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Abstract

ICU patients typically exhibit pathologic wakefulness, poor quality of daytime
sleep, nocturnal sleep fragmentation, and sleep patterns that feature the absence
of SWS and REM. This paper offers a review of the existing literature examining
circadian desynchronization in critically ill patients, highlighting contributing
factors identified by scholars, and circadian abnormalities observed in these
patients. It discusses potential implications for clinical practice and suggests
avenues of future research. Elucidating the role of circadian rhythms in the
management of critical illness can guide future chronotherapeutic approaches
and optimise patient outcomes.

Introduction

The pathway between endogenous circadian clocks and behaviour is perhaps the
best understood of the mysteries of gene expression [1] but the relationship
between these internal clocks and the external ones controlling social and
organisational behaviour, including in hospitals, is still relatively poorly
illuminated. The endogenous nature of circadian rhythms was first
experimentally demonstrated through observations of leaf movements in
botanical laboratories in the 19% century. The internal locus of circadian control
was pinpointed in the 20t century, while the central and independent role of the
bilateral hypothalamic suprachiasmatic nucleus (SCN) cells was demonstrated
when circadian oscillation was noted to persist in SCN cells removed from their
host and placed in culture [2]. In humans, circadian pacemakers in the SCN of the
anterior hypothalamus [3] appear to be part of a hierarchical network [4] and
control not just sleep-wake cycles but also have much wider health implications,
including direct linkages with the immune system [5] and the human autonomic
nervous system [6]. Molecular ‘clocks’ are controlled by a number of genes

forming primary and auxiliary transcriptional and translational feedback loops
that express themselves in both a positive and negative manner [7,8].



























































This review looks at the interaction between these endogenous patterns and
exogenous variables, in circumstances where rhythmic light/dark cycles are
forced to alter, namely the intensive care unit (ICU) environment. The mismatch
between internal states and external cycles is a significant issue that has been
associated with disturbances of physiological homeostasis and critical illness [9],
and it may well be that the very intensity of treatment given to ICU patients
results in diminution of their health status.

In this review, we aim to systematically review factors that contribute to
circadian disruption in general, while examine how abnormalities in circadian
rhythms are expressed in ICU patients in particular. In addition, we present
recommendations both for clinical practice and research.

Method

The PubMed database was accessed in May 2016. In the literature, there are a
number of overlapping terms used to describe the disturbance of circadian
rhythms, notably circadian abnormalities, circadian dysrhythmias, arrhythmias,
circadian misalignment, circadian disruption or chronodisruption (CD), all of
which are well established terms [4]. In the light of the varied nomenclature, in
order to exhaustively capture the literature within PubMed, the following
strategies were performed: "circadian rhythm" [MeSH Terms] OR "circadian" [All
Fields] AND "rhythm" [All Fields] OR "circadian rhythm" [All Fields] OR
"circadian” [All Fields] AND "rhythms" [All Fields]) OR "circadian rhythms" [All
Fields] AND ICU [All Fields] AND "patients" [MeSH Terms] OR "patients" [All
Fields]. No restrictions as to time of publication were applied, however, only
articles with abstracts written in English were included. If the title or the
abstract included the key words, the paper was identified as relevant and
included in the study. A total of 70 articles were retrieved using this process with
36 selected as directly dealing with the scope of this study. Only one additional
article was retrieved using the terms "circadian dysrhythmias"[All Fields] AND
"ICU"[All Fields]. The 37 selected papers were scrutinized carefully and further
key words and phrases identified, including light, noise, patients care activities,
sleep, mechanical ventilation, and medication. Using these additional terms in
combination with the circadian search terms noted earlier, a supplementary
search identified an additional 51 articles were identified as relevant, and in rare
cases where the literature suggested key research outside the scope of the
PubMed database, these rules were extended to the broader literature. A reading
of the total set identified three key themes in relation to the literature on
circadian disruption to ICU patients: factors that contribute to circadian
disruption; how these disruptions translate into clinical problems, and finally,



implications for practice and research. The review will be structured around
these three themes.

Findings

Factors that contribute to circadian disruption

Light: ICU patients are exposed to some degree of artificial light over a 24 hour
cycle. Nightingale in the early 20th century identified light and day-night rhythms
as two important factors in supporting and restoring patient health
[10]. Artificial light in the night is a known causal factor in circadian disruption,
producing a number of direct effects, including alterations to melatonin
secretion,elevation of gortisol production and normal and neoplastic tissue
growth, as well as indirect effects mediated through its impact on sleep [11].
Daylight is often obscured or eliminated in ICUs, and substituted or
supplemented with artificial lighting [12]. Artificial lighting is particularly
common at high levels during night-time, as an aid to conducting examination,
treatment and other nursing activities. Nocturnal light levels as low as 100-500
lux are known to affect melaénm secretion, and nocturnal levels between 300
and 500 lux may triggerthe ﬁichan pacemaker [13,14]. Considering this, mean
illumination levels measured in ICUs at night ranging from 2.4 to 145 lux and
ranging by day from 55.3 to 165 lux [3] pose a significant threat to normal
circadian rhythms, with even short term exposure to lighting with blue-spectral
components influencing melatonin excretion and alertness [15]. These
measurements indicate a pattern of relatively low (and less variable)
illumination levels by day and high (and distinctly more variable) levels by night
[3]- Thus, lack of diurnal cues caused by absence of daylight and the presence of
artificial ]j,&h\hg’during night (lighting practices) is almost certainly a parameter
contributing significantly to circadian disruption of ICU patients. Most patients
report that sleep in ICU is inferior to that experienced at home and light is one of
five most frequently-cited reasons for sleep deprivation [16]. Table 1
summarizes papers examining the role of light in ICUs.

Auditory disruption: ICUs present a complex auditory environment. Monitor
alarms, mechanical ventilation, operating and moving equipment, telephones,
televisions, conversations between nursing/medical personnel, nursing activities
(e.g. endotracheal suction, lab draws, radiographs) and even the footsteps of
medical staff have been implicated in circadian disruption and sleep
abnormalities [17,18]. The World Health Organization (WHO) suggests patient
care zones should suppress sound levels{below 35 dB peaking at no more than
40 dB overnight [17]. The reality in the wards stands in contrast to these
standards. Studies measuring ambient noise levels in ICUs established that

























































































means are _ Environmental Protection Agency (and WHO)

recommendations for _[12] with - - levels in excess of
those recommended, that is approximately _ and -at
- [14]. - noise levels in - environments have in fact been documented
as high'as'55-65dB over a full-day cycle, peaking as high as80'dB [14]. Table 2
summarizes papers studying auditory issues in ICUs, and it is worth noting that
while there are numerous studies with a descriptive focus, ascertaining auditory
pollution in ICUs, few aim to determine impact on circadian rhythmicity of ICU
patients, by measuring sleep fragmentation and deprivation [19].

Respiratory support. Respiratory support and _ is a
common component of the treatment regimen of critically ill patients. Assisted
ventilation determines the type of breathing, the tidal volume and the
respiratory rate, reducing the patient ‘work’ of breathing, but also requiring
synchronicity with the ventilator. When _ arises between the patient
and the ventilator, alarms are activated regardless of the time of the day, causing
_, with inevitable circadian implications. Several studies have
investigated the relationship between sleep patterns and respiratory support in

critically ill patients [13,20,21]. _ appears to be associated
With_ compared with other ventilation modes [20]. A

recent study of 10 patients showed reduced sleep efficiency, reduced REM sleep,
and reduced percentage of Slow Wave Sleep (SWS) amongst patients
experiencing artificial assistance with ventilation [22]. Frisk et al. have found

that mechanical _ was _ with a markedly - 6-
_ (6-SMT) excretion compared with periods - -

[23]. However, there are also tracheostomy patients at the weaning stage, no
longer dependent on the ventilator. In these cases, the normal cycle of day and

night, exposure to light, the timing of meals, and other diurnal cues play their
important role as zeitgebers, contributing to normalized sleep cycles and the
reset of circadian rhythms.

