical studies,
leverage implementation science strategies to maximize
intervention fidelity and sustainability, and collaborate among
investigators to harmonize methods and promote multisite
investigation.

Conclusions: ICU SCD is a complex and compelling potential
target for improving ICU outcomes. Given the influence on all
other research priorities, further development of rigorous,
feasible ICU SCD measurement is a key next step in advancing
the field.

Keywords: sleep deficiency; circadian rhythm; delirium; critical
illness; research priority
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Overview

Sleep and circadian function are
fundamental to human health. Thus, ICU
sleep and circadian disruption (SCD) is an
important potential target for improving
critical illness outcomes. Herein, we report
ICU SCD research priorities as determined
during aWorkshop of the American
Thoracic Society (ATS). DuringWorkshop
discussions, there were notable themes
regarding research knowledge gaps,
challenges, and key next steps. Importantly,
technical limitations and feasibility issues
have profoundly limited ICU SCD studies in
terms of size, duration, and quality.
Furthermore, variability in ICU SCD
definitions, uncertainty regarding the
domains of ICU SCD that are most closely
related to patient outcomes, a lack of clarity
regarding the natural history of ICU SCD
during critical illness and recovery, and
inconsistent approaches to ICU SCD risk
factor identification remain substantial
challenges in the field. Although
multicomponent ICU SCD interventions
have succeeded in decreasing environmental
disturbance and delirium, these
heterogeneous studies have largely failed to
demonstrate improvements in sleep or
circadian function. It remains unclear if this
discrepancy is due to a failure of the
interventions per se, a failure to adequately
implement these (usually) complex
interventions, an inability to accurately
measure the intended ICU SCD domains,
inappropriate patient selection, or incorrect
timing of intervention or measures.

To improve the quality of evidence and to
characterize the relative benefit of sleep and
circadian interventions, the following six
research priorities were identified:

� Define the natural history of ICU SCD
to determine the optimal timing of ICU
SCD interventions across the entire
trajectory of acute critical illness through
recovery.

� Advance the development of ICU SCD
measures that are rigorous, feasible, and
able to support longitudinal monitoring
of SCD in the ICU.

� Define associations between individual
ICU SCD domains and patient
outcomes.

� Maximize research efforts by embedding
mechanistic outcomes within larger
clinical studies focused on clinically
important patient-centered outcomes.

� Leverage implementation science
strategies to maximize intervention
fidelity and sustainability of
multicomponent sleep and circadian
interventions.

� Increase collaboration among
interprofessional and clinical–
translational investigators to harmonize
research methods and promote multisite
investigation.

Introduction

This paper reports the proceedings of an
ATSWorkshop on the causes, consequences,
and treatments of SCD in the ICU designed

to achieve the following objectives:
1) delineate a list of priority ICU SCD
subtopics; 2) identify, discuss, and critically
evaluate current knowledge and knowledge
gaps within these subtopics; and 3) establish
a prioritized research agenda. In this research
statement, we briefly review the importance
of sleep and circadian function to human
health. We next discuss our methods and
provide definitions of key terms. Thereafter
we discuss each of four identified ICU SCD
subtopics: 1) risk factors, prevalence, and
incidence; 2) ICU sleep and circadian
measurement; 3) ICU and post-ICU
outcomes; and 4) nonpharmacologic and
pharmacologic treatment. Within each topic,
we summarize the state of knowledge and
shareWorkshop discussion content focused
on the identification of key gaps and next
steps (Table 1).

Sleep, Circadian Rhythms,
and Health

Sleep is an important determinant of physical
andmental health, and sleep deficiency is
common in modern society (1, 2). Even
short-term sleep loss negatively influences
cognition (3), alertness (4, 5), mood (6, 7),
glucose control (8–10), cardiovascular health
(11–15), immune system function (16, 17),
and respiratory physiology (18–21). Sleep
deficiency includes multiple domains of sleep
and circadian functions: sleep duration,
timing, architecture, continuity, and
regularity; internal and external circadian
alignment; circadian amplitude;
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self-perception of sleep; quality of
wakefulness; and daytime function (Figure 1).

Circadian rhythms, generated by central
and peripheral biological clocks, are integral
to directing the proper timing of sleep and a
broad array of physiologic processes (e.g.,
promotion of consolidated sleep during the
night and effective metabolic processing
during the day). Under normal
circumstances, cues such as light and dark,
feeding, exercise, sleep, and social interaction
promote alignment between solar day and
night, the central clock, and the multitude of
peripheral clocks located in every tissue of
the human body. Misalignment leading to
organ dysfunction can occur between the
external environment and the central clock
(i.e., external misalignment) and/or among
clocks in the body (i.e., internal
misalignment) (Figure 2) (22).

Methods

Committee Composition
We convened an international
multidisciplinary group with expertise in
ICU SCD, critical illness, and related

outcomes as well as a person who had
experienced an ICU admission and had prior
involvement in developing ICU practice
guidelines. Workshop members then
conducted two full-group and several
subgroup planning sessions to identify
priority topics for discussion. Potential
conflicts of interest were disclosed and
managed in accordance with the policies and
procedures of the ATS.

Literature Search and Evidence
Appraisal
Targeted literature reviews were conducted,
discussed, and summarized within each
subgroup. Articles were restricted to adult
patients admitted to ICUs, though in some
cases evidence from experiments in healthy
control subjects were included. Selected
speakers then presented a summary of the
literature by subtopic as a prerecorded lecture
that was watched by all Workshopmembers
in advance of eachWorkshop session.

Workshop Discussions and Research
Recommendations
The in-personWorkshop was converted to a
series of shorter remote video conference

sessions (rather than a single full day) because
of the coronavirus disease (COVID-19)
pandemic. EachWorkshop session focused
on one of the subtopics identified during
planning. Discussion was moderated by the
chair and co-chair and focused on the key
research gaps and high-priority next steps.
These gaps and next steps were first proposed
by the relevant subtopic presenter and then
refined during the session byWorkshop
participants. After eachWorkshop session
(i.e., subtopic), meeting notes were circulated,
and all identified themes (i.e., gaps or
priorities) were confirmed. Subsequently, the
Workshop chair developed and distributed
an anonymous survey for the ranking of
themes from the relevant session. After the
completion of all sessions and surveys, the
top three themes from each session
(i.e., subtopic) were included in a final
anonymous survey and ranked. The listed
priorities were selected on the basis of
ranking in the final survey, but in a
consensus decision amongWorkshop
members, the included research priorities
were not listed in rank order.

Table 1. High-Priority Next Steps to Meet Existing Knowledge Gaps

Subtopic Next Steps

Scope � Define the natural history of ICU SCD to determine the optimal timing of ICU SCD interventions across the entire
trajectory of acute critical illness through recovery.

� Increase collaboration among interprofessional and clinical–translational investigators to harmonize research
methods and promote multisite investigation.

� Define distinct study populations that account for the heterogeneity of ICU patients.
� Investigate if changes in sleep and circadian domains during acute illness are adaptive vs. maladaptive.
� Identify baseline, acute illness, and ICU-based risk factors for ICU SCD.
� Include and test the significance of preadmission sleep history in the diagnosis and treatment of maladaptive

domains of ICU SCD.

Measures � Advance the development of ICU SCD measures that are rigorous, feasible, and able to support longitudinal monitoring
of SCD in the ICU. This includes circadian measures that are robust against masking in the ICU environment.

� Pursue automated, real-time objective sleep and circadian measures that would allow clinical translation of ICU
SCD diagnosis and treatment to the bedside.

� Maximize the use of patient-perceived sleep measures whenever possible; implement these measures as soon as
cognitive and communication barriers resolve.

Outcomes � Define associations between individual ICU SCD domains and patient outcomes. This includes but is not limited to
cognitive, respiratory, metabolic, cardiac, and immune-related outcomes as well as patient-centered outcomes.

� Maximize research efforts by embedding mechanistic outcomes within larger clinical studies focused on clinically
important patient-centered outcomes. Areas of special interest include the bidirectional interactions of respiratory failure,
invasive and noninvasive ventilation, and ICU SCD, and the bidirectional interaction of delirium and ICU SCD.

� Identify posthospital outcomes related to ICU SCD.

Treatment � Leverage implementation science strategies to maximize intervention fidelity and sustainability of multicomponent
ICU SCD interventions.

� Personalize inpatient sleep and circadian promotion; when possible, continue treatment of preexisting sleep disorders.
� Translate circadian biology principles to the ICU to promote internal and external synchrony.
� Explore daytime wake promotion as a component of ICU SCD interventions.
� Advance current knowledge of pharmacologic sleep and circadian promotion while avoiding excessive sedation or

increased delirium.

Definition of abbreviation: SCD=sleep and circadian disruption.
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Document Development
The research statement was drafted in parts
by each subtopic working group and then
assembled and revised for cohesion by the
Workshop chair and co-chair. Elements of
the statement not directly related to
subtopics were written by the chair and
co-chair. Completed statement drafts were
circulated to each member and discussed via
video conference in several rounds before
final submission.

Definitions

Several definitions were agreed on by the
group for the purpose of this research
statement. An ICU was defined as any
environment capable of providing
mechanical ventilation and/or invasive
hemodynamic monitoring that is not a
postoperative recovery unit. The target
population of interest was defined as any
patient admitted to the ICU. In establishing
this definition, it was acknowledged that ICU
patients are tremendously heterogeneous
andmay be cared for in diverse locations.
Relatedly, and perhaps applicable to the
design of particular studies, someWorkshop
participants expressed an interest in limiting
studies to patients admitted to ICUs with at
least one qualifying organ failure or
implementing other measures to
homogenize study populations.

Notably, the group agreed that there are
no established definitions of ICU sleep
deficiency or circadian disruption. This lack
of definition poses a major challenge for the
ICU SCD field. Given the multiple potential
domains of SCD, it is likely that ICU
SCDwill ultimately be defined as a
multicomponent syndrome, with patients
experiencing some or all aspects of ICU SCD.
There was consensus among theWorkshop
members that the ICU SCD definition(s)
should be focused on elements of SCD that
are most closely associated with ICU
outcomes. Furthermore, it was noted that
alterations in the multiple domains of sleep
and circadian function (e.g., sleep duration,
timing, architecture, continuity, and
regularity; internal and external circadian
alignment; circadian amplitude; self-
perception of sleep; quality of wakefulness;
and daytime function) that occur during
acute critical illness and/or during admission
to the ICUmay include changes in some
domains that are in fact adaptive and should
thus not necessarily be reversed.

