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Abstract 

Patients frequently sleep poorly following an operation.  This may be due, in part, to the effect 

of general anaesthesia on the circadian clock.  The aim of this thesis was to understand the 

effect of general anaesthesia on the mammalian circadian clock and sleep, the relevance of 

this to the post-operative patient, and how these effects may be modified by intra-operative 

light administration.   

Previous data from our group’s work on the honey bee revealed that the general anaesthetic 

isoflurane causes phase delays of the circadian clock as a result of a shift in the expression 

of core circadian clock genes (cryptochrome and period).  In addition, concurrent 

administration of light during anaesthesia in honey bees resulted in a reduction of the general 

anaesthesia-induced phase shift.  In order to determine whether isoflurane causes robust and 

reproducible phase shifts in mammals, and whether these effects result from isoflurane acting 

directly on the suprachiasmatic nuclei (SCN), I developed a system to enable the examination 

of the effect of isoflurane on PER2::LUC mouse SCNs.   

PER2::LUC SCN tissue was cultured over eight days (n=36) and exposed to a six hour 2% 

isoflurane anaesthetic (or air control) after four cycles.  Phase shifts and period changes were 

analysed using the peak expression time (acrophase) on each of the days following 

anaesthesia or control, compared to the days prior.   

Administration of a six hour isoflurane anaesthetic to SCNs between circadian times eight and 

16 (CT8-CT16) resulted in an average phase delay of -6.99 hours (1.34 SEM) compared to 

controls at similar CTs that showed an average phase delay of only -1.33 hours (2.77 SEM, 

p=0.01).  Neither isoflurane nor air administered at other CTs elicited significant phase shifts.   

The results from the SCNs and from the previous work on honey bees paved the way for a 

clinical trial in which I examined the efficacy of light administration in reducing anaesthesia-

induced post-operative sleep and circadian disruption.  I investigated this in a non-confounded 

patient population, kidney donors, who are hospitalised and undergo anaesthesia and surgery 

that they do not medically require.  The work described in this thesis details the interim analysis 

of 20 patients (total study sample size=40) of whom 10 received phase shifting light and 10 

placebo light during the operation.  If humans were to respond like bees, then intra-operative 

bright light administration could represent a treatment strategy for combatting post-operative 

sleep and circadian misalignment.   
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Actigraphy was recorded for seven pre-operative and seven post-operative days, and 

circadian markers (core body temperature and the urinary metabolite of melatonin, 

6-sulphatoxymelatonin) were recorded for three pre-operative and three post-operative days.  

Subjective measures were also recorded throughout the study.  Participants enrolled into the 

study were randomised to receive either placebo light or bright light intra-operatively.  

Operations occurred in the morning, the same subjective time at which anaesthesia elicited 

the largest phase shifts in SCNs and honey bees.   

All patients, irrespective of treatment group, showed disrupted sleep and circadian variables 

following hospitalisation, anaesthesia and surgery, with increased total sleep time and 

variability, and less stability.  Non-parametric circadian rhythm analyses of actigraphic data 

showed higher interdaily stability (IS) post-operatively in those that received intra-operative 

bright light compared to those that received placebo light (p=0.08).  Furthermore, the control 

group showed an average phase delay in core body temperature rhythms of -4.18 hours (1.74 

SEM) compared to patients in the bright light treatment group who showed an average phase 

delay of -1.16 hours (0.62 SEM, p=0.07).  Results from the interim analysis of the clinical trial 

indicate a trend towards intra-operative bright light improving sleep and circadian variables 

post-operatively.   

Having a general anaesthetic is essential for most major operations.  The studies presented 

in this thesis show that general anaesthesia affects the mammalian (mouse) circadian clock 

and human circadian rhythms and sleep.  In mice this occurs in a time-dependent manner 

which has not previously been recognised.  Moreover, bright light administered 

intra-operatively may potentially reduce circadian and sleep disruption in the post-operative 

period.  
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Frontispiece 

 

 

 

 

 

黑夜给了我黑色的眼睛 

我却用它寻找光明 

 

 

Even with these dark eyes, a gift of the dark night 

I go to seek the shining light. 

 

A Generation 

Gu Cheng 1956-1993 
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Chapter 1. General Introduction  

1.1. Preface 

Prior to ‘ether day’ on October 16th 1846, when William TG Morton administered the first 

successful general anaesthetic using ether to enable the excision of a tumour from the neck 

of Eban Frost (Warren, 1847), surgery was agony.  The range of possible procedures was 

limited, and mortality rates were high.   

Over the subsequent decades, mortality with single agents such as ether and chloroform 

remained high.  Modern anaesthetics by comparison are remarkably safe and deaths solely 

due to anaesthesia are extremely rare.  Estimates put mortality at a rate of approximately one 

in every 300,000 anaesthetics (Uhlig et al., 2016).  Improved outcomes for patients in 

anaesthesia have been achieved largely through the introduction of systems-based initiatives 

by anaesthetists (Weller and Merry, 2013).  Today, one of the primary issues around general 

anaesthetics is the quality and speed of patients’ post-anaesthetic recovery.   

While little is known about the mechanisms of action of general anaesthetics, they appear 

similar in some respects to sleep.  It has been proposed that some general anaesthetics act 

by hijacking endogenous sleep promoting pathways (Section 1.2.3).  One characteristic 

feature of post-operative (and thus post-anaesthetic) patients is disrupted sleep.  Emerging 

evidence from our research group and others suggests that post-operative sleep disruption 

may result in part from disrupted circadian rhythms (Dispersyn et al., 2008; Gögenur et al., 

2008; Gögenur et al., 2009; Dispersyn et al., 2009b; Gögenur, 2010; Touitou et al., 2010; 

Cheeseman et al., 2012; Brainard et al., 2015; Ludin et al., 2016).  Poor post-operative sleep 

is associated with negative post-operative outcomes.  By reducing circadian disruption it may 

be possible to improve patients’ post-anaesthetic recovery.   

In this thesis I describe the investigation of the effect of general anaesthesia on the circadian 

clock and rhythms using an integrated approach.  In Chapters Two and Three I describe 

experiments designed to demonstrate the effect of the general anaesthetic agent isoflurane 

on the levels of the circadian clock protein PER2 in the central (suprachiasmatic nuclei-based) 

circadian clock in the brain of mice.  In Chapter Four I describe results from a clinical trial 

investigating the effect of hospitalisation, anaesthesia, and surgery on sleep and circadian 

disruption in kidney donor patients, and whether intra-operative light administration affects the 

magnitude of circadian and sleep disruption in this group.  The integration of the two studies 

provides a detailed understanding of the effect of anaesthesia at the level of the molecular 
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mammalian clock, and the potential relevance of circadian disruption for patients undergoing 

anaesthesia.   

In the present chapter I begin with a background discussion on anaesthesia, sleep, and the 

circadian clock.   
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1.2. General anaesthesia 

1.2.1. Historical development of general anaesthetics 

Long before the development of general anaesthesia, people inhaled substances to alleviate 

pain.  Cannabis and opium for example, have been smoked for over 3,000 years to achieve 

reduced consciousness (Frost, 2015).  The term anaesthesia was coined by Oliver Wendell 

Holmes in November 1846, soon after Morton successfully administered the first anaesthetic.  

Anaesthesia was taken from the Greek ‘an’ without, and ‘aesthesis’, sensation.  Broadly, 

anaesthesia can be defined as a pharmacologically induced, reversible state of 

unconsciousness, which results in analgesia, immobility, and amnesia (Urban and Bleckwenn, 

2002).  

Diethyl ether was widely used following ‘ether day’.  It was relatively straightforward to 

administer using a draw-over vaporiser.  It was inexpensive, and caused respiratory 

depression late.  However, a number of drawbacks of ether emerged, and it subsequently 

declined in popularity.  Diethyl ether is highly flammable and has a high blood gas partition 

coefficient (resulting in slow onset and recovery).  It causes respiratory irritation (coughing and 

laryngospasm) and commonly induces post-operative nausea and vomiting (PONV), which 

can result in aspiration.  By late 1847, the obstetrician James Young Simpson started using 

chloroform for anaesthesia, finding it better suited than ether to his ‘delicate ladies’ (Eger et 

al., 2014a).  But the use of chloroform resulted in the first anaesthetic-related deaths.  Despite 

its sweet smell and non-flammability, it caused profound respiratory depression and sensitised 

the heart to lethal arrhythmias, so its use was associated with episodes of sudden death.  The 

use of chloroform superseded that of ether for a time, although both were used through to the 

end of the 19th century.  Following the turn of the century diethyl ether was used almost 

exclusively, and chloroform was largely abandoned.   

In 1933, Ralph Waters gave cyclopropane anaesthesia clinically for the first time (Waters, 

1936).  For a short period it was considered the ‘champagne’ of anaesthetics for its potency 

and lack of pungency.  But it was explosive.  Explosions of cyclopropane were so great, that 

they sometimes killed not only the patient and anaesthetist but others in the operating theatre 

as well.  Despite this, cyclopropane use continued widely in the United States through the 

1950s (Eger et al., 2014b).   

In an attempt to improve ether and reduce the risks of its administration, the halogenated ether, 

halothane (synthesised by Charles Suckling in 1951 (Eger et al., 2014c)) was introduced and 

used clinically by Michael Johnstone in 1956 (Johnstone, 1956).   
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Not only was halothane more potent than ether and non-flammable, it was also less irritating 

than its predecessors.  Additionally, its reduced solubility in blood meant a more rapid 

emergence from anaesthesia.  A major concern however, was its hepatotoxicity. Until the 

introduction of isoflurane in 1980, halothane anaesthesia formed the basis of most modern 

general anaesthetics.  Halothane is still used in low income countries but has been abandoned 

in parts of the world where there is access to safer agents.   

In many parts of the world the halogenated ethers sevoflurane and desflurane have overtaken 

isoflurane in popularity, despite being more expensive.  They have the benefits of being less 

irritating than isoflurane with lower blood gas partition coefficients (leading to rapid onset and 

offset).  Nevertheless, today isoflurane is the most commonly used anaesthetic agent in the 

world.   

Many millions of anaesthetic procedures are performed each year around the world, an 

estimated 234 million in 2008 (Weiser et al., 2008) and 313 million in 2015 (Meara et al., 2015).  

Surgical safety relies on safe anaesthesia.  Anaesthesia enables patients to tolerate surgical 

operations that would otherwise be unbearable.  Risks to patients undergoing operations in 

low and middle income countries are far greater than for countries such as the United States, 

the United Kingdom and New Zealand.  However, only 6% of the 313 million surgical 

procedures conducted each year occur in the poorest countries where a third of the world’s 

population lives (Meara et al., 2015).  Those without access to safe anaesthesia face 

avoidable morbidity and mortality.   
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1.2.2. Modern general anaesthesia 

Over the course of the first half of the 20th century the use of a single agent to produce 

anaesthesia was the norm.  This approach limited the variety of procedures that could be 

performed easily and adverse outcomes, including mortality, featured regularly.  The idea that 

smaller doses of different agents given together might reduce unwanted side effects was first 

introduced by Overton (Overton, 1901).  The concept of balanced anaesthesia originated in 

George Crile’s 1910 theory of anoci-association (Crile, 1910), but it was John Lundy who 

introduced the term ‘balanced anaesthesia’ in 1926 (Lundy, 1926).  The concept was extended 

in 1952 to include three fundamental elements: unconsciousness, analgesia, and muscle 

relaxation (Gray and Rees, 1952).  These factors form ‘the triad of anaesthesia’ (Figure 1.1).   

 

 

Figure 1.1 The triad of anaesthesia.  Intravenous and hypnotic agents, (namely those that cause 
unconsciousness) form the backbone of general anaesthesia.  Neuromuscular blockade and 
analgesics (primarily opioids) can reduce the overall amount of hypnotic agent required 
(balanced anaesthesia) and while they are not anaesthetics per se, it is important to note their 
use in anaesthesia.  Examples of clinically used non-polarising neuromuscular blockers are 
atracurium, pancuronium and rocuronium (Goodwin and Joseph, 2015).  Apart from the non-
steriodal anti-inflammatory drugs and paracetamol, all modern analgesics are derivatives of 
morphine.  Fentanyl and remifentanil are two such examples, both of which have faster onset 
and offset than morphine and are tolerated better (i.e. there is lower incidence of PONV than 
with morphine).   
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Today, one drug alone does not act effectively to produce all of the components of anaesthesia 

(Urban and Bleckwenn, 2002; Campagna et al., 2003; Rudolph and Antkowiak, 2004; Eger II 

and Sonner, 2006; Lugli et al., 2009).  Rather, balanced anaesthesia incorporates a 

combination of different drug classes including hypnotics, analgesics and muscle relaxants 

(Hudetz, 2006).  This results in the individual doses of drugs required for anaesthesia being 

significantly reduced compared with the doses required of single agents (Ghouri and White, 

1991; Katoh and Ikeda, 1998; Katoh et al., 1999; Vereecke et al., 2013).  Decreased amounts 

of drugs means that dose-related side effects are reduced (Dawson and Jones, 2016).   

The combination of drugs used in a particular anaesthetic are chosen by the anaesthetist to 

best suit the requirements of the operation and the patient.  The combination of drugs also 

changes through the different phases of the anaesthetic: induction, maintenance, and 

emergence (Brown et al., 2011).  A typical anaesthetic might include induction using an 

intravenous hypnotic agent, (for example propofol), maintenance with an inhalational agent 

(for example isoflurane or desflurane), with adjunctive administration of opiates and muscle 

relaxants.  Anaesthetists usually time the administration of intravenous anaesthetic agents so 

that the effects will have substantially worn off by the end of the operation.  Emergence can 

then occur when the inhalational anaesthetic is switched off and the patient breathes off the 

remaining vapour.   

The number of different drugs administered for anaesthesia varies.  Some patients receive 

between five and ten drug types during an operation (Frost, 2015).  On average, a patient 

undergoing an anaesthetic at Auckland City Hospital, New Zealand, will be administered ten 

drugs (Merry et al., 2011).   

Total intravenous anaesthesia (TIVA) is a technique where only intravenous drugs are 

administered and not inhalational agents.  TIVA is associated with less nausea and vomiting 

than inhalational anaesthesia and may be chosen by the anaesthetist when the patient is 

particularly susceptible to PONV.  Conversely, there is evidence that survival with desflurane 

and sevoflurane anaesthetics for cardiac operations is higher than with TIVA, so TIVA may be 

less suitable in this context (Landoni et al., 2013).   

The potency of inhaled anaesthetics is assessed by the standard measure of minimum 

alveolar concentration (MAC).  MAC is defined against the endpoint of immobility.  It is the 

minimum partial pressure of volatile or gaseous anaesthetic agent required in order that half 

of the population (EC50) will not respond to a 1 cm surgical incision (Saidman and Eger II., 

1964; Eger II. et al., 1965; Eger II, 2002).  The MAC of the commonly used inhalational agents 

varies.  One MAC of isoflurane is 1.2-1.8% (Lee et al., 2007), whereas one MAC of sevoflurane 

is 2.2-2.9% (Lee et al., 2008) and desflurane has a MAC between 6.5 and 9.1% (Sonner et 
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al., 2000).  MAC is influenced by age where values are higher for those aged under two, from 

which point they decrease to lower values in the elderly.   

1.2.3. Mechanisms of anaesthesia  

Despite the importance of anaesthesia and the extent of its use, the mechanisms by which 

anaesthesia leads to unconsciousness remain largely unknown.  Anaesthetic drugs are 

structurally and chemically diverse and act on various membranes, receptor channels and 

protein targets in the body.  Specifically, the mechanism by which unconsciousness is induced 

is yet to be fully elucidated.   

Anaesthesia is proposed to act by hijacking endogenous sleep promoting pathways, but the 

state of unconsciousness associated with anaesthesia is very different from that of natural 

sleep.  A surgical incision would generally wake a sleeping person, but does not reverse the 

unconsciousness of anaesthesia.  Furthermore, the airway must be maintained under 

anaesthesia to manage the risk of aspiration, whereas aspiration is unlikely during sleep.   

The question of how anaesthetics generate unconsciousness was stated as one of the top 50 

unanswered questions by Science in 2005.  This special issue of the journal stated; ‘scientists 

are chipping away at the drugs’ effects on individual neurons but understanding how they 

render us unconscious will be a tougher nut to crack’ (Kennedy and Norman, 2005).  This 

demonstrates that understanding mechanisms of anaesthesia does not simply rely on what 

receptors are involved (if indeed the answer lies with receptors at all), but rather how the 

network of neurons in the central nervous system respond as a whole (Section 1.2.3.1 and 

1.2.3.2).  The problem would not be so mysterious if anaesthesia resulted in widespread 

non-specific suppression of neuronal activity throughout the brain, as was proposed with the 

wet blanket theory (Sukhotinsky et al., 2007).  It is now well understood however, that there 

are a host of subconscious and autonomic functions that remain unchanged under 

anaesthesia when conscious perception is suppressed (Hudetz, 2012).   

Meyer and Overton independently discovered a correlation between anaesthetic potency and 

lipophilicity around 1900 (Meyer, 1899; Overton, 1901).  This became what is known as the 

Meyer-Overton correlation.  In essence, the potency of many anaesthetic agents is 

proportional to their lipophilicity, the more lipophilic the more potent the anaesthetic effect.  It 

was therefore suggested that anaesthetics act through common non-specific mechanisms by 

dissolving in the membrane of nerve cells and causing structural changes in the lipid bilayer 

(Frost, 2015).  While historically important, the Meyer-Overton correlation does not adequately 

explain the action of all anaesthetic drugs.  The one remarkable thing that the Meyer-Overton 

correlation does demonstrate rather elegantly is that in many cases the potency of 
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anaesthetics varies little between different animal species.  In general, animals are 

anaesthetised by the same effective concentration, irrespective of their size or phyla.  Similarly, 

human body size does not provide a reliable indication of anaesthetic requirement.  

Variation in anaesthetic sensitivity does exist within some species.  For example, mice bred 

for differential sensitivity to alcohol also display differential sensitivity to propofol (Simpson et 

al., 1998), and inbred mice strains demonstrate differential sensitivity to pentobarbital and 

isoflurane (Ebihara et al., 1988; Cascio et al., 2007).  In contrast, rat strain, whether inbred or 

outbred, has little effect on the potency of inhalational agents, and the sites of action that 

produce anaesthesia are conserved across strains (Gong et al., 1998).  Patients presenting 

for anaesthesia also display different inter-individual requirements for anaesthesia.  An 

important concern for patients and anaesthetists alike is the potential occurrence of 

anaesthetic recall or ‘awareness’.  In rare cases, patients have a memory of their operation, 

most commonly without pain.  This phenomenon is likely a result of differing sensitivity to 

anaesthesia.  The strength of brain networks before anaesthesia (rather than specific 

sensitivities) are a reliable predictor of loss of consciousness.  Weaker alpha band networks 

in the electroencephalogram (EEG) at baseline indicate an increased likelihood of 

unresponsiveness with similar amounts of propofol in the blood, in contrast to those with 

stronger networks (Chennu et al., 2016).   

Differences in sensitivity to anaesthesia, while a part of the story of anaesthetic action, may 

not be important in increasing our understanding of anaesthetic mechanisms, as even though 

there are differences the inter-individual and inter-species differences are small.  This was 

demonstrated when anaesthetic potency in mammals was reliably predicted from studies in 

the fruit fly (Allada and Nash, 1993).   
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1.2.3.1. Different receptors 

Since the Meyer-Overton hypothesis, some anaesthetics have subsequently been shown to 

have non-lipid related stereospecific action.  For a time, investigation of mechanisms of 

anaesthetics focused on the idea that anaesthetics acted by binding to specific protein targets.  

In 1984 it was shown that anaesthetic molecules bind to specific non-lipid receptors in the cell 

(Franks and Lieb, 1984; Franks, 2008).  These experiments led to the discovery that 

anaesthetics inhibit the protein (enzyme) luciferase.  Both lipid solubility and protein inhibition 

demonstrate anaesthetic potency equally (Ueda and Kamaya, 1973; Franks and Lieb, 1984; 

Franks and Lieb, 2004). 

Specific drug receptor interactions have also been the focus for understanding anaesthetic 

mechanisms.  Given the diversity in the chemical and structural properties of drugs which 

result in anaesthesia, this approach has not proven to be particularly valuable (Weir, 2006).  

However, there are some broad generalisations about the action of anaesthetic drugs on 

receptors that can be made.  

Anaesthetics are now known to act on proteins and most importantly on protein 

neurotransmitter receptors.  Four large classes of protein molecules have been hypothesised 

to be the main site of action of anaesthetics.  These are ligand-gated ion channels (LGICs), 

voltage-gated ion channels (VGICs), enzymes, and carrier proteins.  LGICs in particular 

appear to be targets for the action of general anaesthetics.  Convincing evidence now exists 

that general anaesthetics act on two LGICs in particular: GABAA (γ-aminobutyric acid type A) 

and NMDA (N-methyl-D-aspartic acid) receptors (Chau, 2010).  Structural biologists have 

solved the crystal structure of desflurane and propofol bound to LGICs, adding further weight 

to this argument (Nury et al., 2011).  The mechanisms and sites of action on GABAergic 

transmission differ between the molecules involved.  One example is propofol which enhances 

inhibition at GABAA receptors (Hemmings Jr. et al., 2005), reducing activity and causing 

unconsciousness.  This GABA-mediated inhibition of waking nuclei in the thalamus leads to 

blocking of transmission of sensory information to higher processing centres (i.e. the cortex).   

Some anaesthetics do not act via GABAA receptors, and in fact do not reduce brain activity as 

measured by the EEG.  One such example is the anaesthetic ketamine.  Ketamine is thought 

to work in a totally different way to induce unconsciousness, and is termed a ‘dissociative 

anaesthetic’.  It causes loss of consciousness without markedly decreasing neuronal activity 

(Rudolph and Antkowiak, 2004).  An overview of the inhibitory and excitatory effects of 

anaesthetics on LGICs is given in Figure 1.2.   
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Figure 1.2 The modulatory effects of anaesthetics on LGICs.  Purple and blue indicate significant 
potentiation or inhibition respectively.  Pale purple or pale blue indicates little potentiation or 
inhibition and grey shows no effect at any concentration tested.  This diagram is an 
oversimplification as LGICs have multiple subtypes that differ in function.  Redrawn from 
Rudolph and Antkiowak (2004).   
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1.2.3.2. Different network effects 

While we now have some understanding of the receptors on which general anaesthetics act 

and pathways that may be blocked by anaesthetics, far less is known about how the effects 

combine to cause unconsciousness at a whole brain level.  

The brain consists of a complex set of neuronal functions.  To be conscious, the networks and 

pathways of the brain have to be coordinated.  One hypothesis of how general anaesthetics 

act on the brain network is that anaesthetic drugs break up coordination between adjacent 

areas of the cortex and cause anaesthesia not by  ‘wet blanket’ global dampening but by the 

interruption of the networks that enable consciousness.  This ‘integrated cortical hypothesis’ 

focusses on information feedback from the frontal cortex to other cortical regions.  Anaesthesia 

may be suppressing consciousness by disrupting (Hudetz, 2006; Alkire et al., 2008) or 

unbinding (Mashour et al., 2005; Meyer, 2015) the integrative process. Evidence from 

neuroimaging and neurophysiology supports this idea that cognitive unbinding could be an 

explanation for anaesthetic induced unconsciousness. Both sevoflurane and propofol have 

been shown to reduce functional connectivity in higher-order cognitive areas such as lateral 

frontal-parietal networks (Mashour, 2013).  Additionally, primary sensory processing is 

unaffected during anaesthesia, while top down processing (conscious experience) is impaired 

(Ku et al., 2011; Boly et al., 2012).  This hypothesis is proposed to explain the action of drugs 

such as ketamine, in that it suggests that it is the signalling between neurons that is important 

for maintaining consciousness.   

The second main hypothesis for the action of anaesthetics is the ‘thalamic gate’ or ‘thalamic 

switch’ hypothesis.  In this hypothesis, the mechanism of action of anaesthesia is primarily 

through the gating of transfer of information through the thalamus to higher processing centres.  

The observation that a common site of regional suppression by general anaesthetics is the 

thalamus led to the suggestion that the functioning of thalamocortical circuits was halted, thus 

suppressing consciousness (Alkire et al., 2000).  It is now clear and well accepted that some 

general anaesthetics act on endogenous sleep promoting pathways in the thalamus (Nelson 

et al., 2002; Nelson et al., 2004; Brown et al., 2010; Franks and Zecharia, 2011; Vacas et al., 

2013; Van Swinderen and Kottler, 2014).  In practice, anaesthetists can monitor EEG derived 

information (such as the Bispectral Index (BIS)) and adjust the anaesthetic dosing so that 

brain activity resembles slow wave sleep.  Monitoring of BIS is of little use for dissociative 

anaesthetics such as ketamine however, as they do not supress brain activity.   

  



  Chapter One 

12 
 

1.3. Sleep 

1.3.1. Description and process of sleep  

Another question asked in Science magazine’s 2005 special section was ‘Why do we sleep?’ 

(Kennedy and Norman, 2005).  Even though everyone sleeps the reasons why we sleep 

remain largely unknown.  There have been many advances in the understanding of sleep over 

the last four decades.  The discovery that sleep is an active process associated with electrical 

activity occurring in the brain (Dement, 2010) has lead researchers to understand sleep as a 

complex, active state during which metabolic processes, tissue restoration, memory 

consolidation and homeostasis are maintained (Okun, 2011).  

Sleep has been defined many times.  Early descriptions of sleep did not distinguish between 

coma or unconsciousness and sleep.  One such explanation came from Robert MacNish in 

the 1830s who said; 

‘Sleep is the intermediate state between wakefulness and death: wakefulness being regarded 

as the active state of the animal and intellectual functions, and death as that of their total 

suspension’ (MacNish, 1834; Dement, 2010)1. 

A modern widespread definition of sleep comes from Carskadon and Dement who describe 

sleep as; 

‘A reversible behavioural state of perceptual disengagement from and unresponsiveness to 

the environment’ (Kryger et al., 2005).  

These descriptions, as well as others, go some way to describing sleep.  Defining sleep in 

simple terms is not straightforward, as no definition so far covers all of the information about 

the functions of sleep as we know them today.  

Some of the theories for the function of sleep now include its role in brain energy saving and 

brain recovery (Benington and Craig Heller, 1995; Mignot, 2008), somatic functions and 

thermoregulation (Rechtschaffen, 1998), biosynthesis, (Mackiewicz et al., 2007), neural 

plasticity and regulation of synaptic strength (Tononi, 2000; Frank and Cantera, 2014; Schmidt, 

2014; Tononi and Cirelli, 2014) and allocation of energy resources (Schmidt, 2014).  The 

restorative function of sleep was shown recently to be a consequence of enhanced removal 

                                                
1 This definition of sleep dates back to the first, second, and third editions of The Philosophy of Sleep 
by Robert MacNish.  It is cited mistakenly by William Dement in his book History of Sleep Physiology 
and Medicine with the incorrect use of a semi-colon rather than the correct colon.   
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of neurotoxic waste products that accumulate in the central nervous system in the awake state 

(Xie et al., 2013).   

Multiple neurotransmitter systems and diverse networks of mutually inhibiting arousal and 

sleep promoting neurons interact during sleep (Fisher et al., 2013).  Within sleep, two separate 

types of sleep are recognised.  These are ‘paradoxical’ or ‘rapid eye movement’ (REM) sleep, 

and ‘slow non-REM’ (NREM) or ‘slow wave sleep’ (SWS) (Nicolau et al., 2000; Kryger et al., 

2005).  NREM sleep has four defined stages (S1-S4) and over the course of a night of sleep 

we cycle through these four stages and REM sleep (Figure 1.3).  NREM and REM sleep are 

as different from each other as they are from wakefulness (Kryger et al., 2005).  

 

Figure 1.3 Sleep stages over the course of a typical night in a young adult.  Typically, a night of 
sleep enters through NREM sleep.  REM sleep does not usually occur until at least 80 minutes.  
NREM and REM then cycle through the night with approximately 90 minute periodicity.  The 
proportion of time spent in REM sleep increases through the course of the night.  Redrawn from 
Kryger et al., (2005).   
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1.3.2. Nature and importance of sleep  

Although the understanding of what sleep does and why animals sleep remains only partly 

understood, it is clear that sleep is essential.  This was demonstrated experimentally when 

rats that were completely deprived of sleep died within the same amount of time they would if 

they were deprived of food (15.6 days (SD 9.8 days)) (Everson et al., 1989; Rechtschaffen et 

al., 1989).  In humans, the longest recorded period of continuous sleep deprivation is 

11.5 days (264 hours).  During this time the participant experienced severe hallucinations, 

paranoia and memory loss2 (Ross, 1965).  Whether sleep is shortened by a few hours in a 

night, or is chronically restricted through shift work or other factors, the effects are seen 

physiologically and at the sub-cellular level, and on complex affective behaviour (Van 

Someren et al., 2015).   

1.3.3. Control of sleep  

The endogenous control and regulation of sleep is seen to rely on two processes: the sleep 

homeostat and the circadian clock (Borbely, 1982).  Together, these provide a conceptual 

framework to explain the timing and structure of sleep/wake behaviour (Fisher et al., 2013).  

The concept of a sleep homeostat is straightforward: with an increasing period of wakefulness 

the sleep ‘tank’ is drained and the propensity to fall asleep increases.  This sleep homeostat 

is strongly influenced by a circadian process (discussed further in Section 1.4) which drives or 

reduces the pressure to sleep depending on circadian phase.  The two systems work together 

by promoting a bout of wakefulness during the day and a bout of sleep at night.  Each system 

contributes approximately equally to consolidation of sleep and wakefulness (Dijk and Czeisler, 

1994).  The third (exogenous) regulator of sleep for humans is social timing (Foster et al., 

2013).   

1.3.4. Sleep disruption and its consequences  

There is little doubt that ‘a good night’s sleep’ is an important contributor to maintenance of 

good mood and cognitive function (McEwen and Karatsoreos, 2015).  What this means for all 

aspects of health, especially when sleep disruption is chronic, has been the subject of multiple 

laboratory and clinical studies in recent years.  Obesity and diabetes researchers have 

demonstrated that following even a short period of diminished sleep duration or quality, 

glucose regulation is disturbed.  Sleep duration of less than six or seven hours per night is 

                                                
2 The participant was a boy aged 17 who had a history of staying awake for long periods.  His previous 
record was 260 hours of sustained wakefulness, and the only reason for choosing to go to sleep after 
264 hours was to beat the previous record (he slept for more than 14 hours following the end of 
experiment).  The neurological follow ups 38 days and seven months later were considered normal (he 
was considered ‘almost’ normal after typical sleep returned ten days later).   
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associated with increased incidence of obesity and diabetes resulting from diminished glucose 

regulation (Van Cauter et al., 1997, Taheri, 2006; Watanabe et al., 2010; Xiao et al., 2013; 

Holliday et al., 2013; McNeil et al., 2013; Qian and Scheer, 2016).  Sleep deprivation and 

restriction as well as mistimed sleep and disrupted sleep, all lead to other adverse effects on 

metabolism, cognitive performance, immune function, and cardiac function (Krueger and 

Majde, 1990; Krueger and Karnovsky, 1995; Ayas et al., 2003; Vgontzas et al., 2004; Knutson 

et al., 2007; Zager et al., 2007; Banks and Dinges, 2007).   

Chronic sleep deprivation accounts for a high prevalence of primary sleep disorders.  There 

are growing numbers of people living with chronic sleep deficiency, which impacts behavioural 

functioning. (Orzel-Gryglewska, 2010; Luyster et al., 2012).  Strategies to improve sleep are 

of great concern in public health (Irish et al., 2015). Despite these concerns, and the wealth of 

evidence for deleterious effects of sleep disruption and deprivation, there is a paucity of 

research confirming that increasing sleep quality and/or quantity improves health 

(Nedeltcheva and Scheer, 2014).   
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1.4. Circadian rhythms  

1.4.1. Historical description of circadian rhythms research 

It is the 17th century French astronomer Jean-Jacques d’Ortous de Mairan whom we credit 

with the discovery of the endogenous circadian clock.  His experiments with Mimosa sp. 

revealed that the rhythm in leaf opening and closing continued even without exposure to daily 

light and dark.  He may not have described a circadian clock, and in fact, in his publication (in 

the Proceedings of the Royal Academy of Paris (De Mairan, 1729)) he supposed the plant 

rhythms might have been a result of magnetic fields or some other remarkable feature.  

However, it marked the beginning of the study of biological rhythms.  While other 

chronobiological observations were made in the intervening centuries, the contemporary 

founders and pioneers of chronobiology were two friends, Colin Pittendrigh and Jürgen 

Aschoff.  Franz Halberg may also be included as one of the pioneers of chronobiology but as 

these researchers did not always get along, he is often left out (Refinetti, 2006).  Michel Siffre 

who found a tau of 24.5 hours for himself in a cave in France in 1962, might also be credited 

with some input into founding chronobiology.   

The terms circadian, from Latin circa (approximately) and diem (day), and chronobiology were 

both coined by Franz Halberg in 1959.  The discipline of chronobiology was formalised at the 

Cold Spring Harbour Symposium, in 1960.   

1.4.2. Ubiquity of rhythms  

It is perhaps not surprising that biological clocks of approximately 24 hours, or circadian clocks, 

are the most evident and well-studied clocks.  Sunrise and sunset have been a feature of the 

environment on earth since life began some three billion years ago, exposing almost all 

organisms to the repeating 24 hour pattern (Foster and Kreitzman, 2014).  Biological rhythms 

are ubiquitous in all areas of life and have been demonstrated in all eukaryotes from unicellular 

organisms to humans (Aschoff, 1989).  A biological clock is also apparent in at least one group 

of prokaryotes, the cyanobacteria (Johnson and Golden, 1999).  Clocks control all manner of 

rhythms in physiology, metabolism, and behaviour, and it is proposed that circadian clocks 

evolved as they confer adaptive significance and survival advantage.  This has been 

demonstrated by pivotal experiments in cyanobacteria.  Those cyanobacteria whose circadian 

period matched the external light cycle displayed increased survival and outcompeted 

cyanobacteria whose periods did not match the environment (Ouyang et al., 1998; Woelfle et 

al., 2004; Dodd et al., 2005).  Reductionist experiments such as these provide conceptual 

insight when considering the importance and impact of a functional circadian system.   
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1.4.3. Description of circadian rhythms and their entrainment  

Circadian clocks provide organisms with temporal organisation so that synchrony can be 

maintained.  There are many characteristics that unify circadian clocks, but three that are 

considered essential.  To be bone fide circadian, rhythms must be endogenous and ‘free-run’ 

under constant conditions, be capable of entrainment, and be temperature compensated.   

The endogenous period (τ) of a circadian clock is close to, but seldom exactly 24 hours.  The 

usefulness of an inaccurate clock seems counterintuitive.  However, circadian clocks do not 

need to be extremely accurate because they possess the ability to reset using the external 

environmental light/dark cycle, on a daily basis (Figure 1.4).  This flexibility is important as it 

allows ready adaptation to the changing photoperiod through the changing seasons (Reddy 

and Rey, 2014).  It is the adjustment of the clock on a daily basis by geophysical cues termed 

zeitgeber from German for ‘time giver’, that forms the second fundamental property; 

entrainment.  The third property of circadian clocks is that they are temperature compensated.  

Changes in ambient temperature and in the temperature of the organism (within physiological 

range) do not alter the period of the circadian clock.  This has puzzled scientists as 

temperature alters almost every other physiological function.  Researchers have conducted 

multiple investigations of temperature compensation (Hastings and Sweeney, 1957; Ruoff et 

al., 1997; Johnson et al., 2003; Kurosawa and Iwasa, 2005; Tomioka and Yoshii, 2006; 

Takeuchi et al., 2007; Reyes et al., 2008; Allada and Chung, 2009), and recently, the 

mechanism of temperature compensation in Drosophila has been established (Kidd et al., 

2015; Chen et al., 2015).   

 

Figure 1.4 A simplified linear schematic of the theoretical model of the circadian system.  The 
circadian system can be subdivided into three essential elements; the endogenous oscillator 
(clock), its inputs or zeitgeber (light, sun) and outputs (the rhythms generated).  The oscillator 
receives input from the light/dark cycle through input pathways, and is adjusted to the 24 hour 
day.  Temporal information is conveyed and this results in rhythms in physiology, metabolism, 
and behaviour.   
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Light is the primary zeitgeber for circadian clocks, although non–photic geophysical cues such 

as temperature and humidity can also entrain and phase shift the clock (particularly in 

poikilotherms).  In addition to geophysical cues, other agents such as social interaction and 

drugs (e.g. melatonin) can phase shift as well as entrain circadian clocks.  The complex 

physiological and metabolic rhythms within the body can not only be aligned to the external 

solar 24 hour day, but to one another.  Synchronisation of internal organs for example between 

the stomach, liver and small intestine is necessary and circadian clocks provide that 

synchronisation (Foster and Kreitzman, 2014).   
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1.4.4. Zeitgebers and entrainment 

Given that one of the themes of this thesis is the investigation of the effect of an artificial 

zeitgeber (the anaesthetic drug isoflurane) and the effect of a natural, and potent zeitgeber 

(light) on the circadian clock, a detailed discussion of zeitgeber and entrainment is relevant.   

As stated above, the endogenous period of the master circadian pacemaker in mammals, the 

suprachiasmatic nuclei (SCN), is inherently non-24 hour.  Each day, the period of the circadian 

clock must be adjusted (or entrained) to exactly 24 hours to match the period of the 24 hour 

day on Earth.  The process of entrainment is the establishment of a rhythm with a period of 

exactly 24 hours and a fixed phase relationship to the zeitgeber.  Humans have a slightly 

longer than 24 hour endogenous free-running period (24.3 hours on average), therefore each 

day a net phase advance is required for the period of the clock to be entrained to the 24 hour 

day.  For those organisms with a slightly shorter than 24 hour endogenous period, a phase 

delay aligns the clock to 24 hours.   

There are two predominant hypotheses to explain entrainment: parametric (discrete) and 

non-parametric (continuous).  Aschoff theorised that entrainment occurred through the 

sustained (tonic) effects of light.  He posited parametric entrainment, where a change in the 

velocity of the clock that moves in relation to the zeitgeber (or 24 hour day), adjusts the period 

to exactly 24 hours.   

Pittendrigh proposed that the free-running period in the non-parametric model is constant, and 

that shifts of internal phase are due to light/dark transitions.  In this model, discrete pulses of 

a duration that equals the difference between the period of the oscillator and the period of the 

24 hour day entrain the clock (Roenneberg et al., 2010).  This principle of entrainment can be 

described in the equation ΔΦ (Φ) =τ-Τ.  The free-running period (τ) is corrected each day for 

the difference between τ and 24 hours when light is applied at a particular phase (Φ), 

generating a phase shift (ΔΦ) equal to the difference (Daan, 2000).  Although the theories of 

non-parametric and parametric entrainment have operated in opposition to one another it has 

become widely accepted that in many instances these two mechanisms of entrainment occur 

together.   

A phase shift is a single displacement along the time axis of an oscillation brought about by 

the action of a zeitgeber on the clock.  A phase response curve (PRC) describes the differential 

phase shifts of the circadian clock that occur when zeitgebers are applied at different circadian 

phases.  The PRC was first described by Patricia DeCoursey in the laboratory of Ken Rawson 

in the late 1950s.  PRCs are used widely in chronobiology and are an essential tool for 

chronobiologists to summarise the effects of zeitgebers on the clock.  PRCs follow plotting 
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conventions.  Zero, or no phase shift plotted in the centre, phase advances (‘getting up earlier, 

shift to the left’) are plotted as positive values, and phase delays (‘getting up later’, shift to the 

right) are negative.  There are two main types of PRCs, Type 0 (or strong PRCs) in which the 

magnitude of the phase shifts are large and the transition from advances to delays is sharp, 

and Type 1 (or weak PRCs) in which the magnitude of the shifts is smaller and the shape of 

the curve is more sinusoidal (Figure 1.5).   

 

 

Figure 1.5 Representative PRCs.  Type 0 resetting is of large phase shifts with an abrupt change 
from advances to delays (blue lines, abrupt change shown in the dotted line), and Type 1 PRCs 
are ‘weak’ or show smaller magnitude shifts (grey curve). 
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The first human light phase response curve was first published in 1991, where phase shifts in 

rectal temperature profiles were reported following a single light pulse (Minors et al., 1991).  

This PRC provided the confirmation that humans also entrain to light just like almost all other 

species.  Other PRCs have subsequently been published such as that from participants 

subjected to a constant routine. Here, plasma melatonin concentrations were used to 

determine phase shifts after single light pulse were administered across the circadian cycle.  

The human light PRC is a characteristic weak Type 1 PRC.  Evening light causes phase delays, 

and phase delays change to phase advances with morning light about 1.5 hours before normal 

awakening, and near the time of minimum core temperature (Khalsa et al., 2003).   

Light entrainment in humans occurs when the SCN receives direct input from a subset of 

specialised retinal ganglion cells containing the photopigment melanopsin, through the 

dedicated retinohypothalamic tract (RHT).  Rods and cones also play a role in circadian 

photoreception.  When the ventral SCN neurons receive light, NMDA receptors are activated.  

This initiates a signalling cascade leading to CREB-mediated transcription of per genes and 

activation of the proteins of the core auto regulatory transcriptional-translational feedback loop 

(TTFL) (Meijer and Schwartz, 2003; Duffy and Wright Jr., 2005).  Further details of the 

molecular control of the circadian clock are in Section 1.4.6.   

Other non-photic zeitgeber also influence the circadian system.  Periodic food availability 

reveals a food entrainable oscillator in mice (Pendergast and Yamazaki, 2014).  Rhythms in 

temperature entrain the circadian clock of Drosophila (Glaser and Stanewsky, 2005), and 

social cues amongst honey bees might even countermand light as the most important 

zeitgeber (Fuchikawa et al., 2016; Beer et al., 2016).  Human circadian rhythms are also 

influenced by social timing.  Indeed, early circadian rhythms research focussed on social 

entrainment, and only following significant effort by several researchers was the chronobiology 

community as a whole convinced that light was the most potent zeitgeber for humans, as it is 

for ‘lesser’ organisms3.   

Apparent entrainment to the 24 hour day in completely blind people has been demonstrated 

despite atypical phase angles of entrainment (Arendt et al., 1988).  Even though non-photic 

social timing is a regulator of the human circadian clock, it is weak compared to light (Klerman 

et al., 1998).  The effect of timed exercise and of exogenous melatonin remain the best 

                                                
3 Charles Czseisler mentioned in his lecture at the meeting of the Society for Research on Biological 
Rhythms (SRBR) (held in Palm Harbor Florida May 2016), that it took a lot of effort about 25 years ago 
to convince other researchers that humans might be like other animals.  It was unbelievable to many 
that the circadian clock of humans could be entrained in the same way that clocks of ‘lesser’ organisms 
such as cockroaches could.  The idea that there were more and less ‘evolved’ species was still prevalent 
during this time.  We now know that circadian clocks are similar in all species.   
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examples of non-photic stimuli capable of entraining the human circadian clock (Mistlberger 

and Skene, 2005).   

1.4.5. Clock location and neurotransmitters 

During the early research conducted on circadian clocks, it was unclear how and where 

rhythms were generated.  While it had become evident that organisms timed their daily 

activities, the anatomical location of the endogenous time keeper was unknown.   