_ degree to which the impairment in sleep quality and quantity
found in ICU patients can be attributed to medication is particularly difficult to
determine [24]. Pharmacologic agents such as _ drugs, _ and
especially _ and - alter sleep architecture [25]. Vasopressors,
positive inotropes and b-agonists tend to increase melatonin levels, while b=
- may - _ production, one of the most important
determinants of circadian rhythms [23]. More specifically, _
_ (SE), shorten sleep latency, and - Rapid Eye
Movement (-) and Slow Wave Sleep (-). The use of _ can result
total absence of SWS or REM sleep patterns

in the in patients undergoing
constant sedation [24]. Conversely, - administration may cause a
- in - sleep, but Frisk et al found . differences in SE, sleep
fragmentation, or NREM sleep distribution [24]. - (e.g. morphine)






































































































similarly are associated with _ -, total sleep time and - [24].
Finally, _ have been proven to _, - and increase

wakefulness and stage 2 NREM sleep [26]. Finally, reviews have also identified

, - and , as candidates for
antibiotics, beta-lactams and quinolones sleep disturbance

[9,14].

Nutritional support. Time of feedingtends to be a dominant zeitgeber for
peripheral mammalian clocks [27], with - acting to - - - that

control rest cycles and, in turn, metabolism [28]. Evidence suggests that the
peripheral organs’ coordination with circadian rhythms is critical. For example,

the molecular _ regulates the _ of - pivotal to
_ such as phosphoenolpyruvate carboxykinase and glucose-6-
phophatase [29]. Collectively, evidence suggests that a _ of
peripheral clocks is to prepare the human body for...alternating periods of -
_" [30]. Thus parenteral and enteral feeding may result in the
disruption of further cues to rhythmicity [28]. _ may further
- - _ [31]. Disruption of these rhythms can lead to
- _ - _, which in turn can evolve into

multiple organ dysfunction syndrome [32].

_ - also have a - _ with the - system and

their relationships with circadian regulation have, in general, been under-
estimated. Challet, in a recent review, noted adrenal glucocorticoids, pineal
melatonin and adipocyte-derived leptin are key in controlling or being controlled
by circadian clocks [33]. Furthermore, _ is involved in the food
synchronization of peripheral clocks, while - - sends temporal
signals that modulate the individual’s anticipation of mealtimes” [33]. It seems
logical, thus, that treatment with endocrinal implications—for example the

timing of endocrine therapies—needs to be Considered particularly Sensitively
from a Gicddian perspective [33].

- characteristics: As noted in the previous section, illness characteristics can
themselves also result in deregulated circadian homeostasis [34]. In critical

illness acute inflammatory response or prolonged systemic inflammation can
lead to _ of - cues and consequently to organ failure
and death [35,36]. Patients with _, the most demanding of the
immune responses [36] also exhibit loss of circadian ‘melatonin rhythms,
whereas _ patients in the ICU are _ more able t(_
_ that track - to -_ controls [23,37,38].

Hormonal changes may be a component of protective mechanisms triggered by
disease (e.g., cortisol elevation may assist in the resolution of inflammation), a
dysfunctional response to the disease process, or may even contribute to its
etiology. A number of reviews have addressed the relationship between immune



























































































































function and hormonal fluctuations [39], illuminating the bi-directional
relationship between the two systems - disrupted rhythms and immune function
[28,40].

How rhythm abnormalities are expressed in the ICU patients

Sleep: Considering the nature of circadian rhythms, not surprisingly the domain
of impact most commonly discussed in the literature is that of sleep abnormality.
Once sleep is disturbed the clinical implications cascade to multiple wellbeing
outcomes: the literature notes effects on respiratory, cardiovascular,
immunological, metabolic and neurocognitive systems [19,20,41-43], and in the
following sections we will deal with specific categories of change. Mortality
statistics also show a link with sleep disruption. In a large population of 14,705
ICU patients, rhythms were preserved in significant portion of septic patients
who survived the critical illness, whereas, there was a loss of circadian rhythm in
non-survivors [44]. A number of review articles have summarized the role of the
ICU environment in sleep impairment [9,13,21,42,45-50], which collectively
suggest (as we have done) that the clinical environment itself has a significant
role in disrupting sleep. Not surprisingly, sleep deprivation and the inability to
sleep are described by suﬁwﬁ as major sources of anxiety and stress during
stays in the ICU [4].

Studies with patients in particular categories, such as pregnant patients as well
as ‘normal’ populations [51] support the view that interrupted sleep means sleep
reduced in quality, not just quantity. Sleep abnormalities include both quantity
(total sleep time and time spent in each stage of sleep) and quality
(fragmentation and abnormal sleep architecture) [52].[Total Sleep Time (TST)
for ICU patients is often observed to be the same duration as for the ‘normal’
population, but is disrupted with around;50% of sleep occurring during daytime.
Other polysomnography parameters are also altered: sleep efficiency, a marker
of sleep quality, is decreased; Stages 1 and[2|of NREM sleep are increased, while
Stage 3 NREM and REM are decreased. In summary, ICU patients spend more
time in non-consolidated "flight sleep" and less time in deep restorative sleep [4]
when examined in the light of the influential criteria established by
Rechtschaffen and Kales [53].

Melatonin changes: Melatonin is considered to be one of the primary markers of
circadian rhythm [54], normally increasing in the evenings, and remaining
elevated until early morning. In the ICU environment, this pattern is almost
invariably interrupted. Abnormal melatonin patterns have been noted in
multiple ICU studies [12]. Most demonstrate that the acrophase (i.e. the peak of a
cycle) in melatonin levels is shifted away from the night, and indeed largely





































































_ [55]. Bagci et al. comparing 23 septic and 13 non-septic pediatric ICU
patients, found no difference for nocturnal and total 6-SMT excretion between
septic patients and non-septic patients [56]. A recent study from Verceles et al.
found that the circadian rhythm was disrupted in 7 patients with severe sepsis,
as reflected by disordered diurnal variation of urinary 6-SMT excretion [57].
Mundigler et al. compared 17 septic patients versus 7 non-septic in an ICU and
found altered urinary 6-SMT in septic patients [58]. These findings hold despite
controlling for illumination in the ward [23].

Apart from manifesting flattened or shifted diurnal rhythms in melatonin
secretion, ICU patients under certain circumstances also show overall increased
or decreased levels of melatonin.

Hyposecretion of melatonin has serious clinical

_ considering that _ has been _ in a broad range of
clinical outcomes, notably _ [59] _ - - -
induced by stress [60], inflammation and _ - - [61]. More
generally, it is associated with _
[62] and the body’s ability to - with _ [63].

There are also longer term implications of elevated melatonin output such as eye

[64] and skin [65] pathology. Retinal'damage can be Feduced by artificially

_ _ levels in laboratory conditions, for example [66].

- _ levels have also been associated with a number of
pathological processes, principally _ [67,68], but
from a shorter-term ICU perspective, the relationship with delirium is perhaps
the most immediately relevant. _ has been associated with _
levels of _, although causality has not been firmly established [69,70].
Delirium may plausibly lead to sleep deprivation, and sleep deprivation similarly
may lead to delirium [42,69]. There are strong associations between critical
illness, sleep deprivation and delirium however, with the plausible pathway
being that a combination of ICU factors identified in this study—Ilight, noise,
critical illness and its treatment—contribute to pineal dysregulation, which is
translated to reduction of melatonin and cortisol levels.

Other physiological parameters: Blood pressure, heart rate, temperature, plasma
electrolytes and blood - are monitored and _ _ in ICU
patients [71,72], enabling the longitudinal impact of the ICU environment on a
range of physiological outcomes to be tracked over a 24 hour cycle. These

studies have identified that
which exhibits - -

_. Outside the ICU environment, CBT reaches its nadir in the early
morning, followed by an increase during afternoon and evening hours with an
estimated variation up to 0.8°C. In contrast to melatonin,

CBT is not impacted by
_ The low point of - can be - to - the - of the
















































































- -, and in ICU patients the degree of CBT displacement from its
customary early morning locus correlates with illness severity [73,74].

