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Abstract

This chapter examines circadian rhythms and homeostatic mechanisms for sleep
regulation. It reviews the current evidence describing the two-process model of sleep
regulation and how to assess disruption to either of these sleep drives. This chapter also
reviews the role of the photic and non-photic resetting of the circadian rhythm and
describes how some aspects of modern society can cause sleep and circadian disruption.
Furthermore, this chapter describes how misalignment between the circadian rhythm and
sleep homeostat, such as occurs during jet lag and shiftwork, can lead to sleep disruption.
The short and long-term consequences of circadian misalignment are also reviewed.
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Introduction <H1>
Most people understand that sleep is important for health and well-being, but less

understood is the critical role that the mechanisms underlying sleep play in our lives.
Sleep is regulated by the build-up of homeostatic sleep pressure and an internal drive to
sleep controlled by the circadian rhythm. These two distinct sleep drives work together to
consolidate sleep at night and to allow people to maintain wakefulness during the day.
Sleep pressure is intuitive; it is the build-up of sleep need over time. Most people
recognize that staying up too late or not getting enough sleep is associated with a feeling
of sleepiness. When people do not get enough sleep to alleviate sleep pressure, a sleep

debt occurs and persists until sleep pressure is relieved through an extended sleep bout.

Unlike sleep pressure, the role of the circadian rhythm in sleep is not intuitive. Our
circadian rhythms may be thought of as a central body clock that coordinates many
aspects of biological function, extending far beyond simply the drive to sleep. The
circadian clock is intimately connected with the rotation of the Earth, so that under
natural circumstances, the drive to sleep occurs to coincide with the solar night and
waking is promoted during the day. Circadian rhythms are ubiquitous to life and are the
central timekeepers for animals and plants alike. Even ocean-dwelling bioluminescent
single-celled organisms have an internal circadian clock that synchronizes the timing of
their glow (1). Importantly, the circadian clock is different between individuals, with
some people having a longer than 24-hour circadian rhythm and other people having a
shorter than 24-hour circadian rhythm. In order to stay synchronized with the 24-hour
rotation of the Earth, our clocks must be reset each day in order to allow us to maintain
sleep at night and wakefulness during the day. This resetting occurs through daily light

exposure. Under normal circumstances, individuals do not need to do anything to stay



synchronized with the 24-hour day other than experience the natural pattern of light

exposure during the day and darkness at night.

Although the maintenance of sleep and waking occurs naturally, many aspects of modern
society can lead to disruption of sleep pressure and the circadian rhythm, which can in
turn lead to sleep complaints, sleep disorders, or even other seemingly unrelated chronic
conditions. For example, when people look at light-emitting screens at night, such as
from smart phones, that light exposure is interpreted by the circadian clock as a cue to
promote wakefulness. This causes modest circadian misalignment, which can lead to a
shortened sleep episode and the accumulation of a chronic sleep debt. A more extreme
example of circadian misalignment is night shift work. When individuals stay awake at
night and try to sleep during the day, their circadian rhythms become offset from their
behavioral cycle. In these cases, peripheral clocks, such as in the stomach, pancreas, and
reproductive organs, become desynchronized from the circadian clock. This can lead to
short-term consequences, such as daytime sleepiness or overeating, and long-term
consequences, such as an increased risk of obesity, diabetes, and breast and prostate

cancer.

In order to understand and treat disorders arising from sleep loss and circadian
misalignment, it is important to understand the underlying mechanisms driving sleep.
This chapter will describe how sleep pressure and the circadian rhythm interact to
promote sleep. It will cover the underlying mechanisms associated with sleep pressure
and the circadian system and then describe the consequences of perturbing either of these

sleep drives.



The Two-Process Model of Sleep Regulation <H1>
Understanding the mechanisms underlying the circadian rhythm and homeostatic drive

for sleep is an important foundation for identifying and treating many sleep complaints
and disorders. The interaction of these sleep drives has been described as the two-process
model of sleep regulation (2), with process S and process C used to describe the
homeostatic sleep pressure and circadian components, respectively (see Figure 1). When
an individual maintains regular sleep and wake timing, with approximately eight hours in
bed at night, process S and process C interact to promote a consolidated sleep episode.
This process of synchronization to a light-dark cycle is called entrainment. When a
person is entrained, the build-up of sleep pressure is very high at bedtime, while the
circadian rhythm promotes sleep immediately prior to the habitual bedtime. The
beginning of a normal sleep episode under entrained conditions is dominated by slow
wave sleep (SWS), representing the repayment of sleep debt accumulated through the
waking day ((3); described in more detail later in the chapter). As SWS subsides and
sleep pressure is relieved, the circadian drive for sleep peaks, coinciding with the peak of
melatonin production, nadir of body temperature, and an increase in rapid eye movement
(REM) sleep (4). At the end of a typical entrained sleep episode, sleep pressure is low,
and the circadian rhythm begins to promote wakefulness coinciding with the habitual
wake time and circadian peak in cortisol production (5). Entrainment and consolidated
sleep are maintained through regular wake-timing and regular light exposure following
each sleep episode. The following sections will describe how sleep homeostasis and the

circadian rhythm are controlled and what happens when these processes are altered.

<Insert Figure 1 about here>



Sleep homeostasis <H2>
Insufficient sleep is pervasive in modern society. Social, domestic, and work pressures

are increasingly cutting into the time we have available to sleep. Even seemingly
inconsequential decisions to stay up an extra hour to finish watching a movie, or get up
an hour early to go to the gym before work can cut into valuable time that should
otherwise be protected for sleep. Despite the focus on diet and exercise as pillars of
health, a few hours’ lost sleep can lead to both short- and long-term negative
consequences for overall health. For example, chronic sleep restriction, that is, getting
less sleep than you need over the course of a week or more, can increase the risk of
developing cardiometabolic diseases such as diabetes, obesity, and heart disease. In the
short-term, a night of poor sleep can increase the risk of motor vehicle and occupational
accidents and, if nothing else, can put you in a really bad mood. When we lose sleep, the
only thing to replace it is recovery sleep. Until this need is met, we exist in a state of
sleep debt. The following section describes the underlying processes of sleep need, or the

homeostatic drive for sleep.

The homeostatic drive for sleep accumulates across hours of wakefulness and dissipates
with time spent asleep. The biochemical process underlying the build-up and relief of
sleep pressure is associated with the build-up of the neuromodulator adenosine in the
brain. During wakefulness, energy use is high, resulting in the depletion of energy stores,
and the accumulation of associated metabolites (6). For example, adenosine levels
accumulate during wakefulness due to the use of adenosine triphosphate (ATP) by active
neurons. This build-up of adenosine is associated with a feeling of sleepiness.
Extracellular levels of adenosine are subsequently dissipated during sleep, particularly

during slow wave sleep (7-9). Although this build-up of sleepiness is best alleviated by



sleep, millions of people worldwide do not get enough sleep and instead attempt to
manage their sleepiness through the use of caffeine, which is an adenosine receptor
antagonist. Caffeine doses of as little as 50 mg (the equivalent of a tea, or weak cup of
coffee) can improve alertness and performance very quickly (10) and remain in the body
for more than six hours. Despite the widespread cultural use and availability of caffeine,
it should not be used as a replacement for sleep, because adenosine continues to build
even during caffeine use and after the effects of caffeine have worn off, many people
experience a “crash” in alertness. In addition, habitual caffeine use diminishes mood,
decreases sleep duration, and changes sleep architecture making the sleep obtained while

caffeine is circulating in the body less restorative than natural sleep (11, 12).