The first clue to the location of the internal clock in humans was when the anterior 

hypothalamus was discovered to be responsible for the regulation of sleep timing within the 

24 hour day (Fulton and Bailey, 1929).  Experiments on mammals identified that it was 

specifically the SCN within the anterior hypothalamus that conferred circadian rhythmicity 

(Stephan and Zucker, 1972; Moore and Eichler, 1972).  It was not until 1990, however, when 

the SCN transplant experiments conducted by Ralph and Menaker were published, that 

irrefutable evidence for the SCN as the master mammalian circadian pacemaker was 

demonstrated (Ralph et al., 1990) (Figure 1.6).   

 

Figure 1.6 Schematic showing the location of the SCN and the inputs and outputs.  Light enters 
the eye and is detected by the specialised retinal photoreceptor melanopsin and is transduced 
to the SCN via the retinohypothalamic tract.  Image courtesy of G. Warman drawn by Mrs Vivian 
Ward, the University of Auckland.   

 



  Chapter One 

23 
 

The two bilaterally paired nuclei (approximately 10,000 cells each) of the SCN are each 

comprised of two separate regions, the dorsal SCN and the ventral SCN.  These areas 

express different neurotransmitter phenotypes (Antle et al., 2005; Welsh et al., 2010).  The 

individual neurons are coupled by a variety of signalling molecules.  The ventral (core) region 

of the SCN is composed of cells expressing vasoactive intestinal peptide (VIP), calretin and 

gastrin releasing peptide (GRP).  These project to the dorsal (shell) region of the SCN.  Dorsal 

neurons express arginine vasopressin peptide (AVP).   

All SCN neurons also express and communicate via GABA.  GABAergic neurotransmission is 

the most important component of the neural network of the SCN (Moore and Speh, 1993; 

Cardinali and Golombek, 1998) as it plays a central role in photic and non-photic phase shifts 

and in the synchronisation between the dorsal and ventral regions of the SCN (Wagner et al., 

1997; De Jeu and Pennartz, 2002; Gompf and Allen, 2004; Itri et al., 2004).   

Circadian photoreception of the SCN has been thought to primarily involve detection of the 

intensity of the light, and integration of irradiance information to maintain entrainment to the 

solar day (Duffy and Wright Jr., 2005; van Diepen et al., 2015).  Indeed, the circadian clock of 

mammals is maximally sensitive to short wavelength (blue) light, which is most effective at 

supressing melatonin (Brainard et al., 1985; Brainard et al., 2001; Thapan et al., 2001) and 

eliciting phase shifts (Wright and Lack, 2001; Warman et al., 2003; Lockley et al., 2003; Wright 

et al., 2004).  Longer wavelength (red) light is less effective.  Recently, the mammalian 

blue-yellow colour discrimination axis has been identified as a reliable indicator of twilight 

progression, rather than simply the change in overall irradiance.  The colour composition of 

light changes over the course of a day and this information provides high resolution, necessary 

information to the circadian clock (Walmsley et al., 2015).   
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1.4.6. The molecular mechanisms of the circadian clock  

The circadian system consists of a hierarchy of oscillators.  The SCN is the master circadian 

oscillator with its coupled neuronal oscillators driving rhythmicity.  Rhythms from the SCN are 

imparted on peripheral clocks which reside in a wide range of organs and tissues.  One of the 

primary roles of the SCN is to maintain synchrony between peripheral clocks.  Together, the 

functioning circadian system can be seen to be a network of coupled and synchronised clocks 

throughout the body.  At a molecular level all of these clocks are driven by a common 

cell-autonomous molecular mechanism (Mohawk et al., 2012).   

A highly conserved set of clock genes form a time delayed transcriptional autoregulatory 

feedback loop known as the transcription/translation feedback loop (TTFL).  The TTFL and 

the oscillating post-translational modifications of proteins (e.g. phosphorylation) form the 

foundation of overt rhythms.  In mammals, the core circadian clock genes are clock, BMal1, 

per1, per2, cry1 and cry2.   

The core TTFL is driven by the protein products of these genes which form the positive 

(CLOCK and BMAL1) and negative (PER and CRY) limbs of the autoregulatory loop.  The 

transcriptional activator protein BMAL1 (Hogenesch et al., 1998; Shi et al., 2010) dimerizes 

with CLOCK.  The CLOCK/BMAL1 heterodimer binds to E-box promoter elements, which 

promotes the transcription of E-box containing genes, per and cry (Huang et al., 2012).  When 

activated in this manner, per and cry make up the negative limb of the TTFL.  An auxiliary 

feedback loop that connects the positive and negative limbs includes the orphan nuclear 

receptors from the REV-ERB and ROR families and is involved in stability (Albrecht, 2012).  

The mRNA of per and cry is translated in the cytoplasm.  The resulting heterodimeric complex 

formed by PER and CRY protein products eventually enters the nucleus and inhibits 

transcription by binding to the CLOCK/BMAL1 complex.  The proteins are then degraded 

through ubiquitin dependent pathways and the cycle begins again with a 24 hour periodicity 

(Partch et al., 2014; St. John et al., 2014).  Kinases and phosphatases are also involved as 

they regulate phosphorylation, localisation and stability of the integral clock proteins, and they 

are essential for the time delay component of the feedback loop.  An overview of the molecular 

mechanisms of the circadian clock are outlined in a simplified form in Figure 1.7.   
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Figure 1.7 Simplified diagram of the mechanism of the mammalian circadian clock. 
CLOCK/BMAL1 heterodimers (black and yellow circles) bind to regulatory region of period, 
cryptochrome, and rev-erbα genes, promoting their transcription.  CRY and PER proteins (blue 
and purple diamonds) inhibit their own transcription by binding to CLOCK/BMAL1.  The orphan 
nuclear receptor (REV-ERBa) (pink triangle) inhibits the transcription of BMAL1.  From Potts et 
al., (2011).   

 

The rhythm of electrical currents are critical for the function of the circadian timing system, 

including the expression of clock genes.  Electrical activity of the SCN is high during the day 

and low at night.  Most SCN neurons are electrically silent during the night.  They start to fire 

action potentials at near dawn and continue to fire through the day.  Electrical activity peaks 

during the day (the light phase) at about zeitgeber time 5.18 (Colwell, 2011).   

The assumption in the field for many years was that neural activity rhythms were driven by the 

molecular clock.  Now it is known that neural activity is not only driven by the molecular clock 

but that it is required for the rhythmic expression of genes.   
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1.4.7. Disruption of the circadian clock 

Before the 18th century humans by and large lived to the natural light/dark cycle.  During the 

industrial revolution, with the advent of electricity, working late into the night became more 

prevalent.  This undoubtedly facilitated advances in technology in diverse areas and facilitated 

improved living conditions and health outcomes.  Electric light provided humans with exposure 

to night time light at levels that had not previously been experienced, and the consequences 

of this exposure are only now being understood.  Recent studies in humans and other 

organisms have shown compelling evidence that even low level light exposure at night 

(particularly that in the blue range of the spectrum) can have a large effect on the circadian 

clock.   

When there is misalignment between biological endogenous time and external cues the 

circadian clock must adjust.  This may occur after working at night or travelling across multiple 

time zones (i.e. jet lag).  Not only does the master circadian clock in the hypothalamus have 

to adjust, but so too do the peripheral clocks of the body.  Peripheral clocks adjust at different 

rates (Yamazaki et al., 2000) and together the consequences of internal misalignment, and 

misalignment to the external environment are profound.   

Working a night shift requires that employees remain awake during the night when the 

circadian clock programmes inactivity.  Increasing evidence indicates that shift work is 

associated with serious physiological and psychological disorders, and it has recently been 

described as a probable carcinogen (Straif et al., 2007).  It seems that some epidemiological 

studies underestimate the serious adverse health outcomes resulting from shift work (Evans 

and Davidson, 2013).   

Chronically disrupted circadian clocks have been implicated in the causation of illnesses such 

as obesity (Wong et al., 2015; McEwen and Karatsoreos, 2015; Parsons et al., 2015; 

Opperhuizen et al., 2015; Zarrinpar et al., 2016), diabetes (Davies et al., 2014; Depner et al., 

2014; Orozco-Solis and Sassone-Corsi, 2014; Hussain and Pan, 2015; Morris et al., 2015), 

cardiovascular disease, (Reutrakul and Van Cauter, 2014; Laing et al., 2015; Reutrakul and 

Knutson, 2015) and neurological disorders (Maywood et al., 2010; Morton, 2013; Willison et 

al., 2013).  The evidence for a role of the circadian clock in the cause and treatment of these 

chronic diseases is mounting and continues to be an area of intensive research.  
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1.5. Circadian clocks and anaesthesia 

1.5.1. The effect of anaesthetic and analgesic drugs on the clock  

The time of day of administration of anaesthetics has been known for some time to influence 

their potency and duration of action (Chassard and Bruguerolle, 2004; Chassard et al., 2007).  

In general, anaesthetics given during the sleep phase elicit a longer duration of action than 

when they are given during the wake phase (Challet et al., 2007).  One adjunctive anaesthetic 

drug, rocuronium, elicits a 20 minute longer neuromuscular blockade when it is administered 

in the morning compared to the afternoon (Cheeseman et al., 2007).   

Evidence for the corollary effect (i.e. that anaesthetics can affect the circadian clock) is 

mounting, and is, of course the focus of this thesis.  Studies examining the effect of 

anaesthesia on the clock and the rhythms it governs can be broadly divided into animal and 

clinical studies.   

1.5.2. The effects of anaesthetics on animal circadian rhythms  

In general, the effect of anaesthesia on the circadian clock of animals has been demonstrated 

in either gene expression studies or behavioural studies, with both intravenous and 

inhalational agents having an effect on the clock.  There is a lack of agreement between these 

studies, and this is probably a result of inconsistencies between the protocols used.  However, 

whether detected at a behavioural or molecular level, phase shifts of the clock appear most 

likely to occur following an anaesthetic administered during an animals’ active phase (Poulsen 

et al., 2016).   

Disruption of behavioural circadian rhythms following anaesthesia has been demonstrated 

under constant conditions, as well as in natural light/dark cycles.  Many studies have been 

conducted using nocturnal rodents (Challet et al., 2007; Dispersyn et al., 2009a; Bellet et al., 

2011; Ohe et al., 2011; Kadota et al., 2012; Mihara et al., 2012; Anzai et al., 2013; Kikuchi et 

al., 2013; Xia et al., 2016; Touitou et al., 2016).   

When propofol is administered at the rest/activity transition point in rats, phase advances occur 

(Challet et al., 2007).  In addition, period changes in core body temperature of rats following 

short (30 min) propofol anaesthesia depend on the time of administration.  Periods were 

shortened when propofol was given during the rest period (day time), and lengthened when it 

was given in the active period (Touitou et al., 2016).   

Administration of inhalational anaesthetics have been shown to affect the molecular clock in 

a limited number of studies (Ohe et al., 2011; Anzai et al., 2013; Kikuchi et al., 2013; Mori et 
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al., 2014; Xia et al., 2016).  The expression of per2 mRNA is suppressed following 

administration of sevoflurane (Ohe et al., 2011; Kadota et al., 2012; Anzai et al., 2013).  The 

suppression of per2 resulting from administration of sevoflurane during the trough of 

expression of per2 (night, active phase), results in a phase delay.  Sevoflurane administered 

in the rising phase induces phase advances (Matsuo et al., 2016).   

Insects (honey bees) have also shown anaesthesia induced phase shifts (Cheeseman et al., 

2012; Ludin et al., 2016).  The inhalational anaesthetic isoflurane phase shifts the circadian 

clock of honey bees both behaviourally (locomotor activity and flight orientation) and 

molecularly (per and cry).  The phase delay of the clock of honey bees occurs only when 

isoflurane is administered during the active period (day time) but not when given at night 

(Cheeseman et al., 2012).  The effects of isoflurane and of light on the honey bee clock are 

approximately opposed during the day.  Isoflurane causes phase delays, and light causes 

phase advances.  Concurrent administration of light and isoflurane in the day time results in 

no phase shift (Ludin et al., 2016).  One interpretation of this is that light abolishes the 

isoflurane-only induced phase delay.  This has potential therapeutic implications for patients, 

as discussed further and investigated in Chapter Four.   

1.5.3. Clinical effects of anaesthetics on circadian rhythms  

In addition to animal studies, clinical studies indicate an effect of anaesthesia on the circadian 

clock of humans.  Effects of anaesthesia on circadian rhythms for minor, minimally invasive 

procedures right up to major operations have been investigated.  The faithful markers of 

endogenous circadian phase in humans, core body temperature rhythms (Monk et al., 1983); 

and melatonin and cortisol production (Czeisler et al., 1999), as well as actigraphically derived 

variables, have all been used to identify post-operative circadian disruption.   

Investigations of the effects of anaesthesia on human circadian rhythms is complex.  Patients 

receiving anaesthetics and operations do so because of an underlying disease state, and most, 

if not all diseases, have a disruptive effect on sleep and circadian rhythms.  Furthermore, 

administration of general anaesthesia is largely considered unethical if it is not required 

medically.  Therefore, investigating the effect of anaesthesia on the human circadian clock 

necessitates studying the effect of hospitalisation, anaesthesia, and surgery together which 

has received some research attention (Gögenur et al., 2008; Dispersyn et al., 2008; Gögenur 

et al., 2009; Gögenur, 2010; Touitou et al., 2010; Brainard et al., 2015).   

The potential effects of general anaesthesia on the circadian clock and sleep are important to 

address.  Modern anaesthesia is reasonably safe, and is a vital part of healthcare.  However, 

improvements could be made to the quality of recovery.  Since circadian disruption is 



  Chapter One 

29 
 

associated with adverse effects on health, it could be that anaesthesia-induced circadian 

disruption hampers post-operative recovery in a variety of ways.  Mitigation of 

anaesthesia-induced circadian disruption has the potential to improve patient outcomes.  
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1.6. Aims and structure of the thesis  

There are two essential questions that arise from the preceding discussion 1. Where does 

anaesthesia act to cause clock effects? And 2. What is the clinical relevance of a clock effect 

of anaesthesia?  

The combined aim of this integrated thesis is to understand the effect of anaesthesia on the 

circadian clock and sleep, and how this effect may be modified by exposure to the most 

powerful zeitgeber for the human circadian clock; light.   

The first (laboratory-based) study (1) is an investigation of whether the inhalational general 

anaesthetic agent isoflurane acts directly on the SCN (monitored by an effect on PER levels 

in vitro).  The second (2) addresses the magnitude of the effect of anaesthesia, surgery and 

hospitalisation on sleep and circadian rhythms in a healthy patient population, and whether 

bright light administration can modify the effect of general anaesthesia on the clock.   

1.  In this part of the thesis I investigated the direct effects of isoflurane on the SCN using the 

PER2::LUC transgenic line to test the hypothesis that general anaesthesia acts on PER2 in 

the central SCN-based clock, and the effect of anaesthesia is time dependent.   

This transgenic mouse line has a firefly luciferase gene fused to endogenous per2.  The 

resulting luciferase fusion protein produces light whenever PER2 is produced, and thus, the 

real-time pattern of PER2 can be recorded in organotypic slice cultures.  Chapter Two 

describes the development of the methods used to conduct these experiments.  Chapter Three 

details the experiments and the results.   

2.  In the second major part of the thesis, I investigated the efficacy of intra-operative light 

administration in improving circadian and sleep disruption following donor nephrectomy 

(kidney donation surgery), to test the hypothesis that intra-operative light administration can 

influence post-operative sleep in patients as determined by a change in actigraphically 

determined total sleep time (TST) and sleep fragmentation (SF) compared to baseline data. 

Kidney donors form an ideal cohort to investigate the effects of anaesthesia (as well as 

hospitalisation and surgery) on the circadian clock and sleep, as they do not have underlying 

pathologies that affect sleep and the circadian clock.   

Participants were randomly assigned to receive either bright light (a wavelength known to 

affect the circadian clock) or placebo light (a wavelength known not to affect the circadian 

clock).  I investigated whether the administration of bright light during the operation resulted 
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in smaller differences in sleep and circadian rhythms between the preoperative and 

post-operative periods when compared with those participants who received placebo light.   

The donor nephrectomy interventional intra-operative light study is the subject of Chapter Four 

of this thesis.   

The thesis concludes in Chapter Five.   
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Chapter 2. Development of a method to measure the in vitro effect 

of anaesthesia on the master circadian clock in mammals 

2.1. Introduction 

One of the two central aims of this thesis was to determine whether general anaesthesia shifts 

circadian rhythms by acting on the central brain-based circadian clock in the suprachiasmatic 

nuclei (SCN).   

I have used the inhalational general anaesthetic agent isoflurane in all of these investigations 

and it was selected for a variety of reasons.  Our research group used isoflurane in the honey 

bee research, and the experiments in this thesis are an extension of these but in a mammalian 

model (the mouse).  Equally sevoflurane or desflurane could have been used but it was logical 

to begin with isoflurane.   

I have used the PER2::LUC reporter system to analyse the effects of isoflurane on clock gene 

expression in the SCN of mice (described in Chapter Three).  In order to conduct these 

experiments it was first necessary to determine whether it would be possible to monitor 

PER2::LUC bioluminescence rhythms following general anaesthesia (as anaesthetics are 

known to directly inhibit the luciferase reaction which is central to this reporter technique), and 

also to develop robust techniques to administer anaesthesia to brain slices in culture.   

The events outlined in this chapter took place between 2013 and 2015.  The first step was 

forming a collaboration with Professor Shin Yamazaki.  I travelled to Professor Yamazaki’s 

laboratory at the University of Texas Southwestern Medical Center in Dallas, Texas, USA and 

spent a week there in 2013.  During my visit I cemented our collaboration with Professor 

Yamazaki, learned how to do the dissections, and together we did the first isoflurane 

experiments.  I then came back to Auckland to build equipment to enable us to conduct more 

reliable and precise experiments.  Once the equipment was built and tested at Auckland, I 

shipped it to Professor Yamazaki’s laboratory.  I then travelled back to Dallas in 2014, and 

during my nearly month-long stay I did the pilot experiments which formed the basis of the 

experiments we would establish at Auckland.  During this time I was also able to improve my 

dissecting and culturing technique to the point where I was confident in each of the steps and 

in locating the SCN and culturing the tissue without assistance from Professor Yamazaki.   

After conducting initial experiments in Dallas, I came back and set up the system at Auckland.  

Setup included importing the PER2::LUC animals into New Zealand.  The import process was 

started after the first visit to Dallas in 2013 (after we had established that it was possible to 

use the PER2::LUC line in isoflurane experiments).  By the end of 2014 (following my second 
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visit to Texas) the PER2::LUC colony had been established and animals were available.  In 

early 2015 Professor Yamazaki visited us at Auckland and helped me to finalise the protocol.   

This chapter details the stepwise approach I took to establish the PER2::LUC technique at 

Auckland.  A history of methods of recording rhythms, and a background on luciferase 

reporters in circadian biology is followed by a description of the development of methods used 

for Chapter Three.   
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2.2. History of recording circadian rhythms  

The recording of circadian rhythms has come a long way since 1729 when De Mairan spent 

many days observing Mimosa plants manually (De Mairan, 1729), and even since the 

discipline of Chronobiology was formalised in 1960.  Early recordings were labour-intensive 

and time consuming as circadian rhythms can only be identified from repeated sampling over 

several days.  Achieving high resolution records of circadian rhythms relied on the 

development of automated recording techniques.  Recording plant leaf rhythms proved the 

easiest initial goal.  The first automated circadian rhythm records were made from plant leaves 

which were attached to a pivoted needle that described a rhythm on a smoke-blackened barrel 

of a clockwork kymograph as the barrel rotated at a known speed (Figure 2.1).   

 

 

Figure 2.1 Schematic of a Kymograph used for the recording of plant leaf rhythms.  The needle 
or rod suspended on a pivot and connected to the plant leaf with a thread records rhythms onto 
the kymograph drum.  Image courtesy of G. Warman, drawn by Mrs Vivian Ward, the University 
of Auckland.   
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The first animal rhythms were recorded by Esterline-Angus event recorders which were used 

extensively by one of the founders of modern chronobiology, Colin Pittendrigh, and his 

graduate student Michael Menaker.  The basic principle of the Esterline-Angus event recorder 

is that movement of an animal opened or closed a switch which was connected to a circuit 

with an electromagnet which in turn was attached to a pen.  The pen would draw when an 

activity was detected.  The paper on which the pen drew was then advanced at a standard 

rate and marked every 24 hours.  An ‘actogram’ could be created simply by literally cutting 

and pasting the paper day after day (Figure 2.2).   

The Esterline-Angus event recorder was of course superseded when microcomputers of 

sufficient power to record and plot activity were developed, eliminating the need for manual 

‘cutting and pasting’.   

 

 

Figure 2.2 Schematic of recording animal behavioural rhythms by the Esterline-Angus Activity 
recorder.  Animal movement triggered the electromagnetic coil which was connected to the pen 
that then recorded activity on the paper roll rotating at a known speed.  Image courtesy of G. 
Warman drawn by Mrs Vivian Ward, The University of Auckland.   
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2.2.1. Recording overt circadian rhythms 

The endogenous circadian locomotor activity of the fruit fly Drosophila was demonstrated in 

the 1970s and was the starting point for many remarkable advancements in circadian rhythms 

research (Figure 2.3 A).  Fundamental to these advancements was the ability to continuously 

record locomotor rhythms with electronic devices more sophisticated than the Esterline-Angus 

event recorder.  The particular advancement offered by microcomputers was volume.  A single 

computer could record activity of hundreds of different animals simultaneously, whereas event 

recorders could record only one.  The most commonly used activity recording apparatus for 

Drosophila currently is the Drosophila activity monitoring system (DAM (Trikinetics Inc., 

Waltman, MA, USA)).   

Continuous long records of locomotor activity from many animals at a time provided 

researchers with a robust output of the circadian clock that was straightforward to interpret.  

Recording rodent locomotor activity over many weeks was essential for the experiments that 

showed that hypothalamic lesions disrupt rhythms, and in conclusively proving that the SCN 

was the anatomical location of the master mammalian pacemaker (Stephan and Zucker, 1972; 

Ralph et al., 1990).  Running wheel activity of rodents has been used ever since because 

although it is an output of the clock, the phase and period of this output behaviour under 

constant conditions closely resembles that of the molecular circadian clock.  Figure 2.3 B 

shows an example of mouse running wheel locomotor activity.  With modern implantable 

telemetric devices it is now possible to record activity rhythms from freely moving mice housed 

in groups, using implantable telemetric devices (Bains et al., 2016) and ascertain the effects 

of social interaction on rhythms.   
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Figure 2.3 Two typical actograms of locomotor activity of A) an individual Drosophila under 
light/dark (LD) cycles (dark=grey, light=white) and then under constant conditions (DD) where 
the activity rhythm free-runs and B) an individual mouse (C57/BL6) free-running in DD after a 
period of entrainment in LD.  Analyses of period, amplitude and phase shift calculations are all 
derived from actograms such as these.  Data courtesy of Miss Dongni Li (Drosophila) and Miss 
Alma Orts-Sebastian (mouse).   
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2.2.2. Recording molecular circadian rhythms  

While recording of overt rhythms became straightforward from the time event recorders and 

microcomputers were available in the 1950s and 1960s, the mechanism responsible for driving 

these overt rhythms was still unknown.  Rhythms in individual cells and neurons were first 

shown in unicellular organisms.  The idea followed that multicellular organisms could also 

display rhythmicity at the cellular level and this was proven for the first time in snails (Bell-

Pedersen et al., 2005).  Today we have a comprehensive understanding of the molecular 

mechanisms driving the circadian clock in a variety of model organisms: Drosophila, 

Neurospora, cyanobacteria, Arabidopsis, and the mouse.  

Obviously before recording rhythms in clock gene expression, the genes themselves had to 

be identified.  A brief description of the identification of clock genes and their interaction in 

negative and positive feedback loops to generate daily rhythmicity has been given in Chapter 

One (Section 1.4.6).  The pertinent point here is that the genes responsible for circadian 

rhythmicity were initially identified by behavioural screening of ‘clock gene mutants’.  

Specifically, it was Drosophila period mutants that revealed that alterations in this core gene 

determined the free-running period of the behavioural rhythm (Konopka and Benzer, 1971; 

Reddy et al., 1984).  Following initial research in Drosophila the mammalian orthologues of 

Drosophila per were also discovered4, again using behavioural screens (Wulund and Reddy, 

2015).  It was only in the 1990s that chronobiologists realised that the mRNA and protein 

products of clock genes were oscillating and rhythmic themselves at the subcellular level.   

The concept of a negative feedback loop was conceived in the 1990s (Hardin et al., 1990) and 

today this transcriptional/translational feedback loop (TTFL) is the primary model for 

conceptualising the control of circadian rhythms in plants and animals (Reppert and Weaver, 

2002; Gardner et al., 2006).   

The discovery that clock gene mRNA and protein oscillated meant that recording the 

expression patterns of these genes in a range of species became a central goal of 

chronobiology.  Traditional molecular biology techniques such as RNase protection assays, 

real-time quantitative PCR, microarray analyses and in situ hybridisation have been used to 

characterise expression of clock genes with great success.  However, these methods rely 

largely on pooled results (i.e. many animals or brains are combined, and RNA extracted from 

                                                
4 There are three mouse orthologues of Drosophila per (per1, per2 and per3).  There is close homology 
among animal clock genes, but the feedback loop of mammals is more complex and has more 
redundancy than the Drosophila feedback loop.  Per gene paralogues exist through gene duplication.  
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groups of animals), and destructive sampling (i.e. animals are killed at each time point and 

thus rhythms can only be seen at the population level), so offer limited resolution.   

Real-time reporting of clock gene expression from individual animals without the need for 

pooling or destructive sampling offers huge potential advantages over more traditional 

techniques.  Circadian researchers faced with the issues of time consuming serial sampling 

and data pooling for gene expression experiments developed technologies to circumvent 

some of the limitations of traditional techniques.  Rhythms in bioluminescence have proven to 

be a powerful tool for recording real-time circadian oscillations in a variety of model organisms.   
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2.2.2.1. The luciferase reaction  

Bioluminescence is biological light produced as a result of luciferase catalysing the oxidation 

of luciferin in the presence of Mg-ATP and O2.  It is a two-step reaction.  Luciferin reacts with 

adenosine-5’-triphosphate (ATP) and generates luciferyl-adenylate.  Luciferyl-adenylate is 

oxidised in the presence of molecular oxygen resulting in the formation of oxyluciferin, 

adenosine-5’-monophosphate (AMP) and light.  From this, bioluminescence can be recorded 

(Vieira et al., 2012; De Montaigu et al., 2016).  The reaction is outlined in Figure 2.4.   

The emission spectra of luciferases and their mutants vary between 546nm and 618nm with 

the peak emission of luciferases clustered around 550nm to 580nm.  The peak emission 

wavelength for firefly luciferase is ~560nm in the green portion of the emissions spectrum 

(Hastings, 1996; Viviani, 2002; Roda et al., 2009; Inouye, 2010).   

Firefly (Photinus pyralis) luciferase has been studied extensively and is one of the most widely 

used of the luciferases for reporting techniques (Viviani, 2002; Vieira et al., 2012).  Beetle 

luciferase (Pyrophorus plagiophthalamus) is almost identical in structure and function to firefly 

luciferase, and is also widely used.  Luciferase is available from a number of other species but 

these are not used extensively.  The cloning of firefly luciferase cDNA was instrumental in 

luciferase becoming readily available to researchers and facilitated the use of the luciferase 

gene as a reporter of gene expression in living tissue.   

 

The luciferase two-step reaction: 

1. Luciferin + ATP, Mg2+
 luciferyl-adenylate and PPi 

2. Luciferyl adenylate + O2  oxyluciferin + AMP + Light 

 

Figure 2.4 Schematic of the chemical structure of luciferin and its oxidation products 
producing photons at the peak light emission of 562nm.  Modified from Badr and Tannous 
(2011). 

  



 Chapter Two 

41 
 

2.3. Rhythms in bioluminescence: naturally occurring and transgenic 

reporters 

Pioneering circadian recordings were initially made of the naturally occurring 

bioluminescence 5  rhythms of the marine dinoflagellate Gonyulax as early as the 1980s 

(Hastings, 1989), and the first successful applications of transgenic bioluminescence 

techniques for continuous imaging of clock genes were made in plants and bacteria by Millar 

et al., (1992) and Kondo et al., (1993) (Arabidopsis and cyanobacteria respectively).  Fusions 

of luciferase cDNA to promoters of interest in Arabidopsis demonstrated the faithful tracking 

of transcription patterns of its endogenous clock genes.  The cab2 promoter fragment fused 

to the firefly luciferase gene showed that bioluminescence in vivo accurately reported the 

regulation of cab2 transcription (Millar et al., 1992; Millar and Kay, 1996; Strayer et al., 2000; 

Alabadí et al., 2001).  These examples marked the beginning of luciferase reporter assays for 

accurate and non-invasive recording of molecular oscillations.  Luciferase reporters removed 

the need for serial sampling. The resolution of the data was of course also dramatically 

increased, from one time point every two to three hours to values every sixty seconds.   

Following the development of luciferase reporter technology in plants and bacteria came its 

use in Drosophila and rodent luciferase reporter lines.  The first luciferase Drosophila line was 

created in 1996 (Brandes et al., 1996), followed by mouse (Geusz et al., 1997; Asai et al., 

2001; Wilsbacher et al., 2002; Yoo et al., 2004) and rat (Yamazaki et al., 2000) lines.  

Luciferase reporters in zebrafish (Vallone et al., 2004) and human cell lines (Maronde and 

Motzkus, 2003) and for stably and transiently infected cell lines (Ueda et al., 2002; Izumo et 

al., 2003; Maronde and Motzkus, 2003; Hasan et al., 2012) have now also been generated.   

Not only are real-time gene expression recordings from cells, tissue and freely moving animals 

possible (Yamaguchi et al., 2013; Saini et al., 2013), but single cells can also be imaged using 

this approach.  Single cell recordings have been made from cyanobacteria (Mihalcescu et al., 

2004), zebrafish cells (Carr and Whitmore, 2005) mouse fibroblasts, (Welsh et al., 2004) and 

Per1-luc SCN neurons (Yamaguchi et al., 2003).  This affords the ability to examine network 

properties of populations of cells and provides great insight into clock control mechanisms.   

Luciferase reporter technology facilitated many fundamental circadian discoveries.  Luciferase 

reporter experiments in cyanobacteria revealed that the circadian rhythms of prokaryotes were 

                                                
5  Bioluminescence is used in nature for a variety of purposes.  For communication and counter-
illumination, camouflage, luring prey and for attracting mates.  Bioluminescence has evolved 
independently several times, and while the luciferins are chemically unrelated to each other, the 
luciferases that catalyse the reaction to emit light show homology (Wilson and Woodland Hastings, 
1998; Day et al., 2004).   
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essentially the same as eukaryotes (Kondo et al., 1993).  Mammalian peripheral tissues were 

shown to possess self-sustained rhythmicity when isolated from the SCN in vitro using the 

Per1-luc line (Yamazaki et al., 2000; Yamazaki et al., 2002) and studies using both the 

Per1-luc line and the PER2::LUC line showed that that peripheral tissues can sustain 

rhythmicity for more than 20 days in vitro, and that input from the SCN orchestrates rhythmicity 

between peripheral clocks (Yoo et al., 2004).  In the nearly three decades since its introduction, 

reporter technology has enabled in vivo, ex vivo and in vitro recordings of gene expression, 

offering unparalleled insight into circadian clock function (Gaspar and Brown, 2015).  
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2.3.1.  Circadian luciferase reporters  

Circadian luciferase reporters were developed by taking advantage of the naturally occurring 

luciferase reaction and using it to monitor real-time expression of circadian genes in the output 

pathway, and of protein dynamics of circadian genes (Figure 2.5).  Luciferase reporters are 

available for a number of clock genes and can be broadly separated into those that are 

promoter driven, where the resulting bioluminescence is indicative of mRNA expression, and 

those that report protein levels via a luciferase fusion protein.  Mammalian luciferase period 

reporters are available for Per1::luc rats (Yamazaki et al., 2000) Per1::luc mice (Wilsbacher et 

al., 2002) and PER2::LUC mice (Yoo et al., 2004).  Bioluminescence can be measured from 

many different tissues (SCN, pituitary, heart, lung, liver, kidney) from these animals.  Gene 

expression can also be recorded from cell lines using luciferase reporters, for example from 

fibroblasts transduced with lentiviral Bmal1-dLuc (Liu et al., 2008) (Figure 2.5).   

The Per1::luc transgenic lines use promoter driven luciferase where the luciferase reporter 

gene is fused to the per1 promoter (Yamaguchi et al., 2000).  The PER2::LUC line has the 

luciferase gene fused to the 3’ end of the endogenous per2 gene so that PER2 and luciferase 

are co-expressed resulting in a PER2::LUC fusion protein (Yoo et al., 2004).  Bioluminescence 

rhythms from PER2::LUC cultured SCNs match the PER2 protein rhythm in the SCN in vivo, 

rather than the per2 mRNA rhythm, as there is a time lag between the mRNA and protein 

rhythms (it takes approximately six hours for the protein to be translated after gene 

transcription) (Yamazaki and Takahashi 2005).  Mammalian per1 and per2 are similarly 

transactivated by CLOCK/BMAL1, but their mRNA oscillate with a four-hour phase difference 

(Ogawa et al., 2011).  PER2::LUC bioluminescence (and therefore PER2 protein) peaks at 

approximately CT12 in the SCN which is the same time that PER2 peaks in vivo (Field et al., 

2000).   

Not only does luciferase reporter technology provide the ability to record from one single tissue 

explant over many days, (Figure 2.6 shows rhythms continuing in culture for more than 600 

days) but also many tissue samples can be a taken from a single luciferase reporter animal 

which is advantageous for the strength of experimental protocols.  The use of a reporter line 

can also drastically reduce the overall number of animals used in experimental designs.   

The PER2::LUC line was selected for the experiments described in this thesis because of its 

power as a model and because per2 is predominantly expressed in the SCN.  Few studies 

have characterised protein levels following anaesthesia, and as proteins form the functional 

part of the cell, it may also be possible to gain insight into clock protein dynamics following 

anaesthesia using this approach.  It offers an unparalleled method to examine how the 

molecular clock responds to a long anaesthetic.   
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Figure 2.5 Simplified mammalian transcriptional-translational feedback loop highlighting 
luciferase reporters.  This loop starts in the day when transcription of per and cry is initiated.  
PER and CRY heterodimerise and form a complex that translocates into the nucleus where 
they accumulate and repress the transcription of their own genes by directly inhibiting 
CLOCK/BMAL1.  Per2 and PER2 luciferase reporters are indicated by asterisks.   

 

Figure 2.6 Records of two of the Per1-luc reporter SCNs that Professor Yamazaki was able to 
keep alive for more than 600 days.  The longest ever recording was for 682 days.  Modified 
from Nelson & Kriegsfeld (2017).  Professor Yamazaki entered his longest recording into the 
Guinness Book of World Records (Pers. Comm. Professor Shin Yamazaki, University of Texas 
Southwestern Medical Center, Dallas, TX, USA.)  



 Chapter Two 

45 
 

2.4. Photomultiplier tube assemblies for detecting bioluminescence 

The amount of bioluminescent light produced from a single SCN, or any cultured luciferase 

transgenic tissue, is very small.  Photomultiplier tubes6 (PMTs) have become the tool of choice 

for recording bioluminescence from transgenic tissue in real-time.   

Photons detected by PMTs are amplified through a series of steps.  They first pass through 

the input window of the PMT and excite the electrons in the photocathode so that 

photoelectrons are emitted into the vacuum.  They are then multiplied through each of the 

successive dynodes until finally reaching the anode which is connected to the output 

processing unit where the signal is transferred to the data logging program.  

The advent of commercially produced photon counting systems has provided straightforward 

and high throughput methods to record from transgenic luciferase tissue.  The LumiCycle 32 

is a commercially available system which consists of a light-tight box fitted with four PMTs.  

The LumiCycle can record from up to 32 cultures simultaneously.  Each culture is brought 

under the PMT one at a time (eight cultures share one PMT) using a turntable.  The LumiCycle 

96 is essentially the same but is specific for luminometry readings from tissue in 24 well plates.  

Other recording devices available are the LM-2400 for weak light detection (LM-2400, 

Hamamatsu), and the LM-300 for low light detection (LM-300, C8801-01, Hamamatsu), both 

of which are suitable for recording from SCNs (Yamazaki and Takahashi, 2005).  POLARstar 

Optima plate reader (BMG Labtechnologies Inc., NC) and the TopCount plate reader (Packard 

Instrument Co., Meriden, CT) are suitable for recording from transgenic Drosophila and 

zebrafish (Stanewsky et al., 1997; Vallone et al., 2004).   

Custom built PMTs remain the most popular and preferred sensor type for photon counting.  

These are specifically hand-picked by the manufacturer and are highly sensitive and have low 

noise.  PMTs for recording from SCNs need to be highly sensitive compared to those used for 

other tissues (heart, lung, liver, kidney) as the signal strength can be increased in peripheral 

tissue cultures by increasing the size of the tissue explant, but the same is not true of SCN 

tissue.  

  

                                                
6 The history of photomultiplier tubes extends back to the discovery of the photoelectric effect by 
Heinrich Hertz (the frequency unit, cycles per second is named after him) in 1888, which was later 
investigated and proved by Albert Einstein.  The production of a photoelectric tube in the early 1900s 
began the development of photocathodes and subsequently dynodes.  The photomultiplier tubes that 
we use today arose from the discoveries made in the early days of understanding the physical 
properties of light.   
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2.5. Using the PER2::LUC reporter to monitor the effects of anaesthesia 

Quite by chance the very enzyme reporter system (luciferase) that we wish to use to measure 

the effects of general anaesthesia on clock protein levels was used in the 1980s to examine 

the mechanisms of action of anaesthetics.  Luciferase was integral to the discovery that 

anaesthetics bound proteins, and provided a tool for anaesthetic mechanisms research 

(Franks and Lieb, 1984; Franks et al., 1998), (Section 1.2.3.1).  Anaesthetic molecules 

compete for binding sites with the substrate luciferin (Figure 2.4), resulting in competitive 

inhibition.  General anaesthetics thus have an inhibitory effect on luciferase activity (i.e. they 

reduce the bioluminescent signal) by binding directly to the enzyme at similar concentrations 

that induce general anaesthesia in a dose dependent manner (Szarecka et al., 2007; Keyaerts 

et al., 2012).  It has also been proposed that anaesthetics cause inhibition of luciferase by an 

effect on the global motion of the protein to reduce enzyme function, which gives the 

appearance of competitive inhibition (Sonner, 2008).   

Whether the mechanism of this effect is through reduced enzyme function or fewer bound 

luciferin molecules, the resultant damped bioluminescent signal is the same (Franks and Lieb, 

1984; Franks et al., 1998).  Before any experiments on the effect of anaesthesia on the SCN 

could commence, whether the inhibition of the bioluminescent signal was completely 

abolished following an isoflurane anaesthetic, or whether the signal returned following the 

removal of isoflurane, had to be determined.   

Thus, in order to proceed with the planned experiments (in Chapter Three) it was crucial to 

determine whether the direct inhibition of luciferase by isoflurane prevented the use of a 

luciferase reporter to examine clock protein oscillations from PER2::LUC SCN cultures 

following anaesthesia.   
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2.5.1. Initial anaesthetic administration pilot experiments  

A stepwise approach was taken to establish how isoflurane affected the PER2::LUC 

bioluminescence reaction.  The first aim was to establish whether PER2::LUC 

bioluminescence was detectable following an isoflurane anaesthetic, or whether competitive 

inhibition of luciferase by isoflurane permanently suppressed the bioluminescent signal.  To 

begin with, I conducted pilot experiments at the University of Texas Southwestern Medical 

Center (UTSW), Dallas, TX, USA, in 2013 with Professor Shin Yamazaki (who developed 

luciferase reporter lines in rats and mice).   

Initially four SCNs from PER2::LUC mice were dissected and cultured (Section 2.8).  After 

three days of baseline recording in the LumiCycle, isoflurane (2% v/v) was pipetted into the 

culture medium and left for six hours.  At the conclusion of the six hour exposure, the cultured 

SCNs were transferred to a new petri dish containing fresh medium, so that they were no 

longer exposed to the isoflurane.  Apart from opening and closing the system to administer 

the isoflurane to the culture medium, the SCNs were cultured in a closed, sealed system.   

Results indicated that isoflurane had an acute effect on the bioluminescent signal, but 

oscillations of PER2::LUC recovered after the anaesthetic in spite of pronounced damping 

following the removal of the isoflurane with the medium change (Figure 2.7).  Control SCNs 

that did not received an anaesthetic are shown for comparison (Figure 2.8).  Despite the crude 

administration method of isoflurane to the cultures, we were able to establish that oscillations 

in PER2::LUC recovered and continued after anaesthesia.  

Subsequent experiments (using methods described later in the current chapter) in which 

isoflurane was administered using a vaporiser at a controlled concentration for six days, 

demonstrated clearly that continued administration of 2% isoflurane inhibits the luciferase 

reaction compared to controls (Figure 2.9).   
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Figure 2.7.  Preliminary isoflurane experiment showing oscillations from a single PER2::LUC 
SCN.  Data are smoothed bioluminescence counts (24 hour moving average, and one hour 
smoother).  The SCN is robustly rhythmic for more than three days before the isoflurane was 
introduced into the medium.  Isoflurane causes an acute decrease in counts but they recover.  
Following the six hour anaesthetic the SCN was transferred to a new petri dish containing 
fresh medium.  NB these data do not show a gradual decay as the luciferin is used up in the 
medium (as all experiments in Chapter three do) because the data have been baseline 
subtracted using the LumiCycle software.   

 

Figure 2.8 A single PER2::LUC SCN control recording with an opening and closing of the 
culture dish six hours apart on day five.  Air exposure increases the number of counts.  The 
increase in counts and oscillations persist following the intervention.  NB these data do not 
show a gradual decay as the luciferin is used up in the medium (as all experiments in Chapter 
three do) because the data have been baseline subtracted using the LumiCycle software.   
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Figure 2.9  Two PER2::LUC SCNs recorded over 12 days with one SCN having an air pulse 
(black) on day five and the other (purple) having 2% isoflurane for the remainder of the 
recording.  The application of isoflurane suppresses PER2::LUC bioluminescence.   
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2.5.2. Equipment for isoflurane SCN experiments 

Since oscillations could be recorded following anaesthesia, the next step was to develop more 

sophisticated equipment to conduct experiments so that administration of isoflurane could be 

controlled.  The luciferin fortified medium that PER2::LUC SCNs are cultured in provides 

nutrient and enough luciferin to sustain rhythms for approximately three weeks.  Medium 

changes alone can cause phase shifts and alter the rhythm of SCN cultures (Yamazaki et al., 

2000), thus we required a system in which isoflurane could be administered and removed 

without changing the culture medium.  In the experiments described in Section 2.5.1 we were 

not entirely sure that isoflurane was present at 2% in the system for six hours.  Therefore the 

aim was to design and build equipment to administer isoflurane for six hours that could be 

removed from the SCN cultures without having to change the medium.   

Glass anaesthetic chambers were designed based on those used in the sevoflurane studies 

by Anzai et al., (2013) (Figure 2.10).  The chambers that we designed were larger than the 

35mm petri dish that SCNs were cultured in, so that the petri dish could sit inside, and 

isoflurane could be introduced to the space.  An ‘in-flow’ and ‘out-flow’ port was put on each 

side.  Glass tops were also made to fit the top of the chamber to make them gas tight (Figure 

2.11).  Small soft rubber tubes could then be attached to the in-flow and out-flow ports to 

deliver the anaesthetic without disturbing the culture or changing the medium (Figure 2.12).   