Circadian variation has also been noted in febrile seizures, with a significant

- in the _ between _ [75]. As far cardiovascular parameters

are concerned, there is a paucity of clinical data for ICU patients. Lazreg et al
found that for both comatose and non-comatose populations, blood pressure and
heart rate showed circadian fluctuation and disturbed profiles in 22 ICU patients
[76]. The

[77]. Paul and Lemmer in an earlier study showed that
the 24 hour profiles of cortisol, blood pressure, heart rate, body temperature,
and spontaneous motor activity were remarkably distorted amongst 24 critically
ill analgosedated patients compared with the rhythmic 24-hr patterns in healthy
control subjects [78]. These distortions of usual patterns were more pronounced
in patients with brain injury [4]. In critically ill patients, blood glucose values and
the incidence of hyperglycemia also demonstrate circadian rhythmicity [4]. This
has obvious clinical practice implications. Egi et al have shown that morning
blood glucose may not be an accurate surrogate of overall daily blood glucose
control with glucose levels observed to be lowest in the morning [79]. Glucose
fluctuates with an ultradian pattern (i.e. shorter than a day, but longer than an
hour) in ICU patients on an insulin infusion protocol (IIP) [80].

- system: Apart from the abovementioned parameters, the functioning of

the T cells, part of _, appears to be _ to
_ through sleep disturbance [81]. This may form part of the mechanism
_ observed in sepsis [82] and in patients w1th-
_ Extensive - - individuals has revealed that -
provides an important role in the effective functioning of the immune system.
Several studies have reported a - - in the activity of the -
system and the inflammatory mediators in blood (leukocytes, cytokines, and
hormones) [83-85]. _ mediators exhibit a - rhythm
associated with molecular clock components, as demonstrated in knockout mice
(mice where researchers have experimentally muted or ‘knocked out’ a DNA
sequence), where inflammatory cytokines are associated with the presence of
proteins that regulate the rhythms of natural Kkiller cells, critical to the human
immune system [86]. Moreover, - - particularly patients with sepsis,

experience _ and _ _ as well as _ to
_ processes and pyruvate dehydrogenase activity. These
functions are all _ by - -, thus it is not surprising that
observing that the pathophysiology and _ of - as well - itself

in the ICU, _ - _ [36,87,88]. It is worth noting that

evidence of a link between circadian rhythms and sepsis is generally more










































































































reliably confirmed in animal studies, possibly due to the bi-direction nature of
the relationship in humans.

_ changes: S_ such as that observed in
ICUs compromises an array of cognitive functions, notably attention, short-term
memory, and working memory [89]. _, who enjoy -
than - - night-time sleep, - relatively - on task-switching

activities compared to the non-sleep deprived, demonstrating a _
[90]. Sleep deprivation has
also been linked to emotional reactivity manifested in increased amygdala
reactivity to aversive stimuli [91], exaggerated reactivity in mesolimbic reward
brain networks to pleasant stimuli [92], and, at a level more easily observable in
an ICU setting, heightened negative evaluation of neutral stimuli [93]. The

greater lability of emotional reaction has implications for patient care.

Again at an observable clinical level, the neurocognitive changes may be
exacerbated under conditions of delirium. -, as noted earlier, is a key
symptom. It has a severe effect on disease prognosis and mortality [86] and is
common in an ICU environment. It occurs, for example, in - of patients

under mechanical _ and -of -- patients [42]. There is a
_ relationship between - and - deprivation, and the research
is not yet settled on whether - deprivation is - in - or -
_ to - deprivation, or indeed whether - represent - of
_ [69]. - symptoms are expressed both _ and
behaviourally. The most common gognitive symptoms are disorientation,
- to sustain -, - --term -, impaired
visuospatial ability, and reduced levels of both onsciousnesses. The Cognitive
changes have obvious spillover implications for behaviour. The most -
behavioural symptoms are _ [94], _
hallucinations and delusions [70], and reduced perseveration. However, the

adverse clinical outcomes of delirium independent of the underlying
pathophysiology include prolonged length of stay, increased risk of dementia and
other complications (such as pneumonia) and death [95]. A recent study
reported that
is associated with a prolongation of weaning and, not surprisingly, an alteration
in the circadian rhythm of melatonin excretion [96], contradicting an earlier
study by Nuttall et al. who found no alteration in the circadian rhythms between
ICU patients with or without delirium [97].

_ for practice and research

Although much is known about the impact of circadian rhythms on the
development of a broad range of human diseases, relatively little attention has
been paid to how circadian rhythms interact with conditions experienced by

and it











































































































critically ill patients in the ICU. This is partly because of the difficulties of
untangling the effects of the illness on circadian rhythms from the impacts of the
ICU environment itself. As Chan et al note, it remains uncertain if circadian
rhythm alterations observed in the critically ill “represent[s] a compensatory
response or whether they are in and of themselves pathologic” [4].

Understanding the mechanisms that regulate circadian clocks and the ways in
which the resultant rhythms influence how the patient responds to challenges, is
thus complex. Studies are required to examine whether restoring circadian
rhythms in the critically ill should be shifted in order of priorities, or whether the
status quo in circadian rhythms needs to be sacrificed in favour of higher
therapeutic goals. Some interventions to improve rhythm are relatively easy to

implement. A number of studies have revealed that
98], although this review

shows that more work needs to be done to establish relationships between
auditory pollution and circadian rhythmicity. Selected interventional studies,
conducted in ICU patients in order to improve sleep and circadian rhythmicity,
are listed on Table 3. In addition, the logic of the literature presented suggests
that circadian realignment may be progressed by introducing measures such as

_ that parallels meal times outside the hospital
environment, and by turning to the emerging field of _ in

order to refine drug-administration times to enhance outcomes.

Intervention studies have shown that_
_ beyond partial restoration of normalcy in

circadian rhythms. For example, Engwall et al found that a
amongst

- - [3]. Patient needs are primary, but the nurse-sensitive indicator
literature reminds us that the _ on - - in itself has
patient wellbeing implications. Bright light in ICUs undoubtedly assists in the
maintenance of alertness in medical staff, something that has not been
independently addressed in primary research, but nevertheless should be taken
into account. Returning to a direct patient perspective, however

[99],
assisted in the absorption of vitamin D [100] and reduced the number of days in
hospital for patients with bipolar depression [101]. More generally, improved
lighting regimes were found in a case control study to result in experimental
group patients returning to ambulatory status two days ahead of controls [102].
Some studies have looked merely at increasing exposure of patients to daylight,

rather than regulating levels of night light, finding that
for example leads

to Feductions in delirium and sleep improvements [24].










































The effect of noise reduction in ICUs on sleep quality is not unequivocally
positive, with some studies showing that while quantity of sleep improves,
quality remains suboptimal [103]. Interventions include the use of ear plugs
[103], which in one case was found to decrease incidence of delirium [104], but
there have also been suggestions to reduce the production rather than the
reception of noise pollution. Auditory alarms have a level of immediacy and
convenience that mean they are unlikely to be soon superseded, however,
Salandin et al. suggest that standardising the sounds, as well as the volume of
sounds in an ICU might reduce the impact [18], and studies looking at altering
the materials used to construct ICUs, to maximize the use of sound-absorbing
materials, has promising impacts [105,106]. Finally, the use of white noise, and
implementing altered work practices to ensure the quarantining of key ‘quiet’
periods had some success in improving sleep_[lh]

Finally, turning to the key issue of melatonin, Hatta et al. report a randomised
controlled trial of elderly patients examining the use of ramelteon, a synthetic
melatonin agonist, in reducing delirium [108]. Despite a relatively small sample
size, the results highly significaMdicate a benefit, and these have been
supported both outside the ICU context by a number of recent studies [109,110].
Thus melatonin or melatonin agonists may be underutilized in promoting
healthy circadian rhythms in the ICU. Intervention studies in animal models
suggest that melatonin h have beneficial implications on immune function and
thus putcomes, such as sepsis and trauma-hemorrhage. For example, Wichmann
et al. report on a study of mice exposed to a sepsis challenge, thereafter receiving
either a saline-alcohol solution or melatonin (10mg/kg body weight), with
significant impfo'veﬁnts in survival [111]. The results were not uniformly
positive, with continuous melatonin treatment worsening the prognosis for
sham-operated animals, thus suggesting the mechanisms require significant
further study.