Figure 1. Conceptual model of ICU sleep and circadian disruption (SCD). Factors that disrupt
sleep are presented in blue, with arrows indicating interactions among disruptive factors.
Proposed domains of ICU SCD are presented in yellow; we hypothesize that patients may
experience changes in some or all domains. Proven and hypothesized patient-centered
outcomes are presented in green; delirium and respiratory failure have the best established
association with ICU SCD to date. Mech=mechanical; PICS=post–intensive care syndrome.
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Subtopic 1: Prevalence,
Incidence, and Risk Factors

Prevalence and Incidence
The magnitude of ICU SCD has been
difficult to quantify because of study
heterogeneity, difficulty in measuring sleep
(see subtopic 2), and related limitations in
crafting a clinically meaningful ICU SCD
definition. Nevertheless, the amount, timing,
architecture, and quality of sleep in the ICU
are highly abnormal (23–29). For example,
observational polysomnography (PSG)
studies show shortened sleep duration over
24 hours and a high proportion of daytime
sleep (23, 24). Sleep is also highly
fragmented, with frequent arousals and sleep
episodes of short duration (e.g., lasting only
3 min). Finally, there is a paucity of stage
REM and non-REM 3 sleep (23, 24).

Circadian rhythms are similarly
disrupted in critical illness. Studies have
demonstrated that critically ill patients

often have misaligned (usually delayed-
type) or absent circadian rhythms as
defined by melatonin (or its urinary
metabolite, 6-sulfatoxymelatonin)
concentrations and other circadian phase
markers. This finding has been described in
multiple critical illness cohorts, including
patients with sepsis, those with
intracerebral hemorrhage, and those
requiring mechanical ventilation (30–41).

Notably, ICU SCDmay differ
substantially among individual patients and
subgroups andmay change over time as
patients recover from acute illness. This
raises key questions of ICU SCD definition
and timing including when to measure and
when to intervene in ICU SCD. These
questions were rediscussed several times
during ensuing subtopic discussions.

In addition, the group discussed
whether acute changes in sleep and circadian
rhythms during critical illness are adaptive or
harmful. For example, infection-related

illness and other proinflammatory states are
known to increase sleepiness and extend
sleep timing in non-ICU patients (42). Thus,
biological plausibility suggests that sleep
duration should be extended during
infection-related critical illness rather than
shortened, as observed in many ICU studies.
Similarly, it does not seem likely that the high
degree of sleep fragmentation observed in the
ICU, due to light, sound, pain, anxiety,
mechanical ventilation, overnight bedside
care, and many unnamed factors, is adaptive,
however, other aspects of ICU SCDmay be.
In terms of circadian disruption, limited data
on circadian alignment and amplitude
during acute infection suggest that acute
infection can alter peripheral clock alignment
(43), but it remains unclear if this is harmful
or beneficial. Given the high relevance of
infection and immune function in critically
ill adults, this may be an area of particular
interest for future research. In addition to
parsing which domains of ICU SCDmay be

Figure 2. Connections among primary and secondary zeitgebers, central and peripheral clocks, and body functions. Light is the primary
zeitgeber, with direct input to the central clock located in the suprachiasmatic nucleus and indirect input into peripheral clocks via
neurohormonal pathways. Sleep–wake timing, feeding schedule, exercise, and social interaction are secondary nonphotic zeitgebers that have
input into central and peripheral clocks and influence light exposure (e.g., low light exposure while sleeping). Internal and external misalignment
contribute to an array of organ dysfunction. ANS=autonomic nervous system.
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adaptive during critical illness, there is
considerable interindividual vulnerability to
sleep loss, which may influence the
associations between ICU SCD and critical
illness outcomes (44, 45).

Baseline Risk Factors
Baseline risk factors for ICU SCD have been
difficult to establish. However, reporting
poor sleep and using sleep medications at
home before admission are factors that have
been consistently implicated in ICU sleep
disruption (46). Concerningly, short sleep
duration and poor sleep quality are a serious
global health threat (1, 2, 47–51). The use of
sleep aids is also common in the adult
population, especially elderly individuals and
persons with sleep disorders (52). Sleep
disruption is more common in some
populations on the basis of race, ethnicity,
occupation, and social factors such as
reduced socioeconomic status (53),
substance abuse (54, 55), smoking (1), and
psychiatric (47, 56) or medical disorders
(including sleep disorders) (57–59).
Relatedly, lack of attention to patient sleep
history and sleep preferences has been an
ICU SCD care gap. For example, obstructive
sleep apnea (OSA) is common and often
goes untreated during hospital admissions
(60–62). Similarly, preexisting sleep
problems such as insomnia and restless legs
syndrome can be exacerbated or unmasked
by factors associated with critical illness,
including blood loss, anxiety, immobility,
sleep deprivation, provoking drugs, or
cessation of therapeutic medications (63).
Furthermore, preexisting disrupted sleep and
undiagnosed OSA disproportionately affect
racial and ethnic minorities (64, 65).
Exploration of this health disparity is a key a
research gap outside the scope of this
document (66).

Discussion during theWorkshop
highlighted the importance of obtaining a
more detailed sleep history to identify
patients at highest risk for ICU SCD. The
impact of preadmission sleep abnormalities
on ICU outcomes and management has not
been well studied. At the very least,
knowledge of these conditions may help
guide care (e.g., presence of severe
preexisting OSA, insomnia, or restless legs
syndrome). Finally, attention to sleep history
may also allow targeted sleep and circadian
promotion interventions (e.g., providing a
sleep opportunity during a patient’s
preferred sleep time).

ICU and Acute Illness Risk Factors
In the ICU, contributors to ICU SCD include
environmental factors, illness-related factors,
medication exposures, andmechanical
ventilation. The ICU environment, especially
noise, has been consistently reported to be
associated with sleep disruption (67).
Numerous studies demonstrate that the ICU
environment exceeds recommended sound
levels around the clock (68–71). PSG studies
show that excessive noise contributes to
approximately 20% of awakenings in ICU
patients (72, 73). Although evidence is more
limited, inadequate daytime and excessive
nighttime light are also common in the ICU
andmay significantly disrupt sleep and
circadian rhythms (74–76). Frequent bedside
care interruptions also contribute to
excessive noise and light exposure and
induce pain or anxiety, which have been
reported by patients as sleep disruptive (67,
77, 78). Associations between sleep
disruption and severity of illness, length of
stay, admission diagnosis, and/or sedative
hypnotic drug therapy have not been
supported by most studies (67). Loss of
circadian alignment and amplitude has been
variably associated with severity of illness,
brain injury, and sepsis in diverse ICU
cohorts (30–39). Additional hypothesized
sources of circadian disruption include
abnormal circadian cues such as altered light
exposure, disrupted sleep–wake schedule,
immobility, and continuous feeding (79–81).

Workshop members noted that studies
to date have generally been small and based
at single centers. Furthermore, there has been
substantial variability in data collection
regarding patient characteristics, exposures,
ICU SCDmeasures, and outcomes.
Consequently, the lack of consistent
associations between proposed risk factors
and ICU SCDmay be related to study
variability rather than a lack of underlying
associations.

Subtopic 2: Measurement of
Sleep and Circadian Rhythm
in the ICU

Although advances in portable, wearable
devices have improved measures of sleep and
circadian function in the ICU, numerous
challenges remain. Sleep and circadian
measures must have acceptable cost,
feasibility, tolerance, and interpretability to
allow longitudinal around-the-clock

monitoring. This would, in turn, facilitate
meaningful ICU SCD definitions, guide the
timing of interventions, and support rigorous
outcome evaluation. Circadian measures
carry additional challenges of frequent
sampling needs (e.g., hourly) and of being
vulnerable to masking, a phenomenon in
which environmental factors (e.g., light)
directly alter the circadian measure at the
time of collection (e.g., serummelatonin).
Table 2 lists proposed ICU SCDmeasures.

Objective Sleep Measures
PSG is considered the gold-standard method
to objectively measure sleep. PSG studies in
the ICU require EEG, electrooculography,
and chin EMG tomeasure sleep–wake cycles,
sleep stages, and arousals from sleep; such
monitoring in critically ill patients is
challenging and resource intensive.
Furthermore, the necessary monitors can be
uncomfortable for patients and thus poorly
tolerated during prolonged monitoring (24).
PSG is useful to determine the cause of
arousals (26), for pharmacologic or
pathophysiological studies (27, 82–86), or to
test sleep interventions (87). In non-ICU
patients, sleep scoring is based on rules
originally established by Rechtschaffen and
Kales (88) and later adapted by the American
Academy of SleepMedicine (89). In ICU
patients, EEG sleep features may differ from
those of non-ICU patients, and atypical
patterns have been described. The key EEG
features of atypical sleep include loss of sleep
spindles and K-complexes, and “pathological
wakefulness,” in which EEG features of sleep
are present during behavioral wakefulness
(25, 27–29). These atypical features can make
conventional scoring rules unreliable.
Atypical EEG patterns have been associated
with poor outcomes in many studies (27, 28,
73, 90–95) but not in all studies (86, 96).
Alternative rules have been proposed to
improve the rigor and reproducibility of PSG
scoring in ICU patients but have not been
widely adopted (28, 29).

Workshop discussions highlighted the
cumbersome nature of PSG-based
methodologies in the ICU. Study size and
duration have typically been limited by a
need for experienced staff members to apply
andmaintain monitoring leads, a need for
epoch-by-epoch scoring by experts in ICU
sleep, and poor patient tolerance. These
limitations have challenged efforts to
monitor sleep longitudinally on a large scale
and have made comparison of data among
studies difficult, as there is no accepted
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standard for scoring. The group did touch on
more portable EEG devices (e.g., “dry EEG”)
that may be easier to apply, but these
emerging technologies are not always able to
provide EEG of sufficient quality and do not
mitigate scoring challenges.

Although not rigorously explored in
ICU populations, automated and/or
simplified PSGmeasures such as spectral
analysis (97) or the preservation of normal
sleep architecture may overcome some of the
listed barriers; the latter has been associated
favorably with ICU outcomes (93, 98).
Similarly, sleep continuity, which requires
determination of only two PSG states (sleep
and wake), has also been associated with
clinically relevant outcomes (99). In addition,
automated algorithms that use novel EEG
montages have been tried to alleviate the
challenges described above. The readily
available Bispectral Index (Medtronic) has
been studied as a method to assess the depth
of sleep (100–102) but with poor results in
scoring sleep stages (103); similarly, SedLine
(Masimo) was evaluated in a single limited
study (104). Other methods using automated
EEG algorithms to score sleep depth, such as
spectral power and the odds ratio product,
have been proposed and studied in a small
number of ICU patients (86, 97, 105). These
techniques are promising and may provide
a rapid and reproducible analysis of sleep
quality using a small device that is more
comfortable for patients and more practical
for research or clinical staff members.

Workshop members agreed that
validation of automated scoring together
with the development of more comfortable,
miniaturized leads is likely a key path
forward. These methods need to be validated
against full PSG and visual scoring in a large
cohort of ICU patients. Once accomplished,
this would mitigate challenges across the
field, such as ICU SCD definition and natural
history, intervention testing, and assessment
of outcomes. Notably, objective sleep
measures that are robust despite a patient’s
inability to communicate or move are
necessary in the quest to define the various
phases of ICU SCD, especially early in critical
illness, when we are most limited in our use
of alternative measures (see the following
discussion of actigraphy and subjective sleep
measures). Furthermore, automated real-
time sleep measurements could be used at
the bedside to guide clinical care.
Aspirationally, sleep could be considered a
key clinical parameter, like delirium, and

would thus be frequently monitored as part
of routine care.