With the new glass chambers and the setup I shipped the equipment to Professor Yamazaki’s 

laboratory at UTSW in 2014, so that I could conduct a second round of preliminary 

experiments using his recording setup with the additional anaesthetic equipment.  These 

experiments would form the basis of the experiments that we would eventually establish at 

Auckland.   
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Figure 2.10. Anaesthetic chamber used for the application of sevoflurane to cultured tissue in 
the experiments of Anzai et al., 2013.   

 

 

 

Figure 2.11 The first anaesthetic chamber design based on Anzai et al., 2013.  In-flow and 
out-flow ports are on either side where soft rubber tubes were attached for the flow-through of 
isoflurane and/or air.   
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Figure 2.12 PMTs above the SCN cultures inside the light-tight box.  The chambers are 
connected to one another and to the isoflurane (or control) with the soft rubber tubes.  The 
PMTs and chambers are kept in place with a custom-built (3D printed) black plastic carousel.   
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2.6. Administration of anaesthesia  

To test the best way to administer isoflurane in the flow-through system SCNs were dissected 

and cultured in petri dishes inside the sealed anaesthetic chambers with rubber tubes attached 

using the standard protocol (Section 2.8).  During the three days of baseline recording using 

the new system we noticed that the bioluminescence counts recorded from the PMTs were 

unusually high.  The PER2::LUC SCN oscillations were skewed by a ‘light leak’ (Figure 2.13), 

which it transpired was from the glass lids of the anaesthetic chambers.  The lids were made 

from ‘soda glass’ which appears colourless but contains iron oxide which gives it a slightly 

green appearance.  These lids were acting as a ‘photon sink’, absorbing light and then slowly 

releasing photons as the experiment progressed.  This was resolved by the subsequent 

manufacture of new borosilicate lids (Figure 2.14).   

 

 

Figure 2.13 PER2::LUC bioluminescence counts from the first anaesthetic chamber 
experiments at UTSW.  The plot is of the extremely high counts from two SCNs with skewed 
rhythms.  The data were abnormal because the lids of the chambers were made out of soda 
glass. This kind of glass is slightly green and was acting as a ‘photon sink’, causing the high 
counts.  
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Figure 2.14 The glass anaesthetic chambers.  The chamber on the right was the first design 
with the photon storing green soda glass lid.  The chamber on the left has a new lid made from 
specially sourced borosilicate glass, and was slightly smaller in diameter than the first design.   

Even with skewed baseline oscillations we proceeded with the planned anaesthetic.  The initial 

application of isoflurane (2%) was introduced to the system (flowed through for just five 

minutes), and then the in-flow and out-flow tubes were clamped and the system was left sealed 

for six hours.  By only flowing the isoflurane through for long enough to reach 2% at the 

out-flow port and re-sealing the system, we anticipated that the isoflurane would remain in the 

closed system.  Oscillations continued post-anaesthesia but by clamping the system we were 

unsure whether SCNs were exposed to 2% isoflurane for the entire six hour duration.  It 

appeared from the drops in bioluminescence counts at the beginning of the anaesthetic and 

at the end (Figure 2.15) that perhaps the SCNs were administered only pulses of isoflurane at 

the beginning and end of the ‘exposure’ as opposed to the desired continuous exposure.   

We decided that the next step was to try continuously flowing through air for the duration of 

the experiment, and to introduce isoflurane for the six hour exposure, after at least three days 

of baseline recording.  However, the continuous air flow from the beginning of the recording 

disturbed the oscillations of bioluminescence, so analysis of these data was not possible.   
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Figure 2.15 Bioluminescence counts from one PER2::LUC SCN with the flow through and 
clamp isoflurane anaesthetic administered on day four.  It appears from counts that the SCN 
was only exposed to the isoflurane for a brief period when it was flowed through at the 
beginning of the anaesthetic and again at the end of the anaesthetic when the clamps were 
removed and air was flowed through to remove the isoflurane.   

 

Figure 2.16 PER2::LUC bioluminescence counts from a single SCN recorded in culture over 
nine days.  Isoflurane was flowed through continuously for six hours. Isoflurane results in a 
temporary reduction of the bioluminescence counts which recover and continue oscillating 
post-anaesthesia. 
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The next step was to try again with the same dissection and culturing protocol, and to seal the 

system during baseline recording.  Isoflurane was administered by flowing it through (2%, 

1L/min) for six hours after at least three days of baseline recording.  The system was sealed 

again at the conclusion of the six hour anaesthetic (Figure 2.16).  This approach proved to be 

the most appropriate.  Oscillations were present before and after isoflurane, and because of 

the decreased counts during the anaesthetic we were convinced that isoflurane was present 

for the entire six hour exposure.  This was the method used for all subsequent experiments 

(Chapter Three).   

Ideally, a commercially available luminescence detector such as the LumiCycle could have 

been used for the anaesthetic experiments described in Chapter Three.  The capacity to 

record concurrently from 32 SCNs at a time is appealing, but because we needed to be able 

to administer anaesthesia to the SCN cultures via a vaporiser and tubes, none of the 

commercially available systems (which rely on many samples being recorded from a single 

detector as a carousel rotates their position) were appropriate.  It was therefore necessary to 

construct a custom system.   

Four individual PMTs were purchased from Hamamatsu Photonics (Hamamatsu City, Japan).  

Low dark count, highly sensitive PMTs were selected specifically (H9319 11 M1SEL PMT, 

dark count 50 cps max at 25°C, pre scaler ½).  These were placed in a specially constructed 

light tight box held in an incubator.  The design of the anaesthetic equipment was based on 

the fact that we could configure the PMTs so that the anaesthetic chambers and tubes could 

all fit inside the light tight box (Figure 2.12).   

Cultures of transgenic organotypic luciferase tissue require a static system.  Condensation is 

undesirable in these cultures as it can cause osmolality changes.  Positioning the PMTs 

directly above the culture dish (3 10mm) prevents condensation because the PMTS produce 

a small amount of heat.  This also means that the temperature inside the incubator can be set 

to ~36°C to allow for the extra heat that the PMTs produce (Yamazaki and Takahashi, 2005). 

The final set up of the equipment is pictured in Figure 2.17.  With all of the pilot experiments 

complete and the equipment built, the experiments that form the subject of Chapter Three 

could commence.   
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Figure 2.17 Anaesthetic setup.  Four PMTs were housed in the light-tight box which itself was 
inside the incubator (Percival I36-NL).  Air (laboratory air supply) enters the box after warming 
and humidification and passed through the vaporiser to two SCNs (purple tubes) or directly to 
the other two chambers (controls, blue tubes).  Anaesthetic vapour is scavenged to the 
charcoal anaesthetic scavenger on exit.  The PMTs were powered at a 5V power supply and 
connected to the data logging computer.  Bioluminescence counts were recorded using the 
PMT.Mon data logging program.  The concentration of isoflurane (2%) was confirmed with the 
Datex-Ohmeda Cardiocap™/5 anaesthetic monitor at the outlet.  The anaesthetic monitor was 
also used to confirm that all isoflurane had been flushed out of the system at the end of the 
anaesthetic.   
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2.7. PER2::LUC mouse colony  

In addition to designing and building equipment, a PER2::LUC colony had to be established 

at The University of Auckland.  This was a substantial task as there is no other colony of 

transgenic clock reporter animals in New Zealand.  In order to establish a colony at the Faculty 

of Medical and Health Sciences animal unit, (the Vernon Jansen Unit, (VJU)) we first had to 

apply for an import permit, which was granted by the New Zealand Ministry for Primary 

Industries (MPI) on 3 April 2014 (Appendix A).  This allowed us to import the five founder 

homozygote B6.129S60Per2tm1Jt/J breeding pairs from The Jackson Laboratory (JAX), ME, 

USA, which arrived at the VJU on 16 May 2014.   

The colony was initially maintained as homozygous during the quarantine period required by 

the Biosecurity Act, 1993.  The founder animals also underwent a re-derivation to ensure that 

the health status of the subsequent offspring was aligned with the Specific Pathogen Free 

(SPF) status of the VJU.  During this time, 500 heterozygous embryos (B6.129S60Per2tm1Jt/J 

(HOM) x C57BL6J (WT)) were cryopreserved by VJU staff.  In the unlikely event of 

catastrophic death of the colony, or if genetic drift was discovered, the cryopreserved embryos 

could be resuscitated.  Cryopreservation of embryos meant that the long and costly process 

of importing more animals from the United States could be avoided.   

Animals were released from quarantine into containment on 17 July, 2014, after which time 

genotyping and colony maintenance and protocols were established.   
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2.7.1.1. Genotyping 

The protocol for maintenance of the PER2::LUC colony at the VJU was adopted from 

previously defined protocols used at UTSW where heterozygous PER2::LUC animals were 

crossed with wild type C57/BL6 animals to minimise the chances of genetic drift, or fixing a 

mutation.  Since not all animals would inherit the luciferase knockin gene, the genotype of 

each animal born in the colony had to be determined.  Following confirmation of genotypes, 

wild type animals were culled from the colony.   

To prepare genomic DNA for use in the PCR reactions, ear punch tissue samples were taken 

at weaning (mice were approximately three weeks of age).  Primers for PCR were designed 

based on UTSW protocols.  One common forward primer (5’ CTG TGT TTA CTG CGA GAG 

T’3) and two reverse primers, the wild type reverse primer (5’GGG TCC ATG TGA TTA GAA 

AC’3) and the transgenic reverse primer (5’TAA AAC CGG GAG GTA GAT GAG A’3) were 

used to amplify either one or two fragments, the 650bp mutant fragment (luciferase knockin 

allele) or the 230bp wild type fragment.  Further details of the genomic DNA preparation and 

PCR protocol are in Appendix B.  

PCR products were run on an electrophoresis gel.  Below is an example of genotyping results 

for 16 animals from the PER2::LUC colony.  Heterozygous knockin transgenic animals have 

both the 650bp fragment, and the wild type 230bp fragment whereas amplified DNA from the 

wild type animals shows only the 230bp fragment.  The homozygous transgenic animals show 

only the larger fragments (as in lane two) as the wild-type region is knocked-out.   

 

Figure 2.18 Electrophoresis gel showing the bands identifying genotypes.  The mutant (PER2) 
fragment is larger (650bp) than the wild type fragment (230bp).  Lane one is the 100bp ladder 
for identification of the size of the fragments.  Lane two is a homozygote (two copies of the 
insert), lane 3,12,16 &17 are wild types, lanes 4-11, 14,15,18 are heterozygotes with both the 
wild type and the mutant fragments present.   
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2.8. Dissection and culturing protocol  

The protocol developed for dissections, slicing, culturing, recording bioluminescence and 

anaesthesia was used throughout the experiments of Chapter Three.  This is outlined below 

and further step-by-step details of the protocol are provided in Appendix C.   

Mice were euthanised by cervical dislocation and decapitated with large scissors.  Eyes were 

removed with scissors to prevent strain on the optic nerves.  A single cut was made down the 

midline of the skull to create two ‘doors’ that were opened carefully to expose the brain.  A cut 

was made through the olfactory bulbs, and the brain carefully lifted up so that the optic nerves 

could be severed.  This step, as well as removal of the eyes, prevented damage to the SCN.   

Following dissection of the brain it was dropped into cold (4°C) Hank’s balanced salt solution 

(HBSS) to be cooled rapidly.  The brain was then transferred to the laminar flow hood for 

dissection.  The excess HBSS was poured off into a 60 mm petri dish and the brain placed 

onto filter paper on the lid of the petri dish serving as the cutting surface.  A perpendicular cut 

was made between the cerebrum and the cerebellum, and the brain placed upright on the cut 

surface (ventral side facing outwards) and the strip of folded filter paper placed gently on the 

top of the brain.  A small amount of superglue was then placed in the centre of the stage, and 

the brain lowered carefully onto it using the filter paper.  The stage was then tightened into the 

tissue bath, and the brain covered in HBSS ready for cutting using the vibroslicer.   

Larger slices were taken to begin with, usually 700-1000 µm, then reduced stepwise until 

slices of 300 µm were taken before the final slice of 300 µm containing the SCN was made 

(Figure 2.19).  This slice was transferred to a petri dish containing a small amount of HBSS 

and placed under the microscope.  The microscope was used to confirm the SCN was present 

in the slice and to then excise it from the brain slice.  Two cuts in a ‘V’ shape were made 

containing the SCN and a small amount of the optic chiasm without much additional tissue 

(Figure 2.20).   
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Figure 2.19 A PER2::LUC mouse brain superglued to to the stage in the tissue bath of the 
vibroslicer.  Several slices were made before the SCN was visible.   

 

Figure 2.20 The slice containing the SCN (left) prior to the bilateral SCN being dissected from 
the slice (right).  The SCN was carefully excised by placing two scalpels in a ‘scissor’ position 
to make a cut on either side of it.  The SCN was transferred to the petri dish using a p1000 
pipette tip with the opening cut so that the SCN can be drawn up and placed into the dish.   
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Figure 2.21 The lid was sealed onto the anaesthetic chamber with vacuum grease.  The SCN is 
visible in the centre of the millicell culture insert in the 30mm petri dish.  A small amount (2 ml) 
HBSS surrounds the outside of the petri dish to keep the culture humidified while recordings 
were made.  Parafilm was used to seal the in-flow and out-flow ports until the rubber tubes 
were attached.   

The SCN was then transferred onto a millicell culture insert in a 35 mm petri dish containing 

1 ml of warmed luciferin fortified media.  The petri dish was placed into the anaesthetic 

chamber and sealed with the glass lid (Figure 2.21).  The chamber was placed under the PMT 

ready for recording.  

After all four SCNs had been dissected they were transferred back to the hood and the 

anaesthetic tubes and syringe filters attached before being placed back under the PMTs.  The 

in-flow out-flow tubes in the dark box were connected and the vaporiser charged.  The 

PMT.Mon program (v 1.5-060804, courtesy of S. Yamazaki) was started to record the 

bioluminescence for the duration of the experiment.  After three to four days of baseline 

recoding the anaesthetic and controls were performed.   

Anaesthesia was administered by first switching on the humidifier and scavenger, unsealing 

the tubes and switching on the vaporiser (with the room lights off).  The airflow was started 

slowly, and increased over several minutes to reach the 1L/min flow rate.  The concentration 

of isoflurane (2%) was measured at the out-flow with the gas analyser.  The control only tubes 

bypassed the vaporiser in the system.  At the end of the anaesthetic (six hours) the vaporiser 

was switched off and the airflow continued until the gas analyser showed that all of the 

isoflurane had been washed out.  The tubes were then re-sealed and the recording continued 

for a further four to five days.   
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2.9. Summary of Chapter Two 

In this chapter I have established that it is valid to use the PER2::LUC line to assess rhythms 

following isoflurane anaesthesia.  I developed and constructed the appropriate equipment and 

tested the system to administer anaesthesia and record robust rhythms after anaesthesia.  

Following the development of methods, it was possible to begin the experiments to determine 

the effect of isoflurane on the SCN.   

These experiments are the subject of Chapter Three.   
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Chapter 3. Isoflurane anaesthesia phase shifts the SCN 

3.1. Introduction 

In Chapter Two I described how to administer isoflurane to PER2::LUC SCN cultures and the 

development of a high resolution protocol for the analysis of the effect of isoflurane on PER2.  

Now, in Chapter Three I describe the effect isoflurane has on mouse PER2::LUC oscillations 

in the SCN.   

Previous research from our group has shown general anaesthesia affects clock gene 

expression in bees.  While there is some evidence for an effect of general anaesthesia on the 

circadian clock of mammals, there are inconsistencies among the published studies.  In 

Chapter Three, I describe experiments designed to determine whether general anaesthesia 

effects PER2::LUC rhythms in the SCN of mice, and whether this effect is time dependent, as 

it is in bees.   

There are more than 20 published studies that provide evidence for effects of anaesthesia on 

the circadian clock of animals (Ehret et al., 1975; Prudian et al., 1997; Sakamoto et al., 2005; 

Kobayashi et al., 2007; Challet et al., 2007; Yoshida et al., 2009; Dispersyn et al., 2010; Ohe 

et al., 2011; Bellet et al., 2011; Cheeseman et al., 2012; Kadota et al., 2012; Mihara et al., 

2012; Kubo et al., 2012; Kikuchi et al., 2013; Anzai et al., 2013; Mori et al., 2014; Xia et al., 

2015; Ludin et al., 2016; Xia et al., 2016; Matsuo et al., 2016; Nagamoto et al., 2016; Touitou 

et al., 2016).  A comprehensive list of these effects is given in Table 3.1.   

Effects of anaesthesia on behavioural rhythms are summarised in Figure 3.1.  Despite the fact 

that the studies presented in Figure 3.1 have used different protocols which may influence the 

results, some important characteristics of the phase shifting effects of anaesthetics can be 

gleaned from plotting the results together (Poulsen et al., 2016).  In general, administration of 

an anaesthetic (isoflurane, sevoflurane, ketamine) during the animals’ active phase elicits 

phase shifts of behavioural rhythms (Cheeseman et al., 2012; Kadota et al., 2012; Mihara et 

al., 2012; Kikuchi et al., 2013; Ludin et al., 2016), whereas administration during the rest phase 

does not  (Figure 3.1).  The exception to this may be pentobarbital which does not appear to 

cause phase shifts (Mihara et al., 2012).  Other markers of circadian phase in animal models 

are also affected by anaesthesia.  Propofol causes phase delays in core temperature rhythms 

of rats when administered in the rest phase, or advances in the active period (Touitou et al., 

2016).  It also causes phase advances of melatonin rhythms in rats when administered in the 

active phase (Dispersyn et al., 2010).   
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Figure 3.1 Summary of results from all published studies describing an effect of anaesthesia 
on the phase of behavioural rhythms.  The magnitude and direction of the phase shift in each 
study is plotted with respect to the approximate time of the start of anaesthesia relative to 
activity onset.  Data has been pooled from many studies, with different experimental protocols 
and animal models.  From work from our team in Poulsen et al., (2016).  (Permission for 
reproduction of this figure from Elsevier is in Appendix D).   

The first evidence that anaesthetics might affect the expression of clock genes came from a 

microarray study in rats.  Sevoflurane administered to several tissues altered the expression 

of per2 (Sakamoto et al., 2005).  Microarray studies, while very useful in studies of gene 

expression, offer only single samples, and thus it is not possible to capture temporal changes 

in expression levels using this technique.  Subsequent studies showed that per2 mRNA was 

altered after sevoflurane anaesthesia (Kobayashi et al., 2007) as well as propofol and 

dexmedetomidine anaesthesia (Yoshida et al., 2009), and then later, that the effect on clock 

gene expression was likely to depend on the time the anaesthetic was administered (Bellet et 

al., 2011).  Once again, these studies analyse single time points following anaesthesia to 

determine the effect on clock gene expression.  A change in clock gene expression could 

mean that anaesthesia caused suppression of gene expression or a phase shift, but a single 

time point sample does not resolve this.   

Inhalational anaesthetics affect mammalian per expression in particular, and the extent of the 

suppression effect on per depends on the time of day of administration.  In vitro studies of 

cultured SCNs or neuronal cells administered sevoflurane result in a reduction in per2 

promoter activity (Anzai et al., 2013; Nagamoto et al., 2016; Matsuo et al., 2016).  In SCNs, 

the inhibited promoter activity of per2 caused by decreased CLOCK binding results in phase 
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delays of per2 expression (Anzai et al., 2013; Mori et al., 2014; Matsuo et al., 2016).  Other 

anaesthetics such as 2,2,2,-tribromoethanol have no effect on per2 in the SCN, but do phase 

shift peripheral clocks, such as the liver clock.  Conversely, isoflurane and propofol do not 

appear to shift the liver clock (Kubo et al., 2012).  Sevoflurane has the largest repressive effect 

on per2 when administered in the subjective morning (Kadota et al., 2012; Anzai et al., 2013), 

but unlike with propofol, corresponding phase shifts in behaviour have not been observed 

(Ohe et al., 2011; Kadota et al., 2012; Anzai et al., 2013).   

Studies conducted to date have used a variety of protocols, anaesthetic drugs, model 

organisms, and data analyses which may in part explain the lack of agreement between them.  

Many of these studies have not recorded over multiple cycles (or days) before and after an 

anaesthetic treatment, and in some cases behavioural studies and molecular studies have 

been conducted in isolation from one another.  In non-circadian research, it would be sufficient 

to use a microarray or take several separate samples to understand how gene expression was 

altered following an intervention.  However, it is generally accepted in the field that three cycles 

are required in order to enable the calculation of period changes and phase shifts.  Single 

sample experiments, or those without information on the circadian time at which anaesthetics 

were administered therefore offer only limited insight into what effects anaesthetics have on 

circadian structure.   

Generally, methodologically sound protocols that capture the effect of anaesthesia on the 

phase and period of circadian gene expression (and/or their protein products), are lacking in 

the literature.  A behavioural phase response curve to anaesthetics for rodents is currently 

absent (although there is a phase response curve for honey bees to isoflurane anaesthesia 

(Ludin et al., 2016)), as is phase responsiveness of mammalian molecular oscillations 

following anaesthesia.   

Since the SCN is the master circadian pacemaker in mammals, an investigation of the effect 

of anaesthesia on the SCN in vitro is a logical step towards understanding how anaesthetics 

effect the circadian clock.  There is good evidence to suggest that inhalational anaesthetics 

effect the SCN and that phase shifts might occur through the suppression of per2.  However, 

time dependent phase shifts of the SCN by an inhalational anaesthetic have not previously 

been shown.  The study conducted by Anzai et al., (2013) used a similar approach to the study 

presented in this chapter, also using a transgenic reporter line and administering an 

inhalational anaesthetic (sevoflurane) to SCN cultures in vitro.  However, in their study Anzai 

et al., did not administer anaesthesia at different CTs, either to animals in vivo or to SCNs in 

vitro, and while some evidence for phase shifts of the SCN caused by a long anaesthetic was 
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presented, a definitive time-dependent action of an inhalational anaesthetic on the SCN 

remains incomplete.   

The aim of this chapter was to use a high resolution and appropriately controlled protocol 

(described in Chapter Two) to determine whether or not a six hour 2% isoflurane anaesthetic 

affects the SCN-based master mammalian circadian clock as measured by period protein 

bioluminescence levels from the SCN of transgenic PER2::LUC mice, and whether these 

effects are time-dependent.  This protocol overcomes the problems with previously published 

studies.  From these data, phase shifts and changes in the free-running period in response to 

isoflurane can be clearly identified.  There were four possible outcomes of the experiments 

described in this chapter.   

1. There is no disruptive effect of isoflurane on the SCN at all (i.e. oscillations continue 

uninterrupted through anaesthesia and afterwards).  If there is no effect at all on the 

SCN of isoflurane then this would imply that the behavioural phase shifts that are 

observed in rodents (Challet et al., 2007; Kadota et al., 2012; Mihara et al., 2012; 

Kikuchi et al., 2013) are mediated not through the master SCN-based clock but through 

non-SCN mediated mechanisms. 

2. Isoflurane causes discrete phase shifts of the SCN as a result of parametric phase 

shifting of the SCN (Section 1.4.4).   

3. Exposure to isoflurane causes a change in the fundamental period of the SCN, either 

to lengthen or shorten it.   

4. Isoflurane abolishes rhythmicity (i.e. ‘stops the clock’) perhaps by disrupting the 

coupling between SCN neurons.   

 

Each of the possible effects (and their magnitude and direction) of isoflurane on SCN 

PER2::LUC rhythms are likely to be time-dependent, should they occur.   
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Table 3.1 Summary of published studies on the effects of anaesthetics on the circadian clock and rhythms.  A variety of protocols have been used to obtain 
results, the emerging trend being towards anaesthetics having the greatest phase shifting effect when administered during the active phase (or what would be 
the active phase using an in vitro model).   
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Key: N/A not reported / – not investigated or not part of the study  
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3.2. Methods 

3.2.1. PER2::LUC SCN dissections and culturing 

Ethical approval for these experiments was obtained from The University of Auckland Ethics 

Committee on 12 December 2014 (001128).  The development of the protocol for explanting 

and culturing mouse SCNs to monitor PER2::LUC rhythms together with methods for 

administration of isoflurane has already been described in Chapter Two.  The protocol in 

Section 2.8 (pages 60 to 62) has been used in all of the experiments of Chapter Three using 

the anaesthetic setup (Figure 2.17).   

Thirty-six PER2::LUC mouse SCNs were dissected and organotypic slice cultures recorded 

for four to six days prior to the administration of six hours of isoflurane (or control) and for four 

to six days following, in replicates of four SCNs (two isoflurane, two control) per experiment.  

Thirty-six SCNs in total were used as four SCNs were unable to be cultured because 

dissections were unsuccessful.  Administration times of isoflurane were predicted to align with 

approximately CT 0 or the trough of PER2::LUC bioluminescence (n=18 SCNs) and 

approximately CT 12, or the peak of bioluminescence (n=18 SCNs).  Actual CTs of 

administration were calculated retrospectively and varied around the predicted times of 

administration.   

3.2.2. Theoretical considerations for data analysis 

There are a number of published methods for the analysis of bioluminescence rhythms which 

are all principally similar.  It is usual to first detrend the data by subtracting the 24-hour running 

average and then apply smoothers of two or ten minutes.  The rationale for this is that the 

exponential decline in overall bioluminescence over many days (resulting from the 

consumption of luciferin in the media) is accounted for.   

The highest point of the oscillation (i.e. the peak, CT 12) is a reliable phase reference marker, 

and in most cases is used for the calculation of phase, period and amplitude (Meerlo et al., 

1997; Yamazaki et al., 2000; Stokkan et al., 2001; Abe et al., 2002; Yamazaki et al., 2002; 

Yoo et al., 2004).  The effect of sevoflurane anaesthesia on Per2-dLuc bioluminescence 

rhythms in vitro was analysed by comparing the inter-peak length of rhythms in SCNs treated 

with sevoflurane compared to those treated only with air (Anzai et al., 2013).  By and large, 

the aims of the studies that have used bioluminescence reporters are to determine the phase 

of tissue in vivo resulting from some perturbation or environmental condition using the cultured 

ex vivo oscillations of the tissue, rather than to apply the perturbation (zeitgeber) to the tissue 

in vitro.   



 Chapter Three 

71 
 

While the above methods are generally applicable to the PER2::LUC SCN data treated with 

either isoflurane or control, they are not appropriate for the analysis of the results from every 

experiment.  It was not appropriate to detrend the entire data set using a 24 hour running 

average because the intervention of isoflurane or control half-way through the recording 

skewed the average.  Ordinarily, a baseline subtraction moves the data to the centre.  It 

decreases the difference between the high counts at the beginning of the recording and the 

lower counts at the end of the recording.  Because isoflurane inhibits the luciferase reaction 

(Section 2.5), and thus decreases the bioluminescence counts during the anaesthetic, 

including the low counts dramatically alters the overall smoothing that this method would 

otherwise provide, this would also be true of two or ten minute smoothers.  The control 

intervention (air) did not have a large effect on the bioluminescent counts following exposure, 

but many SCNs showed higher counts during air exposure and after (Appendix E).   

3.2.3. Data analysis 

Since published methods could not be directly applied to these data, I modified previous 

approaches.  Data were downloaded from the data logging computer and saved in Microsoft 

Excel.  Phase shifts and period changes were calculated manually from raw data.   

A strict set of inclusion criteria were applied to each individual SCN culture.  Some explants 

were deemed unanalysable because they did not display robust rhythms for at least three 

days before the anaesthetic or control or for three days after, or both (Appendix E).  I took a 

conservative approach in the inclusion of explants.  For example, explants were excluded 

because the peak immediately prior to treatment was not discernible.   

The peak of PER2::LUC bioluminescence (acrophase, CT 12) was used as the phase 

reference marker for all calculations.  The average (mean) tau was calculated from the three 

or four days before the isoflurane or control (data recorded in the first day following 

explantation was not included in analyses because of the variability and high counts in the first 

12 to 14 hours (Stokkan et al., 2001)), and from the three or four days following.   

The pre-isoflurane or control tau was projected forward to the day after the intervention.  The 

phase shift was calculated on the first day following isoflurane (or control) compared to the 

days prior, with the phase shift being the difference between when PER2::LUC would have 

peaked, and the actual peak (Figure 3.2).  Phase shifts were calculated individually from the 

raw data for each SCN (Appendix E) and were plotted as a function of the circadian time of 

the start of the administration of isoflurane.   
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Tau was calculated from the difference (in minutes) between the pre-intervention, and 

post-intervention peaks separately.  The average of each were calculated for before and after 

tau (the difference between the two is plotted in a tau response curve, Figure 3.7).   

The circadian time of the beginning of the administration of isoflurane or control was calculated 

using the difference between the start minute of isoflurane or control and CT 12, and then 

adding or subtracting the difference from CT 12.  The calculated CT was normalised to the 

pre-isoflurane or pre-control tau.  Phase shifts were also normalised to the average 

pre-intervention tau (CT x 24/τ).   
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Figure 3.2 Example of the analysis method used to calculate tau and phase shifts from 
individual SCNs.  In this example the SCN was explanted and recorded from for 4.5 days 
before the six hour isoflurane was administered.  Average tau was calculated from the 
difference between each peak value (indicated by the vertical lines) of the days before and 
after the intervention separately.  The dark grey line is the pre-isoflurane oscillation projected 
forward to where it would have been had there been no intervention.  The difference between 
the projected peak and the actual peak of PER2::LUC bioluminescence on the day following 
the anaesthetic (or control) were used to calculate the phase shift.  In this example isoflurane 
was administered at CT 12.1 with a phase shift of -8.6 hours.  The average free-running period 
before the anaesthetic was 24.8 hours and 24.1 hours after.   

 

3.2.3.1. Statistical analysis of data 

Data were analysed for evidence of a difference between the average phase shifts elicited by 

either isoflurane or controls at the time points that they were divided into.  Two sample t-tests 

were used to test for differences between means of phase shifts in each group.   
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3.3. Results 

3.3.1. Individual phase shifts as a function of circadian time 

The pattern that emerges when individual phase shifts are plotted together shows that the 

magnitude of the phase shifts caused by isoflurane are dependent on the time of 

administration of the drug.  Administration of isoflurane in the early part of the subjective day 

(rest period for mice) resulted in smaller shifts than when administered in the later part of the 

subjective day, in what would be the active period (Figure 3.3).  Control SCNs did not display 

large phase shifts at any of the CTs that were tested (all individual examples are in Appendix 

E).   

 

 

Figure 3.3 Individual phase shifts elicited by six hour isoflurane (filled circles) and control 
(open circles) from PER2::LUC SCNs.  Data are plotted with respect to the CT at which the 
exposure began.   
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3.3.2. Partial PER2::LUC SCN phase response curve to isoflurane 

When the mean data were divided into two time bins (CT 0 to CT 8 and CT 8 to CT 16) 

spanning the range at which isoflurane was administered, the time dependence of the phase 

shifting effect became clearer.   

SCNs can be seen to show parametric time dependent phase shifts in response to isoflurane.  

Isoflurane administered to SCNs between CT 8 and CT 16 resulted in an average phase shift 

(delay) of -6.9 hours (±SEM 1.33), and the average phase shift elicited by controls was -1.62 

hours (±SEM 0.92).  There is strong evidence for a difference between the mean phase shifts 

of the two groups when administration occurs between CT 8 and CT 16 (p=0.012).  There was 

no evidence of a difference between the means of the phase shifts elicited by either isoflurane 

(-1.33 hours [±SEM 2.77]), or controls (-0.70 [±SEM 1.1]) when administration occurred 

between CT 0 and CT 8 (p=0.84) (Figure 3.4).   

 

 

Figure 3.4 Average phase shifts elicited by six hour isoflurane (filled circles) and control (open 
circles) from individual PER2::LUC SCNs.  Data are binned in eight hour epochs.  Error bars 
represent the standard error of the mean of each epoch.  Sample sizes are represented in 
parentheses beside each mean.  The asterisk indicates strong evidence for a difference in the 
average phase shift elicited by isoflurane compared to controls.  
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3.3.3. Individual phase shifts of PER2::LUC rhythms by isoflurane  

Each individual SCN was deemed analysable if it displayed robust rhythms for three cycles 

before and three cycles after treatment.  Of the 36 cultured SCNs, 21 provided sufficient data 

to enable the calculation of phase shifts and period (tau) changes (ten isoflurane, eleven 

control).  Of the other 15 cultures (seven isoflurane, eight control) nine did not show rhythms 

before, five did not show rhythms after, and one did not have robust rhythms before or after 

the intervention, thus these data could not be analysed.  Plots unanalysable data are included 

in Appendix E.   

Two exemplary SCNs for which changes in tau and phase shifts could be calculated are shown 

in Figure 3.5 (delay) and Figure 3.6 (advance).  All other individual SCNs administered 

isoflurane, for which changes in tau and phase shifts were calculated, are included in Appendix 

E, as well as those from controls.  

Retrospective calculation of the CTs meant that isoflurane or controls were administered at a 

range of CTs between CT 0 and CT 16.   

 

Figure 3.5 A single PER2::LUC SCN administered a six hour isoflurane anaesthetic on day five 
at CT 4.6.  The phase shift elicited was a delay of-8.0 hours (the grey line is the pre-isoflurane 
data projected forward).  The average free-running period was 23.5 hours before the 
anaesthetic and 25.1 hours after.   
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Figure 3.6 A single PER2::LUC SCN administered a six hour isoflurane anaesthetic on day 
five/six at CT 6.5.  The phase shift elicited was an advance of 4.4 hours (the grey line is the 
pre-isoflurane data projected forward).  The average free-running period before the anaesthetic 
was 26.0 hours and 23.0 hours after.   
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3.3.4. Effect of isoflurane on the period of PER2::LUC oscillations in the SCN 

As described in the introduction, a possible effect of a zeitgeber on the clock is to change the 

fundamental free-running period (tau) of the rhythm.  A tau response curve is a plot of the 

difference between the pre-intervention tau and the post-intervention tau.  The difference in 

hours is plotted in a similar way to a phase response curve (and to the phase responsiveness 

plotted above in Figure 3.3 and Figure 3.4), but instead of the values representing a shift along 

the time axis, the values represent tau difference.  Positive values are from those SCNs that 

showed lengthening following treatment and negative values are those SCNs that showed 

shortening (Figure 3.7).   

There was some evidence of a difference in the mean tau following isoflurane (25.37 [±0.22 

SEM], 26.87 [±0.94 SEM]), (p=0.06) but not of controls (25.50 [±0.32 SEM], 25.93 [±0.55 SEM]) 

(p=0.19).   

 

Figure 3.7 Tau response curve. The difference in tau between before the anaesthetic (filled 
circles) or controls (open circles) and after.  Data are plotted as a function of the circadian time 
at which the intervention was administered to the SCN.   
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3.3.5. Other effects of isoflurane on PER2::LUC rhythms in the SCN 

There were other effects observed in those SCNs that could not be analysed for phase shifts 

or a change in period (Appendix E).  Figure 3.8 is an SCN that displays a rhythm before the 

anaesthetic, but it appeared that isoflurane completely abolished the rhythm of PER2::LUC.  

There are insufficient numbers of SCNs showing this type of effect to analyse further than 

displaying the raw data.   

 

 

Figure 3.8 A single PER2::LUC SCN administered a six hour isoflurane anaesthetic on day five 
at CT 19.2.  The bioluminescence recovers from the anaesthetic but the rhythm in PER2::LUC 
oscillations was abolished.  The average free-running period before the anaesthetic was 24.9 
hours but could not be calculated after the anaesthetic.   
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3.4. Discussion 

Despite the fact that there are over 20 published studies on the effect of general anaesthesia 

on the circadian clock, with over 10 of those describing the effect of anaesthesia on gene 

expression, inadequate protocols (i.e. insufficient sampling, and length) have limited 

understanding of the effect of anaesthesia on the circadian clock.   

Here, with a high resolution ~11 day protocol, I have been able to clearly determine the clock 

effect of isoflurane anaesthesia.  There is a strong phase shifting effect of isoflurane on PER2 

in the SCN of up to 12 hours (CT 12.4, Figure 3.3), and the phase shifting effect is highly time 

dependent.  This is similar to the previous data collected from honey bees where the largest 

magnitude phase shift occurs when isoflurane is administered at the beginning of the active 

phase or what would be the active phase (~CT 0 for bee activity rhythms and ~CT 12 (peak) 

for mouse PER2::LUC SCNs).  There is a consistent parametric effect of isoflurane on the 

SCN in vitro resulting in discrete phase shifts of the oscillation.   

In addition, there is some evidence that anaesthesia influences the underlying period of the 

oscillation, but this effect is neither consistent nor statistically significant (Figure 3.7).   

Ideally, I would have been able to present an entire phase response curve with a number of 

SCNs administered isoflurane at each CT.  The data were plotted into just two bins (CT 0 to 

CT 8 (n=10) and CT 8 to CT 16 (n=11)) because approximately half the data fell into each of 

these two bins.  There were time and resource restrictions that prevented me from doing more 

than ten replicates of the experiment.  An increase in sample size and a larger range of CTs 

would make the average pattern much clearer (curve (5)) i.e. there would be more than two 

time bins in the partial phase response curve.  This is an important limitation of the study.   

There are a number of possible reasons for the occurrence of more complex effects of 

anaesthesia on PER2::LUC oscillations (Figure 3.8).  One possibility is that isoflurane 

disrupted the coupling between the SCN neurons leading to a lack of coherence and therefore 

consolidated rhythms.  This effect may be mediated by isoflurane’s GABAergic action.  

Isoflurane acts on GABAA receptors (as well as on other receptors) and GABAergic 

transmission ensures coupling of neurons between the ventral and dorsal regions of the SCN 

as well as playing an important role in photic and non-photic phase shifting of the SCN (Section 

1.2.3.1).  Isoflurane may thus be exerting a phase shifting effect on SCN PER2 by acting on 

the light entrainment pathway.  Loss of rhythmicity following anaesthesia could also be 

explained by general anaesthesia being assumed to effect different sub-oscillators in a 

different manner (i.e. neurons in the dorsal or ventral regions of the SCN) and causing 

shattering of the rhythm.  However, this has been shown not to be the case, at least for 
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sevoflurane.  Matsuo et al., (2016) found that distinct regions of the SCN administered 

sevoflurane are equally sensitive (Matsuo et al., 2016), even though functionally distinct 

regions of the SCN do respond differently to different agents (i.e. light).  Once again, this effect 

was said to be time dependent but in this study calculations of circadian times of administration 

of anaesthesia were not made.  Moreover, data were also pooled from many SCNs rather than 

each being analysed individually.   

Given that there is only one occurrence of loss of rhythmicity following isoflurane in the current 

data set, it is not appropriate to make any further interpretations of the data.  However, whether 

or not isoflurane can cause arrhythmicity remains to be fully elucidated.   

In many of the previous studies conducted to understand effects of anaesthesia on the 

circadian clock, researchers have primarily been interested in anaesthetic mechanisms rather 

than how anaesthesia affects the clock per se.  Sevoflurane has previously been proposed to 

slow down the rate of increase of period bioluminescence when applied from the trough 

(~CT  0) for eight hours, when compared with oscillations from SCNs that were only exposed 

to air (Anzai et al., 2013).  The strength in the data presented in Chapter Three is that circadian 

times of administration are not restricted to an approximate position of the oscillation of period 

bioluminescence, but rather the actual CT of the start of the administration has been calculated 

for each SCN individually, as have phase shifts and changes in tau.   

Here, I have shown that isoflurane shifts the expression of a key gene controlling circadian 

rhythms in the master circadian clock of the brain of mice.  The question that remains is, what 

does this mean for patients undergoing general anaesthesia? Are patients phase shifted or 

otherwise clock-affected post-operatively by anaesthesia, and, like bees, could the effects be 

modified by concurrent light exposure?  

This is the subject of Chapter Four.   
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Chapter 4. Post-operative sleep and circadian rhythm disruption 

in kidney donors and the effect of intra-operative light 

administration 

4.1. Introduction 

In Chapter Three I described the phase shifting effect of anaesthesia on the SCN in vitro.  The 

real world consequences of general anaesthesia’s phase shifting effect on the circadian clock 

in the clinical setting is the subject of this chapter.  Here I describe a clinical study examining 

sleep and circadian rhythm disruption in kidney donor patients and the effect of intra-operative 

bright blue light on sleep and circadian rhythm variables.  Previous studies have shown effects 

of hospitalisation, anaesthesia and surgery on sleep and circadian markers (Gögenur et al., 

2004; Gögenur et al., 2007; Gögenur et al., 2008; Dispersyn et al., 2009; Gögenur, 2010; 

Touitou et al., 2010; Brainard et al., 2015).  I sought to investigate this in a non-confounded 

patient population, kidney donors, who are hospitalised and are undergoing anaesthesia and 

surgery that they do not medically require.   

Here I report the design and conduct of a single-blinded randomised controlled trial of the 

efficacy of intra-operative light administration in reducing post-operative sleep and circadian 

disruption in participants undergoing donor laparoscopic nephrectomy (live kidney donation 

surgery) at Auckland City Hospital (see Appendix F for the full protocol).  Actigraphy and sleep 

diaries were recorded for seven days pre-operatively and post-operatively and temperature 

and melatonin were recorded for three days pre-operatively and post-operatively in these 

participants.  The effect of intra-operative bright blue light (treatment) and red (placebo) light 

on these variables was examined in patients randomised to each treatment group.   

This chapter reports the interim analysis of 20 participants’ data (ten in the bright light 

treatment group and ten in the placebo group).  Data were collected by myself, Ms Diana 

Grieve and Miss Victoria King between 2014 and 2016.  Time constraints meant it was not 

possible to include the entire trial of 40 participant’s data in this thesis.  All data collection and 

analysis is estimated to be complete by August 2017.   
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4.2. Human circadian rhythms  

Many aspects of human physiology and behaviour vary with circadian phase, and 

observations of these have been made probably since Gierse recognised a rhythm in his own 

oral temperature in 1842 (Waterhouse et al., 2005).  The study of human circadian rhythms is 

important for medicine and health and relies on measuring clock outputs, as it is obviously not 

possible to measure clock gene expression in the SCN of humans.  Figure 4.1 summarises 

the direct and indirect clock and sleep markers in humans.  Rhythms in daily hormone 

production (cortisol and melatonin), temperature, blood pressure, heart rate variability, EEG 

parameters and the sleep/wake cycle can all be used to record the phase of the circadian 

clock.  Recording of sleep and circadian rhythms in humans is commonly achieved using 

actigraphy, core body temperature and melatonin.   

The aim of Chapter Four is to examine the extent of circadian and sleep disruption in kidney 

donor patients with the highest resolution possible within a practical study framework.  As a 

result, a protocol combining long duration recordings of actigraphically derived sleep and 

circadian variables, temperature, and melatonin was used.  Temperature and melatonin are 

particularly important physiological variables, as they are faithful, direct clock markers, more 

so than sleep/wake patterns which are heavily masked in humans.  Temperature and daily 

variations in hormone productions are not confounded by other inputs to the extent that the 

overt sleep/wake schedule is.  In this study, I have measured sleep and circadian disruption 

in kidney donors using actigraphy, urinary 6-sulphatoxymelatonin and core body temperature.   

By examining both actigraphically-derived sleep and circadian variables and more direct 

markers of the clock in a healthy patient cohort one can understand what is happening overall 

to sleep following hospitalisation general anaesthesia and surgery, and also what is happening 

to the clock itself (or as close to it as you can get in humans).  Disturbances to the circadian 

clock may be part of the underlying cause of disrupted sleep.  Temperature also provides the 

closest output it is possible to measure in humans to the rhythms in SCN gene expression 

described in Chapter Three.  In the following sections the measures used to asses sleep and 

circadian disruption in kidney donors are introduced.   
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Figure 4.1 Schematic of the inputs and direct and indirect output rhythms from the SCN in 
humans.  The most direct outputs of the circadian clock are core body temperature and 
melatonin and an indirect output is sleep and wake.  Directly measuring gene expression in 
the SCN is of course impossible, thus markers of the clock and sleep provide the best 
estimates of circadian phase.   