Conclusions

This review has provided a summary of factors that contribute to circadian
disruption in an ICU environment, the consequences of those disruptions, and
opportunities for improvement (Figure 1). The potential health benefit of re-
synchronizing of the circadian rhythm to a natural cycle—what Garaulet et al.
call chronoenhancement (“resetting of the circadian system” [112]), a term that is
starting to appear in the literature—is substantial.. For example, the economic
costs of the treatment of sepsis in the US alone have been estimated in 2001 at
$16.7 billion [113], and the evidence is clear that circadian disruption has a
significant role in amplifying the severity—and chronoenhancement
correspondingly a significant role in mitigating it.































While the body of research is extensive, there are key gaps—and clearly further
studies are required of lighting, and melatoninergic interventions deserve to be
tested in full-scale trials.In the latter case, there is enough evidence to suggest
that the promise of melatonin interventions is tempered by real risks.
Sufficiently powered studies are required to identify optimal timing of
interventions, for example in the field of chronopharmacology, as well as the role
of medications in general in disturbing sleep, and thus acting in an iatrogenic
manner that clinicians may still remain unaware of. Additional education is
required to ensure clinicians are aware of both the risks, as well as the
opportunities offered by the growing field of chronobiology. Notably, circadian
outputs can act as useful biomarkers for immune and inflammatory disease and
are probably underutilised in this regard. More generally, while the body of
research is growing demonstrating that circadian dysrhythmias in ICUs exist—
expressed primarily as sleep deprivation, delirium incidence, and
immunosuppression—there has been relatively little applied response in
hospitals to overcome factors that lead to sleep disturbance. The evidence
suggests that with relatively modest expense, zeitgebers, or naturally occurring
phenomena that cue circadian rhythms, can be harnessed in the cause of
chronoenhancement. Alterations to noise and lighting patterns, in particular,
show significant promise.

In addition, we suggest that focus also needs to be addressed to the impact of the
ICU environment on the circadian rhythms of nurses and other medical staff. The
lighting and auditory environment of the ICU is partly set up to ensure that
nurses are alert to patient status and needs, and are able to address those
requirements professionally. However, the environment also alters the circadian
rhythms and, for example, alertness, of medical staff. There is clearly a need for
further primary research within the context of the nurse-sensitive outcomes or
indicators field [114]. The nurse, for example, may have different circadian
requirements to the patient, meaning the optimal state of the ICU may need to be
a compromise.

The nature of the ICU environment, which is characterized by evolving crises,
militates against the easy evaluation of sleep and circadian alignment, unless in a
specific research setting. Unobtrusive, accurate and efficient measures of
circadian variables, notably sleep, are thus required to enable clinicians to
respond to the knowledge being generated by the research community. Such
advances will enable those working in ICUs to individualise cues to circadian
rhythm, such as lighting and feeding protocols without disturbing the efficient
operation of ICUs. Finally, due to the nature of the ICU patient, an often-forgotten
aspect in circadian research in this setting is the subjective responses of patients
to changes. Global, subjective ratings by patients, in relation to sleep and rest
cycles, can be difficult to obtain in the crisis environment of the ICU, but may well

















form an important part of the patient experience in the ICU and may, in itself,
offer key insights to both clinicians and researchers.

REFERENCES

[1] Wager-Smith K, Kay SA. Circadian rhythm genetics: from flies to mice to
humans. Nat Genet 2000;26:23-7. doi:10.1038/79134.

[2] Groos G, Hendriks ]. Circadian rhythms in electrical discharge of rat
suprachiasmatic neurones recorded in vitro. Neurosci Lett 1982;34:283-8.

[3] Engwall M, Fridh [, Johansson L, Bergbom I, Lindahl B. Lighting, sleep and
circadian rhythm: An intervention study in the intensive care unit.
Intensive Crit Care Nurs 2015;31:325-35.d0i:10.1016/j.iccn.2015.07.001.

[4] Chan M-C, Spieth PM, Quinn K, Parotto M, Zhang H, Slutsky AS. Circadian
rhythms: from basic mechanisms to the intensive care unit. Crit Care Med
2012;40:246-53. doi:10.1097/CCM.0b013e31822f0abe.

[5] Scheiermann C, Kunisaki Y, Frenette PS. Circadian control of the immune
system. Nat Rev Immunol 2013;13:190-8. doi:10.1038/nri3386.

[6] Hilton MF, Umali MU, Czeisler CA, Wyatt JK, Shea SA. Endogenous circadian
control of the human autonomic nervous system. Comput Cardiol
2000;27:197-200.

[7] Reppert SM, Weaver DR. Molecular analysis of mammalian circadian
rhythms. Annu Rev Physiol 2001;63:647-76.
doi:10.1146/annurev.physiol.63.1.647.

[8] UkaiH, Ueda HR. Systems biology of mammalian circadian clocks. Annu
Rev Physiol 2010;72:579-603. doi:10.1146/annurev-physiol-073109-
130051.

[9] Pisani MA, Friese RS, Gehlbach BK, Schwab R], Weinhouse GL, Jones SF.
Sleep in the intensive care unit. Am ] Respir Crit Care Med 2015;191:731-
8.d0i:10.1164/rccm.201411-2099Cl.

[10] Davies R. “Notes on nursing: what it is and what it is not”. (1860): by
Florence Nightingale. Nurse Educ Today 2012;32:624-6.
doi:10.1016/j.nedt.2012.04.025.

[11] Stevens RG, Blask DE, Brainard GC, Hansen ], Lockley SW, Provencio |, et al.
Meeting report: the role of environmental lighting and circadian
disruption in cancer and other diseases. Environ Health Perspect
2007;115:1357-62. d0i:10.1289/ehp.10200.

[12] Billings ME, Watson NF. Circadian dysrhythmias in the intensive care unit.
Crit Care Clin 2015;31:393-402. d0i:10.1016/j.ccc.2015.03.006.

[13] Weinhouse GL, Schwab R]. Sleep in the critically ill patient. Sleep
2006;29:707-16.

[14] Friese RS. Sleep and recovery from critical illness and injury: a review of
theory, current practice, and future directions. Crit Care Med
2008;36:697-705. doi:10.1097/CCM.0B013E3181643F29.

[15] Wahnschaffe A, Haedel S, Rodenbeck A, Stoll C, Rudolph H, Kozakov R, et
al. Out of the lab and into the bathroom: evening short-term exposure to
conventional light suppresses melatonin and increases alertness
perception. Int ] Mol Sci 2013;14:2573-89. doi:10.3390/ijms14022573.



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Little A, Ethier C, Ayas N, Thanachayanont T, Jiang D, Mehta S. A patient
survey of sleep quality in the Intensive Care Unit. Minerva Anestesiol
2012;78:406-14.

Darbyshire JL, Young JD. An investigation of sound levels on intensive care
units with reference to the WHO guidelines. Crit Care 2013;17:R187.
doi:10.1186/cc12870.

Salandin A, Arnold ], Kornadt O. Noise in an intensive care unit. ] Acoust
Soc Am 2011;130:3754-60. doi:10.1121/1.3655884.

Freedman NS, Gazendam |, Levan L, Pack Al, Schwab R]. Abnormal
sleep/wake cycles and the effect of environmental noise on sleep
disruption in the intensive care unit. Am ] Respir Crit Care Med
2001;163:451-7.doi:10.1164/ajrccm.163.2.9912128.