Actigraphy is an objective, noninvasive
measure of rest and activity that can be used
to infer sleep–wake schedule. In healthy
subjects, rest–activity cycle, day–night
variation of activity, and circadian rhythms
can be reliably assessed for a prolonged
duration (several consecutive days or weeks)
(106). In ICU patients, sedation, induced
paralysis, and/or immobilization will
decrease movement and thus reduce the
validity of actigraphy for sleep detection
(107). However, as we trace the trajectory of
ICU SCD, actigraphy might be a key
component in studying sleep once patients
progress beyond their immediate critical
illness (108, 109).

Subjective Sleep Measures
Patient perception of sleep quality (i.e.,
subjective sleep quality) is assessed using
questionnaires and is an important domain
of sleep (110). Patient perception of sleep
quality is correlated with outcomes in non-
ICU populations and is pragmatic and cost
effective (111–113). The Richards Campbell
Sleep Questionnaire (RCSQ) has been
validated against PSG and is the most reliable
questionnaire for sleep assessment in ICU
patients (110). The RCSQ uses visual
analogue scales to evaluate five sleep
domains of patient-perceived sleep quality
from the preceding night. As with other
domains of ICU SCD, it is not clear how
each of these domains relates to ICU
outcomes. Unfortunately, an estimated 50%
of patients cannot use the RCSQ, because of
communication or cognitive barriers (e.g.,
sedation or delirium) (114, 115). Other
patient questionnaires include the Numerical
Rating Scale–Sleep (114), the Sleep in the
ICUQuestionnaire (116), the Coronary Care
Unit Questionnaire (117), and the Verran
Snyder-Halpern Sleep Scale (118, 119).
Observation by research staff members or
bedside caregivers would seem like a possible
way to overcome some of these challenges,
but observers tend to overestimate sleep time
and, by definition, do not include the patient
perspective (107, 119–122). During recovery
from critical illness, sleep can be
longitudinally assessed using established
outpatient instruments such as the
Pittsburgh Sleep Quality Index or the
Insomnia Severity Score (23, 123–126).

TheWorkshop discussion of patient
perception of sleep as measured by

questionnaires focused on the tension
between the high value of such measures and
the logistical limitations of implementing
them in the ICU population. Nevertheless, it
was agreed that it is important to obtain
patients’ sleep perceptions whenever
possible. Finally, as with actigraphy,
questionnaires may be used as soon as
possible upon resolution of delirium and/or
return of the ability to communicate and
then used for longitudinal monitoring during
illness recovery.

Circadian Measures
Key domains of assessing circadian function
include phase (i.e., alignment) and
amplitude. Melatonin concentrations, which
rise sharply before habitual bedtime and fall
sharply after habitual wake, are considered
gold-standard measures of circadian phase
and amplitude. In the critically ill population,
which may have unpredictable alignment,
sampling of blood (melatonin) or urine
(6-sulfatoxymelatonin) must be frequent
(e.g., hourly) and around the clock, which
can be cumbersome and thus limit sample
size. Variations in sampling frequency have
limited the interpretation of results in some
cases. Furthermore, melatonin is vulnerable
to masking, as noted above. To avoid, or at
least control for, the impact of zeitgebers
such as light, feeding, exercise, and sleep,
investigators must also track these variables
in ICU patients.

Other physiologic signals can help
identify circadian phase and have both
established norms and known relationships
to melatonin onset and offset (127). For
example, core body temperature, blood
pressure, and heart rate have been used
(35, 37, 128); these measures can be
problematic in many critically ill patients, as
they can be substantially influenced by
sleep–wake cycle, disease processes, and/or
medications. Actigraphy rest–activity
patterns have also been used as a proxy for
circadian phase (129, 130) but are limited
because rest–activity cycle is a behavioral
correlate of circadian phase rather than a
direct physiologic measure. As noted above,
this disconnect can be exacerbated in the
generally immobile ICU population
(36, 131). Novel biomarkers of circadian
phase that use RNA expression analysis to
estimate melatonin onset have been
developed in non–critically ill human
populations (132, 133). However,
preliminary studies suggest that these
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measures cannot predict melatonin onset in
critically ill patients (38).

After considering existing sleep and
circadian measures, Workshop discussion
turned to the potential of artificial
intelligence andmachine learning techniques
that could address several of the identified
measurement issues. Machine learning
techniques could be used to integrate a wide
variety of physiologic and environmental
monitors at the bedside to identify markers
of poor sleep and to identify novel proxies of
circadian rhythmicity. Integrated machine
learning analyses of the environment in ICU
patient rooms are feasible and, as proof of
principle, have been used to demonstrate
that light, sound, and visitation frequency
patterns differ between patients with
delirium and those without (134).

Subtopic 3: Outcomes of
ICU SCD

Sleep and circadian rhythms are believed to
play an important role in recovery from
injury and illness. Sleep quality and quantity
are linked to mortality in the general
population (135–137), and emerging data
suggest that acute SCDmay be linked to ICU
mortality (37, 93). As noted above, even
short-term sleep loss and/or circadian
disruption in non-ICU study subjects can
negatively influence an array of body
functions, including cognition (3), alertness
(4, 5), mood (6, 7), glucose control (8–10),
cardiovascular function (11–15), immune
response (16, 17), and respiratory physiology
(18–21). Although associations between ICU
SCD and functional outcomes are
challenging to prove in the complex ICU
environment, the promise of broad-ranging
benefits related to promotion of normal sleep
and circadian function has motivated the
field forward. Research to date has focused
on the associations between ICU SCD,
respiratory function, and delirium; however,
impact on cardiovascular, metabolic, and
immune functions is also likely. In addition
to short-term outcomes, sleep disturbances
such as insomnia are common after ICU
admission and may influence rehabilitation
capacity and quality of life beyond the acute
phase of critical illness. Opportunities may
therefore exist to improve outcomes by
improving sleep and circadian function
throughout the trajectory of critical illness
and recovery.

Respiratory Failure and Mechanical
Ventilation
Sleep deficiency may impair respiratory
function in ICU patients. Several studies in
healthy volunteers have shown that
respiratory and peripheral muscle endurance
is reduced after sleep deprivation and that
changes in the chemoreflex control system
can occur (18–21). In addition, the subjective
experience of dyspnea, especially air hunger,
can be intensified by sleep deprivation
(21, 138). ICU studies have shown that sleep
disturbances are associated with failure to
liberate from noninvasive (27) and invasive
mechanical ventilation (83). Interestingly, a
recent study demonstrated that the degree of
wakefulness, as assessed by the odds ratio
product, was significantly higher in
patients with a successful spontaneous
breathing trial (86).

Relatedly, mechanical ventilation is
associated with sleep disruption.
Contributing factors to sleep disruption
relevant to mechanical ventilation
include increased work of breathing (139),
ineffective triggering of the ventilator (i.e.,
patient–ventilator asynchronies) (26, 85),
and ventilatory over-assistance (140)
(Figure 3). Several studies describe sleep
improvements attributable to the
optimization of ventilator settings. In
patients with acute hypercapnic respiratory
failure, sleep quality was improved when
patients were supported by noninvasive
ventilatory support at night (85). Respiratory
muscle rest using pressure control ventilation
titrated to achieve passive ventilation was
found to improve sleep quality, efficiency,
and REM sleep compared with low-pressure
support (139). However, ventilatory support
in excess of a patient’s metabolic need can
result in hyperventilation, decreased carbon
dioxide concentrations, and central apneas
(141); central apneas can in turn result in
frequent awakenings and arousals, leading to
sleep fragmentation (140, 142, 143).
Proportional modes of ventilation (e.g.,
proportional assist ventilation and neurally
adjusted ventilatory assist) can be used to
deliver pressure proportional to the patient’s
instantaneous efforts in terms of amplitude
and timing, which avoids over- and
under-assistance and improves synchrony
(144–146). Proportional assist ventilation has
been shown to decrease patient–ventilator
dyssynchrony and improve sleep quality
because of the combined effects of fewer
arousal per hour, fewer awakenings per hour,
and greater proportion of REM sleep (26),

though this result is not consistent across
studies (147). Neurally adjusted ventilatory
assist has been shown to be superior to
pressure support ventilation, resulting
in increased REM and lesser sleep
fragmentation, possibly because of a lack
of ineffective efforts or central apnea
events (148).

The above studies, like others in the
ICU SCD field, are small and have produced
inconsistent findings. Key questions remain,
such as whether the mode of mechanical
ventilation versus the achievement of
physiologic principles (e.g., synchrony,
respiratory muscle rest, avoidance of
hyperventilation, comfort or relief of dyspnea)
is most important in preventing ventilator-
related sleep disruption. Furthermore,
though there are associations between sleep
disruption and poor respiratory outcomes, it
remains to be proven that promoting sleep
will positively affect these outcomes. Barriers
related to ICU SCDmeasurement have
also affected outcome studies. To provide
detailed, mechanistic information, many of
the described studies have included PSG with
its limitations as discussed above. It may
ultimately prove beneficial to nest small
mechanistic studies of sleep promotion
via ventilator strategies within larger,
randomized studies focused on clinical
outcomes. Additional design concerns for
future studies include selecting the phase of
critical illness for sleep promotion, analytic
plans that accommodate the likely
bidirectional nature of the sleep and
respiratory function, and integration of
alternative ventilator modes with
recommended parameters such as low-VT

ventilation (149).

Delirium
Delirium is defined by the presence of
inattention, fluctuating mental status,
disorganized thinking, and an altered level of
consciousness. These findings are also often
found in severe sleep deprivation. Although
sleep and circadian rhythm disturbances are
regarded as potentially modifiable risk
factors for the development of delirium,
delirium itself may contribute to sleep
disturbances. Studies conducted mainly in
cardiac surgical patients indicate that sleep
deprivation can cause (150), be a result of
(151), or simply lower the threshold for
transitioning to delirium. A prospective
cohort study of surgical ICU patients
demonstrated an association between
delirium and severe REM sleep reduction
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(,6% of total sleep time) (82). Similarly, in a
single-center case–control study, critically ill
patients who developed delirium during their
stays experienced less REM sleep compared
with those who did not experience delirium
(152). Furthermore, peripheral melatonin
and cortisol concentrations were lower in the
delirious compared with the nondelirious
group, suggesting an association between
ICU SCD and delirium (152).

Sleep promotion has been tested as a
mitigation strategy for ICU delirium. In a

systematic review (153), 6 of the 10 identified
studies demonstrated statistically significant
reductions in the incidence of ICU delirium
associated with a sleep intervention
(154–159). Similar results were seen in a
randomized clinical trial (RCT) in which
delirium-free patients (N=100) receiving
sedatives were given either nocturnal
dexmedetomidine or placebo until ICU
discharge; nocturnal dexmedetomidine was
associated with a greater proportion of
patients who remained delirium free, but

patient-reported sleep quality was unchanged
(160). In contrast, changes in sleep were seen
in two RCTs (N=61 andN=30) in which
patients were randomized to either nocturnal
dexmedetomidine or placebo; in these
studies, sleep parameters as determined by
PSG were improved under the
dexmedetomidine condition, whereas
delirium was not (161, 162).

