Rhythm and cues: the role of chronobiology in perioperative medicine
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In 2017 the Nobel Prize for Medicine or Physiology was awarded to Jeffrey Hall, Michael
Rosbash and Michael Young for their description of the molecular mechanisms that control
circadian rhythms. Not long after this announcement came the discovery, published in The
Lancet, that the influence of circadian rhythms extends to postoperative outcomes following
aortic valve replacement.1 This work consisted of a number of threads; a large cohort study
(n=596), a smaller randomised controlled trial (RCT, n=88) and mechanistic ex vivo and
transcriptomic work. The cohort study convincingly demonstrated much lower rates of major
cardiac adverse events in the group who had their surgery in the afternoon compared with the
morning (95% CI 0.32-0.77; p=0.0021). The RCT revealed lower mean postoperative cardiac
troponin levels (up to 72 hours) in those patients undergoing afternoon surgery compared to
surgery in the morning. The clinical studies were backed up by molecular analysis to provide
a credible mechanistic explanation: the regulation of ischemia-reperfusion tolerance by altered
expression of genes according to a circadian rhythm. This finding is complemented by a recent
retrospective analysis of clinical data from the International Burn Injury database, which
showed that healing times were 60% shorter in burns sustained in the daytime compared to
those incurred at night. 2 The authors also demonstrated circadian regulation of actindependent processes in fibroblast cells, suggesting a possible mechanism underlying these
circadian patterns in wound healing. 2
Chronobiology is a broad field that describes the study of cyclic phenomena on biological
processes. Key biological pathways in almost every cell in the human body oscillate with a
period of approximately 24 hours (“circa diem”), in parallel with the rotation of the Earth and
the light-dark cycle this creates. These circadian rhythms are observed in most life-forms,
including plants and single celled organisms, all ultimately subject to the astronomical
framework in which life exists. It is believed that the function of a circadian rhythm is to
separate incompatible biological processes and to optimise function through anticipation of
predictable activities such as sleeping, eating and movement.3 Its commonality to all life
suggests a profound survival advantage. Circadian rhythmicity is achieved through
autonomous cellular ‘clocks’, which produce oscillations in gene/protein expression, and
consequently influence the functions in which these proteins are involved (e.g. metabolism).
This circadian process involves two transcriptional activators called CLOCK (circadian
locomotor output cycles kaput) and BMAL1 (brain and muscle ARNT (arylhydrocarbon
receptor nuclear translocator) like protein) and two repressors called CRY (crytochrome) and
PER (Period) working in a feedback loop. This mechanism controls roughly 10% of all gene
products in humans, generating rhythmic circadian expression patterns which influence almost
every known cellular pathway.4 These peripheral rhythms are co-ordinated centrally, and
synchronised to the demands of the environment, through the action of external cues
(Zeitgebers, translated from the German ‘time-givers’) on the suprachiasmatic nucleus (SCN)
of the hypothalamus. The most important Zeitgeber is light, but the SCN also integrates other
external cues such as body temperature and feeding patterns, and in turn regulates the
peripheral clocks through hormonal and neural outputs. For example, light signals are
projected directly from non-visual retinal ganglion cells to the SCN, through which it
suppresses melatonin secretion by the pineal gland. Melatonin is a pleiotropic hormone,
signalling darkness, and one of its many putative roles is the harmonisation of the rhythms of
clocks in remote tissues, synchronising them to the central pacemaker of the SCN, and thus
to external time of day. Melatonin may also have a role in regulation of clock gene expression.5
When Zeitgebers are displaced, for example by flying across time zones or switching to night
shift work, the cellular clocks find themselves out of time with the new schedule, because they
are still entrained to the previous time zone. The SCN receives inputs from the new zone, but
the peripheral clocks take time to adapt, and different tissues respond at different rates. Loss
of synchrony between peripheral clocks and the external environment (external
dyssynchrony), and loss of synchrony between the clocks of different tissues (internal
dyssynchrony), results in the overt symptoms of jet lag. Sufferers feel sleepy during the day
resulting in fatigue, relative psychomotor impairment and gastrointestinal disturbance; while
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the hours of rest are disturbed by sleeplessness. These symptoms persist until such time as
all the clocks are realigned to the SCN again; this takes roughly one day per time zone (i.e. 1
hour) crossed and melatonin is crucial to this correction. Recurrent clock desynchronisation,
seen in night shift workers, has wide-ranging impacts on health, including chronic sleep
disorders, obesity, metabolic syndrome and cancer.6 These diverse pathologies point to
pervasiveness of circadian rhythm dysrhythmia, with sleep-wake disturbance representing
only the tip of the iceberg. Even one night without sleep has profound effects on gene
expression. 7 Similar effects are seen in patients on intensive care units, where artificial light,