Boyko Y, Ording H, Jennum P. Sleep disturbances in critically ill patients in
[CU: how much do we know? Acta Anaesthesiol Scand 2012;56:950-8.
doi:10.1111/j.1399-6576.2012.02672.x.

Tembo AC, Parker V. Factors that impact on sleep in intensive care
patients. Intensive Crit Care Nurs 2009;25:314-22.
d0i:10.1016/j.iccn.2009.07.002.

Fanfulla F, Ceriana P, D’Artavilla Lupo N, Trentin R, Frigerio F, Nava S.
Sleep disturbances in patients admitted to a step-down unit after ICU
discharge: the role of mechanical ventilation. Sleep 2011;34:355-62.

Frisk U, Olsson ], Nylén P, Hahn RG. Low melatonin excretion during
mechanical ventilation in the intensive care unit. Clin Sci (Lond)
2004;107:47-53. d0i:10.1042/CS20030374.

Oldham MA, Lee HB, Desan PH. Circadian Rhythm Disruption in the
Critically I1I: An Opportunity for Improving Outcomes. Crit Care Med
2016;44:207-17.d0i:10.1097/CCM.0000000000001282.

Pisani MA, Bramley K, Vest MT, Akgiin KM, Araujo KLB, Murphy TE.
Patterns of opiate, benzodiazepine, and antipsychotic drug dosing in older
patients in a medical intensive care unit. Am ] Crit Care 2013;22:e62-9.
doi:10.4037/ajcc2013835.

Bihari S, Doug McEvoy R, Matheson E, Kim S, Woodman R], Bersten AD.
Factors affecting sleep quality of patients in intensive care unit. ] Clin Sleep
Med 2012;8:301-7. doi:10.5664 /jcsm.1920.

Schibler U, Ripperger ], Brown SA. Peripheral circadian oscillators in
mammals: time and food. ] Biol Rhythms 2003;18:250-60.

Sunderram ], Sofou S, Kamisoglu K, Karantza V, Androulakis IP. Time-
restricted feeding and the realignment of biological rhythms: translational
opportunities and challenges. ] Transl Med 2014;12:79.
doi:10.1186/1479-5876-12-79.

Zhang EE, Liu Y, Dentin R, Pongsawakul PY, Liu AC, Hirota T, et al.
Cryptochrome mediates circadian regulation of cAMP signaling and
hepatic gluconeogenesis. Nat Med 2010;16:1152-6. doi:10.1038/nm.2214.
Stenvers DJ, Jonkers CF, Fliers E, Bisschop PHLT, Kalsbeek A. Nutrition and
the circadian timing system. Prog Brain Res 2012;199:359-76.
doi:10.1016/B978-0-444-59427-3.00020-4.

Stokkan KA, Yamazaki S, Tei H, Sakaki Y, Menaker M. Entrainment of the
circadian clock in the liver by feeding. Science 2001;291:490-3.
doi:10.1126/science.291.5503.490.



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Godin PJ, Fleisher LA, Eidsath A, Vandivier RW, Preas HL, Banks SM, et al.
Experimental human endotoxemia increases cardiac regularity: results
from a prospective, randomized, crossover trial. Crit Care Med
1996;24:1117-24.

Challet E. Keeping circadian time with hormones. Diabetes Obes Metab
2015;17 Suppl 1:76-83. doi:10.1111/dom.12516.

Arjona A, Silver AC, Walker WE, Fikrig E. Immunity’s fourth dimension:
approaching the circadian-immune connection. Trends Immunol
2012;33:607-12. doi:10.1016/j.it.2012.08.007.

Papaioannou V, Mebazaa A, Plaud B, Legrand M. “Chronomics” in ICU:
circadian aspects of immune response and therapeutic perspectives in the
critically ill. Intensive Care Med Exp 2014;2:18. doi:10.1186/2197-425X-2-
18.

Scheff ]D, Calvano SE, Lowry SF, Androulakis IP. Modeling the influence of
circadian rhythms on the acute inflammatory response. ] Theor Biol
2010;264:1068-76.d0i:10.1016/j.jtbi.2010.03.026.

Dennis CM, Lee R, Woodard EK, Szalaj J], Walker CA. Benefits of quiet time
for neuro-intensive care patients. ] Neurosci Nurs 2010;42:217-24.
Merildinen M, Kyngds H, Ala-Kokko T. 24-hour intensive care: an
observational study of an environment and events. Intensive Crit Care
Nurs 2010;26:246-53. d0i:10.1016/j.iccn.2010.06.003.

Escames G, Acuiia-Castroviejo D, Lopez LC, Tan D, Maldonado MD,
Sanchez-Hidalgo M, et al. Pharmacological utility of melatonin in the
treatment of septic shock: experimental and clinical evidence. ] Pharm
Pharmacol 2006;58:1153-65. d0i:10.1211/jpp.58.9.0001.

Alamili M. Circadian variation in endotoxaemia and modulatory effects of
melatonin. Dan Med ] 2015;62.

Aurell ], ElImqvist 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;290:1029-32.

Delaney L], Van Haren F, Lopez V. Sleeping on a problem: the impact of
sleep disturbance on intensive care patients - a clinical review. Ann
Intensive Care 2015;5:3. d0i:10.1186/s13613-015-0043-2.

Gehlbach BK, Chapotot F, Leproult R, Whitmore H, Poston ], Pohlman M, et
al. Temporal disorganization of circadian rhythmicity and sleep-wake
regulation in mechanically ventilated patients receiving continuous
intravenous sedation. Sleep 2012;35:1105-14. doi:10.5665/sleep.1998.
Zhang Z, Ghassemi M, Silva I, Ainslie P. Modeling Circadian Rhythm
Variations During Sepsis. B105 SEPSIS CARE 2014.

Andersen JH, Boesen HC, Skovgaard Olsen K. Sleep in the Intensive Care
Unit measured by polysomnography. Minerva Anestesiol 2013;79:804-15.
Bourne RS, Minelli C, Mills GH, Kandler R. Clinical review: Sleep
measurement in critical care patients: research and clinical implications.
Crit Care 2007;11:226.d0i:10.1186/cc5966.

Elliott R, Nathaney A. Typical sleep patterns are absent in mechanically
ventilated patients and their circadian melatonin rhythm is evident but the
timing is altered by the ICU environment. Aust Crit Care 2014;27:151-3.
doi:10.1016/j.aucc.2014.01.001.

Kamdar BB, Needham DM, Collop NA. Sleep deprivation in critical illness:



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

its role in physical and psychological recovery. | Intensive Care Med
2012;27:97-111. doi:10.1177/0885066610394322.

Parthasarathy S, Tobin M]. Effect of ventilator mode on sleep quality in
critically ill patients. Am ] Respir Crit Care Med 2002;166:1423-9.
d0i:10.1164/rccm.200209-9990C.

Sterniczuk R, Rusak B, Rockwood K. Sleep disturbance in older ICU
patients. Clin Interv Aging 2014;9:969-77. doi:10.2147/CIA.S59927.
Korompeli AS, Muurlink O, Gavala A, Myrianthefs P, Fildissis G, Baltopoulos
G. Ad libitum and restricted day and night sleep architecture. Chronobiol
Int 2016;33:124-7. d0i:10.3109/07420528.2015.1113985.

Drouot X, Quentin S. Sleep neurobiology and critical care illness. Crit Care
Clin 2015;31:379-91. d0i:10.1016/j.ccc.2015.03.001.

Allan Hobson J. A manual of standardized terminology, techniques and
scoring system for sleep stages of human subjects. Electroencephalogr Clin
Neurophysiol 1969;26:644. doi:10.1016/0013-4694(69)90021-2.

Miles A, Philbrick D, Liu F]. Melatonin. Perspectives in Laboratory
Medicine and Clinical Research. CRC Crit Rev Clin Lab Sci 1987;25:231-53.
doi:10.3109/10408368709105884.

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;48:679-84. d0i:10.1111/j.0001-
5172.2004.00401.x.