During theWorkshop, we highlighted
that the mechanisms linking individual
domains of ICU SCD and delirium remain

Figure 3. Proposed mechanisms for the bidirectional relationship between respiratory dysfunction and sleep and circadian disruption (SCD) in the
ICU. Abnormal patient–ventilator interactions illustrated at the top of the figure (blue) contribute to ICU SCD (yellow). In turn, ICU SCD contributes
to respiratory ability and outcomes illustrated at the bottom of the figure (green). MV=mechanical ventilation; PSV=pressure support ventilation.
* = that part of the drawing in the image that depicts the listed abnormality.
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unclear. Furthermore, there appears, at this
relatively early stage, to be a bidirectional
relationship between ICU SCD and delirium;
however, the details of causality need to be
clarified in appropriately designed studies.
Finally, although sleep interventions seem to
be a promising approach for improving
delirium and related outcomes, as noted
throughout this statement, conclusions are
limited by small study sizes, confounding,
and variable methodology.

Post–Intensive Care Syndrome
ICU SCD likely affects the three domains of
post–intensive care syndrome: cognition,
mental health, and physical function. There is
considerable evidence linking poor sleep
quality with cognitive impairment in a variety
of patient populations (163–166). Although
sleep disturbances improved over time, more
than half of ICU survivors (61%) reported
persistently poor sleep at 6-month follow-up
(167). To date, few studies have rigorously
evaluated the prevalence of sleep disruption
after critical illness and its potential
association with cognitive impairment. For
example, a systematic review reported on 22
studies examining sleep after hospital
discharge in survivors of critical illness;
however, none of these studies reported on
cognitive outcomes (167). Amore recent
study showed that sleep fragmentation is
associated with worse cognitive performance
shortly after ICU discharge (109), suggesting
that sleep remains important to address in the
ICU, on hospital wards, and perhaps later in
post-ICU recovery.

Anxiety, depression, and post-traumatic
stress disorder are also common among ICU
survivors (168) and are known to be
associated with poor sleep quality (169, 170).
Numerous studies have demonstrated an
association between depressive symptoms
and increased degrees of fatigue, stress, and
anxiety in healthy participants subjected to
sleep restriction (171, 172). The underlying
mechanisms among sleep deficiency,
circadian disruption, andmood disturbances
are not well understood (173). Further
research is needed to understand the
contribution of poor post-ICU sleep to the
development of anxiety, depression, and
post-traumatic stress disorder.

Persistent sleep loss after ICU admission
may also affect physical recovery. Sleep loss
leads to significant reductions in energy,
activity levels, and muscle strength and
function (174, 175), which may affect
physical recovery from critical illness.

Emerging evidence demonstrates that early
and intensive physical rehabilitation in the
ICU improves physical function, decreases
ICU delirium, and shortens ICU length of
stay (176, 177). Initiatives to improve ICU
sleep quality might enhance mobilization
efforts and thus positively affect functional
recovery (178).

To extend our understanding of ICU
SCD along the entire trajectory of acute
critical illness and recovery, Workshop
members noted that integration of sleep and
circadian outcomes in long-term follow-up
studies is needed. As with other aspects of
ICU SCD investigation, the establishment of
core measures to serve as common building
blocks for studies and the development of a
collaborative network among investigators in
ICU SCD and investigators in related fields
such as post–intensive care syndrome is a
high priority.

Subtopic 4: Treatment of
ICU SCD

Given the multifaceted nature of ICU SCD
and the diversity of hypothesized and
identified risk factors, interventions to
promote sleep or circadian function tend to
be complex and include multiple components
(Table 3). This can lead to challenges for
implementation and sustainability.
Furthermore, issues regarding which ICU
SCD domains are most closely linked to ICU
outcomes and therefore the best targets for
intervention when interventions should
occur, and how to measure hypothesized
changes in sleep and circadian processes
have limited intervention testing to date. In
this section, we discuss gaps and next steps in
the development of nonpharmacologic and
pharmacologic interventions for ICU SCD.

Nonpharmacologic Interventions
As noted above, the ability to initiate or
maintain sleep is hampered by multiple
patient factors, notably anxiety, pain, and
preexisting sleep disorders (67). These
entities have been key targets for
nonpharmacologic interventions that
promote sleep by eliminating these patient
sources of sleep disruption. Diverse
relaxation techniques aimed at reducing
stress and thus promoting sleep have been
associated with improved subjective sleep
quality and, in some studies, an increase in
total sleep time (179–181). A systemic review

of 11 music therapy studies demonstrated
consistent associations between music
therapy and reduced anxiety or stress in
critically ill patients (182). Data on music’s
direct impact on sleep are more limited (183,
184). Finally, incorporation of patient sleep
preferences may also improve patient sleep,
though robust evidence is lacking. A recent
pilot project on a general medical ward
provided patients with help arranging their
rooms comfortably for sleep (e.g., adjustment
of temperature, lights, television, blinds) and
offering sleep-promoting items from a
“comfy cart” (e.g., blankets, tea, snacks); the
pilot was associated with subjective sleep
improvements (185).

Discussion during theWorkshop
acknowledged a lack of information
regarding a patient’s sleep history and
preferences. It seems straightforward, barring
contraindications, to continue preexisting
outpatient treatments for sleep disorders.
Personalization of sleep promotion
interventions is novel and potentially
beneficial but adds complexity to already
encumbered protocols. Workshopmembers
agreed, on the basis of anecdotal clinical
experience, that asking patients about sleep
and showing empathy regarding inadequate
sleep is helpful. Doing so may also raise team
member awareness of ICU SCD.

ICU Environment
Control of the ICU environment has
historically been a major focus when
attempting to reduce sleep disruption; more
recently, circadian principles have also been
applied. Numerous studies have explored
interventions to control the environment,
cluster bedside care delivery patterns, or
combine elements of both (186). In fact,
multicomponent sleep promotion bundles
are guideline recommended for ICU patients
(46, 187). Environmental control
interventions reduce disturbances including
noise, light, and care interruptions (78,
188–191); however, not all studies have been
successful (192, 193), and when reduced,
sound levels continue to exceed
recommendations (78, 188). Improvements
in sleep outcomes have been more difficult to
demonstrate. For example, multicomponent
protocols that emphasized environmental
control demonstrated improvements in
delirium but did not show changes in sleep
(156, 194). Although not universally
tolerated, earplugs and eye masks that block
the ICU environment may be a simple,
low-cost intervention for ICU SCD.
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Table 3. Sleep Promotion Intervention Components

Domain Strategies Special Considerations

Zeitgeber optimization � Bright daytime light
� Dim or no light at night
� Daytime time-restricted feeding
� Mobility

� Light interventions must consider spectra,
duration, timing, and light exposure history that
reach the angle of gaze. Note that most
patients are delayed by Day 1 or 2 of ICU
admission, and therefore light exposure should
start later than preillness wake times. Providers
should mitigate light from screens in the room
(e.g., televisions, mobile computers).

� Time-restricted feeding should be structured to
deliver food during the day and provide a fast
during the night.

� Providers should minimize daytime sedation to
optimize daytime mobility and wakefulness.

Patient comfort � Pain control
� Anxiolysis
� Toileting before sleep
� Treatment of nausea

� Follow PADIS guideline to optimize
nonpharmacologic and pharmacologic analgesic
strategies.

� Balance pain and anxiety with the need to
minimize analgesics and anxiolytics known to
disrupt sleep (e.g., narcotics and
benzodiazepines).

Personalization � Treat preexisting sleep disorders
� Accommodation of sleep timing preferences
� Adjustment of room (e.g., temperature, lights, shades)

and bed (e.g., blankets, pillows) per patient
preferences

� If patient not able to convey sleep preferences,
consider asking surrogate.

Environmental control � Mitigate noise from both inside and outside room
� Offer eye masks
� Offer earplugs

� Investigate sources of noise, which can be
diverse and highly unique to each unit or room;
talking and equipment alarms are common
sources of noise, but many other sound sources
exist.

� Discourage nighttime visitors outside of special
circumstances (e.g., end of life).

Clustered care � Define dedicated overnight sleep period and
reschedule nonurgent care, including medications,
phlebotomy, radiology, bathing, skin or wound care,
room maintenance

� Involve stakeholders for all changed work flows.
� Restaffing may be needed to increase tasks

during nonsleep times.
� Dedicated sleep period may not be feasible on

the basis of patient acuity, but care can be
reduced to urgent tasks.

� Reassure patients that while they are being
allowed to rest, remote monitoring (e.g.,
telemetry) is ongoing.

Mechanical ventilation � Optimize ventilator synchrony
� Avoid ventilator underassistance and overassistance

� It is unclear if the mode of mechanical
ventilation vs. the achievement of physiologic
principles (e.g., synchrony, respiratory muscle
rest, avoidance of hyperventilation, relief of
dyspnea) is most important in preventing
ventilator-related sleep disruption.

Medication use � Minimize analgesics and anxiolytics known to disrupt
sleep (e.g., narcotics and benzodiazepines)

� Avoid polypharmacy
� Consider withdrawal effects from abrupt

discontinuation of home medications on sleep

� Multidisciplinary review of medications daily with
critical care pharmacist; reduce dose or
discontinue when possible.

Medication timing � Revise medication timing to avoid administration
during protected sleep periods

� Leverage electronic medical record defaults to
preferentially schedule medication
administration in the daytime.

� Strategize continuous infusion bag volumes,
concentrations, and start times such that bag
and tubing changes do not occur during
protected sleep periods.

Definition of abbreviation: PADIS=pain, agitation and sedation, delirium, immobility, and sleep disruption.
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Meta-analyses suggest that the use of earplugs
and eye masks is associated with increased
total sleep time as well as lower incidence of
delirium in ICU patients (195, 196).

At several points in theWorkshop,
participants highlighted the importance of
using established implementation
frameworks (197–199) when designing and
testing interventions to promote sleep and
circadian rhythms in the ICU. From a
research perspective, such approaches are
necessary to support the fidelity of the
interventions being evaluated. From a
clinical perspective, these frameworks are
vital for adapting, scaling, and sustaining
such efforts within complex, dynamic ICU
settings (200). Applying such principles to
the design of ICU-based sleep and circadian
promotion would involve engaging relevant
departments (e.g., nursing, respiratory
therapy, physical therapy, pharmacy,
laboratory medicine, diagnostic imaging,
information services, facilities) to identify
environmental, nonpharmacologic, and
pharmacologic interventions and to
iteratively adopt, evaluate, and redesign these
interventions to meet the unique, changing
needs of involved ICUs.