Biomarkers of sleep homeostasis <H3>
Early observations of the physiological markers of sleep homeostasis were derived from

electroencephalographic (EEG) recordings of habitual sleep episodes. Slow wave sleep
(SWS) was identified as a marker of Process S based on the observation that, like sleep
pressure, SWS is predominant during the first few sleep cycles and then diminishes
across the sleep episode (13). Furthermore, sleep pressure (e.g. under conditions of prior
sleep loss and extended wakefulness) advances the onset of slow wave activity (SWA;
EEG power density in the 0.75—4.5 Hz range) during non-rapid eye movement (NREM)
sleep, and increases the amount of SWA in the sleep episode (13). For example, when
people are allowed to take short naps during the day, the amount of prior wakefulness
will determine the amount of SWA in the nap. That is, if you have been awake longer,
you will have more SWA, or deeper sleep, in your nap (14). Conversely, if you take a late
afternoon nap, this can reduce the amount of sleep pressure preceding your nighttime

sleep period and, therefore, reduce the amount of overnight SWA (15, 16). The



homeostatic component of sleep is also evident under conditions of chronic sleep
restriction. Under these conditions there is a conservation of SWS across restricted sleep
episodes, and a conservation or increase in SWA (17). That is, if you only have 5 hours
of sleep per night, your body will make sure to maintain the amount of SWA that would
occur in an 8-hour sleep opportunity, sacrificing lighter sleep stages to preserve deep

sleep.

While SWA is a primary biomarker of sleep homeostasis, it may not be practical to
evaluate in a clinical setting. Other biomarkers of sleep pressure include self-reported
sleepiness and sleep latency (the time it takes to fall asleep). Generally speaking, we
know when we are tired, and self-reported sleepiness scales can be used to get a quick
and easy subjective view of a person’s sleep pressure at a given point in time (e.g.
Karolinksa Sleepiness Scale, KSS), or over a longer-term period (e.g. Epworth Sleepiness
Scale, ESS). The KSS has been shown to correlate well with objective measures of
sleepiness such as EEG, and performance measures such as standardized reaction time
tests (e.g. psychomotor vigilance task, PVT) (18). It should be noted, however, that under
some sleep loss conditions, self-reported sleepiness can be distorted, leading to a
misleading view of underlying sleep pressure (19). Therefore, where possible, an

objective measure of sleepiness is preferable.

A relatively easy to administer test of objective sleepiness is called the Multiple Sleep
Latency Task (MSLT). This task measures how long it takes someone to fall asleep on a
comfortable bed in a dark, quiet room. The task is terminated after sleep onset or after 20

minutes, whichever is sooner, and is typically repeated every 2 hours across a day.



Research suggests that falling asleep under these conditions within 5 minutes is indicative

of clinically relevant sleepiness (20).

Circadian Sleep Drive <H2>
The circadian pacemaker is an endogenous oscillator located in the suprachiasmatic

nucleus (SCN) of the hypothalamus that coordinates the action of many aspects of
biological function. The term circadian was coined by Dr. Franz Halberg and comes from
the Latin ‘circa’ and ‘diem,” meaning ‘about a day’ (21). The average circadian rhythm
has a period of approximately 24.2 hours (22), with about one-third of the population
having a circadian period less than 24 hours and two-thirds having a period of more than
24 hours (23). The circadian rhythm is capable of resetting and entraining to periods that
are close to the endogenous period through zeitgebers (time cues, from German, meaning
‘time giver’), with the strongest zeitgeber being light. The resetting capability of the
circadian rhythm is important, because it allows for the body clock to be flexible. Having
a circadian rhythm that adapts to different light-dark cues allows us to be able to adapt to
changes in time zones and allows us to be able to shift our sleep schedules when needed.
Importantly, however, many people do not understand how the circadian rhythm works
and as a result make choices that can cause sleep disruption. Understanding how the

circadian rhythm works is an important component in treating modest sleep complaints.

Morningness-Eveningness Preference <H3>
Although daily light exposure is sufficient to synchronize the sleep-wake rhythms of

most individuals to the 24-hour day, there is variation in how different individuals adapt
to the day. Individuals with a longer circadian period tend to rate themselves as “night
owls,” while those who have a shorter circadian period tend to rate themselves as

“morning larks (24).” Morningness-eveningness preference (also referred to as a person’s



chronotype) has also been shown to change throughout the lifespan. Post-adolescent
children and young adults tend to prefer later bed and wake times, while older adults tend

to prefer earlier bed and rise times.

The underlying impact of morningness-eveningness preference on sleep relates to the
differing phase angle of entrainment between larks and owls. Phase angle is the duration
between bed or wake time and a marker of circadian phase, such as the melatonin peak
(i.e., at the circadian nadir, the strongest circadian drive to sleep). If an owl and a lark
went to bed at the same clock time (say, 11:00 PM), the lark, with an earlier circadian
phase (e.g., circadian nadir at 2:00 AM), would have a bedtime closer to their circadian
nadir and, therefore, a smaller phase angle (3h), than the owl, which has a later circadian
phase (e.g., circadian nadir at 4:00 AM) and, therefore, a larger phase angle (5h) (25).
Although the modest differences in phase angle as observed in owls and larks allows for
a stable sleep episode, larger differences can lead to sleep disruption. Morningness-
eveningness preference can be evaluated clinically using questionnaires, such as the
Horne-Ostberg Questionnaire or Munich Chronotype Questionnaire. A common example
of how morningness-eveningness preference can interfere with lifestyle occurs in night
owls. About 2/3 of the population have a longer than 24-hour circadian rhythm, which
makes it relatively easy to stay up too late. This may not be a problem for a person who
has a mid- to late-morning work start time, but if an early work time is required, night
owls may have a very difficult time waking up and performing at work. This can be a
major problem for high school and college students who are at an age where circadian

preference is later and social pressures may lead to a desire to stay up late, yet early



school start times prevent adequate sleep. These types of sleep complaints can be treated

using light therapy (as described in the next section).

Light as a Zeitgeber <H3>
Light is the most potent synchronizer of the circadian rhythm. The light signal is

transmitted to the SCN via a collection of intrinsically-photosensitive retinal ganglion
cells (ipRGCs) that contain the photopigment melanopsin (26). These photoreceptors are
separate from the visual photoreceptor system and project via the retino-hypothalamic
tract to the SCN. The light signal is transmitted exclusively through the eyes (27) and
totally blind individuals lacking the ipRGCs in the outer retina cannot synchronize with a
24-hour light/dark cycle (entrain) via light cues (zeitgebers) (28). The action of light on
the human circadian pacemaker depends on the timing, intensity, wavelength, pattern,
and duration of the light stimulus. These properties of light can be manipulated for
therapeutic intervention, but inappropriate light exposure can lead to sleep and circadian

disruption. The importance of each of these aspects of light is described below.