Bagci S, Yildizdas D, Horoz OO, Reinsberg ], Bartmann P, Mueller A. Use of
nocturnal melatonin concentration and urinary 6-sulfatoxymelatonin
excretion to evaluate melatonin status in children with severe sepsis. |
Pediatr Endocrinol Metab 2011;24:1025-30.

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;38:804-10.
doi:10.1007/s00134-012-2494-3.

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;30:536-40.

Maestroni GJ. The immunoneuroendocrine role of melatonin. ] Pineal Res
1993;14:1-10.

Brzozowski T, Konturek PC, Konturek SJ, Pajdo R, Bielanski W, Brzozowska
I, et al. The role of melatonin and L-tryptophan in prevention of acute
gastric lesions induced by stress, ethanol, ischemia, and aspirin. ] Pineal
Res 1997;23:79-89.

Sutherland ER, Ellison MC, Kraft M, Martin R]. Altered pituitary-adrenal
interaction in nocturnal asthma. J Allergy Clin Immunol 2003;112:52-7.
Martin M, Macias M, Leén ], Escames G, Khaldy H, Acufia-Castroviejo D.
Melatonin increases the activity of the oxidative phosphorylation enzymes
and the production of ATP in rat brain and liver mitochondria. Int ]
Biochem Cell Biol 2002;34:348-57.

Maestroni G. Melatonin as a therapeutic agent in experimental endotoxic
shock. ] Pineal Res 1996.

Bubenik GA, Purtill RA. The role of melatonin and dopamine in retinal



[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

physiology. Can ] Physiol Pharmacol 1980;58:1457-62.

Slominski A, Fischer TW, Zmijewski MA, Wortsman |, Semak I, Zbytek B, et
al. On the role of melatonin in skin physiology and pathology. Endocrine
2005;27:137-48. doi:10.1385/END0:27:2:137.

Rudeen PK, O’Steen WK. The effects of the pineal gland on light-induced
retinal photoreceptor damage. Exp Eye Res 1979;28:37-44.

Reiter R], Tan D-X, Madrid JA, Erren TC. When the circadian clock becomes
a ticking time bomb. Chronobiol Int 2012;29:1286-7.
doi:10.3109/07420528.2012.719969.

Rosales-Corral SA, Acuiia-Castroviejo D, Coto-Montes A, Boga JA,
Manchester LC, Fuentes-Broto L, et al. Alzheimer’s disease: pathological
mechanisms and the beneficial role of melatonin. ] Pineal Res
2012;52:167-202. doi:10.1111/j.1600-079X.2011.00937 .x.

Bellapart ], Boots R. Potential use of melatonin in sleep and delirium in the
critically ill. Br ] Anaesth 2012;108:572-80. doi:10.1093 /bja/aes035.
Lorenzo M, Aldecoa C, Rico |, Ely EW, Inouye SK, Bernard GR, et al.
Delirium in the critically ill patient. Trends Anaesth Crit Care 2013;3:257-
64. doi:10.1016/j.tacc.2013.05.005.

Kiekkas P, Aretha D, Bakalis N, Karpouhtsi I, Marneras C, Baltopoulos GI.
Fever effects and treatment in critical care: literature review. Aust Crit
Care 2013;26:130-5. d0i:10.1016/j.aucc.2012.10.004.

Papaioannou VE, Chouvarda IG, Maglaveras NK, Pneumatikos IA.
Temperature variability analysis using wavelets and multiscale entropy in
patients with systemic inflammatory response syndrome, sepsis, and
septic shock. Crit Care 2012;16:R51. d0i:10.1186/cc11255.

Gazendam JAC, Van Dongen HPA, Grant DA, Freedman NS, Zwaveling JH,
Schwab R]J. Altered circadian rhythmicity in patients in the ICU. Chest
2013;144:483-9. doi:10.1378/chest.12-2405.

Tweedie IE, Bell CF, Clegg A, Campbell IT, Minors DS, Waterhouse JM.
Retrospective study of temperature rhythms of intensive care patients.
Crit Care Med 1989;17:1159-65.

Sadleir LG, Scheffer IE. Febrile seizures. BM] 2007;334:307-11.
doi:10.1136/bmj.39087.691817.AE.

Ben Lazreg T, Ben Charfeddine I, Mammai O, Amara A, Naiija O, Gribaa M,
et al. Circadian heart rate and blood pressure variability in intensive care
unit patients. Biol Rhythm Res 2014;45:285-92.
doi:10.1080/09291016.2013.817137.

Lazreg T Ben, Layiouni S, Bouslama A, Naiija W, Dogui M. Circadian pattern
of plasma electrolytes in intensive care unit patients. Biol Rhythm Res
2013;44:435-43. doi:10.1080/09291016.2012.704792.

Paul T, Lemmer B. Disturbance of circadian rhythms in analgosedated
intensive care unit patients with and without craniocerebral injury.
Chronobiol Int 2007;24:45-61. doi:10.1080/07420520601142569.

Egi M, Bellomo R, Stachowski E, French CJ, Hart G, Stow P. Circadian
rhythm of blood glucose values in critically ill patients. Crit Care Med
2007;35:416-21.doi:10.1097/01.CCM.0000253814.78836.43.

Smith SM, Oveson KE, Strauss W, Raven K, Lefevre MC, Ahmann A], et al.
Ultradian variation of blood glucose in intensive care unit patients
receiving insulin infusions. Diabetes Care 2007;30:2503-5.



[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

doi:10.2337/dc07-0865.

Besedovsky L, Lange T, Born ]. Sleep and immune function. Pfliigers Arch
Eur ] Physiol 2012;463:121-37. d0i:10.1007/s00424-011-1044-0.
Papandreou V, Kavrochorianou N, Katsoulas T, Myrianthefs P, Venetsanou
K, Baltopoulos G. Adrenergic Effect on Cytokine Release After Ex Vivo
Healthy Volunteers? Whole Blood LPS Stimulation. Inflammation 2016;39.
d0i:10.1007/s10753-016-0338-y.

Kapsimalis F, Richardson G, Opp MR, Kryger M. Cytokines and normal
sleep. Curr Opin Pulm Med 2005;11:481-4.

Lange T, Dimitrov S, Born . Effects of sleep and circadian rhythm on the
human immune system. Ann N Y Acad Sci 2010;1193:48-59.
doi:10.1111/j.1749-6632.2009.05300.x.

Vgontzas AN, Bixler EO, Lin H-M, Prolo P, Trakada G, Chrousos GP. IL-6 and
its circadian secretion in humans. Neuroimmunomodulation 2005;12:131-
40.d0i:10.1159/000084844.

Madrid-Navarro CJ, Sanchez-Galvez R, Martinez-Nicolas A, Marina R,
Garcia JA, Madrid JA, et al. Disruption of Circadian Rhythms and Delirium,
Sleep Impairment and Sepsis in Critically ill Patients. Potential Therapeutic
Implications for Increased Light-Dark Contrast and Melatonin Therapy in
an ICU Environment. Curr Pharm Des 2015;21:3453-68.

Rocha ASC da, Aratjo MP de, Campos A, Costa Filho R, Mesquita ET, Santos
MV. Circadian rhythm of hospital deaths: comparison between intensive
care unit and non-intensive care unit. Rev Da Assoc Médica Bras
2011;57:529-33.

Bhonagiri D, Pilcher D V, Bailey M]. Increased mortality associated with
after-hours and weekend admission to the intensive care unit: a
retrospective analysis. Med ] Aust 2011;194:287-92.

Lim ], Dinges DF. A meta-analysis of the impact of short-term sleep
deprivation on cognitive variables. Psychol Bull 2010;136:375-89.
doi:10.1037/a0018883.

Plessow F, Kiesel A, Petzold A, Kirschbaum C. Chronic sleep curtailment
impairs the flexible implementation of task goals in new parents. ] Sleep
Res 2011;20:279-87.d0i:10.1111/j.1365-2869.2010.00878.x.