Circadian Cues as Treatment
More recently, some ICU SCD interventions
have focused on reestablishing normal
diurnal light variation. Effective circadian
entrainment depends on exposure to light
that has sufficient intensity and duration and
has the correct spectral characteristics (i.e.,
mimicking natural sunlight) (201, 202).
Although sample sizes are small, daytime
light interventions have demonstrated
benefits (203), including increased
subjective patient satisfaction (204),
improved early postoperative mobility
(205), reduced perioperative delirium
(205–207), and normalization of circadian
phase as determined by urine
6-sulfatoxymelatonin acrophase (208).
Other daytime light studies have failed to
show a benefit. However, high lighting
levels in the control group (209) and
inappropriate timing, duration, and spectral
characteristics of the light intervention (210)
may have limited findings in these studies.

There are limited investigations of
nonphotic circadian cues such as exercise
andmodifications of feeding schedules. The
timing of nutrition is an influential circadian
time cue, particularly for peripheral clocks in
the gut, liver, and pancreas. Misalignment of
peripheral clocks (i.e., internal misalignment)

is associated with circadian disruption, poor
sleep, and poor glucose tolerance (81, 211,
212). Thus, feeding during the day in a
time-restricted manner may be more optimal
than a continuous feeding schedule. Recent
studies have shown that time-restricted
daytime feeding is feasible (213) and will
improve metabolic parameters (214). Further
studies investigating the impact of time-
restricted feeding on circadian phase
alignment and additional clinical outcomes
are ongoing (NCT 04437264, NCT
04870554).

Similarly, critical illness–related
immobility interrupts normal entrainment
andmay be an important target for ICU
SCD interventions. However, in the setting
of a multicomponent sleep promotion
intervention, patient engagement in physical
therapy was not associated with any change in
subjective sleep quality (215). Further study of
early mobility in this population and related
effects on sleep and circadian outcomes may
provide evidence for novel, mobility-related
methods to promote sleep in the ICU.

Workshop discussion focused on means
of improving the implementation of
zeitgeber-based interventions to improve
circadian alignment in the ICU. Although
investigators are familiar with the two-
process model of homeostatic and circadian
drives, specialized understanding of
entrainment and leveraging of circadian cues
is not widespread. Photic zeitgebers are the
most potent stimuli for entraining the central
circadian clock, while a variety of nonphotic
zeitgebers are known to entrain peripheral
clocks. Improving circadian alignment may
significantly affect important sleep domains
such as timing, duration, architecture, and
continuity. Translating fundamental
circadian knowledge to bedside clinical care
poses logistical challenges. The many
abnormal circadian signals present in the
ICU environment must be carefully tracked
(e.g., light, feeding, sleep, and immobility).
Furthermore, the timing of interventions is
critically important, as incorrectly timed
environmental cues for circadian rhythms
(i.e., zeitgebers) can fail to produce the
desired change in alignment or, more
concerningly, may cause a change in the
directionality that was not intended.
Although outside the scope of this
document, we also note that lighting
adjustments such as low overnight light
affect the alertness and sleepiness of
overnight workers in the hospital
environment, and considerations such as

appropriate spectra bright lighting in work
and break rooms are needed. Further
research is needed to define optimal
circadian intervention protocols in the ICU,
including appropriate timing, duration,
and intensity of zeitgeber exposures.
We note as well that formalization of light
recommendations for circadian entrainment
is just emerging (201, 202).

Pharmacologic Treatment
To date, there are no ICU guideline
recommendations supporting the use of a
pharmacologic treatment to improve ICU
SCD (46). Nevertheless, medications are
frequently prescribed for sleep in the ICU
(216). Melatonin is the most commonly
prescribed medication, followed by
ramelteon and quetiapine (216). Among
studies of sleep bundles in the ICU, only two
allowed use of pharmacologic sleep aids to
promote sleep (156, 217); despite inclusion
in the protocol, sleep aid use was relatively
uncommon in study subjects (16% in
Kamdar and colleagues [156], 7% in
Andrews and colleagues [217]), and therefore
the impact of pharmacologic sleep aids on
sleep was not established by these studies.

More recent studies involving sleep
promotion through pharmacotherapy have
primarily involved melatonin agonists, a-2-
agonists, and orexin antagonists. Two recent
large RCTs of melatonin in ICU patients
showed no association betweenmelatonin
use and improvement in delirium and
conflicting results regarding sleep outcomes
as measured by the RCSQ and nursing
observation (218, 219). The melatonin
agonist ramelteon has been reported to
improve both sleep-related (nursing
observation) and delirium (220) endpoints.
Results are mixed in studies evaluating
nocturnal dexmedetomidine for promoting
sleep (160–162), though this may be related
to sleep measurement methodology (e.g., no
change in patient-reported sleep outcomes
[160] vs. improvement in PSGmeasures of
sleep [161, 162]). Finally, a retrospective
cohort study demonstrated the
administration of the orexin antagonist
suvorexant to be associated with a lower
incidence of delirium but no difference in
any sleep-related endpoints compared with
no suvorexant, after adjustment of
confounders (221).

Workshop members noted the high
demand for sleep medications from
caregivers, surrogates, and patients together
with the commonmisperception that
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sedation is equivalent to sleep. Bedside
clinicians express a strong desire for a safe
and effective sleep aid, particularly in patients
with concomitant delirium. However, the
study of pharmacologic options to promote
nighttime sleepiness is limited by small trial
sizes, the failure to enroll mechanically
ventilated adults with a high severity of
illness, and an overreliance on delirium
reduction and/or patient-reported sleep
quality to define efficacy. In addition, RCTs
to date have involved prescribing of
pharmacologic agents upon ICU admission
or timed in relation to specific clinical events
(e.g., surgical procedure) (222–224).
However, in practice, clinicians are
frequently seeking options to promote sleep
after patients report sleep disruption or have
already presented with delirium. This
discrepancy raises important questions
regarding the timing and patient selection for
pharmaceutical interventions. Interestingly,
pharmacologic therapies to promote daytime

wakefulness in the ICU have not been
rigorously studied, and this may be a novel
and effective approach to sleep promotion in
the ICU. Finally, we should continue to
consider the sleep and circadian implications
of medications routinely used in the ICU
(e.g., corticosteroids, benzodiazepines,
narcotics, antipsychotics).

Conclusions

ICU SCD is a complex and compelling
potential target for improving critical
illness outcomes. Herein, we have
reported the findings, discussions, and
conclusions of the ATS Workshop on
causes, consequences, and treatments of
SCD in the ICU, which had the following
three objectives: 1) delineate a prioritized
list of ICU SCD subtopics; 2) identify,
discuss, and critically evaluate existing
knowledge gaps within these subtopics;

and 3) establish a prioritized ICU SCD
research agenda. We note that challenges
in defining and measuring ICU SCD have
led to a set of related limitations
hampering the field’s progress.
Specifically, study size, brevity in
monitoring periods, and heterogeneity in
study exposures and outcomes have
limited evidence to date. However,
emerging technologies that have improved
longitudinal wearability and the potential
for automation of sleep measures hold
promise as a means of moving the field
forward. Investigators are eager to
increase collaborative infrastructure,
foster multisite study design, test
individual domains of ICU SCD for
associations with ICU outcomes, and
clarify the natural history of ICU SCD.
Opportunities such as this ATS Workshop
have and will continue to support a rich
exchange of information and foster
collaboration among investigators.�

This official document was prepared by an ad hoc subcommittee of the Assembly on Sleep and Respiratory Neurobiology.

Members of the subcommittee are as follows:

MELISSA P. KNAUERT, M.D., PH.D. (Chair)1*
NAJIB T. AYAS, M.D., M.P.H. (Co-Chair)2*
BRIAN J. ANDERSON, M.D., M.S.C.E.3

KAREN J. BOSMA, M.D.4,5*
MAKAYLA L. CORDOZA, PH.D., R.N.6

JOHN W. DEVLIN, PHARM.D.7,8

XAVIER DROUOT, M.D., PH.D.9*
ROSALIND ELLIOTT, R.N., PH.D.10,11

BRIAN K. GEHLBACH, M.D.12

TIMOTHY D. GIRARD, M.D., M.S.C.I.13

MOJDEH S. HEAVNER, PHARM.D.14*
BIREN B. KAMDAR, M.D., M.B.A., M.H.S.15

KENNETH KIEDROWSKI
‡

AMY S. KORWIN, M.D.1§

ELIZABETH R. LUSCZEK, PH.D.16

ROBERT L. OWENS, M.D.15*
SAIRAM PARTHASARATHY, M.D.17

CLAUDIA SPIES, M.D.18

JAG SUNDERRAM, M.D.19

IRENE TELIAS, M.D.20,21,22

PAULA L. WATSON, M.D.23*
GERALD L. WEINHOUSE, M.D.7

M. ELIZABETH WILCOX, M.D., PH.D.20,21*
PHYLLIS C. ZEE, M.D., PH.D.24

1Section of Pulmonary, Critical Care and Sleep
Medicine, Department of Internal Medicine,
Yale School of Medicine, New Haven,
Connecticut; 2Divisions of Critical Care and
Respiratory Medicine, Department of Medicine,
University of British Columbia, Vancouver,
British Columbia, Canada; 3Division of
Pulmonary, Allergy and Critical Care Medicine,
Department of Medicine, and 6School of
Nursing, University of Pennsylvania,
Philadelphia, Pennsylvania; 4Division of Critical

Care Medicine, Department of Medicine,
University of Western Ontario, London, Ontario,
Canada; 5Lawson Health Research Institute,
London Health Sciences Centre, London,
Ontario, Canada; 7Division of Pulmonary and
Critical Care, Department of Medicine,
Brigham and Women’s Hospital, Boston,
Massachusetts; 8Bouve College of Health
Sciences, Northeastern University, Boston,
Massachusetts; 9Centre d’Investigation
Clinique, Centre Hospitalier Universitaire de
Poitiers, Poitiers, France; 10Intensive Care Unit,
The Royal North Shore Hospital and Nursing
and Midwifery Directorate, Northern Sydney
Local Health District, St. Leonards, New South
Wales, Australia; 11Faculty of Health, University
of Technology Sydney, Ultimo, New South
Wales, Australia; 12Department of Internal
Medicine, University of Iowa, Iowa City, Iowa;
13Department of Critical Care Medicine,
School of Medicine, The Clinical Research,
Investigation, and Systems Modeling of Acute
Illness Center, University of Pittsburgh,
Pittsburgh, Pennsylvania; 14Department of
Practice, Sciences, and Health Outcomes
Research, University of Maryland School of
Pharmacy, Baltimore, Maryland; 15Division of
Pulmonary, Critical Care and Sleep Medicine,
Department of Medicine, University of
California, San Diego, San Diego, California;
16Department of Surgery, Medical School,
University of Minnesota, Minneapolis,
Minnesota; 17Division of Pulmonary, Allergy,
Critical Care, and Sleep Medicine, Department
of Medicine, College of Medicine, University of
Arizona, Phoenix, Arizona; 18Department of
Anesthesiology and Intensive Care Medicine

Campus, Charit�e Mitte and Campus
Virchow-Klinikum, Charit�e Center 7,
Charit�e - Universit€atsmedizin Berlin, Berlin,
Germany; 19Division of Pulmonary and Critical
Care Medicine, Department of Medicine,
Robert Wood Johnson Medical School,
Rutgers University, New Brunswick, New
Jersey; 20Interdepartmental Division of Critical
Care Medicine, University of Toronto, Toronto,
Ontario, Canada; 21Division of Respirology,
Department of Medicine, University Health
Network and Sinai Health System, Toronto,
Ontario, Canada; 22Keenan Research Centre,
Li Ka Shing Knowledge Institute, St. Michael’s
Hospital, Unity Health Toronto, Toronto,
Ontario, Canada; 23Division of Pulmonary,
Critical Care, and Sleep Medicine, Vanderbilt
University Medical Center, Nashville,
Tennessee; and 24Division of Sleep Medicine,
Department of Neurology, Feinberg School of
Medicine, Center for Circadian and Sleep
Medicine, Northwestern University, Chicago,
Illinois

*Subgroup leader.
‡Patient representative.
§Trainee member.