noise at night, interruptions, sedation and displacement of other Zeitgebers such as meals
and activity, affect melatonin levels and sleep patterns.8 9 Circadian dysregulation is likely to
be highly abnormal in the critically ill and could exacerbate the deleterious effects of disease.
10. For example, circadian dysregulation has been implicated in the development of delirium
in the critically ill.11
Time of day is a factor critical to most physiological functions. Most key global measures (such
as physical and mental activity, heart rate, blood pressure and respiratory function), as well
as a multitude of cellular pathways, from metabolism to redox homeostasis, oscillate in a
circadian pattern.12 Overlooking the influence of the time of day factor on the response to
surgery and anaesthesia would therefore be unwise. Circadian rhythms will affect multiple
patient factors: from the cardiovascular stress response, to immunity and wound healing. The
pharmacokinetics and pharmacodynamics of drugs is also under the influence of our
molecular clocks,13 a phenomenon that is being used already to optimise patient benefit in the
treatment of cancer.14 The effects (and side effects) of anaesthetic, analgesic and antibiotic
drugs are time-of-day dependent, and it may be that this also contributes to differences in both
anaesthetic recovery and surgical outcomes. Unfortunately, this remains a field in which
virtually no data exist. From the reverse perspective, anaesthetic drugs, as well as the stress
response triggered by surgical insult, and the imposed alterations in the timings of Zeitgebers
(such as pre-operative fasting and inactivity) might lead to desynchronisation between the
SCN and peripheral tissue clocks. At least one class of drug used in anaesthesia,
benzodiazepines, has been shown to phase-shift circadian rhythms, with the effect depending
on the relative time of day that the drug is administered.15 Most of these relationships between
the relative timing of perioperative events and peripheral clock synchrony are yet to be
explored, but results from the studies described above hint at the progress to be made.
It important to consider that time of day does not only affect patients, but also substantially
influences human factors relating to the surgeon, anaesthetist and other healthcare workers
caring for the patients. Providing round the clock clinical care poses unique physiological
challenges for healthcare workers that may impact patient outcomes. During a night shift, staff
must perform tasks during the circadian phase when they are hard-wired for sleeping. This
period of time coincides with the lowest levels of alertness, cognitive function, psychomotor
co-ordination and mood, which reach a nadir between the hours of 3 to 5 am.16 Performance
is impaired despite increased effort, and the impairment is greater than the individual’s
subjective awareness of sleepiness, further increasing the risk of errors and harm. Following
a night shift, the rest period is shifted to the circadian phase least conducive to sleeping,
leading to sleep loss and the many documented adverse effects of fatigue.17 Reducing the
length of shifts and overall weekly number of hours worked by trainee critical care doctors
increased their total sleep hours and dramatically reduced the number of attentional failures
during night duties. 18 Even after a single night shift, when compared to a night of sleep, trainee
anaesthetists demonstrate impaired non-technical skills in a simulated crisis management
scenario. 19 In the future it would perhaps be beneficial to include recognition of fatigue into
the training programmes for healthcare professionals. 20 Perhaps the ultimate clock
desynchroniser is space travel, during which time there is complete loss of a natural 24-hour
day. For those astronauts orbiting the earth in the international space station, a sunrise was
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experienced every 90 minutes. Studies from space shuttle missions concluded that the
astronauts experienced circadian rhythm disturbances, diminished sleep duration,
decrements in neurobehavioural performance, and alterations in rapid eye movement sleep
homeostasis. 21 Simulation work looking into the effect of 520 days of isolation and loss of
normal external cues that would be experienced in a mission to Mars suggested similar
circadian disturbances. 22
In the long-term, shift work may result in chronic sleep disturbance, termed “shift work sleep
disorder.”23 The long-term sequelae of recurrent circadian misalignment are increasingly
recognised,24 with shift workers demonstrating increased risk for developing cancer, metabolic
dysfunction and diabetes, heart disease and gastrointestinal disorders.25 Reducing the impact
of these challenges requires intervention at both an organisational and an individual level. The
former will require research to determine optimum shift duration, direction and speed of shift
rotation, and provision of adequate rest periods and facilities. This is the subject of an ongoing
Cochrane review (protocol by Erren et al: 10.1002/14651858.CD010639), and current
guidelines have been issued by the UK Health and Safety Executive
(http://www.hse.gov.uk/pubns/books/hsg256.htm). Two recent Cochrane systematic reviews
concluded that the evidence base for both pharmacological and non-pharmacological
strategies to tackle the acute symptoms of sleep-wake inversion in shift workers is limited.26 27
Suggested strategies to reduce night shift sleepiness included consumption of caffeine and
other stimulants, short naps and bright light. Proposed interventions to improve sleep quality