Timing of light exposure. The action of light on circadian timing follows a phase
response curve (PRC), where light administered in the biological morning causes a phase
advance of the system (shifting circadian rhythms, including the drive to sleep and wake,
earlier), while light in the biological evening causes a phase delay of the system (shifting
circadian rhythms later) (29) (see Figure 2). In simple terms, this means that when
traveling a few time zones eastward (or shifting bedtime earlier), morning light exposure
and evening light avoidance will accelerate adaptation, while evening light exposure and
morning darkness is required when traveling a few time zones westward (or for shifting

bedtime later).



Light Intensity. The magnitude of the effect of light depends on the intensity of the
stimulus. Light levels as low as 1.5 lux (i.e., the equivalent of 1.5 candles burning 1 foot
away) have been shown to facilitate entrainment in some individuals in laboratory
environments (23), while brighter light levels elicit faster circadian phase shifts and are
better for maintaining stable entrainment. When individuals are exposed to dim light
during waking, it can be difficult to entrain to day lengths that are far from an
individual’s endogenous circadian period. Conversely, bright light of 10,000 lux has been
shown to elicit phase shifts as much as three hours following a single, 6.7-hour light
pulse (29). In practice, this means that individuals who do not receive a sufficient daily
light stimulus (e.g., miners, individuals in care homes or hospitals) or those who expose
themselves to light during the biological night (e.g., while viewing computer screens)

may experience circadian misalignment and subsequent sleep disruption.

<Insert Figure 2 about here>

Wavelength. The human circadian pacemaker is most sensitive to short-wavelength light
in the 460-480 nm range (30, 31). Low intensity blue light is capable of eliciting large
phase shifts and melatonin suppression similar to those achieved with full-spectrum white
light at much higher intensities (32, 33). In practice, these findings support the use of blue
light for therapeutic interventions to improve the efficacy of treatment for disorders that
involve shifting the circadian rhythm (e.g., advanced sleep phase syndrome, delayed
sleep phase syndrome), but also highlight the importance of avoiding lights with blue

peaks before and during the sleep episode.

Pattern and Duration. The pattern and duration of light exposure can also influence the

magnitude of the phase shift incurred. Long light exposures of 3-7 hours are capable of



eliciting large phase shifts when timed near the circadian nadir (29, 34-36), while shorter
light exposure sessions are capable of causing large phase shifts if the light is of
sufficient intensity or spectral content (37). Recent evidence suggests that even
millisecond flashes of light, pulsed between 2.5 and 30 seconds over an hour during wake
or sleep, are capable of causing phase shifts of up to two hours (38, 39). Together, these
data support the importance of educating patients on how very short light exposures are
capable of causing phase shifts, and suggest that even very brief light exposure during
sleep can influence the circadian system (e.g., checking a brightly lit phone screen, or
turning on a bright bathroom light). These studies also highlight the importance of
considering the timing and duration of light exposure regimes when administering light

therapy to patients.

Many people expose themselves to light in ways that can cause sleep disruption. The
prevalence of handheld tablets and phones in modern society can be blamed for many
modest sleep complaints. Historically, one way people used to wind down for bed was by
reading a book in bed by candle light or a bedside table lamp, but now, what was
formerly an appropriate bedtime routine, has been replaced by people effectively staring
at bright blue lights just before bed. The light generated from a tablet screen has been
shown to cause a circadian phase shift by as much as 1.5 hours, leading to elevated
sleepiness upon waking, relative to reading a book with a table lamp (40). Furthermore,
looking at screens before bed doesn’t simply cause a problem at the time of the exposure.
The circadian pacemaker interprets the light signal from one night and uses that
information to change the timing of the sleep drive for the next night. This means that if a

person looks at a screen for one hour before bed tonight, it will be very difficult to go to



bed at that time the tomorrow. From a treatment perspective, simply teaching people to
change their evening routines and turn off screens within two hours of their desired
bedtime has the potential to greatly improve sleep outcomes for those with complaints of

sleep onset difficulties and early morning sleepiness.

Influence of Non-Photic Cues <H3>
As described previously, light is recognized as the strongest resetting agent, but there are

several other “non-photic” zeitgebers capable of shifting circadian phase in animal
models, many of which have yet to be demonstrated in humans. It should also be noted
that among the human studies that have been conducted to evaluate the impact of non-
photic cues, no non-photic stimulus has been shown to be as strong as even dim light

exposure. The primary non-photic cues that have been explored are described below.

Meal timing. Despite popular media articles suggesting scheduled meal timing as a
panacea to jetlag, there is currently scarce evidence in humans that meal timing can
enhance acute phase shifting beyond photic effects (41). To date, little is known about the
efficacy of scheduled meal timing to shift circadian rhythms in humans, although meals
misaligned with the circadian rhythm are associated with adverse health outcomes, as
discussed in later in this chapter. It is difficult to assess the impact of meal timing in
humans due to the influence of other exposures such as light and activity. Therefore, it is
hard to say whether there is an independent effect of meal timing on human circadian
phase, peripheral or otherwise. A study of morning versus evening carbohydrate rich
meals demonstrated that the core body temperature rhythm, but not the melatonin rhythm,
shifted earlier in the morning meal condition compared to the evening meal (42). This

study suggests that there is the potential for meal timing to aid in shifting peripheral



clocks (discussed later in this chapter), but it appears to have less of an effect on central

oscillations.

Exercise. Several studies have assessed the ability to entrain the circadian system
through scheduled bouts of exercise. Early studies suggested that exercise might be
capable of shifting the circadian rhythm, however, in those early studies light exposure
was not strictly controlled and measures of circadian phase were not reliable, potentially
confounding results. Recent studies have shown modest effects of exercise on circadian
phase shifting, but only when individuals were kept in dim light. In addition, the
influence of exercise on the circadian pacemaker is a short-term effect, with repeated
cycles of exercise being required to maintain entrainment. Although there is evidence for
exercise to produce a non-photic phase shift in humans, the duration and intensity of
exercise required to make a significant contribution may not be viable in real-world

settings such as the work place.

Independent of phase shifting, of note, it has been shown that regular exercise can
improve sleep in humans (43) and short bursts of moderate to high intensity exercise can
improve subjective alertness and objective cognitive performance in the short-term (44),
which may be a more useful way of improving sleep and alertness than direct phase

resetting.

Social and Behavioral Cues. Before light was accepted as a critical zeitgeber in humans,
evidence of co-habitating individuals synchronizing circadian rhythms under conditions
of self-selected bedtimes was interpreted as being driven by behavioral and social cues
(45). It has since been shown that the self-selected light schedules in that study were

probably the main driving force behind these observations. Co-habitation in dim light (<8



lux), by contrast, did not show any synchrony in circadian phases between subjects (46,
47). Social cues, therefore, are not a consistent entraining factor (48). Choosing to engage
in social activities (or mandatory events, such as early work starts) is more likely to
change circadian timing through other exposures such as light, food intake, and physical

activity, or changing sleep/wake timing itself.