Subcommittee Disclosures: M.P.K. served as
guest editor for Clinics in Chest Medicine;
received research support from NHLBI; shares
of ownership of Serca LLC. N.T.A. served on
advisory committees for Eisai, Jazz
Pharmaceuticals, and Powell Mansfield;
received research support from Excite OSA.
K.J.B. received research support from
Medtronic. X.D. holds intellectual property
(patent WO2022157199A1), has a financial

AMERICAN THORACIC SOCIETY DOCUMENTS

e62 American Journal of Respiratory and Critical Care Medicine Volume 207 Number 7 | April 1 2023



stake in and received administrative support
from SomnoEngineering; served as speaker for
and received research support from
IsisAtlantique; received research support from
SOS Oxygene. R.L.O. received research
support from NHLBI and Samsung. P.L.W.
received research support from NCRR/NIH.
B.J.A. received research support from NIH/
NHLBI. M.L.C. received research support from
NIH/NINR. T.D.G. served on advisory
committee for Haisco Pharmaceutical; served
as consultant for Haisco Pharmaceutical and
Lungpacer Medical; received research support
from Ceribell and NIH. S.P. served as a
consultant for Jazz Pharmaceuticals; holds
licensing for US patent #20160213879A1;
received royalties from UpToDate; received
research support from American Academy of
Sleep Medicine Foundation, Arizona
Commerce Authority, Department of Defense,
NIH, PCORI, Philips, Pima County Health
Department, Regeneron, Sergey Brin Family
Foundation, Sommetrics, and US Biotest. C.S.
received or reviewed public grants from
Deutsche Forschungsgemeinschaft, Deutsches
Zentrum fur Luft- und Raumfahrt e. V. (DLR),
Einstein Foundation Berlin, European Society of
Anaesthesiology and Intensive Care,

Gemeinsamer Bundesausschuss (G-BA),
German Research Foundation, lnneruniversitare
Forschungsforderung, Non-Profit Society
Promoting Science and Education, Projekttrager
im DLR, Stifterverband fur die deutsche
Wissenschaft e.V. I Medtronic, and
Stifterverband fur die deutsche Wissenschaft
e.V. I Philips, Stiftung Charite; received support
for symposia sponsored by AbbVie Deutschland
GmbH & Co. KG, Amomed Pharma GmbH,
AGUETTANT Deutschland GmbH, Baxter
Deutschland GmbH, Copra System GmbH,
Correvio GmbH, Cytosorbents Europe GmbH,
Edwards Lifesciences Germany GmbH,
Fresenius Medical Care, Grunenthal GmbH, In
Touch Health, Masimo Europe Ltd., and Pfizer
Pharma PFE GmbH; received royalties from
Georg Thieme Verlag; received industry grant
support from BMBF, BMBF/RKI, BMG, Deutsche
Forschungsgemeinschaft, Deutsche Gesellschaft
fur Anasthesiologie & lntensivmedizin (DGAI),
DFG, Dr. F. Kohler Chemie, Dragerwerk AG &
Co. KGaA, ECDF, Gemeinsamer
Bundesausschuss (G-BA), Max-Planck-
Gesellschaft zur Forderung der Wissenschaften
e.V, MPI, Orion, Philips Electronics Nederland
BV, Sintetica, and Stifterverband fur die
deutsche Wissenschaft e.V. I Medtronic; holds

intellectual property with Charit�e and Philips,
Medtronic; holds and has licensed the following
intellectual property (German international
patents): 102014215211.9, 102018114364.8,
102018114275.5, 502015010534.8,
502015010347.7, 102014215212.7. I.T. served
as consultant for MBMEd SA; received honoraria
from Getinge and Medtronic; received research
support from Canadian Institutes of Health
Research and Canadian Sleep Society. G.L.W.
edited a book on Sleep in Critical Illness
published by Springer Nature. P.C.Z. served on
advisory committees for Eisai, Harmony, Idorsia,
Jazz Pharmaceuticals, Sanofi, Sleep Research
Society, and World Sleep Society; served as
consultant for Eisai and CVS-Caremark; received
research support from Sibel and Vanda. M.S.H.,
M.E.W., J.W.D., R.E., B.K.G., B.B.K., A.S.K.,
E.R.L., J.S. reported no commercial or relevant
non-commercial interests from ineligible
companies.

Acknowledgment: The authors thank
Dr. Detajin Junhasavasdikul for his illustration of
Figure 3. In memoriam, the authors thank
Mr. Ken Kiedrowski for his contributions to their
discussions.

References

1. Chattu VK, Manzar MD, Kumary S, Burman D, Spence DW,
Pandi-Perumal SR. The global problem of insufficient sleep and its
serious public health implications. Healthcare (Basel) 2018;7:1.

2. Liu Y, Wheaton AG, Chapman DP, Cunningham TJ, Lu H, Croft JB.
Prevalence of healthy sleep duration among adults—United States,
2014. MMWR Morb Mortal Wkly Rep 2016;65:137–141.

3. Killgore WD. Effects of sleep deprivation on cognition. Prog Brain Res
2010;185:105–129.

4. Dinges DF, Pack F, Williams K, Gillen KA, Powell JW, Ott GE, et al.
Cumulative sleepiness, mood disturbance, and psychomotor vigilance
performance decrements during a week of sleep restricted to 4–5 hours
per night. Sleep 1997;20:267–277.

5. Lim J, Dinges DF. Sleep deprivation and vigilant attention. Ann N Y Acad
Sci 2008;1129:305–322.

6. Banks S, Dinges DF. Behavioral and physiological consequences of sleep
restriction. J Clin Sleep Med 2007;3:519–528.

7. Goldstein AN, Walker MP. The role of sleep in emotional brain function.
Annu Rev Clin Psychol 2014;10:679–708.

8. Spiegel K, Leproult R, Van Cauter E. Impact of sleep debt on metabolic
and endocrine function. Lancet 1999;354:1435–1439.

9. Spiegel K, Tasali E, Leproult R, Van Cauter E. Effects of poor and short
sleep on glucose metabolism and obesity risk. Nat Rev Endocrinol 2009;
5:253–261.

10. Broussard JL, Ehrmann DA, Van Cauter E, Tasali E, Brady MJ. Impaired
insulin signaling in human adipocytes after experimental sleep
restriction: a randomized, crossover study. Ann Intern Med 2012;157:
549–557.

11. Miner SE, Pahal D, Nichols L, Darwood A, Nield LE, Wulffhart Z.
Sleep disruption is associated with increased ventricular ectopy and
cardiac arrest in hospitalized adults. Sleep (Basel) 2016;39:
927–935.

12. Jiddou MR, Pica M, Boura J, Qu L, Franklin BA. Incidence of myocardial
infarction with shifts to and from daylight savings time. Am J Cardiol
2013;111:631–635.

13. Roenneberg T, Wirz-Justice A, Skene DJ, Ancoli-Israel S, Wright KP,
Dijk DJ, et al. Why should we abolish daylight saving time? J Biol
Rhythms 2019;34:227–230.

14. Faraut B, Boudjeltia KZ, Vanhamme L, Kerkhofs M. Immune,
inflammatory and cardiovascular consequences of sleep restriction and
recovery. Sleep Med Rev 2012;16:137–149.

15. Tobaldini E, Fiorelli EM, Solbiati M, Costantino G, Nobili L, Montano N.
Short sleep duration and cardiometabolic risk: from pathophysiology to
clinical evidence. Nat Rev Cardiol 2019;16:213–224.

16. Spiegel K, Sheridan JF, Van Cauter E. Effect of sleep deprivation on
response to immunization. JAMA 2002;288:1471–1472.

17. Prather AA, Janicki-Deverts D, Hall MH, Cohen S. Behaviorally assessed
sleep and susceptibility to the common cold. Sleep (Basel) 2015;38:
1353–1359.

18. Chen HI, Tang YR. Sleep loss impairs inspiratory muscle endurance.
Am Rev Respir Dis 1989;140:907–909.

19. Cooper KR, Phillips BA. Effect of short-term sleep loss on breathing.
J Appl Physiol 1982;53:855–858.

20. Martin BJ. Effect of sleep deprivation on tolerance of prolonged exercise.
Eur J Appl Physiol Occup Physiol 1981;47:345–354.

21. Rault C, Sangar�e A, Diaz V, Ragot S, Frat JP, Raux M, et al. Impact of
sleep deprivation on respiratory motor output and endurance: a
physiological study. Am J Respir Crit Care Med 2020;201:976–983.

22. Allada R, Bass J. Circadian mechanisms in medicine. N Engl J Med
2021;384:550–561.

23. Elliott R, McKinley S, Cistulli P, Fien M. Characterisation of sleep in
intensive care using 24-hour polysomnography: an observational study.
Crit Care 2013;17:R46.

24. Knauert MP, Yaggi HK, Redeker NS, Murphy TE, Araujo KL, Pisani MA.
Feasibility study of unattended polysomnography in medical intensive
care unit patients. Heart Lung 2014;43:445–452.

25. Cooper AB, Thornley KS, Young GB, Slutsky AS, Stewart TE, Hanly PJ.
Sleep in critically ill patients requiring mechanical ventilation. Chest
2000;117:809–818.

26. Bosma K, Ferreyra G, Ambrogio C, Pasero D, Mirabella L, Braghiroli A,
et al. Patient-ventilator interaction and sleep in mechanically ventilated
patients: pressure support versus proportional assist ventilation.
Crit Care Med 2007;35:1048–1054.

27. Roche Campo F, Drouot X, Thille AW, Galia F, Cabello B, d’Ortho MP,
et al. Poor sleep quality is associated with late noninvasive ventilation
failure in patients with acute hypercapnic respiratory failure. Crit Care
Med 2010;38:477–485.

AMERICAN THORACIC SOCIETY DOCUMENTS

American Thoracic Society Documents e63



28. Drouot X, Roche-Campo F, Thille AW, Cabello B, Galia F, Margarit L,
et al. A new classification for sleep analysis in critically ill patients.
Sleep Med 2012;13:7–14.