and quantity during the day rest period between shifts include: melatonin, hypnotic agents and
a cohort of behavioural strategies to improve ‘sleep hygiene’ (e.g. dark quiet room, relaxation
techniques). Problems with trial design and study heterogeneity have so far yielded mostly
low quality evidence, and there is a need for adequately powered randomised controlled trials
in a real-world setting. Sleep and performance are both complex phenomena, and it has been
proposed that a multi-modal approach will provide the greatest benefit 28.
Alternatively, it has been proposed that administration of exogenous melatonin could offer a
form of chemical chronotherapy, by supporting the re-entrainment of circadian rhythms to the
new schedule. A trial of melatonin in medical and nursing staff working night shifts has recently
completed recruitment (the MIDNIGHT trial, ISRCTN15529655), in which melatonin or
placebo was given just before sleep time and the effects on psychomotor vigilance, gene
expression and actigraphy measures of sleep were determined. The results of this trial will be
available shortly. Pharmacological rehabilitation of disrupted circadian rhythms using
melatonin has also been investigated as a means of reducing postoperative delirium.
Perioperative melatonin administration has been shown to reduce the incidence of
postoperative delirium in elderly patients undergoing elective arthroplasty,29 although other
studies have demonstrated conflicting results.30 The timing of melatonin administration
relative to the patient’s circadian phase is likely to influence its effect. Although the
pharmacokinetics of exogenous melatonin at different doses in healthy subjects has been
reported 31, further studies are needed to determine the pharmacokinetics of this drug in
different patient cohorts. 32 A randomised controlled trial comparing the antioxidant and antiinflammatory effects of 50 mg and 100 mg of melatonin in sepsis is currently underway
(DAMSEL2: ISRCTN70688534). Modafinil (a wakefulness promoting drug) has also been
used in studies to treat patients with shift-work sleep disorder and found to bring about
improvements in performance. 33 It has also been used by the military to improve battle
readiness and performance of troops on long missions. However, use of this controversial
drug outside of these situations would require careful investigation as it has significant side
effects.
A further layer of circadian complexity is chronotype. This refers to an individual’s innate
circadian phenotype, which will lie on a spectrum from extreme ‘morningness’ (the lark) to
extreme ‘eveningness’ (the owl). Chronotype determines a person’s preferred waking and
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sleeping times, and peak physical and cognitive performance times; with performance peak
occurring later in the day for those with a ‘evening’ chronotype. Chronotype is not a life-choice;
it has a deep seated genetic basis through the clock gene feedback mechanism34 and changes
with age, with the peak of ‘eveningness’ occurring at 20-21 years. Timing of specific activities
according to chronotype (as determined by validated questionnaires, such as the Munich
Chronotype Questionnaire) has been successful in optimising athletic and educational
performances.35 36 The chronotype of the patient and healthcare professionals, relative to the
timing of an operation, could therefore influence patient outcomes. Chronotypes have yet to
be considered in studies investigating the impact of timing of surgery, but may represent a
new frontier in the evolving field of personalised medicine. Chronotype must also be taken into
consideration in the evaluation of any chronotherapy, such as melatonin, as its effect will be
influenced by the timing of its administration with respect to chronotype and circadian phase
of the patient.29 30
Perioperative physicians and researchers have often been early adopters of new concepts in
medicine. They have driven advancements in intravenous fluid therapy, and transformed the
landscape of clinical practice through the success of enhanced recovery after surgery (ERAS)
programmes. It has been proposed that a rational assessment tool for ERAS would be a
succinct patient related outcome measure, such as whether or not the patient is ‘DREAMing’
within 24 hours of surgery (Drinking, EAting and Mobilising);37 a concept recently upgraded to
‘DREAMS’ 38 by the addition of ‘Sleep’. It is an interesting observation that all of these
components also happen to be the most important Zeitgebers, and therefore contribute to the
preservation of a healthy circadian rhythm. Perhaps ERAS programmes have inadvertently
provided us with a multicomponent platform from which to launch a chronobiological approach
to improving perioperative outcomes. Rapid return to normal drinking, eating, mobilising and
sleeping patterns after surgery has led to improved clinical outcomes, and perhaps this is in
part due to minimisation of internal clock disruption.
In summary, cellular clocks control almost every aspect of life, we can no longer ignore the
fact that their circadian rhythms can influence healthcare outcomes. If we are to avoid
unnecessary harm and take advantage of this inescapable clockwork we need to understand
more about this phenomenal biological system and the impact it has during the perioperative
period.
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Figure 1. A schematic overview of how chronobiology affects daily life and is an essential
element of healthcare delivery
SCN = suprachiasmatic nucleus.