4.2.1. Actigraphy 

Actigraphy has been used in the study of sleep and circadian rhythms for the last three 

decades (Ancoli-Israel et al., 2003) and has become a preferred tool among researchers 

interested in objectively recording and evaluating sleep and circadian rhythms (Brown et al., 

1990).  It is a powerful tool for recording sleep and circadian rhythms in humans.  Actigraphs 

simply detect movement from the wrist and can be worn for periods of weeks or even months.  

Most are wrist-worn devices similar in size and shape to an ordinary watch (Figure 4.2), which 

generally results in high compliance and uninterrupted data sets.   

 

 

Figure 4.2 Actiwatch 2 worn on the non-dominant hand.   
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Polysomnography remains the most precise sleep measurement tool.  However, actigraphic 

data, together with information from sleep diaries, accurately estimates sleep and wake, and 

has been validated against EEG-based diagnostic tools.  There is a significant correlation 

between the sleep/wake measurements recorded from wrist worn actigraphs and EEG-based 

devices and the reliability and validity of actigraphy for diagnosing sleep and circadian 

disorders and determining the impact of particular interventions on the circadian clock and 

sleep has been shown in a number of studies (Ancoli-Israel et al., 2003; Morgenthaler et al., 

2007).  Actigraphy has been used to show rhythm disturbances in cancer (Mormont et al., 

2000), dementia (Van Someren et al., 1996; Van Someren et al., 1999; Van Someren, 2007), 

adolescent sleep schedules (Carskadon et al., 1997), shift work (Crowley et al., 2004; Burch 

et al., 2005; Härmä et al., 2006), flight crew schedules and jet lag (Buck et al., 1989).  

Recording sleep via actigraphy has the added advantage that a sleep laboratory is not 

required, so long duration, in situ recordings can be made.   

The states of wakefulness and sleep are calculated from actigraphy using an algorithm (e.g. 

Cambridge Neurotechnologies (CNT) sleep analysis software).  From this total sleep time and 

sleep fragmentation can be determined.  Total sleep time and sleep fragmentation are the 

primary outcome variables of the current study (Section 4.1.3.)  The algorithm is based on a 

weighted sum of activity in a given epoch and from a window of epochs on either side.  Total 

sleep time is from the variable ‘Actual Sleep Time’ which is the amount of sleep as determined 

by the algorithm and is equivalent to assumed sleep minus wake time (in hours).  Sleep 

fragmentation is the addition of Percentage Time Spent Moving and The Percentage 

Immobility Phases of 1 Minute (arbitrary units) and is called ‘Movement and Fragmentation 

Index’ in the program.  Sleep fragmentation can be used as an indicator of restlessness during 

the major sleep episode.  Together these variables tell us how much sleep the subject has 

had and the quality of the sleep, or the extent of the disruption of the sleep.   

As stated above, sleep/wake data from actigraphy is not a direct marker of the clock in humans.  

This is unlike sleep/wake (locomotor) activity from animals’ held in constant conditions that 

does faithfully represent clock activity.  Human sleep/wake output is heavily masked.  The 

best example of this in humans is from blind individuals, particularly those lacking conscious 

light perception.  Even though many of these people are free-running, their sleep/wake cycles 

do not tend to show a free-running pattern but rather an alternating pattern of fragmented and 

consolidated sleep (Sack et al., 2000; Hack et al., 2003).  A clear identification of free-running 

status requires measurement of core body temperature rhythms or melatonin rhythms.   

Despite the fact that human actigraphy data are masked, some circadian parameters (relative 

amplitude (RA), interdaily stability (IS) and intradaily variability (IV)) can be derived using 
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approaches such as ‘non-parametric circadian rhythm analysis’ (NPCRA) (Van Someren et 

al., 1999).  NPCR analyses have been used since the study by Van Someren et al., was 

published in 1999 in which the authors showed that NPCRA better described circadian 

parameters from actigraphic data than other approaches did, and that it could be used to show 

the effects of light therapy on the clock where traditional rhythms analyses had failed.   

Relative amplitude (RA) is a proportional measure.  It is the ratio of activity during the least 

active five hours (L5) to activity during the most active ten hours (M10) in the average 24 hour 

pattern.  RA enables a differentiation between reduction in physical activity and circadian 

disruption through dampening of the activity of the clock.  RA score ranges from zero to one; 

higher scores indicate higher amplitude.  Interdaily stability (IS) is a signal-to-noise measure 

which quantifies the invariability between the days or strength of coupling of the rhythm to 

environmental zeitgebers.  IS is based on the chi square periodogram (calculated as the ratio 

between the variance of the average 24 hour pattern around the mean and the overall 

variance).  IS quantifies how alike one 24 hour period is to the next.  IS score ranges between 

zero and one, where one represents perfect interdaily stability.  A decreased IS score indicates 

a change in the timing (or phase) of sleep between different days rather than a disruption of 

the daily sleep episode itself.   

IV provides an index of rhythm fragmentation, reflecting the frequency and extent of transitions 

from rest to activity.  IV is calculated from the ratio of the mean squares of the difference 

between all successive hours (first derivative) and the mean squares around the grand mean 

(overall variance).  The score ranges from zero to two, higher scores representing more 

fragmented rhythms and values near zero representing a nearly perfect sine wave.   

Actigraphic parameters of sleep and circadian rhythms are useful for describing overall 

changes.  Two markers that are not greatly confounded by other inputs are core body 

temperature and hormone production.  The application of these for assessment of rhythms is 

outlined in the following sections.   
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4.2.2. Temperature 

‘Core’ body temperature has been used throughout this chapter to describe internal, 

gastrointestinal tract temperature recorded via the Vitalsense® ingestible pill (Section 4.5.5).  

Temperature of organs varies in the human body, for example temperature in the brain might 

not be the same as the temperature in the heart.  Regardless of these differences in 

temperature that could be considered core, here core body temperature refers to the 

temperature recorded from the pill after it has been swallowed and as it passes through the 

gastrointestinal tract.  Core temperature is recorded from the stomach, small and large 

intestines and rectum until such time as the pill is passed and recording ceases.   

Core body temperature is perhaps the clock output with the highest resolution in humans.  

Core temperature (such as that from the gastrointestinal tract) is especially reliable, as it is not 

influenced as profoundly as other sites (such as tympanic, sub-lingual, or skin temperatures) 

are by environmental temperature changes.  Core temperature oscillations faithfully represent 

the phase of the circadian clock and with new monitoring technology these measurements can 

be made with high resolution, (four per minute), readily in the clinical setting.  This provides 

the ability to examine phase shifts of the human circadian clock (in the current context in 

response to hospitalisation, anaesthesia and surgery).   

Homoeothermic animals regulate body temperature within narrow limits.  Human core body 

temperature is tightly regulated around 37C (Kräuchi et al., 2000) and is controlled by nerve 

cells in the hypothalamus.  Mechanisms for increasing heat when body temperature starts to 

fall, and for losing heat are controlled in separate centres.  The production of heat (at rest) 

depends on the metabolic activity of internal organs (Van Someren, 2006; Kräuchi, 2007).  

The heat-producing ‘core’ transfers heat, using the cardiovascular system, to the distal regions 

of the body and as heat is lost to the environment at night, internal temperature drops (Kräuchi 

et al., 2000; Van Someren, 2006; Kräuchi, 2007).  This explains how human body temperature 

is not markedly altered over a wide range of ambient temperatures (Jessen, 2001; Waterhouse 

et al., 2005).   

Temperature is not constant however, and is under circadian control with daily changes 

imposed by the SCN (Refinetti and Menaker, 1992; Moore, 1995).  Robust 24 hour rhythms 

in temperature fluctuate between 0.8°C and 1.0°C (around 37°C) over the course of the day.  

In healthy and typically entrained individuals (not suffering from jet lag or undertaking rotating 

shift work) temperature starts rising from the night time low of approximately 36.5°C about 

three hours before awakening (or just after the midpoint of sleep) and reaches approximately 

37.2°C by 09:00.  Temperature continues to rise throughout the day to a peak of 37.4°C at 

approximately 20:00, and then decreases once again to 36.5°C between 04:00 and 06:00 
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(Refinetti and Menaker, 1992; Waterhouse et al., 2005).  The peaks in temperature and 

melatonin are almost 180 in antiphase.   

4.2.3. Melatonin 

Melatonin (N-acetyl-5-methoxytryptamine), is another excellent marker of the circadian clock.  

It is produced from the pineal gland under the control of the SCN, where is it primarily 

synthesised from serotonin which is first acetylated, and then O-methylated to 

N-acetyl-5-methoxytryptamine.  It is the daily rhythm in the enzyme aralkylamine 

N-acetyltransferase (AANAT) that drives rhythmic production of melatonin.   

Melatonin is of great importance in understanding human rhythms (Arendt, 2005).  Rhythms 

of melatonin production are endogenously generated and the highest levels of production 

occur at night.  For this reason melatonin is often referred to as the ‘darkness hormone’.  Along 

with daily changes in body temperature, food intake and other hormone levels, rhythmic 

melatonin levels controlled by the SCN serve as reinforcing entraining zeitgeber for peripheral 

clocks (Gumz, 2016).   

In typically entrained individuals, melatonin levels are low during the day (<10 pg/ml) and begin 

rising in the evening from 20:00 to 23:00 with maximum production between 01:00 and 04:00 

(Arendt, 2006).  The increase in melatonin production in the evening corresponds to an 

increase in sleep propensity (Wehr, 1992; Uchiyama et al., 2002).  Production returns to 

baseline levels in the late morning between 08:00 and 10:00.  In addition to plasma or salivary 

melatonin, the major metabolite of melatonin, 6-sulphtoxymelatonin can be monitored in urine.  

The timing and amplitude of 6-sulphatoxymelatonin correlates well with plasma and salivary 

melatonin (Bojkowski et al., 1987; Voultsios et al., 1997; Elliott et al., 2002).  The concentration 

of melatonin can be determined from plasma, serum or saliva samples and 

6-sulphatoxymelatonin from urine using enzyme-linked immunosorbent assay (ELISA) or 

competitive quantitative radioimmunoassay (RIA). 

Melatonin is principally metabolised to 6-hydroxymelatonin in the liver through the cytochrome 

P450 system before being excreted in urine as 6-sulphatoxymelatonin after further conjugation 

with sulphate (Ma et al., 2005).  There are large inter-individual differences in the amount of 

melatonin secreted (1.0–50 µg 6-sulphatoxymelatonin per 24 hours) (Middleton, 2013).  The 

timing, amplitude and discrete profile of melatonin production is highly reproducible for 

individuals between days, and there are no differences between men and women in this 

respect (Gunn et al., 2016).  However, sex differences in melatonin has been the subject of 

some debate in the field.   
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Sampling for melatonin lacks the temporal resolution of core temperature unless high 

frequency blood or saliva protocols are used, and they are really only practical in the sleep 

laboratory setting.  Sampling plasma or salivary melatonin can be problematic in clinical study 

populations since taking blood samples or saliva is disruptive.  Simply taking the sample in 

some cases can potentially effect the clock (i.e. by waking the patient).  There is a limit, of 

course, to the duration of serial blood sampling, and producing a saliva sample is sometimes 

difficult especially in post-operative settings where patients routinely suffer from ‘dry mouth’.  

Furthermore, serial sampling of plasma or salivary melatonin is labour intensive and thus 

costly.   

The use of 6-sulphatoxymelatonin as a marker of the circadian clock on the other hand, 

provides some distinct benefits over plasma and saliva.  Participants can collect their own 

urine and this activity does not rely on anything other than keeping records and not discarding 

urine.  Urine can be collected under normal conditions.  It is non-invasive and generally 

well-tolerated among participants of research projects.  Additionally, 6-sulphatoxymelatonin is 

stable in urine at room temperature for up to five days.  This makes it ideal for in-home 

collections since immediate processing in the laboratory is not necessary.  The main drawback 

is the inherent lack of possible resolution.  Four hourly sampling during the day with an eight 

hour bin overnight is standard (Deacon and Arendt, 1994; Barnes et al., 1998; Middleton, 2006; 

Middleton, 2013).  Phase assessments are still performed in many studies, but the accuracy 

of these estimates is markedly decreased compared to the higher resolution afforded by more 

frequent sampling (up to every 30 minutes) of plasma or saliva (Middleton, 2006).  Regardless, 

6-sulphatoxymelatonin provides useful information particularly on the amplitude of the 

circadian signal.   

4.2.4. Subjective measures of fatigue, mood, pain and sleep  

Numerous detrimental health effects are proposed to result from circadian disruption, with 

some of these linked to disease.  The extent and nature of the detriment to health and 

well-being are not yet fully understood (Zelinski et al., 2014).  In particular there are 

relationships between circadian and sleep disruption and self-reported subjective measures 

such as increased fatigue, decreased mood, increased pain and poor quality sleep.   

Fatigue is a common symptom immediately following an operation, which in some cases 

persists for months (Zargar-Shoshtari and Hill, 2009).  Depression and anxiety as well as pain 

(Zieger et al., 2010; Ghoneim and O'Hara, 2016) and sleep (Rosenberg, 2001) have been 

measured previously in patients who have undergone hospitalisation, anaesthesia, and 

surgery.  The relationships between these symptoms and hospitalisation, anaesthesia, and 
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surgery are complex.  In general, increased pain and fatigue and decreased mood and 

subjective sleep are associated with disrupted rhythms.  Mood and fatigue can be assessed 

using a number of questionnaires, two of which were included in the study: the Piper Fatigue 

Scale (PFS) and the Depression Anxiety Stress Scales (DASS).  The PFS was originally 

developed for use in cancer patients to assess degree of fatigue (Piper et al., 1987), and has 

subsequently been used in many patient populations.  There are 27 questions in the PFS, 

questions 2-23 are numerically scaled “0” to “10” and measure subjective fatigue in four 

different subscales, behavioural/severity, affective meaning, sensory, and cognitive/mood.  

The first question and the last four are qualitative, providing additional details on the nature of 

the fatigue.  The DASS is a set of three scales designed to measure the emotional states of 

depression, anxiety and stress over and above their normal characteristic traits and to further 

understand and measure clinically important depression, anxiety and stress (Lovibond and 

Lovibond, 1995).   

Subjective quality of sleep and pain can be measured using visual analogue scales and 

subjective sleepiness with such tools as the Karolinska Sleepiness Score (Åkerstedt and 

Gillberg, 1990).   

4.2.5. Light therapy as a treatment for circadian disruption 

As detailed in Chapter One, sleep and circadian disruption are at least in theory readily 

treatable by chronotherapeutic approaches.  Given light is the strongest zeitgeber for the 

circadian clock, light therapy for treatment of disorders associated with a disrupted circadian 

clock has received considerable attention.  Light can shift phase, increase amplitude and 

entrain and stabilise rhythms in humans (Czeisler and Gooley, 2007).  Therefore, it can be 

considered like a ‘drug’ for the treatment of clock-based mood disorders.  In fact, light acts on 

neurotransmitter substrates similar to those acted on by antidepressants.  The combination of 

light therapy and drugs to better combat psychiatric illness has received considerable 

attention7.   

Appropriately timed light administration has been proven effective in the treatment of jet lag 

and depression in the community setting (Wirz-Justice et al., 1996; Wirz-Justice, 2009).  

Morning light therapy administered to bi-polar patients resulted in shorter hospital stays 

(Benedetti et al., 2001) and similarly, morning light administered to cardiac patients post-

                                                
7 Anecdotally, it has sometimes been difficult for researchers to get funding for projects investigating 
how light alone can improve psychiatric illness.  It is plain that light therapy is effective in reducing 
symptoms and re-entraining rhythms, but funding success has been greater for trials proposing to 
investigate the combined effect of light therapy and a drug (such as an antidepressant).   
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operatively increased circadian and sleep consolidation (Jardim, 2014).  Elderly patients 

suffering delirium experienced longer sleep times and functional gains from exposure to 

evening bright light therapy (Chong et al., 2013).  Timed light exposure is also effective in 

facilitating re-entrainment and improving symptoms of endogenous and exogenous circadian 

and sleep disorders (Morgenthaler et al., 2007) including those resulting from shift work 

(Budnick et al., 1995; Horowitz et al., 2001; Boivin and James, 2002) jet lag (Lockley, 2009) 

seasonal affective disorder and depression (Wirz-Justice et al., 1986; Byerley et al., 1987; 

Wirz-Justice et al., 2009).   

Probably the most convincing evidence of a beneficial effect of light therapy is treatment of 

seasonal affective disorder (SAD).  SAD is characterised by depression at the same time each 

year, most commonly in the lead up to winter and during winter.  Patients suffering from SAD 

are thought to have abnormal responses to the shortening day lengths of autumn.  Morning 

light therapy in these patients improves symptoms, and this strategy is now used all over the 

world (Terman and Terman, 2005; Terman, 2007; Wirz-Justice, 2009).   

However, there is limited evidence that light therapy is effective in the treatment of 

post-operative circadian and sleep disruption and maladies in hospital (Beauchemin and Hays, 

1996; Beauchemin and Hays, 1998).  This is due in part to the inherent problem of studying 

circadian sleep disruption in patients who are ill.  Illness itself affects the circadian clock and 

sleep.  Almost all patients presenting for an operation are doing so because of underlying 

medical condition for which they need an operation, and therefore ‘baseline’ sleep and 

circadian rhythms are often confounded.  Post-operative administration of morning light to 

patients undergoing oesophagectomy has been shown to improve some circadian measures 

(Taguchi et al., 2007; Ono et al., 2011), and research our group has conducted on 

post-operative cardiac patients has provided some preliminary evidence that morning light 

therapy may be effective in correcting circadian disturbances in hospital (Jardim, 2008; Jardim, 

2014).  While these results are encouraging, the quality of the signal in these data is hindered 

by the substantial disruption of circadian rhythms in unwell patients.  The studies are 

sometimes also limited by the study design (i.e. low resolution and/or short or fragmented data 

sets).  

The type of light administered to phase shift the circadian clock can greatly influence its 

efficacy.  Blue light, specifically of short wavelengths of between 470 nm and 540 nm, has the 

greatest phase shifting effect on the human circadian clock and causes the greatest 

suppression of melatonin (Kronauer et al., 1999; Wright and Lack, 2001; Figueiro et al., 2011; 

Chang et al., 2012).  Longer wavelength light at the red end of the spectrum does not shift the 

circadian clock, except at much higher intensities.   
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The majority of studies involving light administration to patients for treatment of sleep and 

circadian-related morbidities have used natural light or light from a large light box positioned 

close to the patient.  This necessitates that patients’ eyes are open and they are awake.  

Recent studies on light administration techniques have demonstrated that flashes (two 

seconds) of light can be administered through closed eyelids, and that light administered in 

this way effectively shifts the phase of the circadian clock (Figueiro and Rea, 2012; Figueiro 

et al., 2013).  A light mask designed specifically for administering flashing blue light through 

closed eyelids during sleep effectively phase shifts the rhythm of melatonin, whereas the same 

light mask fitted with red LEDs (640 nm) does not (Wright and Lack, 2001; Figueiro, 2015).   

The ability to deliver light intra-operatively was critical to the design of this study.  Practically, 

a large light box in the operating room next the patient’s head would be cumbersome and the 

proposal of this to operating theatre staff was unlikely to be welcomed.  Instead, the light 

masks designed by Mark Rea and Mariana Figueiro at the Lighting Research Centre, Troy NY, 

offered a highly practical option for intra-operative light administration.  Since the flashing blue 

light mask had been previously confirmed to shift melatonin rhythms during sleep through 

closed eyes, we could readily assume that it would also shift rhythms (elicit a phase advance) 

in anaesthetised patients in the morning.    
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4.3. Kidney donors 

Donor nephrectomy patients comprise a unique patient population.  Unlike almost all other 

patient groups, kidney donors do not suffer from an underlying condition or illness for which 

they undergo the operation.  They are healthy patients having an operation to benefit someone 

else8.  We know these patients are healthy because they undergo a comprehensive medical 

investigation over the course of the 12 months before the operation.  All relevant aspects of 

physical health are examined and patients are reviewed by a liaison psychiatrist and screened 

for major mood (and sleep) disorders.  Furthermore, donors also sleep at home until the night 

before their operation when they are admitted to the hospital.  Thus, kidney donors provided 

baseline data of a quality unprecedented in the literature.   

Baseline data free of the confounding factors that have plagued studies in other surgical 

populations means that the magnitude of the effect of hospitalisation, general anaesthesia and 

surgery on sleep and the circadian clock can be determined.  In other words, if circadian and 

sleep disruption occurs post-operatively and intra-operative light administration is effective in 

reducing the disruption, then this will be apparent in the kidney donor population, especially 

when using a high resolution protocol (Section 4.2).   

In addition to donor nephrectomy patients being one of the few groups of patients undergoing 

an operation that they do not medically require, their operations at Auckland City Hospital 

always occur in the morning.  This is for practical reasons (to enable the corresponding 

transplant operation to take place in the afternoon).  This morning timing of operations 

coincides with the time of the day at which our group has previously shown anaesthesia to 

maximally phase shift the circadian clock of bees (Cheeseman et al., 2012), and is at the 

beginning of the ‘active phase’ which in Chapter Three I showed to be the time of the day that 

anaesthesia causes the largest phase shifts (delays) of PER2::LUC levels in the SCN.    

                                                
8 The first successful live kidney transplant operation was carried out in 1954 at Brigham Hospital in 
Boston, USA, on identical twins.  The recipient brother survived for eight years following the transplant, 
and the living donor until his death in 2010, aged 79 (Rocca et al., 2012).  Since this time there have 
been refinements in the technique used for the operation, with many centres opting for less invasive 
laparoscopic surgery.   
Kidney donation remains the most successful and cost effective therapy in treating end-stage renal 
failure.  However, there is a shortage of live donors throughout the world.  In New Zealand in 2011 the 
total number of new kidney disease sufferers was 477, with 368 having dialysis.  There were 118 new 
transplants, 57 of which were from live donors. There were 412 deaths from kidney disease.  In 2012 
there were similar numbers with approximately 50% of kidneys for transplant coming from live donors.   
While the main focus of the current study is not the state of kidney donation and the short supply of 
kidneys, it is the notion that reduction of post-operative sleep and circadian disruption may influence 
those who are considering becoming a live donor.  Any improvement to the process of donation should 
be welcomed by those choosing to undergo major surgery that may not be directly beneficial to their 
own health.   
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4.4. Aims of Chapter Four 

The two main aims of the work reported in Chapter Four were: 

1. To investigate the combined effect of hospitalisation, general anaesthesia and donor 

nephrectomy on sleep and circadian variables in kidney donors 

2. To measure the effect (if any) of intra-operative light administration on sleep and 

circadian variables following donor nephrectomy.   

There were four possible outcomes of the work described in this chapter.   

1. There is no detectable change in kidney donor’s sleep and circadian rhythms 

post-operatively from baseline values.   

2. There are changes in sleep and circadian variables post-operatively, but no 

differences in the changes between the two treatment groups.   

3. There are changes post-operatively to sleep and circadian variables, and there are 

differences between placebo light and the bright light treatment groups.   

4. Some variables show detectable change in the post-operative period but others do 

not.   

4.4.1. Hypotheses 

I began with the assumption that bright blue light administered intra-operatively in the morning 

would phase advance the circadian clock and counteract the phase delaying effect of 

anaesthesia.  

On this basis the hypotheses of this work were: 

1. That all kidney donors would have disrupted sleep and circadian variables 

post-operatively, and intra-operative administration of bright light would result in a smaller 

post-operative change from baseline in total sleep time and sleep fragmentation than 

intra-operative placebo light administration and; 

2. That one of the underlying causes of sleep disruption (determined by TST and SF) is 

a disruption of the circadian clock.   

It follows from 2) that circadian variables derived from actigraphy (IS, IV, RA) should show 

evidence of circadian disruption, and the change from baseline in these variables should be 

smaller in the bright light treatment group compared to the placebo group.   
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Further, I hypothesised that 6-sulphatoxymelatonin and core body temperature would display 

phase shifts and changes in amplitude that corresponded with actigraphically determined 

sleep and circadian disruption.  The high resolution temperature data should reflect the extent 

of the circadian clock disruption of hospitalisation, anaesthesia and surgery.  There should be 

less disruption in the participants randomised to the bright light treatment group.  

Since this study was a single-blinded, randomised controlled trial there was a treatment group 

and a control group.  Half of the participants were randomised to the treatment group to receive 

bright (blue) light administration during their operation, and the other half to the placebo, (red) 

light group.  The anticipated outcome of this study is a clear understanding of whether bright 

intra-operative light administration is effective in preventing or reducing post-operative sleep 

disruption and/or post-operative circadian disruption in patients undergoing donor 

nephrectomy.   

4.4.2. Primary and secondary outcome variables  

I measured multiple sleep and circadian variables using a high resolution protocol 

concentrated on the fourteen days surrounding donor nephrectomy.  The two primary outcome 

variables of this study were actigraphically determined total sleep time and sleep 

fragmentation.  These were selected as the primary outcome variables because sleep quality 

is considered clinically relevant.   

The secondary outcome variables of the study were changes in three actigraphically 

determined circadian variables: intradaily variability (IV), interdaily stability (IS) and relative 

amplitude (RA).  Direct markers of the human circadian clock, core body temperature and 

6-sulphatoxymelatonin, provided further data on the effect of kidney donor nephrectomy and 

the effect of intra-operative light.    
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4.5. Methods 

The results described in this thesis are an interim analysis of a study with a total sample size 

of 40 participants.  Prior to the commencement of the trial a detailed study protocol was written 

(Appendix F).  The study was approved by the Health and Disability Ethics Committee (HDEC 

13/CEN/43, ADHB study number 5850).  It was registered with the Australia New Zealand 

Clinical Trials Registry (ACTRN12614000494639).  A detailed description of the methods 

used to conduct this study, (beyond what is described in the protocol), is below.   

4.5.1. Participant recruitment 

Patients presenting for kidney donor nephrectomy at Auckland City Hospital were 

pre-admitted (following an up to 12 month work up, Appendix G) at the Greenlane Clinical 

Centre, Auckland, approximately two weeks before their operation was scheduled.  We were 

notified of potential patients through the transplant list that was circulated monthly.   

The pre-admission clinic visit provided the opportunity to approach donors for participation in 

the trial.  Potential participants first had to be deemed a ‘suitable candidates’.  This was based 

on their clinical notes (ordered in advance), inclusion and exclusion criteria, and on the advice 

of the nurse specialist transplant coordinators.  Suitable candidates were then approached 

during the pre-admission clinic.  If, (at the pre-admission clinic) candidates agreed to 

discussing the study with an investigator, they were shown the equipment and the study was 

explained.  Written informed consent was gained from those who agreed to participate after 

the (approximately ten minute) meeting.  This was also the opportunity to ensure the potential 

participant met the inclusion criteria (Appendix F).    

4.5.2. Participant data collection 

An overview of the participant data collection for the study is given in Table 4.1.  Case report 

forms (CRFs) were used throughout the study to track the progress of data collection and to 

make sure that all data were collected each day of the study.   

Participants were visited at home (or somewhere that suited them) prior to Day -7 and supplied 

with study packs and an actiwatch.  Participants were contacted by phone each day and visited 

at home prior to starting urine and temperature data collections on Day -3.  Home visits were 

made each day for the three days leading up to the operation when temperature data and 

urine were being collected in addition to the other study variables (Table 4.1).  Participants 

were greeted by me upon admission to hospital on Day -1, and then again early on the morning 

of the operation.  I stayed with them through the operation and until they were in the 
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post-anaesthetic care unit (PACU).  Participants were visited regularly throughout their 

hospital stay (at least four times a day).   

Study packs included copies of signed consent forms, patient information and study collection 

information sheets.  Dividers separated the paperwork to be completed each day.  The Munich 

Chronotype Questionnaire (MCTQ) and the Horne-Östberg Questionnaire (H-Ö) were filled 

out once at the beginning of the study.  Mood questionnaires (Depression Anxiety Stress 

Scales (DASS) and the Piper Fatigue Scale (PFS)) were filled out twice pre-operatively and 

twice post-operatively (Appendix H).  Subjective sleep times as well as pain and subjective 

quality of sleep, were recorded each day.  Visual analogue scales (100 mm) were used for 

both daily pain scores and subjective sleep quality (Appendix I).  Subjective sleepiness was 

also assessed on the days that urine and temperature were collected (Day -3 to Day 3) using 

the Karolinska Sleepiness Scale (KSS).   

In order to have subjective parallels to the actigraphic sleep analysis and to capture the effect 

of donor nephrectomy on mood and fatigue (and the effect of light) the Piper Fatigue Scale 

(PFS) and the Depression Anxiety Stress Scales (DASS-21) were filled out twice 

pre-operatively and twice post-operatively.   

Questionnaires for morning or evening preference (Munich Chronotype Questionnaire (MCTQ) 

and the Horne-Östberg Questionnaire (H-Ö)) were used to establish whether there were large 

phase differences between treatment groups.  Calculations of chronotype in the MCTQ were 

made based on the midpoint between sleep onset and offset on work free days (MSF) and 

was corrected for oversleep due to the sleep debt accrued over the working week 

(Roenneberg et al., 2003; Roenneberg, 2015).  The Horne-Östberg questionnaire categorised 

subjects into either morning, evening or intermediate types by identifying the times of the day 

individuals prefer to conduct activities (Horne and Ostberg, 1976).  These data were included 

in participant demographics.  These were completed only once at the beginning of the trial.   

Close contact was maintained with participants throughout data collection.  At the conclusion 

of the study, an investigator visited the participant at home or arranged a meeting at the 

outpatient clinic (which was normally scheduled for two days after the end of the study) when 

remaining equipment was collected and the participant thanked.   
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  Actigraphy 
Sleep 
diary 

Daily pain 
assessment 

Urine 
collection 

Core Body 
Temperature 

KSS DASS PFS H-O MCTQ 

Day -7 x x x       x x x x 
Day -6 x x x               
Day -5 x x x               
Day -4 x x x               
Day -3 x x x x x x x x     
Day -2 x x x x x x         
Day -1 x x x x x x         
Operation   x x   x           
Day 1 x x x x x x         
Day 2 x x x x x x         
Day 3 x x x x x x x x     
Day 4 x x x               
Day 5 x x x               
Day 6 x x x               
Day 7  x x x       x x     

Table 4.1 Study data collection overview.  Intensive data collection was required for the three days either side of the operation.  Participants were provided with a 
copy of the study overview in their participant folder.  Participants were admitted to hospital at 1pm on the day before (Day -1) their operation.   
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4.5.3. Actiwatch data recording 

Actiwatch 2 devices were configured using Actiware Philips Respironics (© Koninklijke Philips 

N.V) proprietary software.  They were set to record activity and photopic light, and were 

charged to full battery for a minimum of 24 hours before they were required.  As reliable 

estimates of circadian variables necessitate seven days of data recording (Van Someren, 

2007) participants were asked to wear their actiwatch on their non-dominant wrist from 

bedtime the night before Day -79.  A different actiwatch was configured for post-operative 

recording to pre-operative, to ensure devices always had ample charge for data-logging.  

Participants were asked to remove the actiwatch on the morning following Day 7.   

Actigraphic data were downloaded from the first actiwatch at the end of the pre-operative 

period (on Day 0), and again from the second actiwatch at the end of the study (after Day 7).  

Total sleep time and sleep fragmentation from each of the seven day periods were derived 

from Cambridge Neurotechnologies (CNT) sleep analysis software.  Total sleep time was from 

the variable ‘Actual Sleep Time’ and sleep fragmentation from ‘Movement and Fragmentation 

Index’.  Non-parametric circadian rhythms analyses were applied to the same actigraphic data 

from the pre-operative and post-operative periods using the NPCRA function in the Cambridge 

Neurotechnologies (CNT) software package.   

  

                                                
9 Wearing the actiwatch on the non-dominant wrist is standard practice as overall activity is less 
affected by daily activities.  However, actigraphy worn on either wrist has equally good agreement 
with polysomnography (Sadeh et al., 1994).   
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4.5.4. Urine collection for analysis of 6-sulphatoxymelatonin  

Urine for the measurement of urinary 6-sulphatoxymelatonin was collected by participants 

(with assistance from investigators) for a complete three days prior to their operation and three 

days following.  The protocol relies on the collection of all urine produced.  Urine was collected 

in four-hourly bins throughout the day and in one overnight bin (approximately eight hours) for 

a total of five samples per day (Figure 4.3).  One additional overnight bin (approximately 

12 hours, from 20:00 to 08:00) was collected on the night immediately following the operation 

to assess the acute effect of the operation on melatonin production.   

All urine was collected into a sample container during the four (or eight) hour periods.  At the 

end of the time bin the urine was measured and the volume recorded.  The timing of the bin 

was also recorded.  For example, sometimes bin A was from 08:00 to 12:30 rather than to 

12:00.  Participants were asked to record any deviations from the standard protocol, so they 

could be accounted for in the analyses.  After recording the urine volume, a small sample 

(~5  ml) was transferred to a labelled vial and the remaining urine discarded.  Containers and 

measuring jugs were then rinsed ready for the next collection bin.  Samples were collected 

from the participants daily and were stored in the laboratory freezer at -20°C in triplicates of 

~1 ml.   

RIA for the measurement of 6-sulphatoxymelatonin was chosen for this study because of the 

large number of samples.  An import permit was granted by the Department of Agriculture and 

Water Resources of the Australian government on 5 July 2016 (Appendix J).  Each of the 

samples collected (566 in total) were packaged on dry ice and sent to the Adelaide Research 

Assay Facility (ARAF) for RIA from Auckland on 11 July 2016.  Results were received on 16 

November 2016.   
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Figure 4.3 Urine collection schedule over the three days before the operation and for the three 
days following.  An additional overnight sample was also collected from the night of the 
operation to the following morning (20:00 - 08:00).  At the end of each bin, the urine volume 
was recorded and a small sample saved.  This was also the time that the KSS was filled out.   

Samples were analysed in nanograms per millilitre (ng/ml) of urine.  This concentration was 

multiplied by the volume of the bin, and divided by the number of hours in that bin to calculate 

6-sulphatoxymelatonin in ng/h.  

The possible number of samples that could have been collected from all 20 participants was 

620 (31 samples each), but sometimes samples were absent.  Missing samples were dealt 

with in two ways.  When there was no urine passed over a four hour bin the excretion rate was 

calculated by combining the preceding four hour bin with the bin in which no urine was passed.  

For example, if no urine was passed in bin B between 12:00 and 16:00 then the concentration 

from the assay for the C bin (16:00-20:00) was taken back to the B bin, which in effect became 

a B+C bin of approximately eight hours.  The volume that the concentration was divided by 

remained the same, but was divided by all the hours in the two bins, i.e. eight hours.  When 

the sample was missing because urine was discarded mistakenly before the urine was 

sampled, the sample was absent for that bin as no adjustment for the amount of 

6-sulphatoxymelatonin produced during that time could be made.  Additionally, if the 

participant had recorded no urine passed in two consecutive bins then these were left out of 

the analyses (i.e. the following value was not taken back to the previous time bins because it 

was deemed unlikely that there was no urine passed at all for eight hours during the day).  The 

exception to this could be in the immediate post-operative period when urine production can 

occasionally be slow to resume normal production.   



 Chapter Four 

102 
 

4.5.5. Recording core body temperature 

Core temperature can be recorded reliably using rectal thermistors or the more agreeable 

ingestible pills over several circadian cycles (Waterhouse et al., 2005).  Telemetric 

temperature capsules (pills) were chosen to record core temperature to provide high resolution 

data in a minimally invasive manner.  The ingestible Vitalsense® core temperature capsules 

are easily swallowed (Figure 4.4) and transmit temperature to a wireless device worn on a 

sensor belt.  The EQ02 LifeMonitor (Equivital Hildago, UK) has two components.  The 

Sensor Electronics Module (SEM) which receives signal from the pill, and the Sensor Belt 

which the SEM is connected to (Figure 4.5).  Temperature readings from the gastrointestinal 

tract were transmitted via radio signal from the pill every 15 seconds during transit through the 

gut and are accurate to 0.01°C between 32°C and 42°C (McKenzie and Osgood, 2004; Byrne 

and Lim, 2007; Micic et al., 2016).   

 

Figure 4.4 Vitalsense® core temperature capsule.  Participants swallowed a capsule each 
morning of the data collection period (Day -3 to Day 3) or in some cases less frequently 
post-operatively. 

Figure 4.5 The EQ02 LifeMonitor Belt (Equivital Hildago, UK) and the Sensor Electronics 
Module (SEM).  Belts were fitted to participants so they fit snugly around the chest.   
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Belts were fitted to the participant prior to the beginning of the recording of temperature on the 

morning of Day -3.  Pills were activated using the EQ core temperature capsule activator 

(Figure 4.6).   

 

Figure 4.6 EQ Core temperature capsule activator.  Temperature pills were activated by 
aligning the transparent end of the pill with the ‘window’ on the activator and pressing the 
button.   

Participants were instructed to swallow a temperature capsule each morning of the three days 

prior to their operation, and the three days following.  This usually meant there was overlap 

between different pills in the gut and that there were few gaps in recordings.  The 

gastrointestinal tract transit time of pills varies between 12 and 48 hours (but the pills have a 

battery life of ten days).  Thus temperature was recorded more or less continuously (every 15 

seconds).   

Participants, with the help of investigators, were asked to change the batteries in the 

Equivital external battery pack each day (Figure 4.7).  The SEM itself is powered but the 

battery pack attached to the belt meant that data recording always remained continuous.   

 

Figure 4.7 External battery pack.  The battery pack holds three AAA batteries and is connected 
to the belt for additional power during recording.   

Data from the SEM were downloaded throughout the study period.  A new SEM was attached 

to the belt on the day of the operation (Day 0) for recording post-operative data.   
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4.5.6. Intra-operative light administration 

Participants were block randomised in two groups of 20 using the ‘=rand()’ function in excel.  

The first 20 randomly ordered participant numbers were assigned to the treatment group, and 

the second 20 to the placebo group (Appendix K).  Therefore, there were ten participants 

randomly assigned to the placebo light group and ten to the bright light group in each of the 

blocks of twenty, and ten in each group at interim analysis.  The treatment group that the 

participant was randomised to was revealed on the morning of the operation.  Throughout the 

study period (and through data analysis) only the researcher administering the light in the 

operating theatre (me) was aware of what arm of the study the participant was in.  Data were 

unblinded in the final stages of analysis.   

The light masks fitted with blue or red LEDs supplied by Mark Rea and Mariana Figueiro were 

used to administer two second flashes of 480 nm light (bright blue, treatment) or 640 nm (red, 

placebo) light every thirty seconds (Figueiro, 2015).  After the attending anaesthetist had 

induced anaesthesia, intubated and stabilised the patient I positioned the light mask over the 

patient’s eyes (which were taped closed with transparent 3M Tegaderm) Figure 4.8 and 

switched it on.  The light mask was left in place until either the end of the operation or for 

180 minutes (whichever came first).  At that time the mask was switched off and removed 

before the patient emerged from the anaesthetic.   

 

  
Figure 4.8 Light mask used to administer light to participants during their operation. The peak 
wavelength of the bright blue light mask was 480 nm.  The placebo light mask delivered red 
light with a peak wavelength of 640 nm.  Both light masks provided a two second duration light 
pulse every thirty seconds (Figueiro 2015).  Photo N. Ludin, reproduced here with permission 
from participant.   
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4.5.7. Clinical procedures for kidney donors 

The standard surgical procedure for donor nephrectomy at Auckland City Hospital is a hand 

assisted laparoscopic procedure with the option to ‘open’ if necessary.  For laparoscopic 

nephrectomy the surgeon positions the patient in the lateral position, places the hand port (for 

hand access) and establishes a pneumoperitoneum.  Additional ports are inserted, and the 

left colon and the spleen are mobilised with diathermy. The ureter is dissected, the gonadal 

vein clipped and the renal vein mobilised (dividing the supra-renal and lumbar tributaries).  The 

renal artery is then dissected and the kidney mobilised.  The ureter is clipped at the pelvic 

brim and then divided.   

The standard anaesthetic protocol and drug set for this operation is focused on producing a 

donor kidney in the best possible condition without comprising the well-being of the donor.  

Generally, patients receive pre-medication with midazolam, and then anaesthetic induction is 

achieved with propofol, fentanyl and midazolam.  Maintenance of anaesthesia is achieved with 

an inhalational agent (usually desflurane, or sevoflurane).  Cefuroxime is given at induction, 

and mannitol or frusemide if urine output drops close to the time of excision of the kidney.  The 

surgeon requests heparin prior to flushing the organs and its reversal with protamine following 

the ligation of the renal vessels.  The particular drug set and approach can change at the 

discretion of the consultant anaesthetist.  A summary of the drugs that were administered to 

patients is given in Table 4.4.   

Kidney donor patients are also prescribed a morphine PCA (patient controlled analgesia) 

infusion pump for up to one day post-operatively, and paracetamol and non-steroidal anti-

inflammatories such as diclofenac or naproxen.  Tramadol may also be prescribed for pain 

relief.  Most commonly, patients have their urinary catheter removed on the morning following 

their operation.   
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4.5.8. Data analyses 

Data in this study were collected for an equal duration before (seven pre-operative days) and 

after (seven post-operative days) the participants underwent hospitalisation, general 

anaesthesia and surgery.  This meant that not only could the average pre-operative and 

post-operative values for each participant (or the treatment groups as a whole) be analysed, 

but also, each individual’s change in each variable from baseline could be calculated.  This 

‘change from baseline’ has formed the basis for the majority of the analyses in this study.   

I used the ‘rules’ set in RStudio to determine the most appropriate t-test to use for each 

variable on the basis of the variance in the groups.  A standard two sample t-test was used 

when the standard deviations were approximately equal (i.e. the assumptions of the t-test 

were met), and the Welch two sample t-test when one standard deviation was more than two 

times the other.  Two-sided p-values were used when determining if there was evidence of a 

difference between the two sample means.   

4.5.8.1. Actigraphic data analyses 

Initially, actigraphic data for the two primary outcome variables of the study (TST and SF) and 

the circadian variables (NPCRA, IV, IS, RA) were averaged across the light treatment groups 

to enable the determination of the overall effect of hospitalisation, anaesthesia and surgery on 

these variables in kidney donors.  Paired t-tests were used to show whether there was 

evidence for a difference between pre-operative and post-operative means.   

The differences between the pre-operative and post-operative actigraphically derived 

variables were also plotted as differences for each participant separately in each of the two 

groups.  These analyses were to determine the change from baseline.   

4.5.8.2. 6-sulphatoxymelatonin data analyses 

6-sulphatoxymelatonin data from radioimmunoassay were averaged over the participants in 

each group.  To account for inter-individual differences in melatonin production and to be able 

to compare peaks and nadirs between participants, the calculated excretion rate was range 

standardised to the highest value (100%).  Cosinor analyses were applied to both the average 

bright light and average placebo data.  Cosinor analyses were also applied to each individual 

6-sulphatoxymelatonin profile.  Phase shifts from the individual data were calculated and 

plotted but the low resolution and the infrequent sampling of the data make these analyses 

unreliable.  Therefore no statistical analyses were conducted.   



 Chapter Four 

107 
 

4.5.8.3. Core temperature data analyses 

Analysis of temperature data involved several steps of joining of files (a new excel file was 

created in the Equivital program each time the data were downloaded from the SEM) and 

smoothing data before applying cosinor analysis.  Data were ‘cleaned’ so that the temperature 

from the pill that had been in the gastrointestinal tract the longest was used when there was 

more than one pill transmitting at the same time.  Data that were either less than 36°C or 

greater than 38.5°C were removed from the files before a median smoother (seven minutes) 

was applied.   

