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Structured Abstract

Many physiological and cellular processes cycle with time, with the period between one
peak and the next being roughly equal to 24 hours. These circadian rhythms underlie
“permissive homeostasis”, whereby anticipation of periods of increased energy demand or
stress may enhance the function of individual cells, organ systems or whole organisms.
Many physiological variables related to survival during critical illness have a circadian
rhythm, including the sleep/wake cycle, haemodynamic and respiratory indices, immunity
and coagulation, but their clinical significance remains underappreciated. Critically ill
patients suffer from circadian dysrhythmia, manifesting overtly as sleep disturbance and
delirium, but with widespread covert effects on cellular and organ function. Environmental
and pharmacological strategies that ameliorate or prevent circadian dysrhythmia have
demonstrated clinical benefit. Harnessing these important biological phenomena to match
metabolic supply to demand and bolster cell defenses at the apposite time may be a future

therapeutic strategy in the intensive care unit.

“Rhythms of life”

The earth completes one rotation on its axis every 24 hours, exposing its surface inhabitants
to predictable periods of light and darkness. This influences the temporal organisation of
behaviour, such as physical activity, feeding and sleeping, each of which imposes specific
demands on cells and physiological systems, such as exposure to pathogens, oxidative stress
or surges in energy requirements. Diverse biological processes, from global haemodynamics
to intracellular protein levels — even the composition of the microbiome (1) — also
demonstrate distinct temporal oscillations with a period of approximately 24 hours between

one peak to the next (2). These cycles are termed circadian rhythms, and have been



observed in almost every living creature on Earth (3). They support “predictive
homeostasis” by upregulating metabolic capacity and self-defense mechanisms in
anticipation of periods of increased demand. In critical iliness, where support of
physiological processes stands between life and death, there is a pressing need to
understand the biological significance of these rhythms and how to circumvent the negative

consequences of their disruption.

Molecular basis of circadian rhythms

Circadian rhythmicity has been demonstrated in physiological indices (core body
temperature, brain wave activity, cardiovascular and respiratory function, coagulation and
immunity) (4) and intracellular processes (mitochondrial metabolism, protein expression,
enzyme activity, redox cycles, DNA repair and cell regeneration) (5) (6). Rhythmicity is
generated at the level of the individual cell by a complex series of positive and negative
feedback loops, controlled by a set of circadian transcription factors, 10 of which have been
identified so far, including: CLOCK, PERIOD (1-3), CRY (1-2) and BMAL1 (7). Itis estimated
that one third of all gene activity is regulated by this intracellular “clock” (8).
Polymorphisms in clock genes determine important phenotypes, such sleeping behaviour,
which varies between individuals across a spectrum from “morningness” (early birds) to
“eveningness” (night owls) (9). Such chronotypes also appear to influence the time of peak

performance in athletes (10), and may even determine the most likely hour of death (9).

Entrainment and synchronisation of many clocks



Whilst every cell has rhythms driven by its own “clock”, in humans a central pacemaker
located in the suprachiasmatic nucleus (SCN) of the hypothalamus co-ordinates the clocks in
many diverse tissues through neural and hormonal pathways (11). The SCN controls the
secretion of the chief circadian hormone, melatonin, through sympathetic projections to the
pineal gland. During a typical light/dark cycle, pineal melatonin secretion begins between 9-
11 pm, reaches a peak between 1-3 am and falls to baseline again between 7-9 am (12, 13).
Melatonin acts at cell receptors in the central nervous system, regulating the sleep/wake
cycle, and in peripheral tissues, stabilizing circadian rhythms and aligning the phase
relationships of peripheral clocks (11). Through projections to other hypothalamic centres,
the SCN also drives circadian fluctuation in sympathetic and parasympathetic tone, and the
release of cortisol and growth hormone (14). Circadian rhythms persist in the absence of
external stimuli, but they may be modulated over time by external cues, or “Zeitgebers
(“time givers”), the most important of which is light (15). It was recently discovered that a
third type of photoreceptor, the retinal ganglion cell, projects non-visual light information to
the SCN, tuning the central pacemaker to seasonal changes in the light/dark cycle
(entrainment) (16). Other “Zeitgebers” capable of resetting the clock include ambient

temperature, feeding and social interaction (17).