There is some evidence, however, that social cues and sleep-wake cycles alone can
entrain circadian rhythms. Although rare, some blind individuals with no response to
photic cues still exhibit a 24-hour rhythm (49). In these case studies, it is unknown which
non-photic cues are responsible for entrainment. It is likely that only individuals with an

endogenous period close to 24-hours are able to entrain to non-photic zeitgebers.

Melatonin and Pharmacological Agents. Studies of treatment of non-24-hour circadian
rhythm disorders, particularly in the blind, have shown exogenous melatonin
administration to be successful in entraining circadian rhythms (50). Similarly, a clinical
trial of tasimelteon, a melatonin receptor agonist, was successfully used to advance
circadian rhythms more rapidly than placebo (51) and to entrain blind individuals (52).
Melatonin has also proven useful in shift workers to help adapt to daytime sleep patterns
(53). The effects of melatonin, like light, follow a phase response curve, with greater
efficacy when delivered during naturally low levels of endogenous melatonin, that is,

during the day/light period for humans (54).

Until recently the phase shifting effects of caffeine had only been investigated in animal
studies, and with mixed results (55, 56). Recently, however, caffeine has been shown to
shift circadian rhythms in humans (57, 58). The phase shifting properties of stimulants

(i.e., methamphetamines), and hypnotics (i.e., benzodiazepines), may be due to their



effects on behavior (increase activity or sleep, respectively). While changes in sleep-
wake patterns are only weak zeitgebers, this may be enhanced through pharmacological

agents, which may also act through additional pathways to enhance re-entrainment.

Outputs of the Circadian Rhythm <H2>
Many people understand that the circadian pacemaker controls the drive to sleep at

specific times of day, less known are the other aspects of biological function that are
under circadian control. One important feature of the circadian rhythm is that it also
controls the drive to be awake. The strongest drive to be awake occurs in the hours just
before one’s habitual bedtime and has been dubbed the “wake maintenance zone.” The
purpose of the wake maintenance zone is to dampen the high homeostatic sleep pressure
that occurs near the end of the day in order for people to make it to a bedtime that will
allow for a consolidated nightly sleep episode. Under normal circumstances, the wake
maintenance zone is important in helping to maintain entrainment. However, the wake
maintenance zone can lead to sleep complaints when individuals try to sleep during it.
For example, when an individual needs to wake up at 4:00 AM to work or catch a flight,
s/he would need to go to bed at 8:00 PM in order to have eight hours available for sleep.
If that person normally goes to bed at 10:00 PM, then 8:00 PM will fall during the wake
maintenance zone and it will be very difficult to sleep at that time. Similarly, a three hour
advance in bedtime, such as the phase shift that occurs during jet lag when crossing three
time zones eastward, can lead to sleep fragmentation at the beginning of the sleep episode

due to the intersection of the imposed bedtime with the wake maintenance zone (59).

Although the circadian pacemaker controls many aspects of biological function,

melatonin is the hormone most often measured as a biomarker of circadian phase. When



a person is entrained, melatonin is produced just prior to one’s habitual bedtime. Optimal
sleep initiation follows the onset of melatonin production. On average, melatonin peaks
approximately six hours after sleep onset and is not produced during the waking day (see
Figure 3). The timing of the melatonin onset or peak can be used to determine whether an
individual’s circadian rhythm is optimally timed relative to their sleep opportunity. Many
researchers and clinicians use the dim light melatonin onset (DLMO) to assess circadian
phase in individuals who are suspected to have circadian rhythm sleep issues. DLMO is
collected by asking an individual to remain in dim light for up to six hours before, and up
to three hours after, their habitual bedtime. Melatonin is typically measured by taking
hourly saliva or blood samples (although urine samples can be used to evaluate the
melatonin peak over a 24-hour duration). Clinicians may find it beneficial to measure
DLMO for confirmation of diagnosis in individuals suspected of having advanced or
delayed sleep phase disorder. It may also be beneficial to measure DLMO in individuals
who have sleep onset or early waking insomnia. Modest circadian misalignment is
apparent in as many as 20% of individuals diagnosed with insomnia (60). In these cases,
if the timing of DLMO occurs very late (e.g., after midnight in someone who desires to
sleep at 10:00 PM), then the person has a phase delayed circadian rhythm and will require
either exogenous melatonin treatment before bed or bright light therapy in the morning or
both to align the circadian rhythm with the individual’s desired sleep time. In cases where
the timing of DLMO occurs very early (e.g., before 7:00 PM in a person who desires to
sleep at 10:00 PM), then the person has a phase-advanced circadian rhythm. In this case,
bright light treatment in the evening would be required to align the circadian rhythm with

the sleep opportunity.



<Insert Figure 3 about here>

Although melatonin is the output rhythm most commonly associated with the circadian
pacemaker, the production of many other hormones and body temperature are also under
circadian control. For example, there is a daily rhythm in the production of cortisol,
which peaks in association with waking in entrained individuals. This morning cortisol
peak is referred to as the cortisol awakening response (CAR). The hormone leptin, which
is associated with appetite suppression is also under circadian control, with a peak during
the night. Similarly, body temperature follows a predictable circadian rhythm. Core body
temperature drops in conjunction with an individual’s habitual bedtime and reaches a
nadir during the night, approximately six hours after sleep onset, coinciding with the
strongest circadian drive to sleep. Skin temperature follows an opposite pattern and
reaches a peak during the night. These daily patterns can only shift in conjunction with
careful control of light and darkness, so if a person who is normally entrained stays up all

night, s/he will still experience these fluctuations in biological rhythms.

Peripheral Clocks <H2>
The central circadian pacemaker in the SCN is the master clock of the body, but many

organs and tissues also contain circadian clock genes, which organize their activities in
conjunction with the master clock. When the SCN is removed, these clocks continue to
oscillate, but become desynchronized from one another (61). Peripheral clocks control a
myriad of processes including the circadian secretion of myokines (e.g., interleukin-6) by
skeletal muscle, through to daily fluctuations in gene expression in reproductive organs.
The importance of these peripheral clocks is increasingly being recognized. For example,

disruption of peripheral clock genes in reproductive organ tissue leads to a decrease in



fertility in animal models. Many metabolic functions are also under circadian control
through peripheral clocks in the pancreas, gut, and liver. There is a peripheral clock in the
pancreas that coordinates the timing of insulin secretion, promoting insulin production
approximately 4 hours after the peak in melatonin (early morning) (62). Similarly, the
conversion of glucose to glycogen in the liver is controlled by a peripheral clock that
synchronizes glucose regulation and storage. This coordination and synchrony across
organs and tissues within the body allows for an appropriate metabolic response to food
consumed during the day, with better glucose tolerance occurring in the morning

compared to the evening (63).

Under conditions of shift work, meal timing often occurs out of phase with these
coordinated circadian clocks. Peripheral clocks are more sensitive to phase changes
induced by non-photic cues such as food intake, and can shift at different rates to the
SCN, and other tissues. This can lead to desynchrony across tissues, and between the
peripheral and central clocks, essentially disrupting the otherwise synchronized
physiological functions coordinated for processing of food. This can lead to reduced
insulin sensitivity and impaired glucose tolerance when eating at night. Recent studies
suggest that avoiding large meals on night shift can help to reduce the impact of circadian

misalignment on these metabolic outcomes (64).