Using RStudio, a cosinor function was fitted to the median smoothed pre-operative data and 

another independent fit was made to the median post-operative data.  Tau was set to 24 hours 

both pre-operatively and post-operatively (as these patients were under normal entrained 

conditions there was no reason to think their underlying tau would be any different from 24 

hours).  In most cases the cosinor function was fitted from eight hours post-operatively (i.e. at 

the beginning of the night following the operation) but this was adjusted on an individual basis 

to coincide with the first decrease in temperature post-operatively (as it was assumed that 

temperature would not fall until post-operative thermal compensation had occurred).  Thus, 

some analyses were started 12 hours following the operation.  The pre-operative cosinor was 

projected forward to the post-operative data, and phase shifts were calculated from the 

difference between the two fits on the first post-operative day.   

Additional analyses were performed on two examples to examine the possibility of changes in 

tau following the operation.  To do this, tau was estimated post-operatively and the cosinor 

was fitted with that tau (Appendix O Figures O.9 and O.13).   

4.5.8.4. Subjective measures analyses 

Scores for the PFS were calculated as per the standard format, by adding the items contained 

in each of the subscales, and dividing by the number of items on the subscale.  The total 

overall fatigue score was calculated by adding the scores from the 22 items together, and 

dividing by 22.  The scores are 0=None, 1-3=Mild, 4-6=Moderate, 7-10=Severe ((Piper et al., 

1998) Table 4.2).  If data were missing, mean item substitution was used.  If the participant 

answered 75%-80% of the items of a subscale then the mean score was calculated based on 

the number of items answered, and the missing value substituted for the missing score.  

Average pre-operative scores were subtracted from average post-operative scores to 

determine the overall change from baseline, and the change in sub-scale score.   
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Table 4.2 Piper Fatigue Scale Severity codes  

Severity Codes:   
    
0 NONE 
1-3 MILD 
4-6 MODERATE 
7-10 SEVERE 

 

DASS was analysed in the same way as the PFS, by following the standard scoring procedure.  

The 21 items asked the participant to indicate how much the statement applied to them over 

the past week. The scores are 0=Never, 1=Sometimes, 2=Usually and 3=Always.  The three 

DASS scales contain seven items in each and the scores for depression, anxiety and stress 

are calculated by summing the scores for the relevant items.  The recommended cut off scores 

for the severity labels of normal, moderate or severe are different for each of the scales and 

are as per Table 4.3.  Average pre-operative scores were subtracted from average 

post-operative scores to determine the overall change from baseline, and the change in 

sub-scale score.   

Table 4.3 An outline of the DASS severity scores.  

 Depression Anxiety  Stress 

Normal 0-9 0-7 0-14 

Mild 10-13 8-9 15-18 

Moderate 14-20 10-14 19-25 

Severe 21-27 15-19 26-33 

Extremely Severe 28+ 20+ 34+ 

 

Values from the nine point verbally anchored Karolinska Sleepiness Scale (KSS) scale are 

“extremely alert” (score = l), “alert” (3), “neither alert nor sleepy” (5), “sleepy-but no difficulty 

remaining awake” (7), “Extremely sleepy-fighting sleep” (9).  The steps in between have a 

scale value but no verbal label (Åkerstedt and Gillberg 1990).  Participants were presented 

this scale on paper and asked to circle the value most closely associated with current 

sleepiness levels (Figure 4.9).  Scores in each of the two groups were averaged for each time 

point they were recorded at (five times per day).   
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KAROLINSKA SLEEPINESS SCALE 
 

KSS SCORE 

Extremely Alert                             Alert                             Neither                            Sleepy but no                      Extremely sleepy  
                                                                                  alert nor Sleepy               difficulty remaining  awake              fighting sleep 

1              2              3            4             5             6             7              8             9 

 

Figure 4.9 The Karolinska Sleepiness Scales used in this study.  Five of these were printed on 
separate sheets for each day of urine collections for the participant to fill out at the end of 
each urine bin.  Participants were asked to fold the sheet over after completing it, so that the 
previous answer could not be seen when answer when completing the current scale.   

Visual analogue scales (100 mm) were used to record subjective pain and subjective sleep 

quality each day of the trial (Appendix I).   
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4.6. Results 

During recruitment of the participants included in this thesis (November 2014 to May 2016), 

55 patients were scheduled for kidney donor surgery.  Of those, 17 patients were not 

approached for inclusion in the study because either 1) geographical location prior to the 

operation excluded them, 2) they were frequent users of marijuana, or 3) the transplant 

coordinators advised against approaching them.  Seven patients declined to participate in the 

study when approached at the pre-admission clinic.  A further six patients were not 

approached for inclusion because there was not enough time to collect pre-operative data (i.e. 

the pre-admission clinic occurred less than seven days prior to surgery).  Three patients’ 

operations were cancelled immediately prior to, or at the pre-admission clinic.  Two people 

gave written informed consent but withdrew.  Thus, 20 participants gave written informed 

consent and went on to complete the study (Figure 4.10).   

 

Figure 4.10 Participant recruitment flow chart.  Participants were approached between 
November 2014 and May 2016.   
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Summary demographic data is given in Table 4.5.  Of the 20 participants 14 provided 

analysable temperature recordings, and 14 provided complete sets of actigraphy.  All 

participants (n=20) provided adequate urine samples for analysis of 6-sulphatoxymelatonin 

and all provided sufficient mood data and subjective data for analyses.  All operations were 

performed laparoscopically.  All but two participants (who received a total intravenous 

anaesthetic (TIVA)) were anaesthetised with the standard drug set for kidney donors where 

anaesthesia maintenance was achieved with desflurane (16 participants) or sevoflurane (two 

participants).  The drugs used for anaesthesia of the kidney donors is summarised in Table 

4.4.  With the exception of three participants (two light treatment group, one placebo) all 

operations began between 08:30 and 09:15.  The average start time was 08:50 (range 8:20 

to 11:00) and average end time was 11:20 (range 10:00 to 13:40).   

Table 4.4 The main drugs used in anaesthesia of the kidney donor patients (anaesthetic drugs 
are bold).  Drugs are listed in order of the number of patients that received them.  Patients were 
maintained on an inhalational anaesthetic (desflurane or sevoflurane, except two who were 
administered a TIVA).   

Drug  Number of patients 

propofol 20 

heparin 20 
protamine 20 
fentanyl 19 
dexamethasone 19 
atracurium 18 
desflurane 16 

midazolam 16 
parecoxib 16 
morphine 16 
cefuroxime 14 
neostigmine 2.5mg, glycopyrrolate 0.5mg 13 
ondansetron 12 
metaraminol 6 
bupivacaine 0.25% w/ adrenaline 1:400000 6 
droperidol 5 
paracetamol 5 
tramadol 4 
cephazolin 3 
clonidine 3 
sevoflurane 2 
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Table 4.5 Recruited participants’ demographics.  Means (SEM) are presented for the participants in each of the two groups. The MSF_sac is the 
MCQT score which is corrected for sleep recovery on free days and is the age-corrected, adjusted mid-point of sleep on free days.  The H Ö score 
is abbreviated to INT (intermediate) MM (moderate morning), DM (definite morning) and ME (moderate evening).  NZE- New Zealand European, NZM 
New Zealand Māori.   

  Placebo light group (n=10) Bright light group (n=10) 

Age  52.4 (3.36) 49.3 (3.75) 
Sex 90% Female 10% Male 60% Female 40% Male 
Ethnicity 70% NZE, 20% NZM, 10% Other 80% NZE, 10% NZM, 10% Other 
BMI 27.5 (1.48) 25.7 (3.75) 
Hospital stay (days) 4 (0.18) 4 (0.2) 
Operation duration 2:16 (0.01) 2:12 (0.007) 
Total mins light on 147 (16.57) 156 (6.69) 
MSF_sac 4.2 (0.16) 4.4 (0.26) 
H-Ö 60% MM, 30% INT, 10% DM  50% MM, 30% INT, 10% DM, 10% ME 
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4.6.1. Sleep and circadian disruption results 

Sleep and circadian variables were disrupted following hospitalisation, general anaesthesia, 

and surgery as shown by significantly different scores between the pre-operative and 

post-operative periods (Table 4.6).  On average, all participants slept for significantly longer 

in the post-operative period than the pre-operative period.  Those in the placebo group slept 

0.47 hours longer post-operatively and those in the bright light treatment group slept 

1.17 hours longer.  There was no evidence for a difference in sleep fragmentation scores 

between the pre-operative and post-operative periods (Table 4.6).  IV and RA showed 

evidence of a difference between pre-operative and post-operative scores, and IS differences 

between the pre-operative and post-operative periods were highly significant in both of the 

groups.  Overall, the scores between the pre-operative and post-operative periods were in the 

same direction and of similar magnitude in the actigraphic variables.  However, on average 

those participants in the bright light treatment group trended towards longer sleep, less 

variability, more stability and higher amplitude in the post-operative period when compared to 

the placebo light treatment group.   

 



 Chapter Four 

114 
 

Table 4.6 Average pre-operative and post-operative actigraphy scores (mean (SEM)).  Participants in both the placebo and bright light treatment 
groups showed increased total sleep time and intradaily variability, and decreased interdaily stability and relative amplitude.  The direction of all of 
these changes were expected given hospitalisation, anaesthesia and surgery.  There was no change in sleep fragmentation between the 
pre-operative and post-operative periods.  Paired t-test p-values in bold show evidence or strong evidence of a difference between the means of 
the pre-operative and post-operative periods.   

 

 Placebo light  
group (n=7) 

  Bright light  
group (n=7)  

  Pre-operative Post-operative Paired t-
test Pre-operative Post-operative Paired t-test 

Total sleep time (TST, hours)  5.99 (±0.37) 6.46 (±0.33) p=0.039 6.34 (±0.28) 7.51 (±0.32) p=0.038 
Sleep Fragmentation (SF) 45.5 (±7.75) 40.30 (±4.50) p=0.305 44.78 (±8.44) 46.60 (±4.32) p=0.768 
Intradaily variablity (IV) 0.71(±0.07) 0.99 (±0.10) p=0.003 0.7 (±0.06) 0.92 (±0.10) p=0.057 
Interdaily stability (IS) 0.39 (±0.01) 0.22 (±0.01) p=0.000 0.39 (±0.02) 0.26 (±0.02) p=<0.00 
Relative amplitude (RA) 0.9 (±0.02) 0.74 (±0.04) p=0.001 0.91 (±0.02) 0.81 (±0.04) p=0.040 
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4.6.2. Total sleep time and sleep fragmentation results 

There were 14 complete sets of actigraphic data that were able to be analysed, all of the 

actograms of which are in Appendix L.  Two representative actograms are shown in Figure 

4.11.  The left-hand actogram is a participant that was randomised to the placebo light group 

and the right hand panel is a participant who was randomised to the blue bright light treatment 

group.  Coloured bars represent the time of the operation and therefore the light administration, 

with seven days pre-operative baseline data and seven days of post-operative data.  By simply 

‘eyeballing’ the data, one can see that both participants are entrained and are going to sleep 

and waking up at approximately the same time each day, with few instances of night time 

activity pre-operatively.  However, in the post-operative period the participant randomised to 

the placebo light group has more night time activity and appears ‘more disrupted’ than the 

participant in the bright light treatment group.   
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Figure 4.11 Double plotted actograms from two participants, one who was randomised to the placebo light group (left panel) and one who was randomised to the 
bright light treatment group (right). The red and blue shading represents the approximate time of the light administration during the operation.  Black and white 
bars represent approximate sunrise and sunset times over the study period.   TST, SF and the NPCRA variables IS, IV and RA were derived from the actigraphy 
using Cambridge Neurotechnologies and ClockLab analysis software.  NPCRA values for the participant randomised to the placebo light group were RA=0.943, 
IV=1.119, IS=0.385 pre-operatively, and RA=0.697, IV=1.577, IS=0.189 post-operatively, and for the participant randomised to the blue light group were, RA= 0.914, 
IV0.633, IS=0.377 pre-operatively and RA=0.919, IV=0.517, IS=0.332 post-operatively.   
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Figure 4.12 Difference in total sleep time (TST) from baseline pre-operative values in the 
placebo light (red points, n=7, SEM) and bright light treatment group (blue points, n=7, SEM).  
Positive values represent those participants who slept longer on average post-operatively, and 
negative values are those that slept less post-operatively. 

On average, all participants slept more in the post-operative period than at baseline (Figure 

4.12).  There is no evidence for a difference between the total sleep time of the two light 

treatment groups (two sample t-test p=0.85).   
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Figure 4.13  Difference in sleep fragmentation (SF) from baseline pre-operative values in the 
placebo light (red points, n=7 [SEM]) and bright light treatment group (blue points, n=7 [SEM]).  
Negative values are from patients that had lower SF post-operatively than pre-operatively.  
More fragmented and therefore more restless post-operatively are positive values.   

 

Sleep fragmentation did not show a consistent trend in either group.  There were participants 

in both of the light treatment groups that displayed increased sleep fragmentation post-

operatively as well as decreased sleep fragmentation post-operatively.  The differences from 

baseline are plotted in Figure 4.13.  There was no significant difference in the change from 

baseline between the two groups (two sample t-test p=0.74), and the average change centred 

close to zero.   
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4.6.3. Circadian actigraphic variables results 

 

Figure 4.14 Difference in intradaily variability (IV) from baseline pre-operative values in the 
placebo light (red points, n=7 [SEM]) and bright light treatment groups (blue points, n=7 
[SEM]).  Positive values are those participants who had higher intradaily variability post-
operatively than pre-operatively.   

Intradaily variabilty (IV) was derived from seven days of actigraphy using non-parametric 

circadian rhythm analysis (NPCRA) both from the pre-operative baseline data (Day-7 to Day 

0) and the post-operative data (Day 0 to Day 7).  The difference between the two values is 

plotted in Figure 4.14.  The trend in both groups is for increased intradaily varibility in the 

post-operative period compared to the pre-operative period but there is no significant 

difference in the change between the two light treatment groups (two sample t-test p=0.67).  
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Figure 4.15 Difference in interdaily stability (IS) from baseline pre-operative values in the 
placebo light (red points, n=7 [SEM]) and bright light treatment groups (blue points, n=7 
[SEM]).  Interdaily stability decreased post-operatively compared to pre-operatively in all 
participants, but the decrease was less on average in those in who received bright blue light 
during their operation.   

 

Interdaily stability (IS) was also derived from seven days of actigraphy using NPCRA from 

both the pre-operative and post-operative periods independently.  Rhythms in both groups 

were less stably entrained post-operatively, as IS score decreased from baseline (Figure 4.15).  

There is weak evidence of a difference between the two groups’ interdaily stability scores (two 

sample t-test p=0.08).   
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Figure 4.16 Difference in relative amplitude (RA) from baseline pre-operative values in the 
placebo light (red points, n=7 [SEM]) and bright light treatment groups (blue points, n=7 
[SEM]).  Most participants’ relative amplitude decreased on average in the post-operative 
period.   

 

Relative amplitude decreased in almost all participants in the post-operative period compared 

to the pre-operative period as shown in Figure 4.16.  The difference between active and 

inactive was smaller post-operatively.  There is no evidence of a difference in RA between the 

two light treatment groups (two sample t-test p=0.20).  
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4.6.4. 6-sulphatoxymelatonin results 

The radioimmunoassay had a limit of detection of 0.5 ng 6-sulphatoxymelatonin/ml urine (at 

1:250 dilution).  The interassay coefficients of variation (CVs) were 14.2% at 3.0 ng/ml, 12.8% 

at 13.8 ng/ml and 7.9% at 22.5 ng/ml.  There were 12 concentrations that were less than 0.05 

ng/ml.  These were considered 0.05.   

Examples of all six days (three days pre-operatively and three days post-operatively) of range 

standardised 6-sulphatoxymelatonin from a participant randomised to the placebo light group 

is displayed in Figure 4.17, and from a participant in the bright light treatment group in Figure 

4.18.  These data show the robust rhythms in 6-sulphatoxymelatonin pre-operatively and 

post-operatively.  Width of the bars in the histograms represent the duration that the single 

sample was accumulated over.  All of the individual data plotted as histograms can be found 

in Appendix M.   
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Figure 4.17 Participant 01 6-sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The red shading represents placebo light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (1003.06 ng/h).  Sample D on Day 3 was missed.   

 

Figure 4.18 Participant 17 6-sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The blue shading represents bright light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (1088.26 ng/h).  No urine was passed in bin D on Day -3, bin A on 
Day 1 or bin B on Day 3.    



 Chapter Four 

124 
 

 

Figure 4.19 Average range standardised 6-sulphatoxymelatonin levels (ng/h) over the six study 
days.  The black bar in the centre represents the operation.  The average excretion rates for 
those in the bright light (blue line) and placebo groups (red line) were combined 
pre-operatively since there is no difference in the treatment of the groups before the operation.   

 

The average 6-sulphatoxymelatonin excretion followed the typical pattern of entrained, healthy 

individuals in the pre-operative period.  Figure 4.19 shows the pre-operative data for all 20 

participants combined (black line).  The data were combined prior to the operation as there 

was no difference in the protocol between the two groups before the individuals were 

randomised to either the blue bright light treatment group or to the placebo light group.  

Participants either received bright light or placebo light intra-operatively and the average 

6-sulphatoxymelatonin excretion has been plotted as such (blue and red lines respectively).  

Levels of 6-sulphatoxymelatonin were affected acutely by the operation, especially on the first 

post-operative day.   
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Figure 4.20 Average range standardised 6-sulphatoxymelatonin levels (ng/h) over the six study 
days.  The black bar in the centre represents the operation.  The average excretion rates for 
those in the bright light (blue line) and placebo groups (red line) were separated 
pre-operatively as even though there is no difference in the treatment of the groups before the 
operation, the baseline 6-sulphatoxymelatonin excretion was different pre-operatively.   

 

Over the course of analysis it became apparent that the two treatment groups’ happened to 

have average 6-sulphatoxymelatonin levels which were different in the pre-operative baseline 

data collection period.  Because they were different, the pre-operative data are also shown 

separately here (Figure 4.20).  Both groups show robust, entrained rhythms of 

6-sulphatoxymelatonin pre-operatively, but the average amplitude of the oscillation from the 

ten participants in the placebo light group happened to be larger than the bright light treatment 

group.  This is important as it may explain some of the difference in the post-operative data 

(Figure 4.20).   
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Cosinor analysis was also applied to individual 6-sulphatoxymelatonin data over the three 

days pre-operatively and the three days post-operatively.  Figure 4.21 and Figure 4.22 are the 

average plots from those in the placebo group and the bright light group respectively with the 

cosinor function applied.  Cosinor analyses are applied to 6-sulphatoxymelatonin in the 

literature but they do not always provide the most reliable estimates of phase change, given 

the temporal resolution is four hourly at best (i.e. small magnitude phase shifts cannot be 

detected).  Cosinor analyses were also applied to all of the individual data.  These plots are in 

Appendix N.   

  

 

Figure 4.21 Average range standardised 6-sulphatoxymelatonin from the ten participants 
randomised to the placebo light group.  A cosinor analysis was applied to the pre-operative 
data (black line) and a separate cosinor was applied to the post-operative data (red line).   The 
red bar represents placebo light administration during the operation.  The grey shading is the 
day of the operation when urine was not collected.  The pre-operative fit was projected forward 
(broken line) and the phase shift was determined from the difference between the two fits 
(-0.28 hours).   
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Figure 4.22 Average range standardised 6-sulphatoxymelatonin from the ten participants 
randomised to the bright light treatment group.  A cosinor analysis was applied to the 
pre-operative data (black line) and a separate cosinor was applied to the post-operative data 
(red line).  The blue bar represents bright light administration during the operation.  The grey 
shading is the day of the operation when urine was not collected.  The pre-operative fit was 
projected forward (broken line) and the phase shift was determined from the difference 
between the two fits (-0.79 hours).   
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Figure 4.23 Individual phase shifts from the difference in phase from pre-operative to 
post-operative 6-sulpahtoxymelatonin values as determined by cosinor analysis in the placebo 
light (red points, n=10 [SEM]) and bright light treatment groups (blue points, n=10 [SEM]).  
These phase shifts are not reliable as the data sets have low resolution which means that 
determining phase differences is difficult, especially when the phase shift may be less than the 
urine bin duration (i.e. less than four hours).   

Phase shifts were calculated from the 6-sulphatoxymelatonin data (derived from cosinor 

analysis) are plotted in Figure 4.23 even though the data are low resolution and as a result 

the cosinor fits are unreliable.  There is no evidence of a difference between the two groups 

or indeed, any real evidence for phase shifts at all.   
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Figure 4.24 Average overnight 6-sulphatoxymelatonin samples from the night immediately 
pre-operatively (Day-1) and the night following the operation (Day 0) in the placebo light (red 
bars, [SEM]) and bright light treatment groups (blue bars, [SEM]).  Sample sizes are in 
parentheses beside each bar.   

A comparison of the overnight 6-sulphatoxymelatonin excretion from the night before the 

operation and of the first post-operative night show an acute damping of 

6-sulphatoxymelatonin excretion (Figure 4.24).  This damping gradually increases back to 

nearly pre-operative levels by the third post-operative day (Figure 4.25).  The decrease is of 

a similar magnitude change from pre-operative baseline in both of the groups, and there is no 

difference in the suppression between the light treatment groups.   
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Figure 4.25 Change in the average difference between peak and nadir 6-sulphatoxymelatonin 
excretion (ng/h) on the three post-operative days separately compared with the average pre-
operative peak to nadir difference in the placebo light (red points, [SEM]) and bright light 
treatment groups (blue points, [SEM]).   

 

While there were no differences in the production of melatonin between the two groups 

post-operatively, both groups show the same trend in correction towards baseline over the 

three post-operative days.  Figure 4.25 is a plot of the percentage change of the difference 

between the peak 6-sulphatoxymelatonin in the two groups on the first, second and third 

post-operative days compared to the average peak to nadir difference of the pre-operative 

days.  Plotting the data in this way describes the correction towards zero, or no difference 

between pre-operative levels compared to post-operative levels, by the third post-operative 

day.  On post-operative day three the percentage change from pre-operative levels is nearly 

zero in both groups (which are not different).   
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4.6.5. Core body temperature results 

From the 20 participants described in this chapter, 14 temperature data sets were sufficiently 

complete to enable analysis of phase shifts.  All of the plots and analyses of these data are 

provided in Appendix O.  Data could not be analysed from six patients as either the 

pre-operative or post-operative data were missing due to equipment failures or patient 

non-compliance.   

Examples of the analysed (cosinor) temperature data are in Figure 4.26 and Figure 4.27.  The 

amplitude of core temperature oscillations are larger pre-operatively compared to 

post-operatively.  Phase shifts calculated from the difference between the post-operative and 

pre-operative cosinor fits on post-operative day one, were mostly phase delays (Figure 4.26) 

with some phase advances (Figure 4.27).  Larger phase shifts were evident in the participants 

that were randomised to the placebo light group and smaller magnitude phase shifts were 

observed in the bright light treatment group (Figure 4.28).  There was no evidence for a 

difference between the means of the two groups (Welch two sample t-test p=0.15).   

Analyses in which tau was estimated in the cosinor post-operatively are Appendix O (Figures 

O.9 and O.13).  One analysis was used to determine phase shifts, and the other was an 

additional analysis with the same parameters as the original cosinor model but with the 

post-operative tau estimated.  This was an interesting exercise in that there was some 

evidence for a change in tau post-operatively, but any phase shifts determined from these 

analyses have little relevance.   
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Figure 4.26 Participant 01 core body temperature three days before the operation and three days following.  Time 0 is the operation start time where placebo light 
was administered (and study days are labelled relative to that).  The red bar represents placebo light administration during the operation.  Median (7 min) 
smoothed data is in blue.  A cosinor function was fitted to the median data pre-operatively (black line), and post-operatively (red line).  The start of the analysis 
post-operatively is indicated by the grey shading and vertical red line.  The pre-operative fit was projected forward to the post-operative days, and the phase shift 
was calculated from the difference in phase between the two fits on the first post-operative day which was -2.9 hours (phase delay, the red line peaks after the 
broken line post-operatively).   
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Figure 4.27 Participant 21 core body temperature three days before the operation and three days following.  The blue bar represents bright light administration 
during the operation.  Median (7 min) smoothed data is in blue.  A cosinor function was fitted to the median data pre-operatively (black line), and post-operatively 
(red line).  The start of the analysis post-operatively is indicated by the grey shading and vertical red line.  The pre-operative fit was projected forward to the 
post-operative days, and the phase shift was calculated from the difference in phase between the two fits on the first post-operative day which was 2.17 hours 
(phase advance, the red line peaks before the broken line post operatively).   

 



 Chapter Four 

134 
 

 

 

Figure 4.28 Individual phase shifts from the difference in phase from pre-operative to 
post-operative core temperature oscillations.  Phase shifts calculated from those in the 
placebo light group are in red (n=6, [SEM]), and the bright light treatment group phase shifts 
are blue (n=8, [SEM]).  Large phase delays are evident from those who were in the placebo 
group whereas those who received bright light have only small phase shifts on average.    

 

Phase shifts calculated from all of the fourteen temperature recordings available (six from the 

placebo light group and eight from the bright light treatment group, with examples in Figure 

4.26 and Figure 4.27) are plotted in Figure 4.28.  The phase delays on average were larger in 

those participants that were in the placebo light group (-4.18 hours [SEM 1.74]) than the bright 

light group (-1.16 hours [SEM 0.62]).  There is no evidence of a difference between the two 

groups (Welch two sample t-test p=0.15.).  The Welch two sample t-test is a conservative test 

and accounts for the fact that the standard deviation of the phase shifts in the placebo light 

treatment is more than twice that of the bright light treatment group.   
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4.6.6. Subjective measures results 

 

Figure 4.29 Average subjective sleep quality scores on each of the study days pre-operatively 
and post-operatively.  The black line in the centre represents the operation.  Scores from 
participants in the placebo light group are in red and the bright light treatment group in blue 
(SEM).    

 

Subjective sleep quality assessed by 100 mm visual analogue scales (1 ‘best sleep ever’ and 

10 ‘worst sleep ever’) showed that perceived sleep quality in the first five days post-operatively 

was worse than pre-operative scores and that in the two nights prior to the operation (Days -1 

and 0) participants’ perceived sleep quality was worse on average than the five nights before 

that (Figure 4.28).  Scores appeared to return to pre-operative levels by the fifth post-operative 

day.  Overall, there were no large changes in the average subjective quality of sleep between 

the pre-operative baseline scores and post-operative scores, or between each of the groups.   
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Figure 4.30 Difference in subjective sleep between average pre-operative score and average 
post-operative score in the placebo light (red points, n=10, [SEM]) and bright light treatment 
groups (blue points, n=10, [SEM]).  Subjective quality of sleep was recorded using a 100mm 
visual analogue scale each day of the study period.   

 

There was no difference in the change from baseline in subjective sleep quality between the 

two light treatment groups (Figure 4.30, two sample t-test p=0.50).  On average there was little 

change between pre-operative and post-operative subjective sleep quality, but most 

participants experienced perceived lower sleep quality after their operation.   
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Figure 4.31 Differences in daily pain from pre-operative baseline in the placebo light (red 
points, n=10, [SEM]) and bright light treatment group (blue points, n=10, [SEM]).  Daily pain 
scores were recorded from a 100mm visual analogue scale, and the average of these pre-
operatively subtracted from the post-operative average score.   

Unsurprisingly, all participants experienced increased pain in the post-operative period 

compared to the pre-operative period (Figure 4.31).  There was no evidence for a difference 

between means of the two light treatment groups (two sample t-test p=0.53).   
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Figure 4.32 Difference in Piper Fatigue Scale scores between the pre-operative and post 
op-operative periods in the placebo light (red points, n=10, [SEM]) and bright light treatment 
groups (blue points, n=7, [SEM]).  Two individuals in the bright light treatment group had 
improved fatigue post-operatively compared to pre-operatively (blue points), all others 
displayed increased fatigue scores in the post-operative period compared to the pre-operative 
period.   

 

All participants experienced higher levels of fatigue on average, following their operation 

(Figure 4.32).  Although on average, participants randomised to the bright light treatment 

group had lower post-operative fatigue scores than those in the placebo light treatment group, 

there was no evidence for a difference between the two groups (two sample t-test p=0.31).   
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Figure 4.33 Difference in Piper Fatigue subscale (average post-operative minus average 
pre-operative, from the placebo light (red points, n=10, SEM) and bright light treatment groups 
(blue points, n=10, SEM).  The majority of participants had increased scores post-operatively 
i.e. their fatigue was greater.   

While there was no overall difference in Piper Fatigue scores between the two groups, there 

was evidence of a difference in the sensory sub-scale between the two light treatment groups 

(Figure 4.33).  On average, participants in the bright light treatment group had a smaller 

difference in the sensory score between the pre-operative and post-operative periods, and 

there is some evidence that this difference is significant (two sample t-test p=0.04).  There 

was no evidence of a difference between groups in behavioural severity (two sample t-test 

p=0.14), affective meaning (two sample t-test p=0.14) or in cognitive/mood (two sample t-test 

p=0.61).   
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Figure 4.34 Differences in DASS score between pre-operative and post-operative baseline from 
the placebo light (red points, n=10, [SEM]) and bright light treatment groups (blue points, n=10, 
[SEM]).  Most participants expressed higher levels of depression, anxiety and stress post-
operatively but some expressed less compared to the pre-operative period.   

Most participants displayed a worsening of depression, anxiety and stress post-operatively 

based on the DASS-21 (Figure 4.34).  Some participants in each group, experienced less 

depression, anxiety and stress following their operation compared to before.  There was no 

evidence of a difference between the mean scores of the light treatment groups (two sample 

t-test p=0.93).   
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Figure 4.35 Differences in DASS sub-scale scores from pre-operative and post-operative 
baseline from the placebo light (red points, n=10, [SEM]) and bright light treatment groups 
(blue points, n=10, [SEM]).   

Each of the sub-scales of the DASS-21 were also examined separately from the overall scores 

(Figure 4.35).  There was no evidence of a difference between the light treatment groups in 

anxiety (two sample t-test, p=0.69), stress (two sample t-test, p=0.86) or depression (two 

sample t-test, p=0.11).   
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Figure 4.36 Karolinska Sleepiness Scale average scores over the three days before the 
operation and the three days following in the placebo light group( red lines n=10, [SEM]) and 
bright light treatment groups (blue lines, n=10, [SEM]).  The black bar represents the operation.   

Subjective sleepiness measured using the Karolinska Sleepiness Scale (recorded five times 

per day) showed low levels of sleepiness in the morning, increasing to the highest levels at 

night on a daily basis.  There were no differences in subjective sleepiness measured in this 

way between the light treatment groups but both groups continue to have higher levels of 

perceived sleepiness in the three days following their operation compared to the three days 

before (Figure 4.36).   
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A summary of the t-tests10 used in determining whether there was any evidence of a difference 

between the means of the light treatment groups is presented in Table 4.7.    

Variables (change from baseline) 
t-test p-
value 

Confidence 
interval 
lower 

Confidence 
interval 
upper 

Total sleep time (TST)  0.85 -1.26 1.14 
Sleep fragmentation (SF) 0.74 -16.72 22.92 
Interdaily stability (IS) 0.08 -0.01 0.09 
Intradaily variability (IV) 0.67 -0.28 0.18 
Relative amplitude (RA) 0.20 -0.04 0.16 
Core temperature (Welch Two sample t-test) 0.61 -2.62 4.31 
6-sulphatoxymelatonin  0.15 -1.46 7.51 
Subjective sleep (VAS)  0.50 -9.76 19.17 
Pain (VAS) 0.53 -9.79 18.39 
Piper fatigue (PFS, overall)  0.31 -2.58 0.86 
PFS (behavioural/severity)  0.17 -3.86 0.74 
PFS (affective meaning)  0.14 -3.80 0.58 
PFS (sensory)  0.04 -4.00 0.00 
PFS (cognitive/mood)  0.61 -1.58 0.96 
Depression anxiety stress scales (DASS, overall) 0.93 -6.82 7.42 
DASS depression 0.11 -0.61 5.61 
DASS anxiety 0.69 -2.87 4.27 
DASS stress 0.86 -6.66 7.86 

Table 4.7 Summary of the (two-tailed) p-values and confidence intervals calculated for each of 
the variables examined.  A standard two-sample test was used to calculated p-values.  For all 
variables except core temperature (which used a Welch test).   

  

                                                
10 In all of the t-tests that I performed, there were some that indicate evidence of a difference between 
the two groups.  Because the significance level (alpha) is set at 0.05, there is a 5% chance of getting a 
spurious significant p-value just by chance.  While the difference between the groups is likely to be real, 
there is a 5% chance of getting a significant p-value whether or not a significant difference really exists.  
The use of multiple tests raises the possibility of type-I error, but because the whole data set has not 
yet been obtained, this has not been corrected for.  Having to use the conservative Welch test (for the 
temperature phase shifts) and the non-significant p-values could also be symptomatic of the interim 
analyses reported in this thesis (i.e. 20 of the total of 40 participants).  There is a lack of power (the 
probability of detecting an effect if one exists) with six and eight in each group for temperature phase 
shifts for example.   
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4.7. Discussion 

The data presented in this chapter are half of the total 40 participant trial.  An interim analysis 

of 20 patients has been conducted here for the purpose of completing this thesis.   

Kidney donor patients form an excellent patient population.  They do not suffer from underlying 

pathologies, making them perfect subjects in which to study sleep and circadian rhythms in 

response to hospitalisation, anaesthesia and surgery.  As per previous studies on 

post-operative patients (Rosenberg, 2001; Gögenur, 2010; Krenk et al., 2012), kidney donor 

patient’s sleep was disrupted post-operatively in this study.  There are many reasons for poor 

sleep post-operatively such as noise, the unfamiliar hospital environment, pain, and 

disruptions by staff and other patients.  While there are many unavoidable disruptions to sleep 

in the hospital environment, the main point of this trial was to separate the circadian 

component of the disturbance from these and to examine whether a chronotherapeutic 

approach (intra-operative bright light administration) could reduce sleep disturbance.  

In designing a robust single blinded randomised controlled trial protocol we decided to ‘hang 

our hat’ on two measures of actigraphically recorded sleep quality (total sleep time and sleep 

fragmentation), the primary outcome variables of the study.  All actigraphically derived sleep 

and circadian variables except for sleep fragmentation showed reduced quality 

post-operatively compared to pre-operative levels regardless of light treatment group.  These 

all indicate that sleep was poorer post-operatively, and the data provide evidence that 

hospitalisation, general anaesthesia and surgery do indeed affect the circadian clock and 

sleep in this patient population.   

The investigation of the non-invasive bright light intervention aimed at reducing post-operative 

sleep and circadian disruption in kidney donors was the second focus of this chapter.  The 

potential practical implication of this is that administration of intra-operative light could be the 

basis of prevention for patient’s post-operative disruption, by having the ‘opposite’ effect of 

anaesthesia on the clock.  By showing that anaesthesia affects the SCN directly (Chapter 

Three), it means this pathway can be targeted for treatment or prevention of circadian and 

sleep disruption.  The profound phase shifts caused by general anaesthesia administered to 

bees (Chapter One) were prevented by concurrent light administration.  Therefore, there is 

good a priori reason to predict that general anaesthesia administered to kidney donor patients 

in the morning may cause a phase delay.  If humans show a similar response to bees, bright 

(clock shifting) light during anaesthesia may reduce the phase shifting effect of general 

anaesthesia at this time.   
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In the sleep measures used in this study (total sleep time and sleep fragmentation) there were 

no significant differences between the two light treatment groups.  Total sleep time indicated 

a slight difference between the two groups, with participants in the bright light group showing 

a trend towards sleeping longer, although this was not significant.  Circadian actigraphic data 

provided some evidence that participants in the placebo light group were phase shifted and 

participants in the bright light treatment group did not show evidence of a phase shift.   

As described in the introduction to this chapter, interdaily stability describes the strength of the 

coupling of the rhythm to the environmental zeitgeber or light/dark cycle.  Interdaily stability is 

the NPCRA variable most sensitive to light (Van Someren et al., 1999).  Even with a small 

sample size (seven data points per light treatment group) presented here, there is evidence 

from actigraphic data that the addition of intra-operative light stabilises the rhythm in the 

post-operative period.  Participants in the bright light group on average had rhythms more like 

their pre-operative rhythms in the post-operative period than the participants in the placebo 

light group who were ‘less entrained’ post-operatively.  The data show that those in the bright 

light treatment group have significantly less change to interdaily stability in the post-operative 

period compared to those that received placebo light.  If the activity and sleep bouts in the 

post-operative period were not as alike as they were pre-operatively then it could be because 

the phase of the clock was shifted, which appears to be the case for those that did not have 

bright light intra-operatively.  This indicates intra-operative bright light may prevent disruption 

to the circadian clock and lead to more stable entrainment to the 24 hour day than would 

otherwise occur post-operatively.   

By contrast, intradaily variability and relative amplitude were not different between the two 

groups.  A phase shift is not necessarily going to be evidenced by changes in intradaily 

variability and relative amplitude, as changes to these result from disturbed or disrupted 

rhythms rather than shifted sleep.  If rhythms were disrupted then this would potentially 

manifest with higher intradaily variability and lower relative amplitude, because activity and 

wake would not be consolidated.   

The SCN data in Chapter Three show that isoflurane at the same subjective time as kidney 

donors have their operation (beginning of the active phase), phase delays rhythms of 

PER2::LUC.  With this in mind, I hypothesised that the participants randomised to the placebo 

light group would be phase delayed following general anaesthesia.  I also hypothesised that 

those that received bright light intra-operatively would potentially be less affected because it 

is theoretically possible that the bright light counteracted the phase delaying effect of 

anaesthesia by phase advancing the clock (and light is known to cause phase advances to 

the human circadian clock in the subjective morning (Khalsa et al., 2003)).  This would be true 
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too if general anaesthetics act on the light entrainment pathway.  The retinohypothalamic tract 

(RHT) is NMDA receptor dependent (Ohi et al., 1991), and anaesthetic agents (isoflurane, 

sevoflurane, ketamine) are powerful NMDA receptor antagonists (Ming et al., 2001; Brosnan 

and Thiesen, 2012).  These agents could act by inhibiting RHT signalling and light entrainment 

of the clock (Poulsen et al., 2016).   

Some early work on light input to the circadian clock investigated the interaction between light-

induced phase shifts and anaesthetics as well as other drugs.  This work showed that some 

GABAergic drugs could block light induced phase shifts.  GABA antagonists were shown to 

block light induced phase delays and benzodiazepines (which potentiate GABA activity) to 

block or alter phase advances (Ralph and Menaker, 1985; Ralph and Menaker, 1986; Ralph 

and Menaker, 1989; Mason et al., 1991; Joy, 1992; Colwell et al., 1993; Golombek and Ralph, 

1994).  The approach taken here, was to essentially do the opposite which was to use light to 

counteract the phase shifting effects of anaesthesia.  The issue is that one might not 

reasonably expect light to have an effect on the clock at the same time as an anaesthetic is 

administered, if anaesthetic drugs are blocking photic information from reaching the SCN.  

While these concepts need further investigation, the above hypotheses seem borne out in the 

data.   

The potential phase shifting effect of anaesthesia based on actigraphic measures (interdaily 

stability) is further supported by core temperature rhythms.  The high resolution, long duration 

temperature rhythms show phase shifts in response to the anaesthetic and operation.  In 

particular, large magnitude (average -4.18 hours) phase shifts are seen in participants that 

were randomised to the placebo light group compared to the bright light group 

(average -1.16 hours).  While not statistically significant core temperature data may be further 

evidence for a phase shifting effect of general anaesthesia in humans, and the potential 

effectiveness of intra-operative light in reducing the magnitude of this phase shift.   

The use of a one tailed t-test may be appropriate for the core temperature data given the a 

priori knowledge of the phase shifting effects of light and anaesthesia independently when 

administered at the beginning of the active phase, and evidence from the honey bee that 

concurrent administration of light and anaesthesia results in no phase shift (Ludin et al., 2016).  

The correct conservative approach has been presented here but the one-tailed p-value 

(approximately half of the two-tailed p-value, ~0.07) provides weak evidence for an effect of 

bright intra-operative light administration on circadian phase of kidney donors.   

Melatonin is robust pre-operatively and post-operatively in kidney donor patients with a 

reduced amplitude on at least the first day post-operatively (which corrects to baseline levels 

by post-operative day three).  Cosinor analyses were applied to melatonin data even though 
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the frequency of sampling was low.  In general, cosinor analyses are powerful because 

irregular and regular sampling times can be accounted for.  A major assumption of cosinor 

analysis is that the data are approximately sinusoidal, i.e. that the times series that it is applied 

to is approximated by a cosine curve.  It is also assumed that the period of the rhythm is known 

or can be assumed a priori (Arendt et al., 1989).  The frequency at which data are sampled is 

important for the detection of any rhythm and 6-sulphatoxymelatonin data in this study may 

not have met these assumptions entirely given the large spaces between data points.  Even 

with five data points over the course of the day some useful information can be obtained, and 

this approach has been used for many years (Fort and Mills, 1970).  There was little evidence 

of phase shifts in the 6-sulphatoxymlatonin data presented here, but this is likely to be due to 

the low frequency sampling rather than the absence of a phase shift.   

Some drugs used in the prevention of cardiac pathologies such as beta blockers, decrease 

nocturnal melatonin release (Cowen et al., 1985; Stoschitzky et al., 1999; Stoschitzky et al., 

2006).  There is also evidence that other drugs such as non-steroidal anti-inflammatory drugs 

(Murphy et al., 1996) anticoagulants (Zhou et al., 2009) and benzodiazepines (McIntyre et al., 

1988; Mcintyre et al., 1993; Hajak et al., 1996) influence melatonin secretion.  Kidney donor 

patients were administered some of these drugs in the perioperative period (Table 4.4) but as 

a group, are not chronically dosed with drugs that affect melatonin.  An acute decrease in 

melatonin on the first post-operative night may be due to an anaesthetic effect on the clock, 

but the clock effect and the direct suppression by drugs on the decrease in 

6-sulphatoxymelatonin on the first post-operative night cannot be separated.   

Fatigue has been anecdotally reported to persist in post-operative donor nephrectomy patients, 

for up to many months following the operation.  Surgical patients often experience fatigue in 

the post-operative period and there are many factors that contribute to fatigue.  Commonly, 

these are the effects of anaesthesia (and associated drugs), immobility, infection, altered 

sleeping patterns, stress, and in almost all patient populations undergoing hospitalisation, 

general anaesthesia and surgery (except for kidney donors), the underlying disease state.   

There were no differences in overall fatigue scores as measured by the Piper Fatigue Scale 

between the two light treatment groups, but the trend was towards all participants experiencing 

more fatigue in the post-operative period compared to baseline levels.  However, there was 

some evidence of a difference between the two light treatment groups in the sensory subscale.  

This subscale determines the feelings about the fatigue.  While it is unwise to glean too much 

from such a finding, it does indicate that those participants in the bright light treatment group 

‘felt better’ post-operatively than those who received placebo light intra-operatively.  With the 

knowledge that light therapy is highly effective in treating mood disorders (e.g. SAD, 
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depression), an additional benefit of reducing post-operative circadian disruption by 

administration of intra-operative bright light may improve post-operative mood.  An extension 

of these data may be to determine the extent of this finding with a larger sample size and also 

to investigate whether the levels of fatigue in post-operative kidney donors is comparable to 

other patient populations, given the absence of an underlying disease state.   