Yoo S-S, Gujar N, Hu P, Jolesz FA, Walker MP. The human emotional brain
without sleep--a prefrontal amygdala disconnect. Curr Biol 2007;17:R877-
8.d0i:10.1016/j.cub.2007.08.007.

Gujar N, Yoo S-S, Hu P, Walker MP. Sleep deprivation amplifies reactivity of
brain reward networks, biasing the appraisal of positive emotional
experiences. ] Neurosci 2011;31:4466-74. doi:10.1523 /JNEUROSCI.3220-
10.2011.

Tempesta D, Couyoumdjian A, Curcio G, Moroni F, Marzano C, De Gennaro
L, et al. Lack of sleep affects the evaluation of emotional stimuli. Brain Res
Bull 2010;82:104-8. doi:10.1016/j.brainresbull.2010.01.014.

Boesen HC, Andersen JH, Bendtsen AO, Jennum P]J. Sleep and delirium in
unsedated patients in the intensive care unit. Acta Anaesthesiol Scand
2016;60:59-68. d0i:10.1111/aas.12582.

O’Regan NA, Fitzgerald ], Timmons S, O’Connell H, Meagher D. Delirium: a
key challenge for perioperative care. Int ] Surg 2013;11:136-44.
doi:10.1016/j.ijsu.2012.12.015.



[96] Mekontso Dessap A, Roche-Campo F, Launay J-M, Charles-Nelson A,
Katsahian S, Brun-Buisson C, et al. Delirium and Circadian Rhythm of
Melatonin During Weaning From Mechanical Ventilation: An Ancillary
Study of a Weaning Trial. Chest 2015;148:1231-41. doi:10.1378/chest.15-
0525.

[97] Nuttall GA, Kumar M, Murray M]J. No difference exists in the alteration of
circadian rhythm between patients with and without intensive care unit
psychosis. Crit Care Med 1998;26:1351-5.

[98] Alway A, Halm MA, Shilhanek M, St Pierre J. Do earplugs and eye masks
affect sleep and delirium outcomes in the critically ilI? Am ] Crit Care
2013;22:357-60.doi:10.4037 /ajcc2013545.

[99] Maestroni GJ. The immunotherapeutic potential of melatonin. Expert Opin
Investig Drugs 2001;10:467-76.d0i:10.1517/13543784.10.3.467.

[100] Mason RS, Sequeira VB, Gordon-Thomson C. Vitamin D: the light side of
sunshine. Eur ] Clin Nutr 2011;65:986-93. d0i:10.1038/ejcn.2011.105.

[101] Benedetti F, Colombo C, Barbini B, Campori E, Smeraldi E. Morning
sunlight reduces length of hospitalization in bipolar depression. ] Affect
Disord 2001;62:221-3.

[102] Taguchi T, Yano M, Kido Y. Influence of bright light therapy on
postoperative patients: a pilot study. Intensive Crit Care Nurs
2007;23:289-97. d0i:10.1016/j.iccn.2007.04.004.

[103] Wallace CJ, Robins ], Alvord LS, Walker JM. The effect of earplugs on sleep
measures during exposure to simulated intensive care unit noise. Am J Crit
Care 1999;8:210-9.

[104] Hu R-F, Jiang X-Y, Chen ], Zeng Z, Chen XY, Li Y, et al. Non-pharmacological
interventions for sleep promotion in the intensive care unit. Cochrane
Database Syst Rev 2015:CD008808.
doi:10.1002/14651858.CD008808.pub2.

[105] Blomkvist V, Eriksen CA, Theorell T, Ulrich R, Rasmanis G. Acoustics and
psychosocial environment in intensive coronary care. Occup Environ Med
2005;62:€1.d0i:10.1136/0em.2004.017632.

[106] MacLeod M, Dunn |, Busch-Vishniac IJ, West JE, Reedy A. Quieting
Weinberg 5C: a case study in hospital noise control. ] Acoust Soc Am
2007;121:3501-8.d0i:10.1121/1.2723655.

[107] Farokhnezhad Afshar P, Bahramnezhad F, Asgari P, Shiri M. Effect of White
Noise on Sleep in Patients Admitted to a Coronary Care. ] Caring Sci
2016;5:103-9. d0i:10.15171/jcs.2016.011.

[108] Hatta K, Kishi Y, Wada K, Takeuchi T, Odawara T, Usui C, et al. Preventive
effects of ramelteon on delirium: a randomized placebo-controlled trial.
JAMA Psychiatry 2014;71:397-403.
doi:10.1001/jamapsychiatry.2013.3320.

[109] Al-Aama T, Brymer C, Gutmanis I, Woolmore-Goodwin SM, Esbaugh ],
Dasgupta M. Melatonin decreases delirium in elderly patients: A
randomized, placebo-controlled trial. Int ] Geriatr Psychiatry
2011;26:687-94. doi:10.1002/gps.2582.

[110] Ohta T, Murao K, Miyake K, Takemoto K. Melatonin Receptor Agonists for
Treating Delirium in Elderly Patients with Acute Stroke. ] Stroke
Cerebrovasc Dis 2013;22:1107-10.
doi:10.1016/j.jstrokecerebrovasdis.2012.08.012.



[111] Wichmann MW, Haisken M, Ayala A, Chaudry IH. Melatonin
administration following hemorrhagic shock decreases mortality from
subsequent septic challenge. ] Surg Res 1996;65:109-14.
doi:10.1006/jsre.1996.0351.

[112] Garaulet M, Ordovas JM, Madrid JA. The chronobiology, etiology and
pathophysiology of obesity. Int ] Obes (Lond) 2010;34:1667-83.
doi:10.1038/ijo.2010.118.

[113] Angus DC, Linde-Zwirble WT, Lidicker ], Clermont G, Carcillo ], Pinsky MR.
Epidemiology of severe sepsis in the United States: analysis of incidence,
outcome, and associated costs of care. Crit Care Med 2001;29:1303-10.

[114] Stalpers D, de Brouwer BJM, Kaljouw M], Schuurmans M]. Associations
between characteristics of the nurse work environment and five nurse-
sensitive patient outcomes in hospitals: A systematic review of literature.
Int ] Nurs Stud 2015;52:817-35. d0i:10.1016/j.ijnurstu.2015.01.005.

[115] Castro RA, Angus DC, Hong SY, Lee C, Weissfeld LA, Clermont G, et al. Light
and the outcome of the critically ill: an observational cohort study. Crit
Care 2012;16:R132. d0i:10.1186/cc11437.

[116] Dunn H, Anderson MA, Hill PD. Nighttime lighting in intensive care units.
Crit Care Nurse 2010;30:31-7. d0i:10.4037/ccn2010342.

[117] Perras B, Meier M, Dodt C. Light and darkness fail to regulate melatonin
release in critically ill humans. Intensive Care Med 2007;33:1954-8.
doi:10.1007/s00134-007-0769-x.

[118] Foreman B, Westwood A]J, Claassen ], Bazil CW. Sleep in the neurological
intensive care unit: feasibility of quantifying sleep after melatonin
supplementation with environmental light and noise reduction. ] Clin
Neurophysiol 2015;32:66-74. doi:10.1097 /WNP.0000000000000110.

[119] Huang H-W, Zheng B-L, Jiang L, Lin Z-T, Zhang G-B, Shen L, et al. Effect of
oral melatonin and wearing earplugs and eye masks on nocturnal sleep in
healthy subjects in a simulated intensive care unit environment: which
might be a more promising strategy for ICU sleep deprivation? Crit Care
2015;19:124. d0i:10.1186/s13054-015-0842-8.

[120] Ono H, Taguchi T, Kido Y, Fujino Y, Doki Y. The usefulness of bright light
therapy for patients after oesophagectomy. Intensive Crit Care Nurs
2011;27:158-66. doi:10.1016/j.iccn.2011.03.003.

[121] Li S-Y, Wang T-], Vivienne Wu SF, Liang S-Y, Tung H-H. Efficacy of
controlling night-time noise and activities to improve patients’ sleep
quality in a surgical intensive care unit. ] Clin Nurs 2011;20:396-407.
doi:10.1111/j.1365-2702.2010.03507 .x.