29. Watson PL, Pandharipande P, Gehlbach BK, Thompson JL, Shintani AK,
Dittus BS, et al. Atypical sleep in ventilated patients: empirical
electroencephalography findings and the path toward revised ICU sleep
scoring criteria. Crit Care Med 2013;41:1958–1967.

30. Shilo L, Dagan Y, Smorjik Y, Weinberg U, Dolev S, Komptel B, et al.
Patients in the intensive care unit suffer from severe lack of sleep
associated with loss of normal melatonin secretion pattern. Am J Med
Sci 1999;317:278–281.

31. Mundigler G, Delle-Karth G, Koreny M, Zehetgruber M, Steindl-Munda P,
Marktl W, et al. Impaired circadian rhythm of melatonin secretion in
sedated critically ill patients with severe sepsis. Crit Care Med 2002;30:
536–540.

32. Olofsson K, Alling C, Lundberg D, Malmros C. Abolished circadian rhythm
of melatonin secretion in sedated and artificially ventilated intensive
care patients. Acta Anaesthesiol Scand 2004;48:679–684.

33. Verceles AC, Silhan L, Terrin M, Netzer G, Shanholtz C, Scharf SM.
Circadian rhythm disruption in severe sepsis: the effect of ambient light
on urinary 6-sulfatoxymelatonin secretion. Intensive Care Med 2012;38:
804–810.

34. Gehlbach BK, Chapotot F, Leproult R, Whitmore H, Poston J,
Pohlman M, et al. Temporal disorganization of circadian rhythmicity and
sleep-wake regulation in mechanically ventilated patients receiving
continuous intravenous sedation. Sleep (Basel) 2012;35:1105–1114.

35. Gazendam JAC, Van Dongen HPA, Grant DA, Freedman NS,
Zwaveling JH, Schwab RJ. Altered circadian rhythmicity in patients in
the ICU. Chest 2013;144:483–489.

36. Duclos C, Dumont M, Blais H, Paquet J, Laflamme E, de Beaumont L,
et al. Rest-activity cycle disturbances in the acute phase of moderate to
severe traumatic brain injury. Neurorehabil Neural Repair 2014;28:
472–482.

37. Knauert MP, Murphy TE, Doyle MM, Pisani MA, Redeker NS, Yaggi HK.
Pilot observational study to detect diurnal variation and misalignment in
heart rate among critically ill patients. Front Neurol 2020;11:637.

38. Maas MB, Iwanaszko M, Lizza BD, Reid KJ, Braun RI, Zee PC. Circadian
gene expression rhythms during critical illness. Crit Care Med 2020;48:
e1294–e1299.

39. Maas MB, Lizza BD, Abbott SM, Liotta EM, Gendy M, Eed J, et al.
Factors disrupting melatonin secretion rhythms during critical illness.
Crit Care Med 2020;48:854–861.

40. Frisk U, Olsson J, Nyl�en P, Hahn RG. Low melatonin excretion during
mechanical ventilation in the intensive care unit. Clin Sci (Lond) 2004;
107:47–53.

41. Li CX, Liang DD, Xie GH, Cheng BL, Chen QX, Wu SJ, et al. Altered
melatonin secretion and circadian gene expression with increased
proinflammatory cytokine expression in early-stage sepsis patients.
Mol Med Rep 2013;7:1117–1122.

42. Besedovsky L, Lange T, Haack M. The sleep-immune crosstalk in health
and disease. Physiol Rev 2019;99:1325–1380.

43. Haspel JA, Anafi R, Brown MK, Cermakian N, Depner C, Desplats P,
et al. Perfect timing: circadian rhythms, sleep, and immunity—an NIH
workshop summary. JCI Insight 2020;5:e131487.

44. Dennis LE, Wohl RJ, Selame LA, Goel N. Healthy adults display long-
term trait-like neurobehavioral resilience and vulnerability to sleep loss.
Sci Rep 2017;7:14889.

45. Tkachenko O, Dinges DF. Interindividual variability in neurobehavioral
response to sleep loss: a comprehensive review. Neurosci Biobehav
Rev 2018;89:29–48.

46. Devlin JW, Skrobik Y, G�elinas C, Needham DM, Slooter AJC,
Pandharipande PP, et al. Clinical practice guidelines for the prevention
and management of pain, agitation/sedation, delirium, immobility, and
sleep disruption in adult patients in the ICU. Crit Care Med 2018;46:
e825–e873.

47. Colten HR, Altevogt BM, editors. Sleep disorders and sleep deprivation:
an unmet public health problem. Washington, DC: National Academies
Press; 2006.

48. Basner M, Dinges DF. Sleep duration in the United States 2003–2016:
first signs of success in the fight against sleep deficiency? Sleep
(Basel) 2018;41:zsy012.

49. Kronholm E, Partonen T, Laatikainen T, Peltonen M, H€arm€a M, Hublin C,
et al. Trends in self-reported sleep duration and insomnia-related
symptoms in Finland from 1972 to 2005: a comparative review and
re-analysis of Finnish population samples. J Sleep Res 2008;17:54–62.

50. Rowshan Ravan A, Bengtsson C, Lissner L, Lapidus L, Bj€orkelund C.
Thirty-six-year secular trends in sleep duration and sleep satisfaction,
and associations with mental stress and socioeconomic factors—results
of the Population Study of Women in Gothenburg, Sweden. J Sleep
Res 2010;19:496–503.

51. Madrid-Valero JJ, Mart�ınez-Selva JM, Ribeiro do Couto B,
S�anchez-Romera JF, Ordo~nana JR. Age and gender effects on the
prevalence of poor sleep quality in the adult population. Gac Sanit
2017;31:18–22.

52. Chong Y, Fryer CD, Gu Q. Prescription sleep aid use among adults:
United States, 2005–2010. NCHS Data Brief 2013;127:1–8.

53. Gonzalez A, Tyminski Q. Sleep deprivation in an American homeless
population. Sleep Health 2020;6:489–494.

54. Akerstedt T, Wright KP Jr. Sleep loss and fatigue in shift work and shift
work disorder. Sleep Med Clin 2009;4:257–271.

55. Bowers JM, Moyer A. Adolescent sleep and technology-use rules:
results from the California Health Interview Survey. Sleep Health 2020;
6:19–22.

56. Wajszilber D, Santiseban JA, Gruber R. Sleep disorders in patients with
ADHD: impact and management challenges. Nat Sci Sleep 2018;10:
453–480.

57. Abad VC, Sarinas PS, Guilleminault C. Sleep and rheumatologic
disorders. Sleep Med Rev 2008;12:211–228.

58. Ohayon MM, O’Hara R, Vitiello MV. Epidemiology of restless legs
syndrome: a synthesis of the literature. Sleep Med Rev 2012;16:
283–295.

59. Stewart NH, Arora VM. Sleep in hospitalized older adults. Sleep Med Clin
2018;13:127–135.

60. Peppard PE, Young T, Barnet JH, Palta M, Hagen EW, Hla KM.
Increased prevalence of sleep-disordered breathing in adults. Am J
Epidemiol 2013;177:1006–1014.

61. Motamedi KK, McClary AC, Amedee RG. Obstructive sleep apnea:
a growing problem. Ochsner J 2009;9:149–153.

62. Spurr K, Morrison DL, Graven MA, Webber A, Gilbert RW. Analysis of
hospital discharge data to characterize obstructive sleep apnea and its
management in adult patients hospitalized in Canada: 2006 to 2007.
Can Respir J 2010;17:213–218.

63. Goldstein C. Management of restless legs syndrome/Willis-Ekbom
disease in hospitalized and perioperative patients. Sleep Med Clin
2015;10:303–310, xiv.

64. Chen X, Wang R, Zee P, Lutsey PL, Javaheri S, Alc�antara C, et al.
Racial/ethnic differences in sleep disturbances: the Multi-Ethnic Study
of Atherosclerosis (MESA). Sleep (Basel) 2015;38:877–888.

65. Curtis DS, Fuller-Rowell TE, El-Sheikh M, Carnethon MR, Ryff CD.
Habitual sleep as a contributor to racial differences in cardiometabolic
risk. Proc Natl Acad Sci U S A 2017;114:8889–8894.

66. Laposky AD, Van Cauter E, Diez-Roux AV. Reducing health disparities:
the role of sleep deficiency and sleep disorders. Sleep Med 2016;18:
3–6.

67. Honarmand K, Rafay H, Le J, Mohan S, Rochwerg B, Devlin JW, et al. A
systematic review of risk factors for sleep disruption in critically ill adults.
Crit Care Med 2020;48:1066–1074.

68. Elliott RM, McKinley SM, Eager D. A pilot study of sound levels in an
Australian adult general intensive care unit. Noise Health 2010;12:
26–36.

69. Lawson N, Thompson K, Saunders G, Saiz J, Richardson J, Brown D,
et al. Sound intensity and noise evaluation in a critical care unit. Am J
Crit Care 2010;19:e88–e98. [Quiz, p. e99.]

70. Darbyshire JL, Young JD. An investigation of sound levels on intensive
care units with reference to the WHO guidelines. Crit Care 2013;17:
R187.

71. Knauert M, Jeon S, Murphy TE, Yaggi HK, Pisani MA, Redeker NS.
Comparing average levels and peak occurrence of overnight sound in
the medical intensive care unit on A-weighted and C-weighted decibel
scales. J Crit Care 2016;36:1–7.

72. Gabor JY, Cooper AB, Crombach SA, Lee B, Kadikar N, Bettger HE,
et al. Contribution of the intensive care unit environment to sleep

AMERICAN THORACIC SOCIETY DOCUMENTS

e64 American Journal of Respiratory and Critical Care Medicine Volume 207 Number 7 | April 1 2023



disruption in mechanically ventilated patients and healthy subjects.
Am J Respir Crit Care Med 2003;167:708–715.

73. Freedman NS, Gazendam J, Levan L, Pack AI, Schwab RJ. Abnormal
sleep/wake cycles and the effect of environmental noise on sleep
disruption in the intensive care unit. Am J Respir Crit Care Med 2001;
163:451–457.

74. Fan EP, Abbott SM, Reid KJ, Zee PC, Maas MB. Abnormal
environmental light exposure in the intensive care environment. J Crit
Care 2017;40:11–14.

75. Lusczek ER, Knauert MP. Light levels in ICU patient rooms: dimming of
daytime light in occupied rooms. J Patient Exp 2021;8:
23743735211033104.

76. Danielson SJ, Rappaport CA, Loher MK, Gehlbach BK. Looking for light
in the din: an examination of the circadian-disrupting properties of a
medical intensive care unit. Intensive Crit Care Nurs 2018;46:57–63.

77. Tamburri LM, DiBrienza R, Zozula R, Redeker NS. Nocturnal care
interactions with patients in critical care units. Am J Crit Care 2004;13:
102–112. [Quiz, pp. 114–115.]

78. Knauert MP, Pisani M, Redeker N, Murphy T, Araujo K, Jeon S, et al.
Pilot study: an intensive care unit sleep promotion protocol. BMJ Open
Respir Res 2019;6:e000411.