Depression, anxiety and stress were measured using the DASS-21.  The original DASS is a 

42-item questionnaire.  DASS depression reports low mood, motivation, and self-esteem, 

DASS-anxiety on physiological arousal, perceived panic, and fear, and DASS-stress on 

tension and irritability.  The shorter 21 item version was used in this study because it takes 

only five to ten minutes to complete and the subscales scores are converted by multiplying 

the subscales by two (Parkitny and McAuley, 2010).  Again, there were no differences in the 

scores between the two light treatment groups, but on average participants experienced higher 

depression, anxiety and stress in the post-operative period compared to the pre-operative 

period.  Randomisation to the placebo or bright light treatment group did not appear to have 

much of an influence on scores at the 20 patient mark. Other subjective measures such as 

subjective sleep, supported the actigraphic data and presumably the extent of the correlation 

between subjective and objective data will become more clear at the conclusion of the analysis 

of 40 patients.   

4.7.1. Limitations and strengths 

There are some limitations of this study.  It important to note that the data presented in this 

chapter are only half of the full clinical trial.  There are few significant differences in the 

variables measured between the light treatment group and the placebo light treatment group.  

The lack of significant differences is probably because the analyses are interim, therefore the 

total sample size of 40 participants appears entirely appropriate.   

The only objective measure of sleep in this study population is actigraphy.  Actigraphy is a 

reliable way to record sleep.  Total sleep time measured by actigraphy shows close correlation 

of 0.91 to total sleep time measured by more accurate polysomnography (Kryger et al., 2017) 

but the reliability of estimated sleep time from actigraphy can vary depending on the device 

used, the environment and the population.  No differences in gross changes to sleep as 

measured by the primary outcome variables, total sleep time and sleep fragmentation, have 

been detected in this study.  It may be that the disturbance to sleep in kidney donors measured 

by actigraphy is not detectable, or that post-operative sleep disruption in kidney donors is not 

great.  The way to investigate this further would be to conduct PSG on the patients before and 

after their operation but this is both costly and impractical.  
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Each variable in a clinical trial has the potential to contribute to the outcomes of the study to a 

greater or lesser extent.  For example, two participants in the study were administered a total 

intravenous anaesthetic (TIVA) and the remaining 18 were maintained on inhalational agents 

(16 desflurane, two sevoflurane).  The choice of anaesthetic was at the consultant 

anaesthetist’s discretion (even though there is a standard anaesthetic procedure for kidney 

donors (Section 4.5.7)).  The administration of a TIVA has been shown in some cases to 

reduce post-operative nausea and vomiting (PONV) when compared with inhalational 

anaesthetics (Apfel et al., 2002; Gan et al., 2007; Won et al., 2011; Lee et al., 2015).  Recent 

evidence also suggests that anaesthesia with desflurane produces more undesirable 

outcomes on emergence than anaesthesia with sevoflurane but all except for two of the 

patients that were administered an inhalational anaesthetic were administered desflurane.  

Ideally, all participants would have had extremely similar anaesthetics.  Regardless, all data 

was analysed in the same way.  The fact that phase shifts in the placebo group and a lack of 

phase shifts in the treatment group could still be detected even though the kidney donors and 

their treatments are heterogeneous is testament to the robust study design.  It also bestows 

confidence that the differences in phase shift magnitude may be statistically significant when 

all 40 participants’ data have been analysed.   

There is considerable attention in the literature given to the idea that temperature data are 

masked when recorded in free-living human subjects.  This is because physical exercise 

necessarily increases temperature and temperature is affected by posture.  Various methods 

such as purification models, constant routine and forced desynchrony can remove masking 

factors and provide excellent indicators of true circadian phase and amplitude (Van Someren, 

Swaab et al. 1999; Waterhouse, Weinert et al. 2000; Hanneman 2001; Van Someren 2006; 

Krauchi 2007).  The way to avoid masking effects of the exogenous environment on core 

temperature is to use a constant routine, but the protocol in this study does not allow for that.  

Participants are at home and in their ordinary environment pre-operatively.  It might readily be 

assumed that actually there is less masking in the immediate post-operative period since 

participants spent most of their time in a prone position in bed- although patients were 

encouraged by the ward team to get up and walk as soon as possible to expedite recovery.  It 

was expected that participants were entrained throughout the collection of the temperature 

data, and throughout the study.  Actigraphic data suggested that all participants were 

entrained both pre-operatively and post-operatively, so the assumption of a 24 hour tau in the 

cosinor model is warranted.  Core temperature data collected from kidney donor patients in 

this trial was not de-masked.  However, the primary comparison was between the two light 

treatment groups, and the extent of the masking in all participants will be the same regardless 

of the light treatment group individuals were randomised to.   
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The major strengths of this study are in its design and patient population.  It is a hugely 

comprehensive study, and an intensive high resolution within-subject protocol has never been 

used before.  The time of day at which kidney donors are operated on is consistent.  The 

baseline data are not confounded.  Kidney donors sleep at home prior to their operations and 

they are screened for underlying sleep disorders.  Importantly, they do not suffer from any co-

morbidity that would affect post-operative sleep and circadian rhythms anyway.  

The ideal study protocol to determine whether anaesthesia alone causes sleep and circadian 

disturbances in humans would, of course, be a volunteer study.  Participants in a constant 

routine sleep laboratory environment would receive a general anaesthetic and sleep and 

circadian markers would be measured pre-anaesthesia and post-anaesthesia, and no 

operation would be performed.  This would further avoid the inevitable hospital disruptions that 

all surgical patients face.  While general anaesthesia is remarkably safe, it is unethical to 

anaesthetise subjects that do not medically require it.   

The study population examined here provides as close to an ideal population as is feasible 

and ethical to obtain.  Furthermore, it is a real world situation in which sleep and circadian 

rhythms are being monitored in actual patients rather than in volunteers in a controlled 

environment.  What I have shown for the first time is that general anaesthesia does affect 

sleep and circadian rhythms in kidney donor patients and that intra-operative bright blue light 

administration can decrease the magnitude of the disruption in least some circadian markers.  

Whether the reduction in the magnitude of the effect of hospitalisation, anaesthesia and 

surgery on the clock (and potentially sleep) are important and relevant for post-operative 

recovery remains to be seen.  A discussion of this, and other future studies are in the final 

chapter of this thesis, Chapter Five.   
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Chapter 5. General discussion 

5.1. Introduction 

In this thesis I have used two distinct but intertwined approaches to describe and understand 

the effect of anaesthesia on the circadian clock of mammals and the relevance of these effects 

for humans undergoing hospitalisation, general anaesthesia and surgery.  The first approach 

involved the use of a highly controlled laboratory system in which the effect of anaesthesia on 

the core molecular mechanism driving mammalian circadian rhythms was examined.  The 

second described a clinical study of the ‘real world evidence’ of the effect of anaesthesia 

(together with hospitalisation and surgery) in kidney donor patients.   

One of the major findings of this work is, of course, that the inhalational anaesthetic isoflurane 

causes profound and reproducible shifts in the oscillation pattern of PER in the master 

mammalian circadian clock (SCN) which is highly time dependent, occurring at the start of the 

animals’ normal active phase (CT 8-16), but not at the end of the active phase.  The time 

dependency of the phase shifting in the SCN mirrors that of previous work conducted in honey 

bees where phase delays occur when anaesthesia is administered at the start of the animals’ 

active phase but not at the end.  Another finding in our previous work on honey bees was that 

light opposed the effect of general anaesthesia-induced phase delays (Ludin et al., 2016).  

With the knowledge that isoflurane acts directly on the SCN, and that light reduces the phase 

delay that would otherwise occur in the honey bee, the clinical implications of this concept 

could be examined.   

Thus, in the second major part of this thesis, the extent of the disruption to sleep and circadian 

rhythms from hospitalisation, anaesthesia, and surgery in humans and the effect of 

intra-operative light on general anaesthesia-induced phase shifts was investigated.  I 

examined actigraphically measured sleep and two circadian outputs of the human circadian 

clock (melatonin and core body temperature) and the effect of intra-operative light 

administration on these in the post-operative period.   

Unsurprisingly, but with a clarity not present in previous studies, I showed that sleep and 

circadian variables are affected by hospitalisation, general anaesthesia and surgery.  Kidney 

donors represent a patient group unaffected by the usual morbidities that bring patients in to 

hospital.  Despite the fact that our research group has been working on projects to try and 

demonstrate hospitalisation, general anaesthesia and surgery induced sleep and circadian 

clock disruption, only now has this become possible.  Until now, sleep disruption caused by 

disease state has prevented gaining the clear picture obtained here.  I have shown that kidney 
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donors have increased sleep (total sleep time) post-operatively and increased circadian 

disruption as measured by interdaily stability, relative amplitude and intradaily variability 

compared with baseline pre-operative data.   

While there is a trend towards a phase delay in the placebo light group versus the treatment 

group, it is not significant in the interim analysis of 20 patients presented in this thesis.  The 

study was powered as a result of a pilot study to include 40 patients so it will remain to be 

seen whether the trends detected here are borne out as significant differences in the full 

analyses.   

The results of the study presented in this thesis are straightforward, but have only been 

possible to obtain by implementing a robust and high resolution protocol as well as examining 

these effects in a patient population whose sleep and circadian clock are not already 

compromised.   

Perhaps the most compelling finding in the clinical trial is the apparent effect of hospitalisation, 

general anaesthesia and surgery on the phase of core body temperature rhythms that very 

closely parallel the effect of isoflurane on SCN PER2::LUC oscillations.  Core body 

temperature rhythms trend towards phase delays post-operatively (average of -4.18 hours 

(SEM 1.74)) compared to pre-operative phase.  This phase delay occurs at the beginning of 

the ‘active phase’ of the human circadian cycle (a time at which general anaesthesia causes 

phase delays in bees and in mouse SCNs).  Additionally, the administration of light of a 

wavelength known to cause phase advances of the human circadian clock at this circadian 

time appears to reduce the magnitude of the general anaesthesia-induced phase shift to -1.16 

hours (SEM 0.62).  Once again the parallel between the previous honey bee work of our group 

(Ludin et al., 2012; Cheeseman et al., 2012) and the results shown here are compelling.   
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5.2.  How does general anaesthesia affect the circadian clock? 

While it is now clear that anaesthesia affects the SCN of mammals directly, the mechanism 

by which phase shifts and other effects are elicited remain to be fully elucidated.  There is 

convincing evidence that anaesthetics act on GABAA and NMDA receptors (Chau, 2010).  

Given the role of GABA neurotransmission in clock function and that the retinohypothalamic 

tract (RHT) is NMDA receptor dependent, there are two distinct ways in which the effect of 

general anaesthesia could be mediated.  On the clock itself, or via the light entrainment 

pathway, or potentially on both.   

It is possible that anaesthetics elicit phase shifts of the circadian clock by disturbing light 

entrainment.  The SCN receives photic information through the retinohypothalamic tract (RHT) 

which is NMDA receptor dependent.  Injections of NMDA to the RHT elicits responses like 

those elicited by light pulses, and ablation of the RHT results in the loss of entrainment by light 

(Mintz et al., 1999).  Some anaesthetics including isoflurane (as well as sevoflurane and 

ketamine) are powerful NMDA receptor antagonists.  These might be expected to inhibit RHT 

activity, and therefore prevent light entrainment of the clock.  The effects of GABA receptor 

agonists on the clock can be modified by light and by the subsequent application of NMDA 

(Mintz et al., 2002).  The effect of other agents such as benzodiazepines on phase shifting 

suggest that these drugs can block and alter light induced phase shifts also by acting on the 

light induced biochemical signal to the clock (Ralph and Menaker, 1985; Ralph and Menaker, 

1986; Ralph and Menaker, 1989; Mason et al., 1991; Joy, 1992; Colwell et al., 1993; 

Golombek and Ralph, 1994).  If general anaesthesia was acting solely on the light entrainment 

pathway one might not expect to see a reduction in the phase shifting effect of the anaesthetic 

(in humans or in bees) when light is administered during the anaesthetic.  If the pathway was 

completely blocked by anaesthesia it would not be possible to see any effect of light on 

rhythms, but we do.  It would be interesting to continue to investigate the interaction between 

light and general anaesthesia.  Further behavioural and molecular experiments in mice will 

help to elucidate the interactions between anaesthesia and light on the clock.   

While it is not possible to speculate on the effect of isoflurane on the electrical activity of the 

SCN from the experiments presented in this thesis, there may be a combined effect of 

isoflurane on the molecular clock and on electrical activity.  For example, agents such as 

tetrodotoxin (TTX) reversibly stop the generation of action potentials, and this results in a 

decrease of expression of Per1 and PER2 luciferase reporters in the SCN (Yamaguchi et al., 

2003) .  Upon wash out of TTX, SCNs emerge in the same phase as they were pre-treatment.  

This is unlike SCNs administered an isoflurane anaesthetic but an investigation of the 

electrical activity in combination with anaesthesia would be beneficial.   
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One of the primary effects of most general anaesthetics (except ketamine) is via inhibitory 

neurotransmitter receptors GABA.  From the work presented in this thesis there is compelling 

evidence that general anaesthesia is acting on the central clock itself.  Data from PER2::LUC 

SCNs that were administered isoflurane in vitro demonstrated a highly time dependent phase 

effect of isoflurane.   
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Figure 5.1 A single PER2::LUC SCN administered a six hour isoflurane anaesthetic on day six 
at CT 18.  Anaesthesia at this time appeared to hit the singularity.  Following the ‘shattering’ of 
the rhythm, another anaesthetic appeared to shock the culture back into rhythmicity.   

 

There were also examples of what might be considered hitting the singularity (Figure 5.1), 

further demonstrating a clock effect of anaesthesia.  In the above example, PER2 levels in the 

cultured SCN were rhythmic prior to isoflurane administration, but following a six hour 

exposure to isoflurane, the rhythm was abolished.  It appears possible that the first anaesthetic 

hit the singularity, and that another anaesthetic several days later ‘shocked’ the neurons back 

into synchrony and robust oscillations were re-started.  This provides some evidence that the 

effect of isoflurane on the clock is through GABA.  We know that GABA is integral to the 

coupling of the neurons in the SCN, and that coherence between the neurons is important for 

maintaining rhythmicity.  Further investigation on this would be best conducted using a 

non-GABA acting inhalational anaesthetic such as the noble gas Xenon.  Xenon is considered 

an ‘ideal’ anaesthetic but its use is not widespread, primarily because of its expense.   

These data from PER2::LUC SCNs ‘singularity’ only allow one to speculate that isoflurane 

may disrupt GABAergic transmission and cause dissociation of SCN neurons.  Confocal 

imaging, or other high resolution microscopy techniques would provide the ability to capture 

the effects of isoflurane on individual neurons in the organotypically cultured SCN.  This 



 Chapter Five 

156 
 

approach would provide the resolution to conclusively determine the extent of the dissociation 

of SCN neurons.  It may also establish any differential effects of anaesthetics on dorsal and 

ventral neurons of the SCN (since ventral neurons are directly innervated by the RHT, and 

appear to entrain more rapidly than dorsal neurons).  There is some evidence that at least one 

inhalational anaesthetic acts equally on different regions of the SCN (Chapter Three) but 

further investigation of this is necessary.   

It will be interesting to establish the time dependency of the singularity with isoflurane in the 

SCN.  One would expect the singularity to occur when the anaesthetic falls in the advance 

and delay portions of the phase response curve for PER2::LUC SCNs which goes alongside 

the fact that six hours of isoflurane elicits large phase shifts.  In addition, further studies could 

be conducted to investigate oscillator theory using confocal imaging, using inhalational 

anaesthesia as a tool.   

A behavioural phase response curve for mice to six hour isoflurane anaesthetics is currently 

being collected in our laboratory.  While the data are preliminary, it appears that phase shifts 

in locomotor activity are of a much smaller magnitude than those elicited from six hour 

anaesthetics in SCNs (Pers. Comm. Orts-Sebastian, 2017).  This might provide further 

evidence in support of the theory that anaesthesia does act directly on the circadian clock in 

mammals, and the effect is attenuated or otherwise mediated by an intact light input pathway.  

These data together with the complete kidney donor study will provide a comprehensive 

understanding of the clock effects of anaesthesia in the mammalian system, and the real world 

implications for human well-being.   

Conducting experiments using a combined approach of general anaesthesia together with 

specific GABA blocking drugs is also appealing.  This has been investigated in part in previous 

studies (Chapter Three) but without detailed time dependency analyses.  These investigations 

could probably be performed relatively easily in vivo, but the same approach in the in vitro 

system may be technically challenging as it is difficult to remove injectable drugs from SCN 

culture medium without causing a phase shift anyway (Chapter Two).   

  



 Chapter Five 

157 
 

5.3. Conclusion 

The integrated approach taken in this thesis has revealed a consistent effect of general 

anaesthesia on the mammalian circadian clock which can be observed in the clinical 

environment.  While the results of the kidney donor trial have reached statistical significance 

in just a few variables, the completion of the full 40 participants in the study and analysis of 

the entire data set will confirm whether the observations are robust.  

The stage is now set to be able to investigate the exact biochemical mechanisms via which 

general anaesthesia shifts the molecular clock and whether the effects of general anaesthesia 

on sleep and rhythms in kidney donor patients can be observed in broader patient populations, 

and more importantly, whether light can prevent disruption to sleep and circadian rhythms in 

other patient groups.   

In the introduction I suggested that the very treatment patients receive to enable surgery to 

occur may be impeding post-operative recovery.  Here I have shown evidence for this (albeit 

preliminary) and that chronotherapeutic techniques may be effective in preventing this 

anaesthesia-induced clock effect from occurring.  An important aspect of future work is to 

ascertain whether sleep and circadian disruption and circadian phase shifts in kidney donor 

patients translate to a meaningful change in their recovery.  The outputs measured here do 

not show a profound effect on clinical markers such as mood.  This does not mean that other 

important markers such as immune function or memory are not affected by intra-operative 

light.  The resultant enhanced sleep (and aligned circadian clock) could prove important in 

expediting post-operative recovery.  Follow on effects of expedited recoveries could have 

profound effects on hospital resources.   

Having a general anaesthetic is of course essential for surgery but the work presented in this 

thesis would suggest that it affects the mammalian clock and sleep in a way not previously 

realised.  
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Appendix  

 

 

Appendix A Import permit 
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Appendix B Genotyping Protocol for PER2::LUC mice 

Genomic DNA preparation and PCR reagents were supplied the Biotool Mouse Direct 

PCR Kit.  This kit is specifically designed for mouse genotyping and uses a buffer and 

protease to digest tissue and release genomic DNA.  This tissue lysate is then used 

directly as a template in the PCR.  The ready-made master mix for PCR (2x M-PCR 

OPTI Mix) contains Taq polymerase, dNTPs, MgCl2, reaction buffer and loading dye.  

The prepared genomic DNA is added to the master mix, before running the PCR.  

Below are the steps used to genotype animals from the PER2::LUC colony housed at 

the VJU, the University of Auckland (Figure B1).   

 

 

Figure B1 Schematic of the genotyping protocol from tissue to PCR products on the 
electrophoresis gel.  Tissue from either a tail tip or ear punch can be used in this 
protocol.   

 

1) Genomic DNA Preparation 

 
Prepare on ice 

1. Place the mouse ear clip or tail tip (small piece) into labelled 1.5 mL centrifuge 

tubes.  

2. Thoroughly mix 100 μL of fresh Buffer L with 2 μL of Protease Plus for each 

sample in a separate 1.5 mL tube 

3. Add the protease mixture to the mouse tissue tubes making sure that the tissue 

is fully submerged in it, then incubate at 55°C for 30 minutes. 

4. After the digestion process, incubate at 95°C for 5 minutes to inactivate 

protease.  

5. Centrifuge 10,000 rpm 5 min 4°C 

6. The tissue lysate can now be used as a PCR template. 
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2) PCR Preparation 

 
Prepare on ice 

1) Make up PCR master mix in a single 1.5 mL tube for the number of samples 

you require (plus several more to allow for pipetting error) as per Table B1.   

2) Pipette 19 μL master mix into each labelled PCR tube 

3) Add 1 μL DNA (from 1) to the appropriate PCR tube 

4) Spin the mixture in the centrifuge and load into thermal cycler to begin 

amplification. 

 
 
Table B1 PCR components and reaction volumes.  All volumes are in µL per sample.   

PCR Reaction Components 20 µl Reaction volume (µL) 

ddH2O 7.5 
10 μM Forward Primer (Common) 0.5 
10 μM Reverse Primer (Wild type)  0.5 
10 μM Reverse Primer 2 (Mutant 

reverse) 
0.5 

2 x M-PCR OPTI™ Mix 10 
DNA template 1 

 

Table B2 Primer sequences used for the detection of the wild type allele and the 
PER2::LUC knockin allele 

Primer Sequence 5’ 3’ Primer type 

oIMR6588 CTG TGT TTA CTG CGA GAG T Common 
oIMR6589 GGG TCC ATG TGA TTA GAA AC   Wild Type Reverse 
oIMR6590 TAA AAC CGG GAG GTA GAT GAG A Mutant reverse 
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NOTES 
 For each step, make sure every reagent in the kit is blended well prior to use. 

 During the tissue digestion step, shaking the tubes 1-2 times will be helpful 

to release the genomic DNA. 

 For most mouse tissue samples, an incubation of 30 minutes at 55°C will 

suffice for genomic DNA extraction. The tissue may still appear intact, but 

extraction has occurred. 

 The extracted mouse genomic DNA should be applied immediately prior to 

the PCR amplification step.  Inappropriate long-term storage may cause 

unreliable PCR amplifications. 
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3) Perform PCR 
 

Use the below thermal cycler protocol (Table B3).  This protocol is saved as 

“Chronogen” in the Bio-Rad PCR machine.   

 

Table B3 PCR thermal cycler conditions 

Step  Temperature 

°C 

Duration No. of 

cycles 

Initialisation  95 2min 1 

Amplification Denature 95 30sec 35 

Annealing 53 45sec 

Elongation 72 45sec 

Final 

elongation 

 72 3min 1 

Hold  4 ∞ 1 

 
Product can be stored at 4°C until ready to run the gel. 

 

4) Gel Electrophoresis 

 
1) Make a 1% agarose gel by mixing 1.5g agarose with 150ml TAE buffer. (Use a 

glass Schott bottle or glass beaker or similar microwave-proof container. If 

using a Schott bottle place the lid on top of the bottle (do not screw on fully). If 

using a beaker, cover with cling film). 

2) Microwave for approximately 1min 30seconds. IMPORTANT – the objective of 

microwaving is to dissolve the agarose fully in the buffer. The agarose/buffer 

solution should reach a rolling boil.  However it is very easy for the solution to 

boil over so microwave in short bursts (30 seconds) and mix contents by gentle 

swirling in between. 

3) Leave agarose to cool for approximately 10 minutes. 

4) Add 15µl SYBR Safe and mix by swirling. 

5) Pour gel. Place combs in gel and allow to set (approx. 15-20 mins).  

6) Fill tank with TAE buffer 

7) Carefully remove combs. Turn gel around in tank so the top wells are closest 

to the black (negative) electrode. (As DNA is negatively charged, the samples 

will migrate towards the positive electrode). 
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8) Flush wells with buffer and plastic transfer pipette so they are square 

5) Load ladder (15µl –add loading dye to it so it does not float out of the well when 

you add it.  Add 10µl loading dye to 40µl ladder.  Store unused loading 

dye/ladder mix at -20°C). 

6) Load 19µl of each PCR sample into the gel 

7) Run gel at 100V for ~60mins (up to 90 mins is also acceptable).   

8) Image gel using a the GelDoc doc  

9) Place gel on blue tray and slide into gel doc. 

10) Log on to the computer and image the gel using Image Lab 5.0. Select new 

protocol Nucleic acid - SYBR Safe. Leave all other settings as default. Click 

run.  Alter the image as you please and save by exporting for publication and 

saving as a .tiff file (Figure B2).   

 

Figure B2 Example electrophoresis gel showing the bands identifying genotypes.  The 
mutant (PER2) fragment is larger (650bp) than the wild type fragment (230bp).  Lane 
one is the 100bp ladder for identification of the size of the fragments.  Lane 2 is a 
homozygote (two copies of the insert), lane 3,12,16 &17 are wild types, lanes 4-11, 
14,15,18 are heterozygotes with both the wild type and the mutant fragments present.   
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Appendix C PER2::LUC SCN explant protocol  

Introduction 

This protocol is for researchers conducting PER2::LUC SCN explants.  It provides an 

outline of all of the main steps for this technique.  The details of this protocol pertain 

particularly to experiments conducted at the Faculty of Medical and Health Sciences, 

The University of Auckland for this PhD thesis.   

Background 

The PER2::LUC line is a knockin line.  A luciferase gene is fused in-frame to the 3’ end 

of the endogenous mper2 gene of mice of a C57/BL6 background.  In the presence of 

the substrate luciferin, luciferase and per2 are co-expressed resulting in formation of 

a PER2::LUC fusion protein.  Luciferase activity (bioluminescence) is a proxy of PER2 

protein levels in tissues of the transgenic mice.  This protocol describes the steps for 

dissection and culturing of the suprachiasmatic nucleus (SCN) of PER2::LUC mice, as 

well as the protocol for administration of isoflurane.  

Information on the PER2::LUC strain is available from the Jackson Laboratory website.  

The stock number is 006852 and the strain name is B6.129S60Per2tm1Jt/J.  

Laboratory contacts  

Manager Mike Goldthorpe  

(m.goldthorpe@auckland.ac.nz).   

Vernon Jansen Unit (VJU) orders  

(vjuorders@auckland.ac.nz) 

Central Sterilisation Services (CSS)  

Guy Moffat guy.moffat@auckland.ac.nz 

Libby Campbell l.campbell@auckland.ac.nz 

  

https://www.jax.org/strain/006852
mailto:m.goldthorpe@auckland.ac.nz
mailto:vjuorders@auckland.ac.nz
mailto:guy.moffat@auckland.ac.nz
mailto:l.campbell@auckland.ac.nz
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Large equipment  

 Incubator: Percival® model I-41NL 

 Flow Hood: Thermo Scientific HERAguard ECO 1.5 Laminar Flow Cabinet  

 Water bath: Bio Rad 6 Liter water bath  

 Vibroslicer: World Precision Instruments, Inc., Vibroslice NVSLM1 

 Microscope: Olympus Stereo Dissecting Microscope SZ40 

 Light box: Kaiser Prolite Basic  

 Humidifier: Fisher and Paykel Humiguard™ MR860AE 

 Isoflurane vaporiser (Medical Supplies and Services, MSS International Ltd) 

 Scavenger: Cardiff Aldasorber (charcoal for absorption of anaesthetics) 

 Anaesthetic monitor/Gas analyser Datex Ohmeda Cardiocap™/5, GE 

Healthcare  

 

Small equipment 

 Scissors (large, small, curved) 

 Scalpels (size 22, size 11) 

 Forceps (fine, blunt) 

 Vibroslicer blades 

 Pipettes (p1000 p200, serological) 

 Ethanol spray bottles 

 Tube racks 

 Anaesthetic chambers and lids 

 Anaesthetic tubes 

 

Useful resources 

It is useful to read the papers relevant to this technique (Yoo et al., 2004; Yamazaki 

and Takahashi, 2005; Savelyev et al., 2011) and watch the video that outlines the 

procedure before beginning.  

Video: Organotypic PER2::LUC SCN slice preparation and culturing (Savelyev et al., 

2011)  

  

http://www.jove.com/video/2439/slice-preparation-organotypic-tissue-culturing-luciferase-recording
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Autoclaving 

Equipment for autoclaving needs to be cleaned with soap and water and ethanol and 

then dried carefully before placing into the autoclave bags, taping with autoclave tape, 

labelling (name and lab number) and dropping off to central sterilisation services (CSS).   

Vacuum grease needs to be autoclaved before it is used to seal the anaesthetic 

chambers.  Small (3 or 5ml) syringes are filled to halfway from a large tube of vacuum 

grease (Dow Corning ® High Vacuum Grease).  The syringe is opened to its maximum 

volume and sealed into an autoclave bag.   

The glass anaesthesia chambers need to be cleaned carefully.  Any remaining vacuum 

grease can be removed with hot water and detergent, and the chambers cleaned with 

ethanol, ensuring that the in-flow and out-flow ports are carefully cleaned with a 

Kimwipe.  Chambers and lids need to be placed into separate autoclave bags.   

General glassware is collected by CSS staff.  It needs to be rinsed and placed in the 

blue pre-wash bins found on laboratory benches.   

Preparation of liquids  

Diluted denatured ethanol for cleaning and dissections is prepared by diluting with Milli-

Q water to 70%.   

Solutions for tissue culture are prepared in sterile conditions in the laminar flow hood.  

Hank’s Buffered Saline Solution (HBSS) in bottles of 500ml need to be supplemented 

with 5 ml HEPES and 5ml Penicillin/Streptomycin (Pen/Strep).  Pen/Strep aliquots are 

stored at -20°C.  HEPES is stored at 4°C.  

Luciferin is light-sensitive so it is stored protected from light.  D-Luciferin (potassium 

salt, 318.4062 g/mol) needs to be made up as a solution for use in the recording 

medium.  To do this, dissolve the contents of a 1g vial in 31.45ml autoclaved Milli-Q 

water.  Stock aliquots (0.1M) are stored at -80°C long term or -20°C short term.   

Recording medium (DMEM supplemented with glucose, sodium bicarbonate, B27, 

HEPES, Pen/Strep and luciferin Table C2).  Because B27 and luciferin have a limited 

shelf life at 4°C, a 1L stock solution of recording medium without these supplements is 

made up and stored at 4°C.  Luciferin and B27 are added to a 50ml aliquot of the stock 

solution to create a working solution of recording medium.   

 



 

167 
  

The recording medium can be made up using the following steps: 

1. Take one bottle of DMEM from the fridge and weigh out 10g.  Place in 

volumetric flask  

2. Add approximate 300ml Milli-Q water 

3. Use large flea and magnetic stirrer to dissolve powder completely 

4. Add 3.5g glucose, more water and stir 

5. Add 4.7 ml sodium bicarbonate (opened in the hood) more water and stir  

6. Add 10ml HEPES more water and stir  

7. Add 1.25ml pen/strep more water and stir 

8. Add the rest of the water up to 1 L and stir thoroughly until dissolved and well 

mixed 

9. Transfer to the hood and vacuum filter the media into the designated ‘media’ 

1L Schott bottle.  

Notes:  The HEPES and sodium bicarbonate were both made up in solution of water 

(some are made in saline) so we are able to dissolve them in the medium before adding 

water to make up to 1L.  If they were made in saline, they would have to be added after 

the volume was made up to 1L.  The pH should be stable at around 7 in a few days 

and osmolality should be around 300.  Medium should be kept light protected in the 

fridge at 4°C.  Making up 1L of medium does not need to be done frequently as so little 

is used per dissection.  However, the integrity of the medium may be compromised 

after many months, so fresh medium may be made up every 3-6 months.  

To make a 50ml working solution of recording media aliquot 50ml of recording media 

stock solution add 50µl 0.1M luciferin and 1ml B27 (Table C3).  Store in fridge in a 50 

ml falcon tube protected from light with aluminium foil.  
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Table C1 Reagents required for HBSS (supplying company; item number) 

Reagent 
volume 

Details 

HBSS 500 ml 
bottle 

HBSS, no calcium, no magnesium (Life Technologies, 
14170112) 

HEPES 5ml 1M HEPES buffer (Sigma-Aldrich H0887) 
Pen/Strep 5ml 10,000U/ml penicillin – streptomycin (Life Technologies, 

15140-122) 
 

Table C2 Reagents required to make 1L stock solution of recording media (supplying 
company; item number) 

Reagent 
volume 

Details 

10g (1 bottle) DMEM powder, high glucose, no glutamine, no phenol red 
(Sigma-Aldrich D2902-10L) 

3.5g d-glucose powder (Sigma-Aldrich , G7021) 
4.7ml sodium bicarbonate solution (Sigma-Aldrich S8761, 7.5) 
10ml 1M HEPES buffer (Sigma-Aldrich H0887) 
1.25ml 10,000U/ml penicillin – streptomycin (Life Technologies, 

15140-122) 
 

Table C3 Reagents required to make 50 ml aliquot of recording media (supplying 
company; item number) 

Reagent 
volume 

Details 

B27 B-27® Supplement (50X), serum free- (Life Technologies; 
17504044) 

Luciferin stock D-Luciferin (Life Technologies; L2916 potassium salt, 318.4062 
g/mol )  
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Ordering animals  

Animals need to be ordered from the VJU at least 24 hours before they are required, 

and the VJU requisition form needs to be filled out (Figure C1).   

Cages of mice from the VJU need to be shielded from noise and odours that might 

cause stress.  Use a carry bag from the VJU and make sure that the cages are taken 

out of the bags so the mice don’t get a dark pulse before dissection.  Since animals 

are genetically modified strict regulations must be followed when handling animals and 

when disposing of tissue.  Transfer animals from the VJU to the containments 

laboratory, put the rodent barrier in place and record movement in the Animal 

Movement log book.   

Ideally, animals awaiting dissection will be kept separate from the dissecting bench.  

 
Figure C1 VJU animal requisition form used to request animals at least 24 hours before 
they are required.   
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SCN Dissections 

Before beginning dissections all equipment needs to be prepared.  Autoclaved glass 

chambers should be greased and in in-flow out-flow ports sealed with parafilm.  Add 

2ml HBSS to the bottom of each chamber.  Prepare filter paper, vibroslicer blades and 

petri dishes (35mm and 60mm).  Attach size 22 scalpel blades to handles and mark 

one as ‘blunt’.  Open new size 11 disposable scalpels and place beside the microscope.  

The hood and equipment inside the hood needs to be cleaned with 80% ethanol before 

running the UV protocol.   

Prepare a 5ml aliquot of luciferin fortified culture medium in a 15ml falcon tube 

(wrapped in aluminium foil to protect the luciferin from light) and place in the 37°C 

water bath.  Fill 50ml falcon tubes with ~10-15ml of cold (4°C) HBSS (one for each 

brain to be dissected).   

Dissections steps 

Euthanize the mouse by cervical dislocation.  Decapitate the mouse with the large 

scissors.  Spray the head with ethanol.  Remove the eyes with small curved dissection 

scissors (this step helps to prevent strain on the optic nerves thereby preventing 

damage to the SCN).  Remove remaining muscle and the last vertebrae with the large 

scissors, and clean the area with a Kimwipe.   

Make a single cut down the midline of the skull with the large sharp scissors, creating 

two ‘doors’.  Open these by placing the scissors on an angle and gently twisting the 

skull off one side at a time.  Carefully remove any remaining skull bone until the 

olfactory bulbs are visible.  Make a small cut between the hemispheres and the 

olfactory bulbs with the small scissors.  Lift the brain up carefully by gently pushing on 

the caudal part with a slight upward motion. Place the scissors underneath the brain 

to sever the optic nerves (again protecting the SCN from damage).  Place a 50ml falcon 

tube filled with ~10-15ml of cold (4°C) HBSS below the head.  Gently push the brain 

into it for rapid cooling.   
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Slicing procedure  

In the hood, pour the HBSS from the falcon tube into the prepared 60mm petri dish 

until reaching the brain.  Close the dish and pour the brain carefully onto the filter paper.   

Make a perpendicular cut between the cerebrum and the cerebellum with the sharp 

size 22 scalpel.  Remove olfactory bulbs if necessary.  Tip the brain carefully in an 

upright position (so the surface adjacent to the excised cerebellum is facing down) and 

place the strip of folded filter paper on top.   

Place a small amount of super glue on the vibroslicer stage and transfer the brain to it 

using the strip of paper.  Place the stage in the tissue bath, and tighten to position.  

The rostral tip of the brain should face upwards and the ventral surface should face 

the cutting blade.   

Fill the tissue bath with cold HBSS until the brain is just covered.  The strip of filter 

paper can be used as a guide.  When it flattens and becomes wet the brain is covered 

and there is enough HBSS.  Carefully remove the filter paper with forceps.  Pour a 

small amount of HBSS into a 60mm petri dish.   

Submerge the vibroslicer blade, and vibrate to wet completely before beginning slicing.  

Move the blade up to the top of the liquid level.  Start making 300µm sections, with the 

vibroslicer at the highest speed.  The first 1-2 slices may be made larger (500-700 µm) 

depending on position and structures visible.  

After several slices the anterior commissures flatten and the third ventricle appears.  

This indicates that the optic chiasm is close.  The SCN extends from Bregma -0.22mm 

to Bregma -0.82mm.  Cut a 300µm slice containing the SCN. The ideal SCN-slice has 

the optic chiasm thin but still continuous from left to right.  Transfer the slice containing 

the SCN to the 60mm petri dish containing HBSS using blunt forceps. 

Place the petri dish under the dissecting microscope on the light box and visualise the 

SCN.  With the two scalpels in a ‘scissor’ position, make two cuts, in a ‘V’ shape, on 

either side of the SCN and through the optic chiasm.   

Pipette 1ml of warm recording media into a 35mm petri dish.  Using forceps, lower a 

millicell membrane onto the media.  If air bubbles form, carefully raise and lower the 

membrane to pop them.   



 

172 
  

Cut the tip off a p1000 pipette tip using the blunt scalpel blade.  Take up the SCN 

together with a small amount of HBSS and transfer the SCN to the middle of the millicell 

membrane. Remove the excess HBSS off the millicell insert with a p200.   

Place petri dishes into the anaesthetic chamber using blunt forceps.  Unwrap the 

autoclaved glass lid and carefully lower onto the greased sealed anaesthetic chamber.  

Ensure the seal is tight.  Add more vacuum grease if necessary.  Transfer to the 35°C 

(±°1C) incubator and place under a PMT while the other SCNs are prepared.  

Clean up ready for the next dissection (remove glue from the vibroslicer stage, attach 

new blade to vibroslicer, pour used HBSS into the waste beaker)  

When all four SCNs are dissected move sterile cultures back to the hood.  Remove 

parafilm from chambers and attach autoclaved tubes and syringe filters.  Transfer 

chambers and tubes to the incubator and attach tubes.  

Update lab book (record the age and sex of the mice for dissection and the position of 

each under the PMTs (1-4)).  Charge the vaporiser with isoflurane and record in log.   

Bioluminescence recording 

Start the PMT.Mon program for recording from the photomultiplier tubes (PMTs).  Click 

on Cfg (configure) and ensure that the PMT ON Duration is set to 55, leaving all other 

variables as they are.  Press the > button and save as a .txt file.  Click on ‘volts on’.  It 

should now read ‘PMTs Live’, and recording will begin.  Complete the incubator log 

book and the online log on the Faculty MPI register on the K: drive.  

Clean up 

Place carcasses in a labelled ziplock bag in the freezer.  Carcasses need to be frozen 

in the lab before transfer back to the VJU.   

All materials (petri dishes, tubes, filter paper, tips) that have been in touch with GMO 

tissue or reagents can be disposed of in a yellow biohazard bin.  Bleach HBSS that 

has been in contact with GMO tissue for least 1 hour (0.25%).  Do this outside of the 

hood.  Rinse with water and place beaker into the CSS wash  

Remove scalpel blades and dispose in sharps bin.  Clean all instruments (forceps, 

scalpel handles and scissors) ready to be autoclaved.  Spray vibroslicer with ethanol 

and carefully clean all moving parts with Kimwipes.  Clean and all equipment and 

remove any residual vacuum grease.  Turn off all equipment and run UV protocol.    
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Anaesthesia 

After baseline recording (4-5 days), anaesthesia can be administered using the 

following steps: 

1. Turn charged humidifier on  

2. Unseal the tubes 

3. Connect scavenger  

4. Close black out curtains and switch off room lights.  Open incubator door and 

switch on the vaporiser to 2%, close door and switch lights back on.   

5. Start airflow slowly, adjust to 1L/per min with the flow meter 

6. Note start time of anaesthesia/air  

7. Verify concentration of isoflurane with gas analyser at the outlet  

8. At the end of the six hour anaesthetic switch off the vaporiser (making sure 

room lights are off as above).  Continue to flow air through the tubes and use 

gas analyser to make sure the concentration of isoflurane is at zero before 

turning the air off and resealing the tubes.   

9. Continue to monitor oscillations for a further 4-5 days and then analyse the 

data.   
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Appendix D Figure reproduction copyright agreement  
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Appendix E PER2::LUC SCNs 

 

Figure E.1 A single PER2::LUC SCN administered a six hour isoflurane anaesthetic on 
day 5-6 at CT 7.6.  The phase shift elicited was 1.8 hours (the grey line is the 
pre-isoflurane data projected forward).  The average free-running period before the 
anaesthetic was 25.5 hours and 23.9 hours after.   

Figure E.2 A single PER2::LUC SCN administered a six hour isoflurane anaesthetic on 
day 5-6 at CT 10.6.  The phase shift elicited was -5.8 hours (the grey line is the 
pre-isoflurane data projected forward).  The average free-running period before the 
anaesthetic was 22.6 hours and 23.3 hours after.  
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Figure E.3 A single PER2::LUC SCN administered a six hour isoflurane anaesthetic on 
day 4-5 at CT 11.3.  The phase shift elicited was -3.7 hours (the grey line is the 
pre-isoflurane data projected forward).  The average free-running period before the 
anaesthetic was 24.6 hours and 24.9 hours after.    
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Figure E.4 A single PER2::LUC SCN administered a six hour isoflurane anaesthetic on 
day 4-5 at CT 11.3.  The phase shift elicited was -7.6 hours (the grey line is the 
pre-isoflurane data projected forward).  The average free-running period before the 
anaesthetic was 25.7 hours and 26.2 hours after.   

  

Figure E.5 A single PER2::LUC SCN administered a six hour isoflurane anaesthetic on 
day 4-5 at CT 12.4.  The phase shift elicited was -3.9 hours (the grey line is the 
pre-isoflurane data projected forward).  The average free-running period before the 
anaesthetic was 24.9 hours and was 24.3 hours after.   
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Figure E.6 A single PER2::LUC SCN administered a six hour isoflurane anaesthetic on 
day 4-5 at CT 12.1.  The phase shift elicited was -8.6 hours (the grey line is the 
pre-isoflurane data projected forward).  The average free-running period before the 
anaesthetic was 24.8 hours and 24.1 hours after.   

  

Figure E.7 A single PER2::LUC SCN administered a six hour isoflurane anaesthetic on 
day 5-6 at CT 12.  The phase shift elicited was -12.4 hours (the grey line is the 
pre-isoflurane data projected forward).  The average free-running period before the 
anaesthetic was 24.6 hours and 27.7 hours after.    
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Figure E.8 A single PER2::LUC control SCN administered six hours of air on day 6-7 at 
CT 2.9.  The phase shift elicited was -3.9 hours.  The average free-running period 
before the air control was 26.1 hours and 28.9 hours after.   

 

Figure E. 9 A single PER2::LUC control SCN administered six hours of air on day 5 at 
CT 3.8  The phase shift elicited was -3.5 hours.  The average free-running period before 
the air control was 23.1 hours and 26.4 hours after.   
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Figure E.10 A single PER2::LUC control SCN administered six hours of air on day 6 at 
CT 5.2.  The phase shift elicited was 2.7 hours.  The average free-running period before 
the air control was 26 hours and 24.9 hours after.   

 

Figure E.11 A single PER2::LUC control SCN administered six hours of air on day 5 at 
CT 5.9.  The phase shift elicited was -0.9 hours.  The average free-running period 
before the air control was 20.5 hours and 25.6 hours after.   
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Figure E.12 A single PER2::LUC control SCN administered six hours of air on day 5-6 
at CT 6.3.  The phase shift elicited was 1.8 hours.  The average free-running period 
before the air control was 26 hours and 25 hours after.   