Zeitgebers maintain timing in the ‘master clock’ within the SCN, which in turn provides a
reference point for the multiple ‘peripheral clocks’ throughout our organs. The peripheral
clocks maintain normal body function, with the right processes being upregulated at the right
time of day. Disruption of this delicate system can lead to detrimental clinical consequences.

DM, HM and HG all conceived the idea for the article, wrote it and were directly involved with
revising versions.

6

REFERENCES

1.

2.
3.
4.

5.
6.
7.

8.

9.
10.
11.
12.
13.
14.
15.

16.

17.
18.
19.

20.

Montaigne D, Marechal X, Modine T et al. Daytime variation of perioperative
myocardial injury in cardiac surgery and its prevention by Rev-Erbalpha
antagonism: a single-centre propensity-matched cohort study and a randomised
study. Lancet 2017; 391: 59-69
Hoyle NP, Seinkmane E, Putker M et al. Circadian actin dynamics drive rhythmic
fibroblast mobilization during wound healing. Sci Transl Med 2017; 9:
Bass J, Lazar MA. Circadian time signatures of fitness and disease. Science
2016; 354: 994-999
Lowrey PL, Takahashi JS. Mammalian circadian biology: elucidating genomewide levels of temporal organization. Annu Rev Genomics Hum Genet 2004; 5:
407-441
Vriend J, Reiter RJ. Melatonin feedback on clock genes: a theory involving the
proteasome. J Pineal Res 2015; 58: 1-11
Roenneberg T, Merrow M. The Circadian Clock and Human Health. Curr Biol
2016; 26: R432-43
Archer SN, Laing EE, Möller-Levet CS et al. Mistimed sleep disrupts circadian
regulation of the human transcriptome. Proc Natl Acad Sci U S A 2014; 111:
E682-91
Mundigler G, Delle-Karth G, Koreny M et al. Impaired circadian rhythm of
melatonin secretion in sedated critically ill patients with severe sepsis. Crit Care
Med 2002; 30: 536-540
Boyko Y, Jennum P, Toft P. Sleep quality and circadian rhythm disruption in the
intensive care unit: a review. Nat Sci Sleep 2017; 9: 277-284
McKenna HT, Reiss IKM, Martin DS. The significance of circadian rhythms and
dysrhythmias in critical illness. JICS 2017; 2: 121-129
Shigeta H, Yasui A, Nimura Y et al. Postoperative delirium and melatonin levels
in elderly patients. Am J Surg 2001; 182: 449-454
Kasukawa T, Sugimoto M, Hida A et al. Human blood metabolite timetable
indicates internal body time. Proc Natl Acad Sci U S A 2012; 109: 15036-15041
Dallmann R, Brown SA, Gachon F. Chronopharmacology: new insights and
therapeutic implications. Annu Rev Pharmacol Toxicol 2014; 54: 339-361
Mormont MC, Levi F. Cancer chronotherapy: principles, applications, and
perspectives. Cancer 2003; 97: 155-169
Benedetti F, Pontiggia A, Bernasconi A, Colombo C, Florita M, Smeraldi E.
Lormetazepam in depressive insomnia: new evidence of phase-response effects
of benzodiazepines. Int Clin Psychopharmacol 2004; 19: 311-317
Rosekind MR, Gander PH, Gregory KB et al. Managing fatigue in operational
settings 1: Physiological considerations and counter-measures. Hosp Top 1997;
75: 23-30
Akerstedt T. Shift work and disturbed sleep/wakefulness. Occup Med (Lond)
2003; 53: 89-94
Lockley SW, Cronin JW, Evans EE et al. Effect of reducing interns’ weekly work
hours on sleep and attentional failures. N Engl J Med 2004; 351: 1829-1837
Neuschwander A, Job A, Younes A et al. Impact of sleep deprivation on
anaesthesia residents’ non-technical skills: a pilot simulation-based prospective
randomized trial. Br J Anaesth 2017; 119: 125-131
Reinke L, Tulleken JE. Sleep deprived and unprepared. Br J Anaesth 2017; 119:
11-13