79. Gao CA, Knauert MP. Circadian biology and its importance to intensive
care unit care and outcomes. Semin Respir Crit Care Med 2019;40:
629–637.

80. Telias I, Wilcox ME. Sleep and circadian rhythm in critical illness.
Crit Care 2019;23:82.

81. Sunderram J, Sofou S, Kamisoglu K, Karantza V, Androulakis IP. Time-
restricted feeding and the realignment of biological rhythms:
translational opportunities and challenges. J Transl Med 2014;12:79.

82. Trompeo AC, Vidi Y, Locane MD, Braghiroli A, Mascia L, Bosma K, et al.
Sleep disturbances in the critically ill patients: role of delirium and
sedative agents. Minerva Anestesiol 2011;77:604–612.

83. Thille AW, Reynaud F, Marie D, Barrau S, Rousseau L, Rault C, et al.
Impact of sleep alterations on weaning duration in mechanically
ventilated patients: a prospective study. Eur Respir J 2018;51:1702465.

84. Cabello B, Thille AW, Drouot X, Galia F, Mancebo J, d’Ortho MP, et al.
Sleep quality in mechanically ventilated patients: comparison of three
ventilatory modes. Crit Care Med 2008;36:1749–1755.

85. C�ordoba-Izquierdo A, Drouot X, Thille AW, Galia F, Roche-Campo F,
Schortgen F, et al. Sleep in hypercapnic critical care patients under
noninvasive ventilation: conventional versus dedicated ventilators.
Crit Care Med 2013;41:60–68.

86. Dres M, Younes M, Rittayamai N, Kendzerska T, Telias I, Grieco DL,
et al. Sleep and Pathological Wakefulness at the Time of Liberation
from Mechanical Ventilation (SLEEWE): a prospective multicenter
physiological study. Am J Respir Crit Care Med 2019;199:1106–1115.

87. Demoule A, Carreira S, Lavault S, Pallanca O, Morawiec E, Mayaux J,
et al. Impact of earplugs and eye mask on sleep in critically ill patients:
a prospective randomized study. Crit Care 2017;21:284.

88. Rechtschaffen A, Kales A. A manual of standardized terminology,
techniques and scoring system for sleep stages of human subjects. Los
Angeles: University of California, Los Angeles, Brain Information
Service/Brain Research Institute; 1968.

89. Iber C, Ancoli-Israel S, Chesson AL Jr, Quan SF; American Academy of
Sleep Medicine. The AASM manual for the scoring of sleep and
associated events: rules, terminology and technical specifications.
Westchester, IL: American Academy of Sleep Medicine; 2007.

90. Valente M, Placidi F, Oliveira AJ, Bigagli A, Morghen I, Proietti R,
et al. Sleep organization pattern as a prognostic marker at the
subacute stage of post-traumatic coma. Clin Neurophysiol 2002;
113:1798–1805.

91. Foreman B, Westwood AJ, Claassen J, Bazil CW. Sleep in the
neurological intensive care unit: feasibility of quantifying sleep after
melatonin supplementation with environmental light and noise
reduction. J Clin Neurophysiol 2015;32:66–74.

92. Thille AW, Muller G, Gacouin A, Coudroy R, Demoule A, Sonneville R,
et al.; REVA research network. High-flow nasal cannula oxygen therapy
alone or with non-invasive ventilation during the weaning period after

extubation in ICU: the prospective randomised controlled HIGH-WEAN
protocol. BMJ Open 2018;8:e023772.

93. Knauert MP, Gilmore EJ, Murphy TE, Yaggi HK, Van Ness PH, Han L,
et al. Association between death and loss of stage N2 sleep features
among critically Ill patients with delirium. J Crit Care 2018;48:124–129.

94. Boyko Y, Toft P, Ørding H, Lauridsen JT, Nikolic M, Jennum P. Atypical
sleep in critically ill patients on mechanical ventilation is associated with
increased mortality. Sleep Breath 2019;23:379–388.

95. Sutter R, Barnes B, Leyva A, Kaplan PW, Geocadin RG.
Electroencephalographic sleep elements and outcome in acute
encephalopathic patients: a 4-year cohort study. Eur J Neurol 2014;21:
1268–1275.

96. Thille AW, Barrau S, Beuvon C, Marie D, Reynaud F, Bardin J, et al. Role
of sleep on respiratory failure after extubation in the ICU. Ann Intensive
Care 2021;11:71.

97. Ambrogio C, Koebnick J, Quan SF, Ranieri M, Parthasarathy S.
Assessment of sleep in ventilator-supported critically ill patients. Sleep
2008;31:1559–1568.

98. Grigg-Damberger MM, Hussein O, Kulik T. Sleep spindles and
K-complexes are favorable prognostic biomarkers in critically ill
patients. J Clin Neurophysiol 2022;39:372–382.

99. Drouot X, Bridoux A, Thille AW, Roche-Campo F, Cordoba-Izquierdo A,
Katsahian S, et al. Sleep continuity: a new metric to quantify disrupted
hypnograms in non-sedated intensive care unit patients. Crit Care
2014;18:628.

100. Sleigh JW, Andrzejowski J, Steyn-Ross A, Steyn-Ross M. The
Bispectral Index: a measure of depth of sleep? Anesth Analg 1999;88:
659–661.

101. Gim�enez S, Romero S, Alonso JF, Ma~nanas MA, Pujol A, Baxarias P,
et al. Monitoring sleep depth: analysis of Bispectral Index (BIS) based
on polysomnographic recordings and sleep deprivation. J Clin Monit
Comput 2017;31:103–110.

102. Pedr~ao RAA, Riella RJ, Richards K, Valderramas SR. Viability and
validity of the Bispectral Index to measure sleep in patients in the
intensive care unit. Rev Bras Ter Intensiva 2020;32:535–541.

103. Nieuwenhuijs D, Coleman EL, Douglas NJ, Drummond GB, Dahan A.
Bispectral Index values and spectral edge frequency at different
stages of physiologic sleep. Anesth Analg 2002;94:125–129.

104. Vacas S, McInrue E, Gropper MA, Maze M, Zak R, Lim E, et al. The
feasibility and utility of continuous sleep monitoring in critically ill
patients using a portable electroencephalography monitor. Anesth
Analg 2016;123:206–212.

105. Reinke L, van der Hoeven JH, van Putten MJ, Dieperink W,
Tulleken JE. Intensive care unit depth of sleep: proof of concept of a
simple electroencephalography index in the non-sedated. Crit Care
2014;18:R66.

106. Smith MT, McCrae CS, Cheung J, Martin JL, Harrod CG, Heald JL,
et al. Use of actigraphy for the evaluation of sleep disorders and
circadian rhythm sleep-wake disorders: an American Academy of
Sleep Medicine systematic review, meta-analysis, and GRADE
assessment. J Clin Sleep Med 2018;14:1209–1230.

107. Beecroft JM, Ward M, Younes M, Crombach S, Smith O, Hanly PJ.
Sleep monitoring in the intensive care unit: comparison of nurse
assessment, actigraphy and polysomnography. Intensive Care Med
2008;34:2076–2083.

108. Wilcox ME, Rubenfeld GD, Walczak KD, Black SE, McAndrews MP,
Lim AS. Actigraphic measures of sleep on the wards after ICU
discharge. J Crit Care 2019;54:163–169.

109. Wilcox ME, McAndrews MP, Van J, Jackson JC, Pinto R, Black SE,
et al. Sleep fragmentation and cognitive trajectories after critical
illness. Chest 2021;159:366–381.

110. Richards KC, O’Sullivan PS, Phillips RL. Measurement of sleep in
critically ill patients. J Nurs Meas 2000;8:131–144.

111. Richards KC, Wang YY, Jun J, Ye L. A systematic review of sleep
measurement in critically ill patients. Front Neurol 2020;11:542529.

112. Menear A, Elliott R, M Aitken L, Lal S, McKinley S. Repeated sleep-
quality assessment and use of sleep-promoting interventions in ICU.
Nurs Crit Care 2017;22:348–354.

AMERICAN THORACIC SOCIETY DOCUMENTS

American Thoracic Society Documents e65



113. Aitken LM, Elliott R, Mitchell M, Davis C, Macfarlane B, Ullman A, et al.
Sleep assessment by patients and nurses in the intensive care: an
exploratory descriptive study. Aust Crit Care 2017;30:59–66.

114. Rood P, Frenzel T, Verhage R, Bonn M, van der Hoeven H, Pickkers P,
et al. Development and daily use of a numeric rating score to assess
sleep quality in ICU patients. J Crit Care 2019;52:68–74.

115. Frisk U, Nordstr€om G. Patients’ sleep in an intensive care unit—patients’
and nurses’ perception. Intensive Crit Care Nurs 2003;19:342–349.

116. Freedman NS, Kotzer N, Schwab RJ. Patient perception of sleep quality
and etiology of sleep disruption in the intensive care unit. Am J Respir
Crit Care Med 1999;159:1155–1162.

117. Storti LJ, Servantes DM, Borges M, Bittencourt L, Maroja FU,
Poyares D, et al. Validation of a novel sleep-quality questionnaire to
assess sleep in the coronary care unit: a polysomnography study.
Sleep Med 2015;16:971–975.

118. Snyder-Halpern R, Verran JA. Instrumentation to describe subjective
sleep characteristics in healthy subjects. Res Nurs Health 1987;10:
155–163.

119. Fontaine DK. Measurement of nocturnal sleep patterns in trauma
patients. Heart Lung 1989;18:402–410.

120. Kamdar BB, Shah PA, King LM, Kho ME, Zhou X, Colantuoni E, et al.
Patient-nurse interrater reliability and agreement of the Richards-
Campbell sleep questionnaire. Am J Crit Care 2012;21:261–269.

121. Aurell J, Elmqvist D. Sleep in the surgical intensive care unit: continuous
polygraphic recording of sleep in nine patients receiving postoperative
care. Br Med J (Clin Res Ed) 1985;290:1029–1032.

122. Edwards GB, Schuring LM. Pilot study: validating staff nurses’
observations of sleep and wake states among critically ill patients,
using polysomnography. Am J Crit Care 1993;2:125–131.

123. Buysse DJ, Reynolds CF III, Monk TH, Berman SR, Kupfer DJ. The
Pittsburgh Sleep Quality Index: a new instrument for psychiatric
practice and research. Psychiatry Res 1989;28:193–213.

124. McKinley S, Fien M, Elliott R, Elliott D. Sleep and psychological health
during early recovery from critical illness: an observational study.
J Psychosom Res 2013;75:539–545.

125. Wang CY, Shang M, Feng LZ, Zhou CL, Zhou QS, Hu K. Correlation
between APACHE III score and sleep quality in ICU patients. J Int
Med Res 2019;47:3670–3680.

126. Bastien CH, Valli�eres A, Morin CM. Validation of the Insomnia Severity
Index as an outcome measure for insomnia research. Sleep Med
2001;2:297–307.

127. Dijk DJ, Duffy JF. Novel approaches for assessing circadian rhythmicity
in humans: a review. J Biol Rhythms 2020;35:421–438.
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