 

Figure E.13 A single PER2::LUC control SCN administered six hours of air on day 5-6 
at CT 6.9.  The phase shift elicited was -0.3 hours.  The average free-running period 
before the air control was 26.2 hours and 25.4 hours after.   
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Figure E.14 A single PER2::LUC control SCN administered six hours of air on day 5-6 
at CT 8.8.  The phase shift elicited was -0.8 hours.  The average free-running period 
before the air control was 24.4 hours and 20.9 hours after.   

 

Figure E.15 A single PER2::LUC control SCN administered six hours of air on day 4-5 
at CT 10.  The phase shift elicited was -4.2 hours.  The average free-running period 
before the air control was 25 hours and 27.3 hours after.    
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Figure E.16 A single PER2::LUC control SCN administered six hours of air on day 4-5 
at CT 12.4  The phase shift elicited was 1.1 hours.  The average free-running period 
before the air control was 25.1 hours and 24.8 hours after.   

 

Figure E.17 A single PER2::LUC control SCN administered six hours of air on day 6 at 
CT 13.5.  The phase shift elicited was -1.2 hours.  The average free-running period 
before the air control was 26.7 hours and 27.5 hours after.    
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Figure E.18 A single PER2::LUC control SCN administered six hours of air on day 7 at 
CT 14.1.  The phase shift elicited was -3.0 hours.  The average free-running period 
before the air control was 26.6 hours and 25.1 hours after.   
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Unanalysable SCNs 

The following figures are of explanted PER2::LUC SCNs that could not be analysed 

because they did not display robust rhythms for at least three days before the 

anaesthetic or control or for three days after, or both.  I hypothesise that the main 

reason that SCNs are not robustly rhythmic before the anaesthetic or control (or for 

the duration of the recording) is because the SCN was damaged during the dissection 

process.   

 

 

Figure E.19 A single PER2::LUC control SCN administered six hours of isoflurane on 
day 6.  No phase shift or change in period could be calculated as the pre-isoflurane 
oscillations were not robust.   
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Figure E.20 A single PER2::LUC control SCN administered six hours of isoflurane on 
day 6.  No phase shift or change in period could be calculated as the pre-isoflurane 
oscillations were not robust.   

 

Figure E.21 A single PER2::LUC control SCN administered six hours of isoflurane on 
day 6.  No phase shift or change in period could be calculated as the pre-isoflurane 
oscillations were not robust.   
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Figure E.22 A single PER2::LUC control SCN administered six hours of isoflurane on 
day 6.  No phase shift or change in period could be calculated as the post-isoflurane 
oscillations were not robust.   

 

Figure E.23 A single PER2::LUC control SCN administered six hours of isoflurane on 
day 5.  No phase shift or change in period could be calculated as the post-isoflurane 
oscillations were not robust.   
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Figure E.24 A single PER2::LUC control SCN administered six hours of isoflurane on 
day 5.  No phase shift or change in period could be calculated as there were no 
rhythms post-isoflurane  

 

 

Figure E.25 A single PER2::LUC control SCN administered six hours of isoflurane on 
day 5.  No phase shift or change in period could be calculated as there were as there 
were not three oscillations post-isoflurane.   
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Figure E.26 A single PER2::LUC control SCN administered six hours of air on day 4-5.  
No phase shift or change in period could be calculated as there were not three 
oscillations post-control.   

 

 

Figure E.28 A single PER2::LUC control SCN administered six hours of air on day 6-7.  
No phase shift or change in period could be calculated as there were no discernable 
rhythms pre-isoflurane.   
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Figure E.29 A single PER2::LUC control SCN administered six hours of air on day 6-7.  
No phase shift or change in period could be calculated as the pre-control oscillations 
were not robust.   

 

Figure E.30 A single PER2::LUC control SCN administered six hours of air on day 6-7.  
No phase shift or change in period could be calculated as the pre-control oscillations 
were not robust.   
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Figure E.31 A single PER2::LUC control SCN administered six hours of air on day 6-7.  
No phase shift or change in period could be calculated as the pre-control oscillations 
were not robust.   

 

 

Figure E.32 A single PER2::LUC control SCN administered six hours of air on day 4-5.  
No phase shift or change in period could be calculated as there were no discernable 
rhythms pre-isoflurane.   
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Figure E.33 A single PER2::LUC control SCN administered six hours of air on day 5.  
No phase shift or change in period could be calculated as the rhythms pre and post 
control were not robust.   

 

Figure E.34 A single PER2::LUC control SCN administered six hours of air on day 6-7.  
No phase shift or change in period could be calculated as the pre-control oscillations 
were not robust.  
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Appendix F Kidney donor study Protocol 

Quantifying the extent of sleep and circadian 

disruption in patients undergoing donor 

laparoscopic nephrectomy surgery and the 

efficacy of light in treating this disruption 
 

 

 

 

A project conducted as part of doctoral study 

 

Ethics Committee: HDEC 13/CEN/43 

Australian New Zealand Clinical Trials Registry: ACTRN12614000494639  

ADHB Study number: 5850 
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Quantifying the extent of sleep and circadian disruption in 

patients undergoing donor laparoscopic nephrectomy 

surgery and the efficacy of light in treating this disruption 

 

 
Sponsor: Work is completed as part of doctoral research funded by a University 
of Auckland Doctoral Scholarship and by a Basic and Applied Scientific 
Research grant from the Office of Naval Research 

 

 

 

AGREEMENT 

 

This document is confidential.  The Investigators declare that they have read 
the final study protocol and any amendments.  The Investigators will conduct 
the study according to the procedures specified in the study protocol, and in 
accordance with ICH GCP notes for Guidance on Good Clinical Practice 
(CPMP/ICH/135/95) Annotated with TGA comments and NH&MRC National 
Statement on Ethical Conduct in Research Involving Humans. 

 

 

 

 

Investigator ..........................................................................   
   

Date............................ 

 



 

195 
  

Quantifying the extent of sleep and circadian disruption in 

patients undergoing donor laparoscopic nephrectomy 

surgery and the efficacy of light in treating this disruption  

Short Title: Light treatment for sleep and circadian disruption in kidney donor 
patients 

Principal Investigator: Assoc.Prof Guy Warman (Dept. Anaesthesiology, 
University of Auckland) 

Co-investigators 

Miss Nicola Ludin    (Dept. Anaesthesiology; University of Auckland) 

Ms Diana Grieve   (Dept. Anaesthesiology; University of Auckland) 

Dr James Cheeseman  (Dept. Anaesthesiology; University of Auckland) 

Prof. Simon Mitchell  (Dept. Anaesthesiology; University of Auckland, 
ADHB) 

Prof Alan Merry  (ADHB, HOS; University of Auckland) 

Mr Carl MuthuKumaraswamy (ADHB)  

Dr Andrew Kennedy-Smith  (CCDHB) 

Investigation site: Auckland City Hospital  

Clinical Pharmacologist 

None 

Statistician 

To be appointed 

Chairman, Data and Safety Monitoring Committee 

None 

  



 

196 
  

Quantifying the extent of sleep and circadian disruption in patients undergoing 
donor laparoscopic nephrectomy surgery and the efficacy of light in treating 
this disruption 

CONTENTS 

ABBREVIATIONS 

SUMMARY/SYNOPSIS 

Intervention under study: 

Objectives of the study: 

Study design: 

Type and number of subjects/patients: 

Principal clinical endpoints: 

1. INTRODUCTION 

1.1 Title 

1.2 Study Background 

1.3 Rationale of study 

1.4 Studies of relevance 

1.5 Conclusion 

2. AIMS 

2. OBJECTIVES 

2.1 Primary Measures 

2.2 Secondary Measures 

2.3 Primary outcomes 

2.4 Explanatory Variables 

3. HYPOTHESIS 

4.1 Experimental Design 

Introduction 

Sleep 

Physiological Variables 



 

197 
  

Questionnaires 

Data Analyses 

Data Collection 

At Home/Pre-operative Visits 

In hospital/Post-operative Data Collection 

4.2 Subject Selection 

4.2.1 Definition of Disease State/Issue to be studied 

4.2.2 Source and Number 

4.2.3 Entrance Criteria 

4.3 Study Medication/intervention 

4.3.1 Form 

4.3.2 Dosing Schedule 

4.3.3 Prohibited Concomitant Medications 

4.4 Study Procedure 

4.4.1  Sequence of Procedures 

4.4.2 Steps to be taken if there is Clinical Evidence of a complication 

3.4.3 Clinical Observations 

5. EXPERIMENTAL CONTROL 

5.1 Randomisation 

5.2 Blinding Procedure 

5.3 Case Report Forms 

5.4 Compliance Checks 

5.5 Patient Completion/Withdrawal 

5.6 Continuation of Therapy 

5.7 Repeat and Special Laboratory Tests 

5.8 Concomitant Medications and other Treatments 

5.9 Adverse Experiences 



 

198 
  

5.11 Emergency Unblinding of Study Drug 

6. DATA MANAGEMENT PROCEDURES 

6.1 Review and Confirmation of Case Report Forms 

6.2 Data Base Production and Verification 

7. STATISTICAL CONSIDERATIONS 

7.1 Patient Categories 

7.2 Sample Size and Power 

7.3 Statistical Methods 

7.4 Interim Analysis 

7.5 Planned Sub-Group Analysis 

7.6 Planned Sub studies 

7.7 Missing Data  

7.8 Procedures for Amendments to Statistical Plan 

7.9 Projected rate of recruitment/timeline 

8. PERSONNEL RESPONSIBILITIES 

8.1 Investigators  

8.2 Pharmacist 

8.3 Monitor 

8.4 Sponsor 

8.5 Steering Committee and Adjunct Committees 

Data Safety & Monitoring Committee (DSMC) 

9. ADMINISTRATIVE PROCEDURES 

9.1 Amendments to the Protocol 

9.2  Early Termination or Extension of the Study 

9.3 Drug Accountability 

9.4 Drug Packaging and Labelling 

9.5 Storage of Study Drugs 



 

199 
  

9.6 Confidentiality/Publication of Study Results 

9.7 Retention of Records 

9.8 Audits  

10. ETHICS PROCEDURES 

10.1 Guidelines for Good Clinical Practice 

10.2 Precautionary Advice 

10.3 Participant Information Sheet and Consent Form 

10.4 Ethics Committee 

10.4 Trial Registration 

Ref #ACTRN12614000494639 

11. REGISTRY OF DOCUMENTS 

12.  REPORTING DATES 

13. PUBLICATIONS 

13. REFERENCES 

APPENDIX  

  



 

200 
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SUMMARY/SYNOPSIS 

The overall goal is to improve patient well-being in the post-operative period.  
This should have benefits for the patients, and wider benefits for staff and 
healthcare budgets 

Intervention under study:  

The efficacy of light administration during surgery in reducing post-operative 
sleep and circadian disruption 

We will investigate whether 1) sleep and circadian rhythms are disrupted post-
operatively using a high resolution protocol and multiple sleep and circadian 
markers, and 2) whether intra-operative light administration can affect these 
variables.   

Objectives of the study: 

1. To investigate the effect of kidney donor surgery on sleep and 
circadian disruption.  

2. To measure the effect of intra-operative light administration on sleep 
and circadian variables.  

Study design:  

This is a single blinded randomised controlled trial of the efficacy of intra-
operative light administration in reducing post-operative sleep and circadian 
disruption in participants undergoing donor laparoscopic nephrectomy at 
Auckland City Hospital.  A total of forty participants will be enrolled into this 
study, half of whom will receive bright light during surgery and half of whom will 
receive ‘placebo’ light.   

Type and number of subjects/patients:  

Forty healthy kidney donors scheduled for donor nephrectomy at Auckland City 
Hospital (twenty in each of two groups: 1. light administration and 2. placebo 
light administration) will be recruited provided they fit the inclusion and 
exclusion criteria.  

Principal clinical endpoints: 

The clinical endpoint is increased sleep quality in the light group compared to 
the placebo light group.  This will be measured by a change in the levels of 
post-operative sleep disruption (compared to pre-operative levels) in the light 
and placebo light treatment groups. 
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Data collection will be carried out over a period of seven days prior to and seven 
days following surgery.  At seven days following surgery all recording will cease.  
Data will be analysed after data collection is complete.   

1. INTRODUCTION 

 

1.1 Title  

 Quantifying the extent of sleep and circadian disruption 

in patients undergoing donor nephrectomy surgery and the 

efficacy of light in treating this disruption 

1.2 Study Background 

The sleep-wake cycle is regulated by the circadian clock and sleep homeostatic 
mechanisms (Orr & Stahl, 1977; Harper et al., 1996).  Hospitalisation, surgery 
and anaesthesia are known to cause disruptions to sleep and circadian rhythms 
in humans (Ohlman et al., 1993; Gögenur et al., 2002; Gögenur et al., 2007).  
Sleep disruption such as this can prolong post-operative recovery and impair 
wound healing and immune function in the post-operative period.   

Appropriately timed light therapy is known to be effective in setting and shifting 
the human circadian clock and is used in the treatment of jet-lag, depression 
and seasonal affective disorder in the community setting (Wirz-Justice et al., 
1996; Wirz-Justice, 2009).  

The rationale for using intra-operative light administration (during the period of 
anaesthesia and therefore during the operation) comes from research 
conducted in an insect model, as well as from published studies.  In our group 
we have shown that in a model animal, the honey bee (Apis mellifera), bright 
light administered concurrently with anaesthesia abolishes the phase shift that 
would occur in the absence of light (Ludin et al., 2016).  In addition it has 
recently been shown that light given through closed eyes in sleeping patients 
is sufficient to phase shift the circadian clock (Figueiro & Rea, 2012; Figueiro, 
2013).   

The efficacy of light therapy in treating post-operative circadian disruption has 
been investigated in animal models and in clinical trials.  While animal studies 
provide strong evidence that light therapy can reduce circadian disruption, there 
is limited evidence that light therapy is effective in hospital.  This is due in part 
to the inherent problem in studying sleep disruption in patients who are ill as 
patients’ underlying disease state can effect sleep itself.  Research our group 

has conducted on post-operative cardiac patients has provided preliminary 
evidence that morning light therapy can correct circadian disturbances in the 
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hospital setting (Jardim, 2008).  While encouraging, these findings are 
confounded by the effect of the underlying disease state on patients’ circadian 

rhythms and sleep.   

The purpose of the study described in the current protocol is to investigate 
whether light therapy is effective in treating sleep and circadian disruption 
experienced by patients undergoing kidney donor nephrectomy at ACH.  Our 
hypothesis is that light therapy is effective in reducing the sleep and circadian 
disruption which occurs as a result of hospitalisation, surgery and anaesthesia, 
and that this light therapy will have an influence on mood and subjective 
markers of sleep during the post-operative period.   

Donor nephrectomy patients comprise a unique patient population as unlike 
almost all other patient groups, donors do not suffer from an underlying 
condition or illness for which they undergo their operation.  Thus the magnitude 
of the effect of hospitalisation, anaesthesia and surgery on sleep and the 
circadian clock can be determined without the confounding factors associated 
with an underlying disease state.   

In the pilot study conducted in Wellington, we have shown that sleep and 
circadian rhythms are disturbed in kidney donor patients following their 
operations.  In the current study we aim to extend these findings by 
investigating whether levels of post-operative sleep disruption (compared to 
pre-operative levels) are different in the light and placebo light treatment groups 
using a protocol with a higher resolution than was employed in the pilot study.  
Any consequent effects on light administration mood, and subjective markers 
of sleep and well-being in the post-operative period will be examined. 

1.3 Rationale of study 

There is currently a shortage of kidneys for donation in New Zealand.  Any 
measures that can improve the process of patients giving live donation of 
kidneys will help meet this shortage.   

The anticipated outcome of this study is a clear understanding of whether light 
administration is effective in preventing or reducing post-operative sleep 
disruption and/or post-operative circadian disruption in patients undergoing 
donor surgery, and also whether any improvements are detected in sleep in 
mood in those who receive light administration.  

If we can improve sleep in the post-operative period by using the relatively trivial 
intervention of light administration this may represent a significant improvement 
to post-operative care of these patients.  This type of approach may also be 
useful in other groups of post-operative patients. 
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1.4 Studies of relevance 

Studies relevant to this work include those that have investigated the use of 
light as a therapy for reducing sleep and/or circadian disruption resulting from 
illness, surgery or a disruptor to the regular circadian and sleep/ wake patterns.   

Morning light therapy administered to bi-polar patients resulted in shorter 
hospital stays (Benedetti et al., 2001).  Similarly, morning light administered to 
cardiac patients post-operatively, increased circadian and sleep consolidation 
(Jardim, 2014).  Elderly patients suffering delirium experience longer sleep 
times and functional gains from exposure to evening bright light therapy (Chong 

et al., 2013).   

The majority of studies involving light administration to patients for treatment of 
sleep and circadian related morbidities have been in the form of natural light or 
from a light box positioned close to the patient.  These methods require that the 
patient is awake and that they have their eyes open.  Recent work on light 
administration techniques has demonstrated that light can be administered 
through closed eyelids and light administered in this way effectively shifts the 
phase of the circadian clock (Figueiro & Rea, 2012; Figueiro, 2013).    

1.5 Conclusion 

There are a number of published studies that suggest that light administration 
to patients reduces circadian and sleep disruption.  In this study we will 
investigate the extent of circadian and sleep disruption in kidney donor patients 
using a high resolution protocol with multiple sleep and circadian variables.  We 
will investigate the effectiveness of administering intra-operative light to 
participants in order to test the hypothesis that light administered during surgery 
will reduce the circadian and sleep disruptions following surgery.   
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2. AIM 

The study is part of a wider body of work that aims to investigate the effects of 
anaesthesia on the circadian clock and sleep, and to improve patient outcomes. 
This research involves other clinical work as well as laboratory studies.   

3. OBJECTIVES 

We propose to answer the two following clinically important questions: 

1) Can post-operative sleep and circadian disruption be reduced by light 
administration during surgery?  

2) Can we build upon previous data that demonstrates circadian and sleep 
disruption following kidney donor nephrectomy patients, using the 
superior design in this study?  

We will investigate whether 1) sleep and circadian rhythms are disrupted post-
operatively using a high resolution protocol and multiple sleep and circadian 
markers, and 2) whether intra-operative light administration can affect these 
variables.   

3.1 Primary Measures 

In order to establish the above objectives we will measure multiple sleep and 
circadian variables. 

The primary objective of this study is to determine whether levels of post-
operative sleep disruption (compared to pre-operative levels) are different in 
the light and placebo light treatment groups as defined by the following two 
variables (from wrist worn actigraphy): 

i. Total sleep time (TST) 

ii. Sleep fragmentation (SF) 

3.2 Secondary Measures 

The secondary objective is to determine whether circadian disruption is different 
in the light and placebo light groups (compared to pre-operative levels). This 
will be determined by: (a) the following three actigraphically determined 
parameters: 

iii) intradaily variability (IV) 

iv) interdaily stability (IS)  

v) relative amplitude (RA) 
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and; (b) phase shifts and amplitude changes in the direct circadian markers (6-
sulphatoxymelatonin in urine and core body temperature rhythms).  

 

3.3 Primary outcomes/measures 

The primary outcome of this study is whether post-operative sleep disruption 
(defined as a change in TST and SF from pre-operative levels), is significantly 
different between the light group and the placebo-light group.  These are the 
differences in the change in sleep parameters from pre-operative to post-
operative levels in patients in each of the two groups.  
 
3.4 Explanatory Variables 

Changes in circadian variables will provide an explanation for the changes in 
the primary outcome variables (TST and SF).  The underlying reason for any 
change in TST and SF may be a change in the underlying circadian clock.  As 
such, in those participants in the light administration group we would expect to 
see some or all of the following: A change in NPCRA variables derived from 
actigraphy (i.e. a reduction in intradaily variability (IV), an increase in interdaily 
stability (IS), and an increase in relative amplitude (RA) post operatively, 
compared to placebo results).  In the placebo light group we expect the reverse 
to be true.  We also expect to see changes in direct circadian markers (6-
Sulphatoxymelatonin and core body temperature rhythms).  

4. HYPOTHESIS 

Intraoperative light administration can influence post-operative sleep in patients 
after surgery as determined by a change in actigraphically determined total 
sleep time (TST) and sleep fragmentation (SF) compared to baseline data.  

One of the underlying causes of sleep disruption is a disruption of the circadian 
clock.  We will monitor circadian variables including those derived from 
actigraphy (IS, IV, RA) and 6-sulphatoxymelatonin and CBT to explain whether 
circadian disruption underlies sleep disruption and whether light administration 
can correct any circadian disruption that does occur.  
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Experimental Design 

 

5.1 Introduction 

Forty patients scheduled to undergo donor nephrectomy will be recruited into 
the study 20 of whom will receive ‘bright light administration’ and 20 of whom 

will receive ‘placebo light administration’.  Based on data from previous studies 

we have conducted, a sample size of 40 patients will provide us with sufficient 
power to detect a statistically significant effect of intra-operative light 
administration on sleep and the circadian clock if one exists. 

5.2 Sleep 

All participants will have their sleep monitored (using non-invasive wrist worn 
actiwatches) for 7 days prior to and 7 days following surgery for a total of 15 
days.  

5.3 Physiological Variables 

The urinary levels of 6-Sulphatoxymelatonin, the major metabolite of melatonin 
(a6MTs) will be taken from participants’ urine for three days prior to surgery and 

three days following surgery.  Urine will be collected in four-hourly bins 
throughout the day and in one overnight bin (approximately eight hours).  At the 
conclusion of each time bin participants will be asked to fill out the 9-point 
Karolinksa Sleepiness Scale (KSS).   

Core body temperature will be measured for six days duration (three days 
before and three days after).  Temperature will be monitored using ingestible 
pill devices which transmit data to a sensor belt worn around the chest 
(EquivitalTM and Vitalsense ®).  Participants will be asked to swallow an 
ingestible pill device each morning (study days -3 to 3) to record core body 
temperature continuously.  On these days, participants will be asked to wear a 
wristband notifying healthcare providers of the presence of the pill in their 
gastrointestinal tract.  Participants should not have an MRI without first 
eliminating the pill.   

5.3 Questionnaires 

Daily sleep and pain questionnaires will be completed each day at the same 
time of day (18:00).  Sleep and wake times will be recorded as well as subjective 
quality of sleep (10 cm visual analogue scale).  Daily pain times and pain scales 
will also be recorded using a 10 cm visual analogue scale.  

Questionnaires of mood will be taken at the prior to surgery period (day -7 and 
day -3) and after surgery (day 3 and day 7).  The participants will be asked to 
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complete the Piper’s Fatigue Scale (PFS) and the Depression Anxiety Stress 

Scales (DASS).  Two questionnaires, the Horne-Östberg Morningness 
Eveningness Questionnaire (H-Ö), and the Munich Chronotype Questionnaire 
(MCTQ), will be taken at the beginning of the study period (day-7, 1800) to 
assess morning or evening preference.   

5.4 Data Analyses 

Total sleep time (TST) and sleep fragmentation (SF) will be calculated from 
actigraphic data using proprietary analysis software (Mini Mitter-Respironics).  
The circadian markers interdaily variability (IV), interdaily stability (IS) and 
relative amplitude (RA) will be analysed using proprietary non-parametric 
circadian rhythm analysis (NPCRA) software (Cambridge Neurotechnology).  

Urinary levels of the major metabolite of melatonin (6-suplhatoxymelatonin) will 
be assayed from urine samples collected over the six days using 
radioimmunoassay at the Adelaide Research Assay Facility (ARAF), Adelaide 
Australia.  Robustness and amplitude of melatonin rhythms will be analysed 
using cosinor methods (Chronos-fit).   

Core body temperature will be analysed using a one-hourly moving average 
over each of the six 24-hour cycles.  The inter-peak difference in the post-
operative days compared to pre-operative days will be analysed for phase shifts 
and amplitude differences.   

Questionnaires will be scored as per standard methods.  Differences in all of 
these variables will be tested between the two post-operative treatment groups 
using GLMs.  

5.5 Data Collection 

Following recruitment and prior to the start of the data collection period (7-10 
days prior to their scheduled surgery date), participants will be visited by the 
research nurse.  If visits are not geographically possible telephone calls will be 
made.  At this time participants will be provided with a study pack containing 
the necessary documentation and equipment for the study.  They will also be 
given a sample collection information sheet (attached). 

These packs will include:  

1. Daily sleep questionnaires 

 Sleep times, quality of sleep and ‘sleepiness’ will be recorded on 

paper daily (18:00) 

2.  Daily pain assessments 
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 Presence and severity of pain will be recorded on paper daily 
(18:00) 

3. Mood, fatigue and depression/anxiety questionnaires 

 Recorded pre-operatively on days -7 and -3 and post-operatively 
day 3 and day 7 (18:00) 

4. A wrist actiwatch to record sleep and wake cycles and ambient light 
exposure  

 Worn continuously for the entire study period of 15 days (taken 
off for any activity that may wet the device).  

5. EquivitalTM EQ02 sensor belt and Vitalsense ® ingestible pills for 
recordings of core body temperature 

 Belt is worn continuously for six days (taken off for bathing).  A new 
pill is swallowed every 24 hours.  

6. Sample collection kits for urine.   

 Measuring jug, storage container, disposable pipettes, sample 
tubes and volume recording sheets.  

A summary of the procedures participants will be requested to complete is given 
in table 1.  Detailed urine collection and core body temperature recording 
protocols are attached in the “sample collection information sheet” (Appendix 

1). 
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Table 1. Summary of variables to be recorded over the 15-day study period.  

 Day -7 Day -6 Day -5 Day -4 Day -3 Day -2 Day-1 Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7  

Actigraphy 

 

x x x x x x x x x x x x x x x 

SD 

 

x x x x x x x x x x x x x x x 

DPA x x x x x x x x x x x x x x x 

Melatonin 
(Urine) 

 

    x x x  x x x     

Core Body 
Temperature 

    x x x  x x x     

Light or 
Placebo Light 

       x 

 

       

DASS x    x 

 

     x    x 

 
PFS x    x      x    x 

KSS     x x x x x x x     

H-O x     

 

          

MCTQ x     
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5.6 At Home/Pre-operative Visits 

Participants will be visited at home by a study investigator and shown how to 
go about completing their daily sleep diaries and questionnaires.  Participants 
will receive careful instruction on how to collect urine samples and core body 
temperature (protocol attached).   

Participants will be visited daily (and/or contacted by phone) throughout the 
study.  Three days prior to surgery (day -3) participants will be supplied with the 
necessary equipment for the recording of core body temperature (CBT) using 
the EquivitalTM EQ02 sensor belt and Vitalsense ® ingestible pills.  The 
temperature recording relies on transmission between the ingestible pill and the 
sensor belt.  Therefore the participant will be asked to swallow a new pill every 
24 hours to maintain data collection over the six days.  Recording of CBT will 
continue for a total of six days- three days prior to and three days following 
surgery.  A study investigator will ensure data collection is being carried out 
correctly and will remove any completed urine samples for storage at the 
University of Auckland.  

5.7 In hospital/Post-operative Data Collection 

The researchers will visit the participants and will coordinate with staff upon 
admission of the participants to hospital.  Participants will continue to be visited 
at least once a day in hospital to assist them with the collection of urine 
samples, core body temperature and completion of diaries and questionnaires.  
This will continue for the duration of the study.  

On admission to hospital participants will be randomly assigned to either the 
‘placebo light’ or ‘bright light’ treatment group.  They will receive light exposure 

(light or placebo) through taped-closed eyelids for 180 minutes or the duration 
of their surgery, whichever is longest. Bright light will be administered via a 
custom designed light mask (with two LED sources providing a two second 
flash of blue light (480nm) once every minute for the duration of the surgery.  
Placebo Light will be administered through an identical mask fitted with dim red 
light LEDs (Figueiro & Rea, 2012; Figueiro, 2013).  The study investigators will 
be responsible for placing the light administration mask onto the patient post-
induction to anaesthesia.  They will also be responsible for removing the mask 
prior to emergence from anaesthesia.  

The intensity of the light will be a maximum of 111 W/m2 in the bright light group 
and the placebo light administered will be no higher than ambient lighting (dim 
red light λmax = 640 nm).  The light masks are fitted UV filters to ensure that 
there is no risk of UV light exposure.   

A copy of participants’ anaesthetic record and notes from the clinical pathway 

will be recorded onto case report forms together with any adverse events which 
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occur.  Upon discharge a study investigator will conduct follow up visits at the 
participants’ home. 

The variables that will be measured in this study are: 

1. Actigraphy from a wrist-worn actiwatch.  There are five parameters for 
analysis (interdaily stability [IS], intradaily variability [IV] relative 
amplitude [RA], total sleep time [TST] and sleep fragmentation [SF]). 

2. 6-Sulphatoxymelatonin from 24 hour urine samples (6 days in total).  The 
primary metabolite of melatonin is analysed for changes in phase and 
amplitude.   

3. The core body temperature profile will be analysed for changes in phase 
and amplitude in the three days before surgery compared with the three 
days following surgery.  

Participants will also be asked what time of the day they think it is when they 
emerge from anaesthesia. We hypothesise that those that did have light 
administration will be able to perceive the passage of time and will estimate the 
time more accurately than those who had placebo light administration.   
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6 Subject Selection 

All patients presenting for elective donor nephrectomy at Auckland City 
Hospital.   

6.1 Definition of Disease State/Issue to be studied 

Investigation of the efficacy of light administration on influencing sleep and 
circadian rhythms in the post-operative period.  

Inclusion criteria will include the following:  

1. Kidney donor patients undergoing laparoscopic donor 
nephrectomy at Auckland City Hospital 

2. Aged 18 years and over  
3. Able to provide written informed consent in English 
4. Subjects without contraindications as determined by their 

surgeon 
 

Exclusion Criteria 

1. Current participant on any other clinical study 
2. Poor English language comprehension  
3. A documented sleep condition which they have 

current active treatment for 
4. Shift workers 
5. At the investigators discretion  

 

6.2 Form 

Light administered through taped closed eyelids during laparoscopic donor 
nephrectomy.   

Study Procedure 

6.2.1  Sequence of Procedures 

Study Flow Chart 

 

+-
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Day Visit 1 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 

 Preadmission clinic Actigraphy & 
questionnaires 
begin  

Daily home visits Admission and 
Surgery 

Hospital 
visit 

Hospital 
visit 

Discharge 
Home visit 

Home visit   Study 
period 
ends 

Informed Consent x                

Entry criteria x                

Demographics x                

Medical and surgical 
history 

x                

Adverse events x x x x x x x x x x x x x x x x 

Randomisation x                

Study intervention 
(light) 

        x        

Duration of 
anaesthesia 
recorded 

        x        

Actigraphy x x x x x x x x x x x x x x x x 

Urine collection      x x x  x x x     

Core body temp      x x x  x x x     

Questionnaires x x x x x x x x x x x x x x x x 
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6.2.2 Steps to be taken if there is Clinical Evidence of a complication   

The intervention under investigation in this study is light administration alone.  The 
light is UV filtered and is safe therefore clinical complications would not be anticipated.   

The ingestible temperature pill device poses the only possible contraindication for 
participants if an MRI is required.  Participants who have a temperature pill in their 
gastrointestinal tract should not undergo an MRI.  A wrist band will be worn for the 
duration of temperature recording to indicate this.  If a participant should require an 
MRI, prior administration of laxatives will ensure the elimination of the pill.   

The temperature pill is an FDA approved device.  Its use has been approved by 
previous HDEC committee for use at Auckland City Hospital (NTY#/06/08/073).   

6.2.3 Clinical Observations 

N/A 

7. EXPERIMENTAL CONTROL 

7.1 Randomisation 

Patients will be randomly assigned to either the placebo light group or the light group 
using computerised block randomisation.  

7.2 Blinding Procedure 

The group that the patient has been randomly assigned to will not be revealed to 
anyone other than the study investigators prior to light (or placebo light) 
administration.  

7.3 Case Report Forms 

Paper case report forms will be used (attached).  

7.4 Patient Completion/Withdrawal 

Participants will have completed the trial after seven post-operative days.  If they 
withdraw at any stage the study investigators will collect all recording equipment 
immediately.   

7.5 Adverse Experiences 

Any adverse experiences that do occur will be recorded on the case report form and 
reported to HDEC.  

7.6 Emergency Unblinding of Study Drug 

N/A- The only person unaware of the treatment group is the participant.  
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8. DATA MANAGEMENT PROCEDURES 

8.1 Review and Confirmation of Case Report Forms 

Case report forms will be reviewed and confirmed by the study investigators.   

8.2 Data Base Production and Verification 

This will be done by the study investigators. 

9. STATISTICAL CONSIDERATIONS 

9.1 Patient Categories 

 There are two groups in this study. One group will receive light during surgery 
and the other group will receive placebo light.  

9.2 Sample Size and Power 

There is no published data demonstrating the effect of light during anaesthesia to 
ameliorate anaesthesia induced shifts in the circadian clock and sleep following 
surgery.  

A pilot study we have recently completed in 20 participants demonstrated that 
surgery and anaesthesia in kidney donor patients induced statistically significant 
disruptions in circadian and sleep parameters (Interdaily stability p=0.01). 

On the basis of this pilot study we estimate that a sample size of 40 participants (20 
in each group) should demonstrate statistically significant differences (alpha = 0.05 
level) in actigraphically measured sleep and circadian variables between the light 
and placebo light groups. Furthermore, data from an insect model demonstrates that 
the post-anaesthetic disruption to circadian rhythms can be abolished by concurrent 
administration of light with anaesthesia.  

9.3 Statistical Methods 

This study is a within subject, single-blinded randomised controlled trial.  Significant 
differences between groups will be tested using non-parametric circadian rhythms 
analysis (interdaily stability, intradaily variability and relative amplitude) and sleep 
fragmentation and total sleep time.  Physiological variables (6-Sulphatoxymelatonin 
and core body temperature) will be analysed for changes in phase and amplitude, 
before and after surgery and between groups.  

9.4 Interim Analysis 

At the conclusion of recruitment of 20 participants’ data we will conduct and interim 

analysis.  
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There are no planned subgroup analyses or substudies.  

9.5 Missing Data 

All instances of missing data will be recorded.  Any participants with missing data will 
be excluded from the analysis. 

9.6 Procedures for Amendments to Statistical Plan 

None anticipated.  We have a statistician available to advise.  

9.7 Projected rate of recruitment/timeline 

We aim to recruit two patients per month to the study.   

10. PERSONNEL RESPONSIBILITIES 

10.1 Investigators 

1. Assoc. Prof. Guy Warman-Study design, funding application, paper writing, 
data analysis, clinical overview 

2. Dr James Cheeseman- Study design, funding application, paper writing, data 
analysis, clinical overview 

3. Miss Nicola Ludin - Patient recruitment, data collection, light mask 
administration, data handling and analysis, paper writing. 

4. Prof. Simon Mitchell- Anaesthetist, participant recruitment, clinical overview 

5. Prof. Alan Merry- Anaesthetist, clinical overview 

6. Mr Carl MuthuKumaraswamy- Participant recruitment, surgery, study design, 
clinical overview 

7. Dr Andrew Kennedy-Smith- Participant recruitment, surgery, study design, 
clinical overview 

10.2 Sponsor 

This study is funded by a Basic and Applied Scientific Research grant from the Office 
of Naval Research and as part of doctoral research funded by a University of 
Auckland Doctoral Scholarship  

11. ADMINISTRATIVE PROCEDURES 

 

11.1 Amendments to the Protocol 
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Nicola Ludin and investigators 

11.2  Early Termination or Extension of the Study 

Nicola Ludin and investigators 

11.3 Confidentiality/Publication of Study Results 

Nicola Ludin 

11.4 Retention of Records 

Data will be held in secure storage at The University of Auckland for a period of ten 
years after the completion of the study, after which time they will be destroyed.  

11.5 Audits 

Nicola Ludin  

12. ETHICS PROCEDURES 

12.1 Guidelines for Good Clinical Practice 

Completed. NIH 

12.2 Participant Information Sheet and Consent Form 

Attached 

12.3 Ethics Committee 

HDEC 13/CEN/43 

12.4 Trial Registration 

Ref #ACTRN12614000494639  

12.5 ADHB Study number 

5850 

13.  REPORTING DATES 

From HDEC/ Jacqui Hannam (Dept. Anaesthesiology).   

14. PUBLICATIONS  

Light treatment for sleep and circadian disruption in kidney donor patients  

Plan for Authorship of Manuscripts: 
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Authors:  

Dr Guy Warman, , Dr James Cheeseman, Miss Nicola Ludin, Assoc. Prof. Simon 
Mitchell, Prof. Alan Merry, Mr Carl MuthuKumaraswamy, Dr Andrew Kennedy-Smith 

Paper- Intra-operative light administration reduces circadian and sleep disruptions 
following laparoscopic donor nephrectomy.  
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APPENDIX 1 

 

Participant Information Sheet 
Light treatment for sleep and circadian disruption in 

kidney donor patients 
 
INTRODUCTION 
 

You are invited to take part in a research study investigating whether a 
short exposure to light can improve sleep and body clock rhythms after 
surgery.  Please take your time to consider this study and to decide 
whether you wish to take part.  Taking part is completely voluntary (your 
choice). If you decide you do not wish to take part, it will not affect your 
continuing healthcare in any way.  
 
We wish to investigate whether a brief (180 minute) exposure to light can 
help improve sleep and body clock rhythms in kidney donor patients.  
Specifically, we wish to determine whether donor patients show changes 
in their sleep or biological clocks after surgery and whether light exposure 
can improve sleep and rhythms. 
 
This Participant Information Sheet will help you decide if you would like to 
take part.  It sets out why we are doing the study, what your participation 
would involve, what the benefits and risks to you might be, and what 
happens after the study ends.  We will go through this information with 
you and answer any questions you may have.  We expect this will take 
about 10 minutes.  You may also wish to talk about the study with other 
people, such as family, whānau, friends, or healthcare providers.  Feel 
free to do this. 
 
If you agree to participate in the study you will be asked to wear an 
actiwatch on your wrist, which monitors sleep and light, for seven days 
pre-surgery and seven days post-surgery. At the same time you will be 
asked to wear a daysimeter, which monitors light and activity, on a lanyard 
around your neck or pinned to your clothing.  You will also be asked to 
collect urine samples and temperature for three days pre-surgery and 
three days post-surgery.  Temperature will be taken by wearing a chest 
worn belt, and by swallowing a temperature pill on each morning you are 
wearing the belt.  The pill is completely harmless and will transmit your 
internal body temperature to a logger worn on the chest belt.  
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You will be asked to complete sleep diaries and mood questionnaires.  We 
will not collect any information that could identify you – your information 
will be identifiable by a study number only.  Forty patients who are 
scheduled for laparoscopic donor nephrectomy (kidney donation) at 
Auckland City Hospital will be included in the study.   
 
Urine samples collected will be sent to Adelaide, Australia for analysis.  
This analysis is for the major metabolite of melatonin, 6-
sulphatoxymelatonin found in urine.  Melatonin is a primary marker of the 
circadian clock, and the concentration of this hormone gives us a clear 
idea of the ‘time zone’ that your body is in physiologically.  All other 
analyses will be performed by the investigators in Auckland.  
 
This document is 6 pages long, including the Consent Form.  Please make 
sure you have all the pages.  
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PARTICIPATION 

 Your participation is entirely voluntary (your choice).  You do not 
have to take part in this study, and if you choose not to take part, 
you will receive the usual treatment or care.  

 You are free to withdraw from the study at any time, without having 
to give a reason and this will not affect your future health 
care/continuing health care during the pre-operative or post-
operative period in any way. 

 There is no payment for participation in this study. 
 The only difference in your treatment by being involved in the study 

will be your exposure to light during your operation.  The level of 
light you will be exposed to will be no brighter than the operating 
table lights.  This light is safe. 

 If you agree to take part in the study: 
 Your quality of sleep will be determined pre and post operatively using 

mood questionnaires. 
 We will collect your urine for 3 days before your surgery and 3 days 

after your surgery. 
 We will ask you to wear an actiwatch and a daysimeter to record your 

sleep and light exposure for seven days before your surgery and seven 
days after your surgery. 

 We will send your urine samples to Australia for analysis. 
 We will record your age, height, weight, gender, ethnicity, and 

operation type. 
 We will record your vital signs (e.g. blood pressure, temperature). 
 We will record all the medicines you receive during your surgery. 
 We will record your core body temperature for three days before your 

surgery and for three days following your surgery. 
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Risks & benefits 
There is no direct benefit to you for participating in this study. However, 
the information we collect may help us improve how donor patients are 
treated in the future.  The only contraindication in this study is undergoing 
MRI while the temperature pill is still in your gastrointestinal tract.  Should 
an MRI be required at any stage of the study, laxatives will be 
administered to you to ensure the passing of the pill before MRI.  All other 
aspects of your surgery and post operative care will be routine. We believe 
there is no additional risk to you of participating in this study over and 
above the normal risks associated with general anaesthesia and surgery.  
 
Compensation 
In the unlikely event of a physical injury as a result of your participation in 
this study, you may be covered by ACC under the Injury Prevention, 
Rehabilitation and Compensation Act.  ACC cover is not automatic and 
your case would be assessed by ACC according to the provisions of the 
2002 Injury Prevention Rehabilitation and Compensation Act.  If your 
claim is accepted by ACC, you still might not get any compensation.  This 
depends on a number of factors such as whether you are an earner or 
non-earner.  ACC usually provides only partial reimbursement of costs 
and expenses and there may be no lump sum compensation payable.  
There is no cover for mental injury unless it is a result of physical injury.  
If you have ACC cover, generally this will affect your right to sue the 
investigators.   
 
If you have any questions about ACC, contact your nearest ACC office or 
the investigator. 
 

Confidentiality 
No material which could personally identify you will be used in any reports 
on this study.  All information collected from you will be kept confidential 
and coded only by a randomly assigned study number.  It will be stored in 
a secure manner by the Department of Anaesthesiology at the University 
of Auckland.   
 

Results 
The results of this research will be published in a scientific journal.  No 
individual will be identified.  There will be no reference to you or your name 
in publications.  The delay between starting the study and publishing the 
results could be more than two years.  If you wish to receive a copy of the 
results of the study please indicate this on the consent form.  Your GP will 
be informed of all (if any) clinically significant or unexpected results 
obtained during the study conduct. 
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Contacts  
If you have any questions about the study, do not hesitate to contact one 
of the investigators.   
 
If you have any queries or concerns regarding your rights as a 
participant in this study you may wish to contact a Health and Disability 
Advocate.  This is a free service provided under the Health and Disability 
Commissioner Act.   
Telephone: 0800 555 050 
Free Fax: 0800 2787 7678 (0800 2 SUPPORT) 
Email: advocacy@hdc.org.nz.  
 
 

This study has received ethical approval from the Ministry of Health 
Regional Ethical Committee and Auckland District Health Board 

(13/CEN/43) and has been registered with the Australian and New 
Zealand Trials Registry (Ref: ACTRN12614000494639) 

 
 

Please feel free to contact Diana or any one of the investigators if 
you have questions about this study.  You can find their numbers 

on page 6 of this information sheet. 
 
Thank you for taking the time to read about and consider participating in 
this study 
  

mailto:advocacy@hdc.org.nz
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Consent Form  
Light treatment for sleep and circadian disruption in kidney donor 
patients 
 
Declaration by participant: 
 
I have read, or have had read to me in my first language, and I understand the Participant 
Information Sheet.  I have had the opportunity to ask questions and I am satisfied with the 
answers I have received. 
 
I freely agree to participate in this study.   
 
I have been given a copy of the Participant Information Sheet and Consent Form to keep. 

Participant’s name: 

Signature: Date: 
 
I wish to receive a summary of the findings of the study when it is completed    yes/no 
 
 
Declaration by member of research team: 
 
I have given a verbal explanation of the research project to the participant, and have 
answered the participant’s questions about it.   
 