Circadian rhythms in the intensive care unit

The chief tenet of intensive care medicine is the support of organ function and cell viability
during episodes of severe pathophysiological stress. Physiological indices are measured
continuously, and interventions undertaken to maintain them within the ranges observed in

health. However, the function of various systems, including the autonomic nervous system,



solid organs, coagulation and immune systems, display circadian rhythmicity (4)

|II

(summarised in Figure 1). Familiarity with “normal” patterns of variation in haemodynamic
indices over 24 hours would assist clinicians in distinguishing these natural fluctuations
(illustrated schematically in Figure 2) from a change in the patient’s clinical status. Cycles of
activity place patients at differential risk of adverse events at different times of day.
Nocturnal decrease in blood pressure increases the risk of haemodynamic compromise,
particularly in shocked patients, or those with coronary insufficiency. The morning triad of
rising heart rate, persistently high systemic vascular resistance and peak in platelet
aggregability could explain the 3-fold increase in incidence of myocardial ischaemia
observed between the hours of 6 am and noon (18). Pharmacologically blunting circadian
peaks in heart rate and haemostasis with beta-blockers and aspirin alters this pattern of
morbidity and mortality (19, 20). Respiratory function, from lung mechanics to the
secretion of surfactant, have circadian rhythms, with surfactant nadir at 10 pm and peak 12
hours later, theoretically influencing susceptibility to acute lung injury (21). Targeted

monitoring and intervention could reduce the harm associated with periods of heightened

“chronorisk”.

Circadian variation in the systems we cannot visualise on a bedside monitor may be just as
influential. Cycles in liver and kidney function markedly influence the metabolism and
excretion of many drugs, generating significant variation in circulating drug concentrations,
according to the time of administration (22). Chronopharmacology is an emerging field
dedicated to optimising the timing of drug delivery to enhance efficacy and minimize
toxicity, through improved understanding of circadian pharmacokinetics and

pharmacodynamics (23). This is particularly important for drugs with a narrow therapeutic



index and significant circadian fluctuation, many of which are in common use in the
intensive care unit, including antibiotics, steroids, anticoagulants and antihypertensives (24)
(25) (26). Immune function ebbs and flows over a 24 hour period, as demonstrated by
levels of circulating immune cells and cytokines and expression of pattern recognition
molecules (27) (2). The clinical manifestations of rheumatoid arthritis follow the pattern of
interleukin-6 expression, peaking in the morning, and mortality rates following

administration of endotoxin depend upon the time of exposure (28).

The amplitude of circadian variation (the difference between the peak and trough) itself
appears to play an important physiological function, and has been proposed to represent
capacity for adaptation. In health, resting heart rate varies between 5 to 25 beats per
minute, and decreased heart rate variability is a poor prognostic factor in critical illness (29,
30). The nocturnal dip in blood pressure observed in healthy subjects appears to be
protective, as patients with hypertension or autonomic neuropathy, in whom this circadian
trough is diminished or abolished, suffer a greater degree of end-organ damage than those
in whom it is preserved (31). There is, as yet, no evidence base for deliberately emulating
circadian rhythms of physiological indices on the intensive care unit, but this concept

deserves further thought and investigation.

Critical illness causes circadian dysrhythmia

Circadian rhythms in critically ill patients are severely disrupted, with alterations in the

normal 24 hour pattern of melatonin and cortisol secretion, brain wave and spontaneous



motor activity, blood pressure, heart rate and core temperature (32). Circadian
dysrhythmia involves a change in one or more of the aspects of the morphology of a normal
cycle (illustrated in Figure 2). This may be a change in amplitude (exaggeration or flattening
of the normal degree of fluctuation from the mean, Figure 4), a phase shift (such that peak
function or “acrophase” no longer occurs at the usual time of day, Figure 5), or
disintegration of a defined cycle into a chaotic pattern (33) (Figure 6). It may also describe
an uncoupling of one or more peripheral rhythms from either the central pacemaker or
from each other (34). Critical illness circadian dysrhythmia often takes the form of
decreased amplitude and phase delay, with progressive degradation over time to erratic
fluctuation or complete flattening (4). In health, core temperature has one of the most
stable rhythms, with nadir consistently around 5 am, but in chronic critical illness, nadir
becomes widely dispersed throughout day or night, and variation between peaks and
troughs diminishes (35). Loss of amplitude may impair the capacity for adaptation, while
phase shifts uncouple maximum function from peak demand. Severity of illness has been

shown to correlate with degree of circadian disruption (36).

Aetiology of circadian dysrhythmia on the intensive care unit

Circadian dysrhythmia in the intensive care unit results from both environmental and
internal disturbance. There is loss of distinction between day and night, with the greatest
light intensity in an average intensive care unit 10 to 50 times less than that outdoors on
even an overcast day (and up to 1000 times less than a sunny day) (37) (38). Continuous

glare from monitors and side lights also diminishes nocturnal darkness. Entrainment by