Circadian Misalignment <H2>
Circadian misalignment occurs when a sleep-wake or light-dark cycle is desynchronized

from the body’s internal circadian clock. This desynchrony can lead to a host of short-
and long-term neurobehavioral and physiological changes. Shiftwork is a common

example of circadian misalignment as workers are often required to be active during the



night, leading to desynchrony between the work-rest cycle and their endogenous
circadian rhythms. Other common examples of circadian misalignment include jet lag
due to transmeridian travel, and social jet lag resulting from changing sleep behaviors on
weekends compared to weekdays, or extreme chronotypes (i.e., night owls) with regular
office hours (65). The impact of circadian misalignment on short- and long-term health

and well-being is far reaching, as described below.

Performance and alertness (neurobehavioral effects) <H3>
The neurobehavioral outcomes of atypical working hours have been well documented.

Shift work is associated with sleep loss, sleepiness, and increased error rates. Circadian
misalignment affects neurobehavioral outcomes in two ways: (1) attempting to maintain
wakefulness at times when the circadian pressure for sleep is high (e.g., 02:00-06:00
AM); and (2) attempting to sleep during the day when the circadian rhythm is promoting
wakefulness (66). Workers on both permanent night shifts and rotating night shifts only
partially adapt to the nocturnal work pattern and maintain a degree of misalignment
between their endogenous rhythms and work-rest cycle (67, 68). Those who do partially
adapt to night work may have better alertness on shift (69), but may also find it harder to
revert to being awake during the day on days off, therefore experiencing misalignment
both during work days and days off (70, 71). It is worth noting that, although the sleep
loss caused by circadian disruption plays a role in the consequences observed in shift
work, the desynchrony of circadian and environmental cycles has independent effects on
physiological factors and has been shown to further exacerbate the effects of sleep loss
itself (72, 73). Therefore, even though a nightshift worker might report being able to

sleep relatively well during the day, they may still suffer from the effects of circadian



misalignment on other physiological outcomes such as gastrointestinal complaints from

eating at night.

Cardiometabolic disorders <H3>
A higher incidence of metabolic and cardiovascular disorders such as obesity, type 2

diabetes, and coronary heart disease have been observed in shift work populations
compared to day time workers (74-76). There is some evidence to suggest that shift
workers eat more poorly with higher fat content and higher calories per day compared to
day workers, which may explain this epidemiological observation (77). However, a meta-
analysis comparing the 24-hour energy intake of shift workers versus day workers found
no difference between these two populations, suggesting that other factors may be
contributing to this epidemic (78). The timing, rather than content, of meals has since
been the focus of research to probe the physiological mechanisms underlying the
pathologies seen in the shift working population. Indeed, laboratory studies of simulated
shiftwork have shown that eating at night can impair glucose tolerance and metabolism
(79, 80), which is a risk factor for obesity and type 2 diabetes. Furthermore, young adults
who eat closer to their biological night have higher percent body fat and BMI (81). These
studies suggest that the misalignment of meal timing with internal circadian rhythms can
lead to metabolic dysfunction with effects observed after both acute and chronic

misalignment.

Cancer <H3>
Epidemiological studies have shown modest yet inconsistent associations between shift

work and cancer risk (82-85). While breast cancer has received the most attention, studies
of colorectal, endometrial, and prostate cancer have also emerged. In 2007, based on a

review of both animal and human studies, the International Agency for Research on



Cancer (IARC) classified shift work associated with circadian disruption or

chronodisruption (CD) as a “probable human carcinogen” (86).

The primary mechanistic link between circadian misalignment and cancer appears to
involve the increased exposure to light during the biological night, which leads to the
suppression of melatonin (87). Melatonin has been shown to exhibit tumor-suppressing
actions and acts as a mediator in estrogen signaling pathways (88). In rodents, studies
have shown that light at night (LAN) reduces melatonin and increases markers of tumor
progression, whereas exogenous replacement of melatonin in LAN conditions rescued
these effects (89, 90). In humans, the association between LAN and cancer is less
consistent. A recent prospective study of 105,866 participants in the UK Generations
Study found no significant association between LAN exposure and cancer risk (91).
However, an earlier meta-analysis showed an increased relative risk of breast cancer with
high artificial light exposure, but not ambient light exposure (87). Therefore, the intensity
of the light exposure and relative reduction in melatonin may account for discrepancies in
reported associations. Furthermore, increased methylation of tumor-suppression factors
(92) and shortened telomere length (93), both risk factors for cancer, were only observed
in workers with long and/or intense shift work exposure, suggesting greater exposure to
LAN. Epigenetic studies suggest that interactions between circadian genotypes and
shiftwork exposure may put some shift workers at a greater risk of developing cancer,
further obscuring the effects of circadian misalignment due to shiftwork in the general
population (92, 94). Together these studies suggest that the effects of light-suppressed
melatonin due to shift work on cancer risk may be mediated by genotype (e.g., light

sensitivity, chronotype) (94).



Mental health <H3>
Surveys of shift workers report greater negative impacts on stress (95, 96), mental health

(97), mood (98), and family—life satisfaction (99). Controlled laboratory studies of rats
suffering from circadian misalignment show expression of depressive behaviors during
the active period suggesting a direct link between circadian desynchrony and mental
health (100). In humans, the independent contribution of circadian misalignment on
depression and other mood disorders has yet to be disentangled from the myriad factors

contributing to overall mental health.

Summary <H1>
A daily, consolidated sleep episode is achieved through stable entrainment of the

circadian rhythm to a robust light-dark cycle. Such entrainment, with regular sleep-wake
timing, allows for the predictable build-up of homeostatic sleep pressure during the
waking day and maintenance of sleep during the night, as described by the two-process
model of sleep regulation. Light is the most potent synchronizer of the circadian rhythm,
while timed feeding, exercise, and social interaction have a weak to no influence on
circadian entrainment in humans. Desynchronization of the homeostatic and circadian
drives for sleep, such as that which occurs with jet lag, shiftwork, or insufficient light
exposure, leads to sleep loss and sleep fragmentation. Persistent circadian misalignment,
such as that which occurs during many years of shiftwork, can lead to an increased risk of
an array of negative health outcomes including metabolic syndrome, cancer, and negative
mental health effects. Together, these findings support the importance of encouraging
patients to maintain stable sleep timing, in addition to sleep of adequate duration, in order

to realize short- and long-term health benefits.



References <H1>

1. Hastings JW. The Gonyaulax clock at 50: translational control of circadian
expression. Cold Spring Harbor symposia on quantitative biology. 2007;72:141-4.
2. Borbely AA. A two process model of sleep regulation. Human neurobiology.

1982;1(3):195-204.

3. Dijk D], Brunner DP, Beersma DG, Borbely AA. Electroencephalogram power
density and slow wave sleep as a function of prior waking and circadian phase.
Sleep. 1990;13(5):430-40.

4. Dijk D], Shanahan TL, Duffy JF, Ronda JM, Czeisler CA. Variation of
electroencephalographic activity during non-rapid eye movement and rapid eye
movement sleep with phase of circadian melatonin rhythm in humans. The Journal
of physiology. 1997;505 ( Pt 3):851-8.