[122] Bourne RS, Mills GH, Minelli C. Melatonin therapy to improve nocturnal
sleep in critically ill patients: encouraging results from a small randomised
controlled trial. Crit Care 2008;12:R52. d0i:10.1186/cc6871.

[123] Ibrahim MG, Bellomo R, Hart GK, Norman TR, Goldsmith D, Bates S, et al. A
double-blind placebo-controlled randomised pilot study of nocturnal
melatonin in tracheostomised patients. Crit Care Resusc 2006;8:187-91.

[124] Shilo L, Dagan Y, Smorjik Y, Weinberg U, Dolev S, Komptel B, et al. Effect of
melatonin on sleep quality of COPD intensive care patients: a pilot study.
Chronobiol Int 2000;17:71-6.



Table 1. Methodological characteristics of studies measuring light in ICU

Type and aim of study Sample Method Results Reference
Observational study to assess 7 septic ICU Actigraph/luxmeter  No relationship between light 56
the relationship between patients levels and 6-SMT excretion in ICU
ambient light and circadian septic patients

rhythms

Observational study to 9,534 ICU Photoperiod and No association between ICU 115
determine the association of patients insolation data photoperiod or insolation and

light duration and intensity from USNO and mortality

with mortality NASA

Interventional study to 50 neuro- Light meter Association of lower light levels 37
determine the effect of light ICU patients with significantly higher

levels reduction on sleep proportion of patients sleeping
efficinency

Observational study to 41CU Luxmeter Light intensity from 120 to 770 38
measure light intensity in the patients lux

ICU

Observational study to 12 surgical Light-Activity Time ~ Establishing the lengthiest 116
determine the hour with the ICU patients Evaluation (LATE) cumulative light exposure at

lengthiest and shortest light Sheet 10pm and the shortest light

exposure exposure at lam

Study to test the physiological 20 ICU Luxmeter Abolishment of melatonin 117
response patients secretion regulation by darkness

of the pineal gland to light and and light in severely ill patients

darkness in critical illness

Observational study to 16 ICU Photometer Disturbed diurnal rhythm of 23
measure melatonin and patients cortisol and melatonin in most

cortisol excretion during ICU ICU patients

stay

Table 2. Methodological characteristics of studies measuring noise in ICU

Type and aim of Sample Method Results Reference
study

Observational study Five adult ICUs Portable sound level All time recordings above 45 dB 17
to measure noise monitors and between 52 and 59 dB for

levels in the ICU more than 50% of the time

Observational study A two-bed and a Acoustic level Sound levels between 36 dB and 18
to measure noise four-bed room in analyzer 104 dB

levels in an IMCU

intermediate care

unit (IMCU)

Interventional study 50 neuro-ICU Digital sound meter Association of lower noise levels 37
to determine the patients with significantly higher

effect of noise proportion of patients sleeping

reduction on sleep

efficiency

Observational study 4 ICU patients Decibel meter Sound levels between 48 dB and 38
to record noise levels 81dB

in the ICU

Observational study 22 ICU patients Portable Association of environmental noise 19
to determine the integrating/logging with sleep-wake abnormalities,

effect of
environmental noise
on sleep efficiency

sound level meter

but not with sleep fragmentation




Table 3. Interventional studies for the improvement/ prevention of circadian rhythm desynchronization in ICU

patients

Type and Sample Method for Melatonin | Noise Light Results Referen
aim of circadian rhythm interventi | interventio | intervent ce
study assessment on n ion

Interventio 95 Written Interventi | Different 3
n study to patients questionnaire on room: perception
evaluate (50 in the cycled of daytime

and ordinary lighting brightness
compare group and system and lower
experiences | 45 inthe lighting

of lighting interventi variation in
environmen | on group) nighttime

ts in two

ICU rooms

with

different

lighting

environmen

ts

Randomised | 12 Continuous Noise- Eye mask | Unable to 118
controlled neurologi | electroencephalogr cancelling provide

single- cICU aphy (EEG) headphones evidence of
center patients benefit

pilot study (6 with using noise-

for the standard cancelling
feasibility of | carevs6 headphones
sleep interventi or eye
improveme | on care) masks

nt using

light and

noise

intervention

s

Randomised | 40 Polysomnography 1 mgoral Earplugs Eye mask | Improveme | 119
controlled healthy (PSG) dose nt of sleep

study to subjects quality by
investigate exposed oral

the to an ICU administrati
effectivenes | simulated on of

s of oral situation melatonin
melatonin, and use of
earplugs earplugs

and eye and eye

masks on masks

sleep

quality

Randomised | 22 ICU NEECHAM bright Lower level | 120
controlled patients Confusion Scale light of

trial to (10 study exposure arrhythmia
verify the vs 12 device for | and lower
usefulness control) four days delirium

of bright

light

therapy

Quasi- 551CU Sleep in the (1) close door at 11:00 | Lower 121
experiment | surgical Intensive Care Unit p-m., (2) dim lights to 40 | perceived

al design to patients questionnaire lux, 3) decrease | noise and

test the (27 with (SICUQ), Richards telephone ring volume to | sleep

efficacy of standard Campbell Sleep 40 dB (4) lower the | interruption

the sleep carevs 28 | Questionnaire volume of the monitor | sfrom care-

care interventi | (RCSQ) and its alarm to 50 dB at | related
guidelines on care) 11:00 p.m. (5) prevent the | activities

for alarm of tube feeding | and noises,
controlling from sounding (6) | better sleep
night-time respond to an alarm | quality and
noise and within one minute (7) | sleep

care-related

rearrange the time for

efficiency




activities on
sleep
quality

Pilot study
to evaluate
the effect of
bright light
therapy on
circadian
rhythm
adjustment
and
postoperati
ve delirium
Randomised
double-
blind
placebo
controlled
trial to
evaluate the
effect of
exogenous
melatonin
on
nocturnal
sleep
quantity
Double-
blind,
randomised,
placebo-
controlled
pilot study
to test the
effect of
nocturnal
melatonin
on the
improveme
nt of nightly
sleep
Double-
blind,
placebo-
controlled
study to
examine the
role of
melatonin
administrati
on on sleep

quality

15ICU
surgical
patients
(7 with
standard
carevs 8
interventi
on care)

24 I1CU
patients
(12
interventi
onvs 12
placebo)

321CU
patients
(14
interventi
onvs 18
placebo)

8
pulmonar
yICUvs 8
controls

Accelerometer and
NEECHAM
Confusion Scale

Bispectral Index
(BIS)

Observed sleep
hours (bedside
nurse) and Riker
Sedation-Agitation
Scale (SAS)

Wrist actigraphy

10 mg
melatonin

3mg
melatonin

3mg
melatonin

taking a chest X-ray from
midnight to between 7:00

pm-10:00 pm. (8)
rearrange the time for
morning care and

drawing blood from 5:00
am.-6:30 am. (9) lower
the volume of staff
conversation after 11 p.m.
Bright light
therapy 5000
lux

Reduced
postoperati
ve delirium
upon bright
light
therapy

Association
of
melatonin
with
increased
noctrurnal
sleep
efficiency

Similar
nocturnal
sleep

Improveme
nt of
duration
and quality
of

sleep upon
melatonin
administrati
on

102

122

123

124




Interventions
Light alteration
Noise reduction
Melatonin administration
Iliness characteristics

Factors
Light
Auditory disruption
Respiratory support
Medication
Nutritional support
Iliness characteristics

Expression
Sleep deprivation
Delirium
Melatonin changes
Physiological parameters
Immune system
Neurocognitive changes

Figure 1 Circadian disruption in the ICU patients: concept chart of
factors, expression and interventions.



Highlights

e Light, noise, medication and illness contribute to circadian disruption in the ICU

e Circadian dysrhythmias affect sleep, melatonin levels, immunity and
neurocognition

e Lighting, noise reducing and melatoninergic interventions aim at
chronoenhancement