alternative “Zeitgebers” is also lost, with daytime meals, physical activity and social
interactions replaced with continuous feeding regimes, bed rest and sedation. Feeding mice
according to a reversed schedule (during sleep rather than active phase), uncouples their
liver circadian rhythms from the master pacemaker, and results in higher mortality rates on
subsequent induction of sepsis (39). Systemic inflammation also interferes with circadian
rhythms. The rhythm of the urinary metabolite of melatonin has diminished amplitude and
delayed acrophase in septic patients compared to non-septic critically ill patients (34). This
effect appears to be mediated by decreased clock gene expression (CRY1 and PER2), in the
presence of high levels of circulating cytokines (IL-6 and TNF alpha), and can be induced by
infusion of endotoxin in healthy humans (40). Peripheral secretion of melatonin by
macrophages, in response to inflammation, generates high local concentrations (millimolar),
which drown out the subtle fluctuations (nanomolar to picomolar) from the pineal gland,
such that central communication with peripheral clocks is lost in inflammatory states (41).
In this context melatonin appears to have a secondary function as an immunomodulator
(enhancing phagocytosis initially, and later inducing production of anti-inflammatory
cytokines) (42) The uncoupling of peripheral clocks from the master pacemaker has been
proposed to play a role in the pathogenesis of multiple organ failure (43). Impairments in
liver and kidney function will alter metabolism and secretion of melatonin, while opiates
and benzodiazepines enhance its day-time production in a dose-dependent manner,
through induction of a key enzyme in its biosynthetic pathway (44) (45). Pineal secretion
will be stimulated by beta-receptor agonists and endogenous catecholamines (32). Other
intensive care interventions, even oxygen itself, may contribute to circadian dysrhythmia,
with hyperoxia shown to disrupt circadian gene expression and proposed to contribute to

the development of acute lung injury (46). Melatonin secretion appears to be lower during



periods of mechanical ventilation (47), and of all the ventilation modes, pressure support

results in the greatest degree of sleep disturbance (48).

Ramifications of Circadian Dysrhythmia

“Jet lag” denotes the overt symptoms of circadian disruption, but we now know that effects
extend deeper, impairing physiological and cellular processes. Functional impairment is
mediated through anomalies of clock gene expression and the downstream effects on the
multiple other genes whose expression they control. For example, alternating light and dark
exposure every 10 hours (rather than every 12) decreases levels of BMAL1 and PER2, and
subsequently downregulates target genes which include those crucial to hypertrophic
remodeling (49). This manifests clinically as impaired compensation in a mouse model of
pressure overload cardiomyopathy (50). Circadian dysrhythmia has been implicated in the
pathogenesis of cardiac arrhythmias and sudden cardiac death (51). Disturbance in renal
circadian rhythms is a risk factor for hypertension, polyuria and fibrosis (52) (53). Simulated
jet lag increases the rate of tumour progression in mice (54) (55), corresponding to the
increased risk of breast cancer in shift workers (56). Altered circadian expression of a major
regulator of fibrinolysis appears to influence susceptibility to myocardial infarction (57).
Circadian dysrhythmia alters metabolic function, with derangements in lipid and glucose
homeostasis leading to obesity and glucose intolerance (58). A mutation in one clock gene
triggers a metabolic switch towards fatty acid oxidation and increased myocardial oxygen
consumption, inhibiting the ability of cells to meet metabolic demands under stress

conditions (5). Immunity could also be weakened by disruption of the circadian patterns



required for the temporal organisation of its many different steps (59). Reduction of heart
rate variability is a poor prognostic sign in critically ill patients, correlating with severity of
organ dysfunction and predicting ability to wean from mechanical ventilation (29) (30).
Finally, the most visible corollaries of circadian dysrhythmia on the intensive care unit are
sleep fragmentation and delirium. Polysomnography in critically ill patients reveals severe
disruption in brain wave circadian rhythms, with loss of slow wave and rapid eye movement
(REM) sleep, a shift towards light sleep, or complete abolition of the recognisable stages of
sleep and wakefulness (60). There is a complex relationship between circadian dysrhythmia,
sleep disturbance and delirium, with delirium suggested to be the visible embodiment of
circadian dysrhythmia. Delirium occurs in up to 80% of critically ill patients and is associated
with striking increases in morbidity and mortality (61). Any of these circadian dysrhythmias
has the potential to threaten survival in critical illness. Disrupting circadian rhythms in septic
mice increases their mortality rates and severity of illness has been shown to correlate with

degree of circadian disruption (36) (62).

Chronotherapy

In animal models of circadian dysrhythmia-induced pathology, restoration of normal
circadian rhythms attenuates or reverses symptoms (49). Proposed chronotherapies in
intensive care include re-entrainment with bright light or restoration of dark periods, and
pharmacological intervention with night-time administration of melatonin or its agonists

(ramelteon) (63).