5. Orth DN, Island DP, Liddle GW. Experimental alteration of the circadian
rhythm in plasma cortisol (17-OHCS) concentration in man. The Journal of clinical
endocrinology and metabolism. 1967;27(4):549-55.

6. Scharf MT, Naidoo N, Zimmerman JE, Pack Al. The energy hypothesis of sleep
revisited. Progress in Neurobiology. 2008;86(3):264-80.

7. Benington JH, Heller HC. Restoration of brain energy metabolism as the
function of sleep. Prog Neurobiol. 1995;45:347-60.

8. Porkka-Heiskanen T, Strecker RE, Thakkar M, Bjorkum AA, Greene RW,
McCarley RW. Adenosine: A mediator of the sleep-inducing effects of prolonged
wakefulness. Science. 1997:276:1265-8.

9. Landolt HP. Sleep homeostasis: a role for adenosine in humans? Biochem
Pharmacol. 2008;75(11):2070-9.

10.  Wyatt]K, Cajochen C, Ritz-De Cecco A, Czeisler CA, Dijk D]. Low-dose
repeated caffeine administration for circadian-phase-dependent performance
degradation during extended wakefulness. Sleep. 2004;27(3):374-81.

11. Yanik G, Glaum S, Radulovacki M. The dose-response effects of caffeine on
sleep in rats. Brain Research. 1987;403(1):177-80.

12. Biggs SN, Smith A, Dorrian ], Reid K, Dawson D, van den Heuvel C, et al.
Perception of simulated driving performance after sleep restriction and caffeine. ]
Psychosom Res. 2007;63(6):573-7.

13. Webb WB, Agnew HW. Stage 4 sleep: influence of time course variables.
Science. 1971;174:1354-6.

14.  Dijk D], Beersma DGM, Daan S. EEG power density during nap sleep:
reflection of an hourglass measuring the duration of prior wakefulness. JBiol
Rhythms. 1987;2:207-19.

15. Werth E, Dijk D], Achermann P, Borbély AA. Dynamics of the sleep EEG after
an early evening nap: Experimental data and simulations. American Journal of
Physiology. 1996;271:R501-R10.

16.  Centofanti SA, Dorrian |, Hilditch CJ, Banks S. Do night naps impact driving
performance and daytime recovery sleep? Accident; analysis and prevention.
2017;99(Pt B):416-21.



17.  Brunner DP, Dijk D], Borbely AA. Repeated partial sleep deprivation
progressively changes in EEG during sleep and wakefulness. Sleep. 1993;16(2):100-
13.

18. Kaida K, Takahashi M, Akerstedt T, Nakata A, Otsuka Y, Haratani T, et al.
Validation of the Karolinska sleepiness scale against performance and EEG
variables. Clin Neurophysiol. 2006;117(7):1574-81.

19.  Van Dongen HP, Maislin G, Mullington JM, Dinges DF. The cumulative cost of
additional wakefulness: dose-response effects on neurobehavioral functions and
sleep physiology from chronic sleep restriction and total sleep deprivation. Sleep.
2003;26(2):117-26.

20. Carskadon MA, Dement WC, Mitler MM, Roth T, Westbrook PR, Keenan S.
Guidelines for the multiple sleep latency test (MSLT): a standard measure of
sleepiness. Sleep. 1986;9(4):519-24.

21. Halberg F, Cornelissen G, Katinas G, Syutkina EV, Sothern RB, Zaslavskaya R,
et al. Transdisciplinary unifying implications of circadian findings in the 1950s. ]
Circadian Rhythms. 2003;1(1):2.

22. Czeisler CA, Duffy JF, Shanahan TL, Brown EN, Mitchell JF, Rimmer DW, et al.
Stability, precision, and near-24-hour period of the human circadian pacemaker.
Science. 1999;284(5423):2177-81.

23. Wright KP, Jr., Hughes R], Kronauer RE, Dijk D], Czeisler CA. Intrinsic near-24-
h pacemaker period determines limits of circadian entrainment to a weak
synchronizer in humans. Proceedings of the National Academy of Sciences of the
United States of America. 2001;98(24):14027-32.

24.  LackL, Bailey M, Lovato N, Wright H. Chronotype differences in circadian
rhythms of temperature, melatonin, and sleepiness as measured in a modified
constant routine protocol. Nat Sci Sleep. 2009;1:1-8.

25.  Dijk DJ, Lockley SW. Integration of human sleep-wake regulation and
circadian rhythmicity. Journal of applied physiology. 2002;92(2):852-62.

26.  Morin LP. Neuroanatomy of the extended circadian rhythm system. Exp
Neurol. 2013;243:4-20.

27.  Wright KP, Jr., Czeisler CA. Absence of circadian phase resetting in response
to bright light behind the knees. Science. 2002;297(5581):571.

28.  Flynn-Evans EE, Tabandeh H, Skene D], Lockley SW. Circadian Rhythm
Disorders and Melatonin Production in 127 Blind Women with and without Light
Perception. Journal of biological rhythms. 2014;29(3):215-24.

29.  Khalsa SB, Jewett ME, Cajochen C, Czeisler CA. A phase response curve to
single bright light pulses in human subjects. The Journal of physiology. 2003;549(Pt
3):945-52.

30. Brainard GC, Sliney D, Hanifin JP, Glickman G, Byrne B, Greeson JM, et al.
Sensitivity of the human circadian system to short-wavelength (420-nm) light.
Journal of biological rhythms. 2008;23(5):379-86.

31. Lockley SW, Evans EE, Scheer FA, Brainard GC, Czeisler CA, Aeschbach D.
Short-wavelength sensitivity for the direct effects of light on alertness, vigilance, and
the waking electroencephalogram in humans. Sleep. 2006;29(2):161-8.



32. West KE, Jablonski MR, Warfield B, Cecil KS, James M, Ayers MA, et al. Blue
light from light-emitting diodes elicits a dose-dependent suppression of melatonin
in humans. Journal of applied physiology. 2011;110(3):619-26.

33. Ruger M, St Hilaire MA, Brainard GC, Khalsa SB, Kronauer RE, Czeisler CA, et
al. Human phase response curve to a single 6.5 h pulse of short-wavelength light.
The Journal of physiology. 2013;591(1):353-63.

34.  Minors DS, Waterhouse JM, Wirz-Justice A. A human phase-response curve to
light. Neuroscience letters. 1991;133(1):36-40.

35. Czeisler CA, Kronauer RE, Allan |S, Duffy JF, Jewett ME, Brown EN, et al.
Bright light induction of strong (type 0) resetting of the human circadian
pacemaker. Science. 1989;244(4910):1328-33.

36. Van Cauter E, Sturis ], Byrne MM, Blackman ]D, Leproult R, Ofek G, et al.
Demonstration of rapid light-induced advances and delays of the human circadian
clock using hormonal phase markers. The American journal of physiology.
1994;266(6 Pt 1):E953-63.

37. St Hilaire MA, Gooley J], Khalsa SB, Kronauer RE, Czeisler CA, Lockley SW.
Human phase response curve to a 1 h pulse of bright white light. The Journal of
physiology. 2012;590(Pt 13):3035-45.