 
I believe that the participant understands the study and has given informed consent to 
participate. 
 

Researcher’s name: 

Signature: Date: 
 
Principal Investigator:  
Assoc. Prof. Guy Warman (Dept. Anaesthesiology, University of Auckland) 
Co-investigators: 
Miss Nicola Ludin (University of Auckland) 
Ms Diana Grieve (University of Auckland) 
Miss Victoria King (University of Auckland) 
Dr James Cheeseman (University of Auckland) 
Assoc. Prof. Simon Mitchell (University of Auckland and ADHB) 
Prof. Alan Merry (University of Auckland and ADHB) 
Mr Carl MuthuKumaraswamy (ADHB) 
Dr Andrew Kennedy-Smith (CCDHB) 
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APPENDIX 2 

Sample Collection Information Sheet 

Light treatment for sleep and circadian disruption in 

kidney donor patients 
 
 
QUESTIONNAIRES 

In this study we require some questionnaires to be filled out. These do not take long 
to complete and no preparation is required. You have been given copies of the 
questionnaires to keep.  
 
A study investigator will be in touch with you daily to do the questionnaires and sleep 
diaries with you.  Daily questionnaires are your sleep diaries and your sleepiness and 
pain. Other questionnaires assess your preference for morning or evening, and your 
fatigue. These questionnaires are carried out before and after surgery. A summary of 
the questionnaires is at the end of this document. 
 
ACTIWATCH 

The Actiwatch (Figure. 1) is worn on your wrist like a normal watch.  The watch records 
light and your movements throughout the day and night. Wear the watch on your non-
dominant hand (the one that you do not write with).  The watch is not waterproof, so 
take it off when you shower or do any activity which may wet the watch.  
 
Other than this, wear it all the time (even when you sleep).  Wear the watch for 7 days 
before your surgery and 7 days afterwards. 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 5.2: Actiwatch, worn on the wrist 
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URINE SAMPLES 

Urine is non-toxic and sterile (germ-free) so it is a harmless substance to handle.  You 
will be asked to collect urine samples.  This is so that we can measure an important 
hormone (melatonin) which influences your sleep patterns and is excreted in your 
urine. For three days before and three days after your surgery you will need to collect 
urine samples.  A study investigator will help you to get set up and each day at home 
and in hospital. 

Urine will be collected in four hourly blocks during the day and one longer bin overnight. 
During these collection times you will collect all of the urine you pass into the same 
container.   
 
On the first day of collections you will not collect your first morning void, but will then 
collect all urine for the next 6 days.  We understand that times may vary but suggest 
the following time bins: 
 

A 8am-12pm 
B 12pm-4pm 
C 4pm-8pm 
D 8pm-bedtime 
Z bedtime- wake up (includes first morning void and any urine passed over 

night) 
 
From the time you get up you will collect all the urine you pass for the following four 
hours into the same container (e.g. Container “A” for the first daily bin). At the end of 
each collection period you will need to measure the total volume of urine passed. The 
total volume needs to be recorded onto the volume sheet.  A small sample of urine 
taken with a plastic pipette can then be transferred into the corresponding tube 
(Figures 3 & 4 below).  The remaining urine can be discarded.  Plastic containers can 
then be washed with warm soapy water and dried ready for the next collection block.  
Please pass urine into each time bin. 
 
Place the sample into the ziplock bag (Figure 5) and store room temperature.  
You will need to repeat this process 5 times each day. There will be 5 sample tubes 
provided every day.  
At the conclusion of each day the urine samples will be collected by an investigator 
and returned to the University of Auckland.  Your urine samples will be analysed in 
Adelaide, Australia.  
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Figure 5.4: 24 Hour Urine collection in four daily bins (A, B, C, D) every 4 hours and 

one overnight bin (Z, ~8 hours) 

 
 
 

 
 

  

 
Approximate time  
you wake up 

Approximate time 
you go to bed 

Approximate 
time you wake up 

you wake up 

4 Hours 4 Hours 4 Hours 4 Hours Overnight 

     
 

 A B C D Z 

Figure 5.3:  
Urine Storage Containers    Pipettes         Urine Sample Tubes Ziplock Bag 
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CORE BODY TEMPERATURE 

Core body temperature (CBT) is an important measure of health generally and can be 
used to understand sleep patterns and the circadian clock.  Your temperature profile 
indicates whether your sleep and circadian rhythms are affected by surgery.  CBT will 
be measured using an ingestible pill (Figures 7) and a chest-belt (Figure 8). 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
You will be asked to wear the chest belt for three days before your surgery and three 
days after.  The belt will only be taken off to shower, and then put back on.  The belt 
is waterproof.  Each morning you are wearing the belt you will be asked to swallow a 
temperature pill.  The pill is completely safe and is FDA approved.  This pill will transmit 
your internal body temperature to a logger worn on the chest belt. 
  

Figure 5.5: Harmless ingestible pill. One 
pill swallowed each morning 

Figure 5.6: Chest-belt. Worn for six 
days.  Snug across the chest and fits 

neatly under clothes. 
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Table 5.1: Summary of study protocol, from pre-operative to post-operative stages 
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A study investigator will be in contact with you throughout the study, but should you 
have any questions at any stage please feel free to contact any of the study 
investigators listed in the box below.   
 
Thank you for taking part.  Your participation is appreciated.  
 

 

Principal Investigator:  
 
Assoc. Prof Guy Warman (Dept. Anaesthesiology, University of Auckland) 
Co-investigators: 
Miss Nicola Ludin (University of Auckland) 
Ms Diana Grieve (University of Auckland) 
Dr James Cheeseman (University of Auckland) 
Prof. Simon Mitchell (University of Auckland and ADHB) 
Prof. Alan Merry (University of Auckland and ADHB) 
Mr Carl MuthuKumaraswamy (ADHB) 
Dr Andrew Kennedy-Smith (CCDHB) 
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Appendix G Kidney donor medical investigation- Assessment of the 

potential live donor 

This summary is from the Auckland District Health Board document ‘Renal Transplant Adult 

Live Donor: Work up, Surgery and Care’, and from information supplied by Ms Helen 

Whitehouse, renal transplant coordinator.   

A potential live kidney donor is identified and this will often be a direct contact to a transplant 

coordinator.  The donor is then referred to a nephrologist, not caring for the recipient, for 

evaluation.   

Documentation 

CR9114: Live Kidney Donor Health Questionnaire is completed by the transplant coordinator 

during a phone interview with the potential donor, prior to seeing the nephrologist.  The 

coordinator then subsequently completes CR3779: Living Kidney Evaluation Form.   

Blood type 

Tissue typing (including crossmatch) is performed where there is a high risk of anti-HLA 

antibody formation e.g. 

 Male to female partner 

 Second or subsequent transplant 

 Children to mother 

History/examination 

 Age 28 years or over, and able to give informed consent 

 No major medical illness, including pro-thrombotic or bleeding states 

 No current sepsis 

 History of travel and abode-relevant infectious screening tests 

 No history of HIV or current high risk behaviour 

 No current or recent IV drug abuse 

 No history of renal disease. History of renal calculi require review 

 Previous renal surgery requires review 

 No current treated hypertension or end organ hypertensive damage.  Blood pressure 

must be below (day time) average of 140/90 mmHg on 24 hour ambulatory 

monitoring 

 Family history of PKD must be >30 year plus have ultrasound to exclude PKD 

 No significant psychosocial dysfunction 

 Willing to accept blood products 
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 Prior history of cancer require appropriate review.  Guidelines to aid discussion are 

available from various expert groups 

 BMI <35 

 Previous history of abdominal surgery (may influence suitability for laparoscopic 

procedure).   

Laboratory evaluation 

Blood and urine tests.  Includes: renal function, full blood count (FBC), liver function, lipids, 

calcium and phosphate, uric acid, coagulation factors, immunology, protein electrophoresis, 

hepatitis B infection and immunity, hepatitis C, human immunodeficiency virus (HIV), 

cytomegalovirus (CMV), Epstein-Barr virus (EBV), glucose, HbA1C (diabetes), urine for 

midstream specimen (MSU), protein creatinine ratio and 24 hour urine for protein and 

creatinine clearance.   

 

 Physician review and coordinator review at the same time 

 Present to multidisciplinary team 

 Crossmatch blood test 

 Surgical review 

 Liaison psychiatry review 

 Computed tomography angiogram (CTA) scan  
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Appendix H Questionnaires 

Patient ID: _________  Date: ___/___/201_ Time: ___:___ am/pm 
 

MUNICH CHRONOTYPE QUESTIONNAIRE  

Information about work days: I work    days per week 

Even if you have indicated that you don’t work, please fill out this section because we have 
to know whether your sleep-wake habits either differ or are the same between the work 
week and free days/ weekend. 

Before work days I go to bed at    o’clock 

      …. at    o’clock, I prepare to sleep (switch off the light) 

             I need     to fall asleep 

        On work days, I wake up at    o’clock before the alarm  
    with the alarm   
 

    After     minutes I get up 

 

Information about free days:    

Please describe days without special circumstances (Parties etc.) 

  Before free days I go to bed at    o’clock 

      …. at    o’clock, I prepare to sleep (switch off the light) 

             I need     to fall asleep 

         On free days, I wake up at     o’clock before the alarm  
    with the alarm   
 

    After     minutes I get up 

On average, how long per day do you spend outside exposed to day light (no roof 

above)? 

On work days:     h    min 

On free days:     h    min 

Lifestyle: 

 Approximately, how many cigarettes do you smoke per week  ___ 

Approximately, how many glasses of beer do you drink per week  ___ 
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Approximately, how many glasses of wine do you drink per week  ___ 

Approximately, how many glasses of liquor do you drink per week  ___ 

Approximately, how many cups of coffee do you drink per week   ___ 

Approximately, how many caffeinated drinks do you drink per week ___ 

Approximately, how many cups of black tea do you drink per week ___ 

Approximately, how often do you take sleep medication per week  ___ 

 

Work Details: 

In the last 3 months, have you worked as a shift-worker?  Yes/ No 

Your usual work schedule starts at __________ 

Your usual work schedule ends at ___________ 

My work schedules are 

 Very flexible 
 A little flexible 
 Rather inflexible 
 Very inflexible 

I travel to work 

 Within an enclosed vehicle (e.g. Car, bus, train etc.) 
 Not within an enclosed vehicle (e.g. by foot, bike etc.) 
 I work at home 

For the commute to work I need approximately _____ minutes. 

For the commute from work I need approximately ____minutes.  
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Patient ID: _________  Date: ___/___/201_ Time: ___:___ am/pm 
 
 

MORNINGNESS-EVENINGNESS QUESTIONNAIRE  

For each question, please select the answer that best describes you by checking the 

corresponding box. Make your judgments based on how you have felt in recent weeks. 

 

1. Approximately what time would you get up if you were entirely free to plan your day? 

 5:00 a.m. – 6:30 a.m.  

 6:30 a.m. – 7:45 a.m.  

 7:45 a.m. – 9:45 a.m.  

 9:45 a.m. – 11:00 a.m.  

 11:00 a.m. – 12 noon  

  

2. Approximately what time would you go to bed if you were entirely free to plan your 

evening? 

 8:00 p.m. – 9:00 p.m.  

 9:00 p.m. – 10:15 p.m.  

 10:15 p.m. – 12:30 a.m.  

 12:30 a.m. – 1:45 a.m.  

 1:45 a.m. – 3:00 a.m.  

 

3. If you usually have to get up at a specific time in the morning, how much do you depend 

on an alarm clock? 

 Not at all  

 Slightly  

 Somewhat  

 Very much  

 

4. How easy do you find it to get up in the morning (when you are not awakened 

unexpectedly)? 

 Very difficult  

 Somewhat difficult  

 Fairly easy  

 Very easy  

 

5. How alert do you feel during the first half hour after you wake up in the 
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morning? 

 Not at all alert  

 Slightly alert  

 Fairly alert  

 Very alert  

 

6. How hungry do you feel during the first half hour after you wake up? 

 Not at all hungry  

 Slightly hungry  

 Fairly hungry  

 Very hungry  

 

7. During the first half hour after you wake up in the morning, how do you feel? 

 Very tired  

 Fairly tired  

 Fairly refreshed  

 Very refreshed  

 

8. If you had no commitments the next day, what time would you go to bed compared to your 

usual bedtime? 

 Seldom or never later  

 Less than 1 hour later  

 1-2 hours later  

 More than 2 hours later
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9. You have decided to do physical exercise. A friend suggests that you do this for one hour 

twice a week, and the best time for him is between 7-8 a.m. 

Bearing in mind nothing but your own internal “clock,” how do you think you would perform? 

 Would be in good form  

 Would be in reasonable form  

 Would find it difficult  

 Would find it very difficult  

 

10. At approximately what time in the evening do you feel tired, and, as a result, in need of 

sleep? 

 8:00 p.m. – 9:00 p.m.  

 9:00 p.m. – 10:15 p.m.  

 10:15 p.m. – 12:45 a.m.  

 12:45 a.m. – 2:00 a.m.  

 2:00 a.m. – 3:00 a.m.  

 

11. You want to be at your peak performance for a test that you know is going to be mentally 

exhausting and will last two hours. You are entirely free to plan your day. Considering only 

your “internal clock,” which one of the four testing times would you choose? 

 8 a.m. – 10 a.m.  

 11 a.m. – 1 p.m.  

 3 p.m. – 5 p.m.  

 7p.m. – 9 p.m.  

 

12. If you got into bed at 11 p.m., how tired would you be? 

 Not at all tired  

 A little tired  

 Fairly tired  

 Very tired  
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13. For some reason you have gone to bed several hours later than usual, but there is no 

need to get up at any particular time the next morning. Which one of the following are you 

most likely to do? 

 Will wake up at usual time, but will not fall back asleep  

 Will wake up at usual time and will doze thereafter  

 Will wake up at usual time, but will fall asleep again  

 Will not wake up until later than usual  

 

14. One night you have to remain awake between 4-6 a.m. in order to carry out a night 

watch. You have no time commitments the next day. Which one of the alternatives would 

suit you best? 

 Would not go to bed until the watch is over  

 Would take a nap before and sleep after  

 Would take a good sleep before and nap after  

 Would sleep only before the watch  

 

15. You have two hours of hard physical work. You are entirely free to plan your day. 

Considering only your internal “clock,” which of the following times would you choose? 

 8 a.m. – 10 a.m.  

 11 a.m. – 1 p.m.  

 3 p.m. – 5 p.m.  

 7p.m. – 9 p.m.  

 

16. You have decided to do physical exercise. A friend suggests that you do this for one 

hour twice a week. The best time for her is between 10-11 p.m. 

Bearing in mind only your internal “clock,” how well do you think you would perform? 

 Would be in good form  

 Would be in reasonable form  

 Would find it difficult  

 Would find it very difficult  
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17. Suppose you can choose your own work hours. Assume that you work a five hour day 

(including breaks), your job is interesting, and you are paid based on your performance. At 

approximately what time would you choose to begin? 

 5 hours starting between 4:00 – 8:00 a.m.  

 5 hours starting between 8:00 – 9:00 a.m.  

 5 hours starting between 9:00 a.m. – 2:00 p.m.  

 5 hours starting between 2:00 – 5:00 p.m.  

 5 hours starting between 5:00 p.m. – 4:00 a.m.  

 

18. At approximately what time of day do you usually feel your best? 

 5:00 a.m. – 8:00 a.m.  

 8:00 a.m. – 10:00 a.m.  

 10:00 a.m. – 5:00 p.m.  

 5:00 p.m. – 10:00 p.m.  

 10:00 p.m. – 5:00 a.m.  

 

19. One hears about “morning types” and “evening types.” Which one of these types do you 

consider yourself to be? 

 Definitely a morning type  

 Rather more a morning type than an evening type  

 Rather more an evening type than a morning type  

 Definitely an evening type  
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Patient ID: _________  Day: -7  Date: ___/___/201_ Time: ___:___ am/pm 
 
 
PIPERS FATIGUE SCALE (PFS)   
 
1. How long have you been feeling fatigue? (Check one response only). 

 not feeling fatigue 
 minutes 
 hours 
 days 
 weeks 
 months 
 other (Please describe) 

_______________________________________________ 
 
To what degree is the fatigue you are feeling: 
 
2. Now causing you distress? 
 
None          A Great Deal 
 1 2   3   4   5   6   7   8   9   10 
 
3. Interfering with your ability to complete your work or school activities? 
 
None           A Great Deal 
 1   2   3   4   5   6   7   8   9   10 
 
4. Now interfering with your ability to socialize with your friends? 
 
None           A Great Deal 
 1   2   3   4   5   6   7   8   9   10 
 
5. Now interfering with your ability to engage in sexual activity? 
 
None            A Great Deal 
 1   2   3   4   5   6   7   8   9   10 
 
6. Overall, how much is the fatigue which you are now experiencing interfering with your  
    ability to engage in the kind of activities you enjoy doing? 
 
None           A Great Deal 
 1   2   3   4   5   6   7   8   9   10 
 
7. Describe the degree of intensity or severity of the fatigue which you are experiencing  
    now? 
 
Mild           Severe 
  1   2   3   4   5   6   7   8   9   10 
 
  



 

244 
  

To what degree would you describe the fatigue which you are experiencing now as being? 
 

8.  Pleasant        Unpleasant 
 
  1   2   3   4   5   6   7   8   9   10 
 
9.  Agreeable         Disagreeable 
 
  1   2   3   4   5   6   7   8   9   10 
 
 
10.  Constructive       Destructive 
 
 1   2   3   4   5   6   7   8   9   10 
 
11.   Positive        Negative 
 
 1  2   3   4   5   6   7   8   9   10 
 
12. Normal         Abnormal 
 
 1   2   3   4   5   6   7   8   9   10 
 
 
To what degree are you now feeling: 
 
13. Strong        Weak 
 
  1  2   3   4   5   6   7   8   9   10 
 
14. Awake        Sleepy 
 
  1   2   3   4   5   6   7   8   9   10 
 
15.  Lively        Restless 
 
  1   2   3   4   5   6   7   8   9   10 
 
16.  Refreshed       Tired 
 
   1         2   3   4   5   6   7   8   9   10 
 
17. Energetic         Unenergetic 
 
    1   2   3   4   5   6   7    8   9   10 
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18. Patient        Impatient 
 
   1   2   3   4   5   6   7    8   9   10 
 
19. Relaxed         Tense 
 

1      2   3   4   5   6   7   8   9   10 
 
20. Exhilarated         Depressed 
 
 1   2   3   4   5   6   7   8   9   10 
 
21. Able to Concentrate       Unable to Concentrate 
 
    1   2   3   4   5   6   7   8   9   10 
 
22. Able to Remember     Unable to Remember 
 
    1   2   3   4   5   6   7   8   9   10 
 
23. Able to Think Clearly      Unable to Think Clearly 
 
    1   2   3   4   5   6   7   8   9   10 
 
 
24. Overall, what do you believe is most directly contributing to or causing your fatigue? 
_________________________________________________________________________
_________________________________________________________________________
_________________________________________________________________________ 
 
25. Overall, the best thing you have found to relieve your fatigue is: 
_________________________________________________________________________
_________________________________________________________________________
_________________________________________________________________________ 
 
26. Is there anything else you would like to add that would describe your fatigue better to us? 
_________________________________________________________________________
_________________________________________________________________________
_________________________________________________________________________ 
 
27. Are you experiencing any other symptoms right now?  
_________________________________________________________________________
_________________________________________________________________________
_________________________________________________________________________ 
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Patient ID: _________  Day:   Date: ___/___/201_ Time: ___:___ am/pm 
 
DEPRESSION ANXIETY STRESS SCALES (DASS) 

Please read each statement and circle a number (0, 1, 2 or 3) which indicates how much the 
statement applied to you over the past week.  Again, there are no right or wrong answers.  
Do not spend too much time on any statement. 

The rating scale is as follows: 

0 = Never 
1 = Some 
2 = Usually 
3 = Always 
 

1 I found it hard to wind down      0      1      2      3 

2 I was aware of dryness of my mouth     0      1      2      3 

3 I couldn't seem to experience any positive feeling at all  0      1      2      3 

4 I experienced breathing difficulty (e.g., excessively rapid breathing,  

breathlessness in the absence of physical exertion)   0      1      2      3 

5 I found it difficult to work up the initiative to do things  0      1      2      3 

6 I tended to over-react to situations     0      1      2      3 

7 I experienced trembling (eg, in the hands)    0      1      2      3 

8 I felt that I was using a lot of nervous energy    0      1      2      3 

9 I was worried about situations in which I might panic and make 

a fool of myself       0      1      2      3 

10 I felt that I had nothing to look forward to    0      1      2      3 

11 I found myself getting agitated     0      1      2      3 

12 I found it difficult to relax      0      1      2      3 

13 I felt down-hearted and blue      0      1      2      3 

14 I was intolerant of anything that kept me from getting on with 

what I was doing       0      1      2      3 

15 I felt I was close to panic      0      1      2      3 

16 I was unable to become enthusiastic about anything  0      1      2      3 

17 I felt I wasn't worth much as a person    0      1      2      3 

18 I felt that I was rather touchy      0      1      2      3 

19 I was aware of the action of my heart in the absence of physical 

exertion (e.g., sense of heart rate increase, heart missing a beat) 0      1      2      3 

20 I felt scared without any good reason     0      1      2      3 

21 I felt that life was meaningless     0      1      2      3 
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Patient ID: _________   Day:  
 
Date: ___ /___/201_ 
 
Time: ___:___ am/pm 
 
 
Urine bin:  
 

KAROLINSKA SLEEPINESS SCALE 
 

KSS SCORE 

Very Alert                             Alert                                 Neither                            Sleepy but no                      Very sleepy great  
                                                                                  Alert nor Sleepy               effort to stay awake              effort to stay awake 

1              2              3            4             5             6             7              8             9 
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Appendix I Daily sleep and pain diary  

Date: _____/_____/201_  Time: _____:_____ am/pm  Patient ID: _________ 
Sleep Diary  
  
Time to bed last night:  ______ ______  Time to sleep:_____________ 
 
Time woke up this morning:    Time got up:______________ 

with alarm     without alarm  
  
Quality of Sleep: Please mark on the line where you rated your sleep:  
 
 1                          100        
   
Worst sleep ever                                                                                      Best sleep ever  
 

 

Difficulty falling asleep?   Yes / No 
  
If so why and for how long?            

         __________________________  

 

Disruptions in the night?  Yes / No 
   
     Time  Reason         Time back to sleep 
1. 

2. 

3. 
 
Daily Naps?    Yes / No 
  
Time:     Duration (min):     
 

Daysimeter 

Time off (last night): ___:___ am/pm  Time on (this morning): ___:___ am/pm 

 
Daily Pain Assessment 
 
Pain level: Please mark on the line how severe your pain is: 

 
 1                          100  
 
No pain            Pain unbearable
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Appendix J Urine Import Permit  

 

SHIPPER/EXPORTER:  
University of Auckland 
85 Park Road, Loading Dock 
Grafton, Auckland, 1023 
New Zealand 
Person responsible: Nicola Ludin 

Telephone: 0211648038 
 

CONSIGNEE:  
University of Adelaide 
School of Medicine, Adelaide Research Assay Facility 
Adelaide 5005 SA 
Attention: Mark Salkeld 

Telephone: +61 8 83134410 

 
 

DETAILED DESCRIPTION OF GOODS 
VALUE 
$NZD 

Non Infectious human urine samples 
 
566 samples containing ~1ml of urine in each 

 
50 

 
  
                                                                                                                                    TOTAL 50 

 
PERMIT - 0000637139 

Commodity Name: Human Fluids and Tissues 
Conditions: Human fluids and tissues that are not known to be infected. 
In Vitro Use Only 

 

REASON FOR SENDING 

Sending these samples for analysis of concentration of 6-sulphatoxymelatonin using radio-immunoassay (in 
vitro) 

 

We hereby certify this invoice to be true and correct. 
 
Shipper’s Name 

 
Shipper’s Title 

 
Shipper Signature 

 
 Nicola Ludin 

 
 

 

 
TOTAL QUANTITY OF PRODUCT  TOTAL WEIGHT OF 

PACKAGE 
 

CUSTOMS INVOICE 

DATE: 11 July  2016 
AIR WAYBILL NUMBER: 640028630 
TERMS OF DELIVERY & 
PAYMENT: DDP 
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Appendix K Kidney donor study randomisation 

Participants were randomised to either the bright light treatment group (active, A) or the 

placebo group (P).   

 

 

 

Figure K.1 Block randomisation calculated in Microsoft Excel.   
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Appendix L Individual participant actograms 

 

Figure L.1 Participant 01 double plotted actigraphy over the study period.  Study days are 
listed according to the day of the operation (day 0).  The red shading represents the 
approximate time of the administration of placebo light during the operation (08:45-10:20).  
Black and white bars represent approximate sunrise and sunset times over the 15 days 
(sunrise 06:01-05:55, sunset 20:11-20:25).   
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Figure L.2 Participant 02 actigraphy over the study period.  Study days are listed according to 
the day of the operation (day 0).  The red shading represents the approximate time of the 
administration of placebo light during the operation (08:25-10:20).  Black and white bars 
represent approximate sunrise and sunset times over the 15 days (sunrise 06:53-07:08, sunset 
20:16-19:56).   
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Figure L.3 Participant 03 actigraphy over the study period.  Study days are listed according to 
the day of the operation (day 0).  The blue shading represents the approximate time of the 
administration of bright light during the operation (10:00-13:00).  Black and white bars 
represent approximate sunrise and sunset times over the 15 days (sunrise 07:05-07:18, sunset 
20:00-19:40).   
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Figure L.4 Participant 04 actigraphy over the study period.  Study days are listed according to 
the day of the operation (day 0).  The red shading represents the approximate time of the 
administration of placebo light during the operation (08:45-12:00).  Black and white bars 
represent approximate sunrise and sunset times over the 15 days (sunrise 07:07-07:20, sunset 
19:58-19:37).   
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Figure L.5 Participant 06 actigraphy over the study period.  Study days are listed according to 
the day of the operation (day 0).  The red shading represents the approximate time of the 
administration of placebo light during the operation (08:56-11:09).  Black and white bars 
represent approximate sunrise and sunset times over the 15 days (sunrise 07:04-06:44, sunset 
17:47-17:59).   
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Figure L.6 Participant 07 actigraphy over the study period.  Study days are listed according to 
the day of the operation (day 0).  The blue shading represents the approximate time of the 
administration of bright light during the operation (08:29-10:50).  Black and white bars 
represent approximate sunrise and sunset times over the 15 days (sunrise 07:01-06:41, sunset 
17:48-18:00).   
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Figure L.7 Participant 08 actigraphy over the study period.  Study days are listed according to 
the day of the operation (day 0).  The blue shading represents the approximate time of the 
administration of bright light during the operation (08:20-10:36).  Black and white bars 
represent approximate sunrise and sunset times over the 15 days (sunrise 06:16-06:02, sunset 
19:53-20:08).   
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Figure L.8 Participant 10 actigraphy over the study period.  Study days are listed according to 
the day of the operation (day 0).  The red shading represents the approximate time of the 
administration of placebo light during the operation (08:46-11:00).  Black and white bars 
represent approximate sunrise and sunset times over the 15 days (sunrise 06:09-05:58, sunset 
20:01-20:17).   
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Figure L.9 Participant 13 actigraphy over the study period.  Study days are listed according to 
the day of the operation (day 0).  The blue shading represents the approximate time of the 
administration of bright light during the operation (08:30-11:20).  Black and white bars 
represent approximate sunrise and sunset times over the 15 days (sunrise 05:58-05:54, sunset 
20:16-20:31).   
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Figure L.10 Participant 15 actigraphy over the study period.  Study days are listed according to 
the day of the operation (day 0).  The blue shading represents the approximate time of the 
administration of bright light during the operation (08:30-10:53).  Black and white bars 
represent approximate sunrise and sunset times over the 15 days (sunrise 05:54-05:58, sunset 
20:30-20:40).   
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Figure L.11 Participant 16 actigraphy over the study period.  Study days are listed according to 
the day of the operation (day 0).  The red shading represents the approximate time of the 
administration of placebo light during the operation (08:36-10:33).  Black and white bars 
represent approximate sunrise and sunset times over the 15 days (sunrise 05:54-05:58, sunset 
20:30-20:40).   
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Figure L.12 Participant 17 actigraphy over the study period.  Study days are listed according to 
the day of the operation (day 0).  The blue shading represents the approximate time of the 
administration of bright light during the operation (08:25-11:15).  Black and white bars 
represent approximate sunrise and sunset times over the 15 days (sunrise 06:59-07:13, sunset 
20:09-19:48).   
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Figure L.13 Participant 20 actigraphy over the study period.  Study days are listed according to 
the day of the operation (day 0).  The red shading represents the approximate time of the 
administration of placebo light during the operation (08:44-11:58).  Black and white bars 
represent approximate sunrise and sunset times over the 15 days (sunrise 06:43-06:56, sunset 
17:59-17:39).   
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Figure L.14 Participant 21 actigraphy over the study period.  Study days are listed according to 
the day of the operation (day 0).  The blue shading represents the approximate time of the 
administration of bright light during the operation (08:28-11:01).  Black and white bars 
represent approximate sunrise and sunset times over the 15 days (sunrise 07:07-07:19, sunset 
17:26-17:15).   
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Appendix M Individual 6-sulphatoxymelatonin histograms  

The data have been range standardised.  That is that each participant’s highest 6S MT value 

is 100% and each value lower than that is relative to the highest value.  This means that 
patients can be compared to one another since there is marked inter-individual differences in 
melatonin production.   

 

 

  

Figure M.1 Participant 01 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The red shading represents placebo light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (1003.06 ng/h).  Sample D on Day 3 was missed.   
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Figure M.2 Participant 02 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The red shading represents placebo light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (4451.43 ng/h).  Sample Z was missed on Day -1 and Day 1.  
Sample A was missed on Day 2.   
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Figure M.3 Participant 03 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The blue shading represents bright light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (1745.63 ng/h).  Sample C on Day 2 was missed.   
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Figure M.4 Participant 04 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The red shading represents placebo light 
administration during the operation.  Samples were standardised to the peak 
6--sulphatoxymelatonin value (1255.93 ng/h).  Sample A on Day 2 was missed.   
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Figure M.5 Participant 05 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The blue shading represents bright light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (1510.76 ng/h).  Samples D and Z were missed on Day 1 and B 
and C on Day 2.  Samples A and B were missed on Day 3.   
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Figure M.6 Participant 06 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The red shading represents placebo light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (4634.89 ng/h).  Samples A, D and Z were missed on Day 2, and 
sample A and sample Z on Day 3.   
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Figure M.7 Participant 07 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The blue shading represents bright light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (1114.63 ng/h).  Sample Z on Day -1 was missed.  No urine was 
passed in bin D on Day 2 and Day 3.    
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Figure M.8 Participant 08 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The blue shading represents bright light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (1107.97 ng/h).  Sample B on Day 3 was missed. 
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Figure M.9 Participant 09 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The red shading represents placebo light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (4156.93 ng/h).   
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Figure M.10 Participant 10 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The red shading represents placebo light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (1335.07 ng/h).  On Day -2 no urine was passed in bin A or bin C.  
On Day 1 sample and A and B were missed and no urine was passed in D.  On day 2 no urine 
was passed in bin B.   
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Figure M.11 Participant 11 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The red shading represents placebo light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (1148.11 ng/h).  Sample A was missed on Day -3 and Day -2, and 
samples C and D on Day 2 and B, C and Z on Day 3.  No urine was passed in bins A and C on 
Day 1.   
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Figure M.12 Participant 12 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The red shading represents placebo light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (1064.11 ng/h).  No urine was passed in bin A on Day 1.   
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Figure M.13 Participant 13 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The blue shading represents bright light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (1628.08 ng/h).   
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Figure M.14 Participant 15 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The blue shading represents bright light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (2156.78 ng/h).  No urine was passed in bin D on Day-3, Day 1, 
Day 2 and Day 3.   
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Figure M.15 Participant 16 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The red shading represents placebo light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (1438.84 ng/h).   
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Figure M.16 Participant 17 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The blue shading represents bright light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (1088.26 ng/h).  No urine was passed in bin D on Day -3, bin A on 
Day 1 or bin B on Day 3.   
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Figure M.17 Participant 18 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The blue shading represents bright light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (971.80 ng/h).   
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Figure M.18 Participant 19 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The blue shading represents bright light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (2254 ng/h).  Sample Z was missed on Day -3 and Day -1.  On Day 
1 no urine was passed in bin A.   
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Figure M.19 Participant 20 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The red shading represents placebo light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (1968.67 ng/h).  Sample Z on Day -3 was missed.  No urine was 
passed in bin A or B on Day 1 or bin C on Day 2.   
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Figure M.20 Participant 21 6-Sulphatoxymelatonin levels (range standardised ng/h) three days 
before the operation and three days following.  The blue shading represents bright light 
administration during the operation.  Samples were standardised to the peak 
6-sulphatoxymelatonin value (1358.05 ng/h).  On Day -1 and Day 2 no urine was passed in bin 
D.  Sample D on Day -2 and sample A on Day 2 were missed.   
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Appendix N Individual 6-sulphatoxymelatonin cosinor analyses 

A cosinor model was applied to each participants’ range standardised (ng/h) 

6-sulphatoxymelatonin data even though this approach was not reliable as the cosinor model 
does not represent the data accurately because of low frequency sampling of 
6-sulphatoxymelatonin.   

 

Figure N.1 Participant 01 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The red bar represents placebo light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (-0.12 hours).   
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Figure N.2 Participant 02 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The red bar represents placebo light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (1.77 hours).   
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Figure N.3 Participant 03 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The blue bar represents bright light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (-2.11 hours).   
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Figure N.4 Participant 04 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The red bar represents placebo light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (-5.55 hours).   
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Figure N.5 Participant 05 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The blue bar represents bright light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (-1.98 hours).   
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Figure N.6 Participant 06 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The red bar represents placebo light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (3.55 hours).   

  



Appendix 

292 
  

 

Figure N.7 Participant 07 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The blue bar represents bright light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (0.37 hours).   
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Figure N.8 Participant 08 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The blue bar represents bright light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (-5.56 hours).   

  



Appendix 

294 
  

 

Figure N.9 Participant 09 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The red bar represents placebo light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (-0.17 hours).   
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Figure N.10 Participant 10 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The red bar represents placebo light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (-1.27 hours).   
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Figure N.11 Participant 11 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The red bar represents placebo light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (2.11 hours).   
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Figure N.12 Participant 12 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The red bar represents placebo light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (-0.01 hours).   
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Figure N.13 Participant 13 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The blue bar represents bright light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (1.06 hours).   
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Figure N.14 Participant 15 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The blue bar represents bright light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (1.07 hours).   
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Figure N.15 Participant 16 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The red bar represents placebo light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (-1.67 hours).   
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Figure N.16 Participant 17 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The blue bar represents bright light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (-0.69 hours).   
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Figure N.17 Participant 18 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The blue bar represents bright light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (12.10 hours).   
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Figure N.18 Participant 19 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The blue bar represents bright light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (1.04 hours).   
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Figure N.19 Participant 20 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The red bar represents placebo light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (0.56 hours).   
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Figure N.20 Participant 21 range standardised 6-sulphatoxymelatonin.  A cosinor analysis was 
applied to the pre-operative data (black line) and a separate cosinor was applied to the post-
operative data (red line).  The blue bar represents bright light administration during the 
operation.  The grey shading is the day of the operation when urine was not collected.  The 
pre-operative fit was projected forward (broken line) and the phase shift was determined from 
the difference between the two fits (2.35 hours).   
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Appendix O Core temperature plots 

All of the plots of core temperature data from each of the participants are as below.  These 
are the individual data points summarised in Figure 4.29.   

A cosinor was fit median smoothed pre-operative core temperature data and another 
independent fit was made to the median post-operative data using RStudio.  In most cases 
the cosinor was fitted from eight hours post operatively (i.e. at the beginning of the night 
following the operation) but this was adjusted on an individual basis to coincide with the first 
decrease in temperature post-operatively.  Thus, some analyses were started 12 hours 
following the operation.  The pre-operative cosinor was projected forward to the 
post-operative data, and phase shifts were calculated from the difference between the two 
fits on the first post-operative day.   

 

Figure O.1 Participant 01 core temperature three days before the operation and three days 
following.  The red bar represents placebo light administration during the operation.  Median (7 
min) smoothed data is in blue.  A cosinor analysis was fitted to the median data 
pre-operatively (black line), and post-operatively (red line).  The start of the analysis 
post-operatively is indicated by the grey shading and vertical red line.  The pre-operative fit 
was projected forward to the post-operative days, and the phase shift was calculated from the 
difference in phase between the two fits on post-operative day 1 which was -2.9 hours.  
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Figure O.2 Participant 02 core temperature three days before the operation and three days 
following.  The red bar represents placebo light administration during the operation.  Median (7 
min) smoothed data is in blue.  A cosinor analysis was fitted to the median data 
pre-operatively (black line), and post-operatively (red line).  The start of the analysis 
post-operatively is indicated by the grey shading and vertical red line.  The pre-operative fit 
was projected forward to the post-operative days, and the phase shift was calculated from the 
difference in phase between the two fits on post-operative day 1 which was -6.64 hours.   
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Figure O.3 Participant 03 core temperature three days before the operation and three days 
following.  The blue bar represents bright light administration during the operation.  Median (7 
min) smoothed data is in blue.  A cosinor analysis was fitted to the median data pre-
operatively (black line), and post-operatively (red line).  The start of the analysis post-
operatively is indicated by the grey shading and vertical red line.  The start of the analysis 
post-operatively is indicated by the vertical red line.  The pre-operative fit was projected 
forward to the post-operative days, and the phase shift was calculated from the difference in 
phase between the two fits on post-operative day 1 which was -2.9 hours.   
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Figure O.4 Participant 08 core temperature three days before the operation and three days 
following.  The blue bar represents bright light administration during the operation.  Median (7 
min) smoothed data is in blue.  A cosinor analysis was fitted to the median data 
pre-operatively (black line), and post-operatively (red line).  The start of the analysis 
post-operatively is indicated by the grey shading and vertical red line.  The pre-operative fit 
was projected forward to the post-operative days, and the phase shift was calculated from the 
difference in phase between the two fits on post-operative day 1 which was -1.55 hours.   
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Figure O.5 Participant 09 core temperature three days before the operation and three days 
following three days before the operation and three days following.  The red bar represents 
placebo light administration during the operation.  Median (7 min) smoothed data is in blue.  A 
cosinor analysis was fitted to the median data pre-operatively (black line), and post-operatively 
(red line).  The start of the analysis post-operatively is indicated by the grey shading and 
vertical red line.  The pre-operative fit was projected forward to the post-operative days, and 
the phase shift was calculated from the difference in phase between the two fits on 
post-operative day 1 which was -0.65 hours.   
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Figure O.6 Participant 12 core temperature three days before the operation and three days 
following.  The red bar represents placebo light administration during the operation.  Median (7 
min) smoothed data is in blue.  A cosinor analysis was fitted to the median data pre-
operatively (black line), and post-operatively (red line).  The start of the analysis post-
operatively is indicated by the grey shading and vertical red line.  The pre-operative fit was 
projected forward to the post-operative days, and the phase shift was calculated from the 
difference in phase between the two fits on post-operative day 1, which was 1.07 hours.   
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Figure O.7 Participant 13 core temperature three days before the operation and three days 
following.  The blue bar represents bright light administration during the operation.  Median (7 
min) smoothed data is in blue.  A cosinor analysis was fitted to the median data pre-
operatively (black line), and post-operatively (red line).  The start of the analysis post-
operatively is indicated by the grey shading and vertical red line.  The pre-operative fit was 
projected forward to the post-operative days, and the phase shift was calculated from the 
difference in phase between the two fits on post-operative day 1 which was -1.27 hours.   
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Figure O.8 Participant 15 core temperature three days before the operation and three days 
following.  The blue bar represents bright light administration during the operation.  Median (7 
min) smoothed data is in blue.  A cosinor analysis was fitted to the median data pre-
operatively (black line), and post-operatively (red line).  The start of the analysis post-
operatively is indicated by the grey shading and vertical red line.  The pre-operative fit was 
projected forward to the post-operative days, and the phase shift was calculated from the 
difference in phase between the two fits on post-operative day 1 which was -3.09.   
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Figure O.9 Participant 16 core temperature three days before the operation and three days 
following.  The red bar represents placebo light administration during the operation.  Median (7 
min) smoothed data is in blue.  A cosinor analysis was fitted to the median data pre-
operatively (black line), and post-operatively (red line).  The start of the analysis post-
operatively is indicated by the grey shading and vertical red line.  The pre-operative fit was 
projected forward to the post-operative days, and the phase shift was calculated from the 
difference in phase between the two fits on post-operative day 1 which was -10.88 hours.  The 
top panel is the analysis used to calculate a phase shift (tau was always set to 24 hours).  The 
bottom panel is the same data but the post-operative tau was estimated, which was 29.08 
hours.    
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Figure O.10 Participant 17 core temperature three days before the operation and three days 
following.  The blue bar represents bright light administration during the operation.  Median (7 
min) smoothed data is in blue.  A cosinor analysis was fitted to the median data pre-
operatively (black line), and post-operatively (red line).  The start of the analysis post-
operatively is indicated by the grey shading and vertical red line.  The pre-operative fit was 
projected forward to the post-operative days, and the phase shift was calculated from the 
difference in phase between the two fits on post-operative day 1 which was -2.53 hours.   
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Figure O.11 Participant 18 core temperature three days before the operation and three days 
following.  The blue bar represents bright light administration during the operation.  Median (7 
min) smoothed data is in blue.  A cosinor analysis was fitted to the median data pre-
operatively (black line), and post-operatively (red line).  The start of the analysis post-
operatively is indicated by the grey shading and vertical red line.  The pre-operative fit was 
projected forward to the post-operative days, and the phase shift was calculated from the 
difference in phase between the two fits on post-operative day 1 which was 0.22 hours.   
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Figure O.12 Participant 19 core temperature three days before the operation and three days 
following.  The blue bar represents bright light administration during the operation.  Median (7 
min) smoothed data is in blue.  A cosinor analysis was fitted to the median data pre-
operatively (black line), and post-operatively (red line).  The start of the analysis post-
operatively is indicated by the grey shading and vertical red line.  The pre-operative fit was 
projected forward to the post-operative days, and the phase shift was calculated from the 
difference in phase between the two fits on post-operative day 1 which was 0.29 hours.   
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Figure O.13 Participant 20 core temperature three days before the operation and three days 
following.  The red bar represents placebo light administration during the operation.  Median (7 
min) smoothed data is in blue.  A cosinor analysis was fitted to the median data 
pre-operatively (black line), and post-operatively (red line).  The start of the analysis 
post-operatively is indicated by the grey shading and vertical red line.  The pre-operative fit 
was projected forward to the post-operative days, and the phase shift was calculated from the 
difference in phase between the two fits on post-operative day 1 which was -4.24 hours. The 
top panel is the analysis used to calculate a phase shift as tau was always set to 24 hours.  
The bottom panel is the same data but the post-operative tau was estimated, which was 21.16 
hours.   
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Figure O.14 Participant 21 core temperature three days before the operation and three days 
following.  The blue bar represents bright light administration during the operation.  Median (7 
min) smoothed data is in blue.  A cosinor analysis was fitted to the median data pre-
operatively (black line), and post-operatively (red line).  The start of the analysis post-
operatively is indicated by the grey shading and vertical red line.  The pre-operative fit was 
projected forward to the post-operative days, and the phase shift was calculated from the 
difference in phase between the two fits on post-operative day 1 which was 2.17 hours.   
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