7

21. Mallis MM, DeRoshia CW. Circadian rhythms, sleep, and performance in space.
Aviat Space Environ Med 2005; 76: B94-107
22. Basner M, Dinges DF, Mollicone D et al. Mars 520-d mission simulation reveals
protracted crew hypokinesis and alterations of sleep duration and timing. Proc
Natl Acad Sci U S A 2013; 110: 2635-2640
23. Wright KP, Bogan RK, Wyatt JK. Shift work and the assessment and
management of shift work disorder (SWD). Sleep Med Rev 2013; 17: 41-54
24. Kecklund G, Axelsson J. Health consequences of shift work and insufficient
sleep. BMJ 2016; 355: i5210
25. Knutsson A. Health disorders of shift workers. Occup Med (Lond) 2003; 53: 103108
26. Liira J, Verbeek JH, Costa G et al. Pharmacological interventions for sleepiness
and sleep disturbances caused by shift work. Cochrane Database Syst Rev
2014; CD009776
27. Slanger TE, Gross JV, Pinger A et al. Person-directed, non-pharmacological
interventions for sleepiness at work and sleep disturbances caused by shift work.
Cochrane Database Syst Rev 2016; CD010641
28. McKenna H, Wilkes M. Optimising sleep for night shifts. BMJ 2018; 360: j5637
29. Sultan SS. Assessment of role of perioperative melatonin in prevention and
treatment of postoperative delirium after hip arthroplasty under spinal anesthesia
in the elderly. Saudi J Anaesth 2010; 4: 169-173
30. de Jonghe A, van Munster BC, Goslings JC et al. Effect of melatonin on incidence
of delirium among patients with hip fracture: a multicentre, double-blind
randomized controlled trial. CMAJ 2014; 186: E547-56
31. Galley HF, Lowes DA, Allen L, Cameron G, Aucott LS, Webster NR. Melatonin
as a potential therapy for sepsis: a phase I dose escalation study and an ex vivo
whole blood model under conditions of sepsis. J Pineal Res 2014; 56: 427-438
32. Harpsøe NG, Andersen LP, Gögenur I, Rosenberg J. Clinical pharmacokinetics
of melatonin: a systematic review. Eur J Clin Pharmacol 2015; 71: 901-909
33. Czeisler CA, Walsh JK, Roth T et al. Modafinil for excessive sleepiness
associated with shift-work sleep disorder. N Engl J Med 2005; 353: 476-486
34. Kalmbach DA, Schneider LD, Cheung J et al. Genetic Basis of Chronotype in
Humans: Insights From Three Landmark GWAS. Sleep 2017; 40:
35. Beşoluk S, Onder I, Deveci I. Morningness-eveningness preferences and
academic achievement of university students. Chronobiol Int 2011; 28: 118-125
36. Facer-Childs E, Brandstaetter R. The impact of circadian phenotype and time
since awakening on diurnal performance in athletes. Curr Biol 2015; 25: 518-522
37. Levy N, Mills P, Mythen M. Is the pursuit of DREAMing (drinking, eating and
mobilising) the ultimate goal of anaesthesia. Anaesthesia 2016; 71: 1008-1012
38. Scott MJ, McEvoy MD, Gordon DB et al. American Society for Enhanced
Recovery (ASER) and Perioperative Quality Initiative (POQI) Joint Consensus
Statement on Optimal Analgesia within an Enhanced Recovery Pathway for
Colorectal Surgery: Part 2-From PACU to the Transition Home. Perioper Med
(Lond) 2017; 6: 7

8