38.  Zeitzer ]M, Fisicaro RA, Ruby NF, Heller HC. Millisecond flashes of light phase
delay the human circadian clock during sleep. Journal of biological rhythms.
2014;29(5):370-6.

39.  Najjar RP, Zeitzer JM. Temporal integration of light flashes by the human
circadian system. ] Clin Invest. 2016;126(3):938-47.

40.  Chang AM, Aeschbach D, Duffy JF, Czeisler CA. Evening use of light-emitting
eReaders negatively affects sleep, circadian timing, and next-morning alertness.
Proceedings of the National Academy of Sciences of the United States of America.
2015;112(4):1232-7.

41.  Mistlberger RE, Skene D]. Nonphotic entrainment in humans? JBiol Rhythms.
2005;20(4):339-52.

472. Krauchi K, Cajochen C, Werth E, Wirz-Justice A. Alteration of internal
circadian phase relationships after morning versus evening carbohydrate-rich meals
in humans. |Biol Rhythms. 2002;17(4):364-76.

43.  Youngstedt SD. Effects of exercise on sleep. Clin Sports Med. 2005;24(2):355-
65, xi.

44.  Horne JA, Staff LHE. Exercise and sleep: Body-heating effects. Sleep.
1983;6:36-46.

45.  Wever R. Autonomous circadian rhythms in man. Singly versus collectively
isolated subjects. Die Naturwissenschaften. 1975;62(9):443-4.

46. Middleton B, Arendt ], Stone BM. Human circadian rhythms in constant dim
light (8 lux) with knowledge of clock time. | Sleep Res. 1996;5:69-76.

47. Middleton B, Stone BM, Arendt J. Human circadian phase in 12:12 h, 200: < 8
lux and 1000: < 8 lux light-dark cycles, without scheduled sleep or activity.
Neuroscience Letters. 2002;329:41-4.

48.  Mistlberger RE, Skene DJ. Social influences on mammalian circadian rhythms:
animal and human studies. Biol RevCambPhilosSoc. 2004;79(3):533-56.



49, Klerman EB, Rimmer DW, Dijk D], Kronauer RE, Rizzo JF, III, Czeisler CA.
Nonphotic entrainment of the human circadian pacemaker. American Journal of
Physiology. 1998;274:R991-R6.

50.  Arendt], Skene D]. Melatonin as a chronobiotic. Sleep Med Rev.
2005;9(1):25-39.

51. Rajaratnam SM, Polymeropoulos MH, Fisher DM, Roth T, Scott C, Birznieks G,
et al. Melatonin agonist tasimelteon (VEC-162) for transient insomnia after sleep-
time shift: two randomised controlled multicentre trials. Lancet.
2008;373(9662):482-91.

52. Lockley SW, Dressman M, Licamele L, Xiao C, Fisher DM, Flynn-Evans E, et al.
Tasimelteon for non-24-hour sleep-wake disorder in totally blind people (SET and
RESET): two multicentre, randomised, double-masked, placebo-controlled phase 3
trials. Lancet. 2015.

53.  Sharkey KM, Fogg LF, Eastman CI. Effects of melatonin administration on
daytime sleep after simulated night shift work. ] Sleep Res. 2001;10:181-92.

54.  Wyatt]K, Dijk DJ, Ritz-De Cecco A, Ronda ]JM, Czeisler CA. Effects of
physiologic and pharmacologic doses of exogenous melatonin on sleep propensity
and consolidation in healthy young men and women are circadian phase-dependent.
Sleep Research Online. 1999;2((Supplement 1)):636-.

55. Ding JM, Buchanan GF, Tischkau SA, Chen D, Kuriashkina L, Faiman LE, et al.
A neuronal ryanodine receptor mediates light-induced phase delays of the circadian
clock. Nature. 1998;394:381-4.

56. Diaz-Munoz M, Dent MA, Granados-Fuentes D, Hall AC, Hernandez-Cruz A,
Harrington ME, et al. Circadian modulation of the ryanodine receptor type 2 in the
SCN of rodents. Neuroreport. 1999;10(3):481-6.

57. McHill AW, Smith BJ], Wright KP, Jr. Effects of caffeine on skin and core
temperatures, alertness, and recovery sleep during circadian misalignment. ]Biol
Rhythms. 2014;29(2):131-43.

58. Burke TM, Markwald RR, McHill AW, Chinoy ED, Snider JA, Bessman SC, et al.
Effects of caffeine on the human circadian clock in vivo and in vitro. Science
Translational Medicine. 2015;7(305):305ra146.

59.  Strogatz SH, Kronauer RE, Czeisler CA. Circadian pacemaker interferes with
sleep onset at specific times each day: role in insomnia. The American journal of
physiology. 1987;253(1 Pt 2):R172-8.

60. Flynn-Evans EE, Shekleton JA, Miller B, Epstein L], Kirsch D, Brogna LA, et al.
Circadian Phase and Phase Angle Disorders in Primary Insomnia. Sleep.
2017;40(12).

61.  Mohawk JA, Green CB, Takahashi JS. Central and peripheral circadian clocks
in mammals. Annu Rev Neurosci. 2012;35:445-62.

62. McHill AW, Hull JT, McMullan CJ, Klerman EB. Chronic Insufficient Sleep Has a
Limited Impact on Circadian Rhythmicity of Subjective Hunger and Awakening
Fasted Metabolic Hormones. Front Endocrinol (Lausanne). 2018;9:319.

63. Morris CJ, Yang JN, Garcia JI, Myers S, Bozzi [, Wang W, et al. Endogenous
circadian system and circadian misalignment impact glucose tolerance via separate
mechanisms in humans. Proceedings of the National Academy of Sciences of the
United States of America. 2015;112(17):E2225-34.



64. Centofanti S, Banks S, Colella A, Dingle C, Devine L, Galindo H, et al. Coping
with shift work-related circadian disruption: A mixed-methods case study on
napping and caffeine use in Australian nurses and midwives. Chronobiology
international. 2018;35(6):853-64.

65.  Wittmann M, Dinich ], Merrow M, Roenneberg T. Social jetlag: Misalignment
of biological and social time. Chronobiology International. 2006;23(1-2):497-509.
66.  Borbély AA. A two process model of sleep regulation. Human Neurobiology.
1982;1:195-204.

67.  Rajaratnam SM, Arendt ]. Health in a 24-h society. Lancet.
2001;358(9286):999-1005.

68. McHill AW, Melanson EL, Higgins ], Connick E, Moehlman TM, Stothard ER, et
al. Impact of circadian misalighment on energy metabolism during simulated
nightshift work. Proceedings of the National Academy of Sciences of the United
States of America. 2014;111(48):17302-7.

69. Ftouni S, Sletten TL, Nicholas CL, Kennaway DJ, Lockley SW, Rajaratnam SM.
Ocular Measures of Sleepiness Are Increased in Night Shift Workers Undergoing a
Simulated Night Shift Near the Peak Time of the 6-Sulfatoxymelatonin Rhythm.
Journal of clinical sleep medicine 2015;11(10):1131-41.

70.  Bjorvatn B, Kecklund G, Akerstedt T. Rapid adaptation to night work at an oil
platform, but slow readaptation after returning home. JOEM. 1998;40(7):601-8.