Light is the most potent cue for the entrainment of circadian rhythms and may boost
flagging circadian rhythms in patients. Lower mortality rates (7% compared to 12%) and
shorter lengths of stay have been reported in brighter intensive care rooms (average
intensity 1000 — 2500 lux compared to <400 lux) (64). Lack of visible daylight is a risk factor
for developing delirium, while windows appear to be protective (65) (66). Several
randomized control trials (RCTs) have demonstrated that morning light exposure in acutely
ill patients reduces delirium prevalence (from 40 - 42 % in controls to 0 - 16% in the light
therapy groups) and duration (63). The impact of light therapy on other sequelae of
circadian dysrhythmia, such as autonomic, cardiovascular, metabolic or immune
dysfunction, remains largely unexplored in this cohort, but as targets they may prove to be
equally relevant. The optimum timing, intensity, wavelength and duration of light exposure
is yet to be defined (67), with the SCN in septic patients less sensitive to light than in health
(68). With evidence accumulating for marked clinical benefit from a strategy as non-
invasive and inexpensive as light, monitoring light intensity on the intensive care unit and
setting morning targets constitutes a simple standard of care. Other environmental
strategies to entrain circadian rhythms include minimisation of noise and sleep interruption,
and early mobilisation. In animal models, restricting feeding to the active phase amplifies
circadian rhythms and improve metabolic disorders (69) (70). Abandoning 24 hour
continuous feeding regimes, particularly during the night, and investing in chrononutritional
research will be an important aspect of the multi-modal environmental approach to treating

circadian dysrhythmia.

The pharmacological strategy for enhancing circadian rhythmicity has so far focused on

night-time administration of melatonin or its agonists. Several RCTs have demonstrated



their effectiveness in reducing delirium rates: in the post-operative period (71), in medical
inpatients (72) and in the intensive care setting (73) — with incidence two to four times
lower in the treatment groups compared to controls. Doses of up to 10 mg of melatonin
were not associated with any ill effects, and in several studies the time of administration
was as early as 6 to 8 pm (63). Melatonin may exert beneficial effects during critical illness
through several pathways, dampening the hyperinflammatory response during sepsis in
neonates and animal models and demonstrating in vitro antimicrobial activity against multi-
drug resistant bacteria (74). The discovery that melatonin is produced within every cell
capable of oxidative phosphorylation highlights its vital role as an antioxidant (75). It
defends against oxidative damage by scavenging reactive oxygen and nitrogen species and
promoting the activities of antioxidant enzymes. Its activity has been shown to protect
kidney grafts and gut mucosa from the harmful effects of ischaemia reperfusion injury, and
thus demonstrates potential in combating the oxidative stress compounding critical illness

(76).

Future chronotherapies may need to take account of the genetically-determined differences
in circadian phenotypes (chronotypes) between individuals. Clock gene polymorphisms
linked to different sleep/wake patterns are likely to influence the timing of the whole gamut
of systems under circadian control (77). There may be a role for personalised medicine in
enhancing the efficacy of chronotherapy, with prior knowledge of an individual’s genetic
and phenotypic circadian profile informing decisions about the optimum dose or timing of

chronotherapies.



Future directions

With 24 hour continuous monitoring, intensive care units are an opportune setting for
chronobiological surveillance, to characterise periods of increased risk and to administer
medications or interventions at times most conducive to achieving their desired effect.
Collaboration between physicians, scientists and mathematicians will be required to
navigate this field, to combine computational analysis of vast time-series data sets (“big
data”) with molecular processes and clinical outcomes. Knowledge of circadian cycles
involved in immunity and haemostasis may allow us to schedule surgery at favourable
times, a so-called “rhythm strategy” already utilised in the administration of chemotherapy
(78). Chronobiological interventions have shown promise in improving clinical outcomes
through amelioration of delirium and sleep disturbance, but further work is required to
determine their effectiveness in combating the covert dysfunction in other organ systems

associated with circadian dysrhythmias.

Conclusions

Circadian dysrhythmia should be recognised as a pathological syndrome that has a
significant impact on the outcome of critically ill patients (79), but also the clinical staff who
take care of them. The overt symptoms of circadian dysrhythmia, such as sleep disturbance,
inattention and dysphoria, challenge the work performance and mental health of shift
workers in the intensive care unit, with long-term health consequences ranging from

metabolic dysfunction to cancer (80). Intensive care physicians are dedicated to identifying



and treating physiological disturbances, but the monitoring and restoration of circadian
rhythms has not yet been introduced to clinical practice. In the future, various indices, from
serum melatonin to heart rate variability to core temperature, may be used as biomarkers

to diagnose circadian disturbance, and may one day represent key therapeutic targets.

Key points:

1. Circadian rhythms synchronise biological function with anticipated demand.

2. Circadian dysrhythmia is a common affliction in the intensive care unit, both in
patients and in staff.

3. Circadian dysrhythmia directly contributes to disease, and will exacerbate cell and
organ dysfunction in critical illness, creating a vicious circle.

4. Morning bright light is a harmless and powerful way of bolstering failing circadian
rhythms.

5. Melatonin may improve outcomes in critical illness through its chronobiological,

anti-inflammatory, antimicrobial and antioxidant properties.
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