71.  Van Dongen HP, Belenky G, Vila BJ. The efficacy of a restart break for
recycling with optimal performance depends critically on circadian timing. Sleep.
2011;34(7):917-29.

72.  Leproult R, Holmback U, Van Cauter E. Circadian misalignhment augments
markers of insulin resistance and inflammation, independently of sleep loss.
Diabetes. 2014;63(6):1860-9.

73.  Morris CJ, Yang JN, Garcia JI, Myers S, Bozzi [, Wang W, et al. Endogenous
circadian system and circadian misalignment impact glucose tolerance via separate
mechanisms in humans. Proceedings of the National Academy of Sciences of the
United States of America. 2015;112(17):E2225-34.

74.  Biggi N, Consonni D, Galluzzo V, Sogliani M, Costa G. Metabolic syndrome in
permanent night workers. Chronobiology International. 2008;25(2):443-54.

75.  Chen D, Lin YC, Hsiao ST. Obesity and high blood pressure of 12-hour night
shift female clean-room workers. Chronobiology International. 2010;27(2):334-44.
76.  LiY, SatoY, Yamaguchi N. Shift work and the risk of metabolic syndrome: a
nested case-control study. Int ] Occup Environ Health. 2011;17(2):154-60.

77.  Atkinson G, Fullick S, Grindey C, Maclaren D. Exercise, energy balance and the
shift worker. Sports Med. 2008;38(8):671-85.

78.  Bonham MP, Bonnell EK, Huggins CE. Energy intake of shift workers
compared to fixed day workers: A systematic review and meta-analysis.
Chronobiology International. 2016;33(8):1086-100.

79. Grant CL, Dorrian ], Coates AM, Pajcin M, Kennaway DJ, Wittert GA, et al. The
impact of meal timing on performance, sleepiness, gastric upset, and hunger during
simulated night shift. Industrial Health. 2017;55(5):423-36.



80. Centofanti SA, Dorrian |, Hilditch C, Grant CL, Coates AM, Banks S. Eating on
nightshift: A big vs small snack impairs glucose response to breakfast. .
Neurobiology of Sleep and Circadian Rhythms. 2017;4(January 2018):44-8.

81. McHill AW, Phillips AJ, Czeisler CA, Keating L, Yee K, Barger LK, et al. Later
circadian timing of food intake is associated with increased body fat. The American
journal of clinical nutrition. 2017.

82. Schernhammer ES, Laden F, Speizer FE, Willett WC, Hunter D], Kawachi |, et
al. Night-shift work and risk of colorectal cancer in the nurses' health study. Journal
of the National Cancer Institute. 2003;95(11):825-8.

83.  Flynn-Evans EE, Mucci L, Stevens RG, Lockley SW. Shiftwork and prostate-
specific antigen in the National Health and Nutrition Examination Survey. Journal of
the National Cancer Institute. 2013;105(17):1292-7.

84. Travis RC, Balkwill A, Fensom GK, Appleby PN, Reeves GK, Wang XS, et al.
Night Shift Work and Breast Cancer Incidence: Three Prospective Studies and Meta-
analysis of Published Studies. Journal of the National Cancer Institute.
2016;108(12).

85. Wang F, Yeung KL, Chan WC, Kwok CC, Leung SL, Wu C, et al. A meta-analysis
on dose-response relationship between night shift work and the risk of breast
cancer. Ann Oncol. 2013;24(11):2724-32.

86. Straif K, Baan R, Grosse Y, Secretan B, El Ghissassi F, Bouvard V, et al.
Carcinogenicity of shift-work, painting, and fire-fighting. Lancet Oncol.
2007;8(12):1065-6.

87.  Yang WS, Deng Q, Fan WY, Wang WY, Wang X. Light exposure at night, sleep
duration, melatonin, and breast cancer: a dose-response analysis of observational
studies. Eur ] Cancer Prev. 2014;23(4):269-76.

88. Viswanathan AN, Schernhammer ES. Circulating melatonin and the risk of
breast and endometrial cancer in women. Cancer letters. 2009;281(1):1-7.

89. Dauchy RT, Xiang S, Mao L, Brimer S, Wren MA, Yuan L, et al. Circadian and
melatonin disruption by exposure to light at night drives intrinsic resistance to
tamoxifen therapy in breast cancer. Cancer Research. 2014;74(15):4099-110.

90. Xiang S, Dauchy RT, Hauch A, Mao L, Yuan L, Wren MA, et al. Doxorubicin
resistance in breast cancer is driven by light at night-induced disruption of the
circadian melatonin signal. Journal of Pineal Research. 2015;59(1):60-9.

91. Johns LE, Jones ME, Schoemaker M], McFadden E, Ashworth A, Swerdlow A]J.
Domestic light at night and breast cancer risk: a prospective analysis of 105 000 UK
women in the Generations Study. British Journal of Cancer. 2018;118(4):600-6.

92. Liu R, Jacobs DI, Hansen ], Fu A, Stevens RG, Zhu Y. Aberrant methylation of
miR-34b is associated with long-term shiftwork: a potential mechanism for
increased breast cancer susceptibility. Cancer causes & control : CCC.
2015;26(2):171-8.

93. Samulin Erdem J, Noto HO, Skare O, Lie JS, Petersen-Overleir M, Reszka E, et
al. Mechanisms of breast cancer risk in shift workers: association of telomere
shortening with the duration and intensity of night work. Cancer Med.
2017;6(8):1988-97.



94. Rabstein S, Harth V, Justenhoven C, Pesch B, Plottner S, Heinze E, et al.
Polymorphisms in circadian genes, night work and breast cancer: results from the
GENICA study. Chronobiology International. 2014;31(10):1115-22.

95. Dorrian |, Tolley C, Lamond N, van den HC, Pincombe |, rogers AE, et al. Sleep
and errors in a group of Australian hospital nurses at work and during the commute.
Appl Ergon. 2008;39(5):605-13.

96. Parent-Thirion A, Vermeylen G, Van Houten G, Biletta I, Cabrita J. Eurofound
(2012), Fifth European Working Conditions Survey, Publications Office of the
European Union,

Luxembourg. Luxemborg: Publications Office of the European Union,

Luxembourg., 2012.

97.  ThunE, Bjorvatn B, Torsheim T, Moen BE, Mageroy N, Pallesen S. Night work
and symptoms of anxiety and depression among nurses: A longitudinal study. Work
& Stress. 2014;28(4):376-86.

98.  Smith-Coggins R, Rosekind MR, Hurd S, Buccino KR. Relationship of day
versus night sleep to physician performance and mood. Annals of Emergency
Medicine. 1994;24(5):928-34.

99.  Grosswald B. The Effects of Shift Work on Family Satisfaction. Families in
Society: The Journal of Contemporary Social Services. 2004;85(3):413-23.

100. Ben-Hamo M, Larson TA, Duge LS, Sikkema C, Wilkinson CW, de la Iglesia HO,
et al. Circadian Forced Desynchrony of the Master Clock Leads to Phenotypic
Manifestation of Depression in Rats. eNeuro. 2016;3(6).



