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At the core of human thought, for the majority of individuals in the
developed nations at least, there is the tacit assumption that as a species
we are unfettered by the demands imposed by our biology and that we
can do what we want, at whatever time we choose, whereas in reality
every aspect of our physiology and behaviour is constrained by a 24 h
beat arising from deep within our evolution. Our daily circadian rhythms
and sleep/wake cycle allow us to function optimally in a dynamic world,
adjusting our biology to the demands imposed by the day/night cycle.
The themes developed in this review focus upon the growing realization
that we ignore the circadian and sleep systems at our peril, and this paper
considers the mechanisms that generate and regulate circadian and
sleep systems; what happens mechanistically when these systems collapse
as a result of societal pressures and disease; how sleep disruption and
stress are linked; why sleep disruption and mental illness invariably occur
together; and how individuals and employers can attempt to mitigate
some of the problems associated with working against our internal temporal
biology. While some of the health costs of sleep disruption can be reduced,
in the short-term at least, there will always be significant negative conse-
quences associated with shift work and sleep loss. With this in mind,
society needs to address this issue and decide when the consequences of
sleep disruption are justified in the workplace.
Thus passes the day for the virtuous man. And when night comes, I take care not to
summon sleep! He, the lord of the virtues, does not care to be summoned!

—Friedrich Nietzsche, Thus Spoke Zarathustra
1. Introduction and mammalian circadian rhythms
Almost all life on earth uses an internal biological clock to anticipate the
profound changes that result from the Earth’s rotation upon its axis. In organ-
isms as varied as photosynthetic bacteria and humans, physiology and
behaviour are ‘fine-tuned’ to the varied, yet predictable, demands of the
day/night cycle. Creatures effectively ‘know’ the time of day, and these intern-
ally generated daily cycles are called ‘circadian rhythms’, which comes from the
Latin circa (about) and dies (day) [1]. In addition to the alignment of the internal
and external day, a circadian clock also ensures that biological processes occur
in the appropriate temporal sequence. For cells to function properly they need
the right materials in the right place at the right time. Thousands of genes have
to be switched on and off in a specific order. Proteins, enzymes, fats, carbo-
hydrates, hormones, nucleic acids and other compounds have to be absorbed,
broken down, metabolized and produced in a precise time window. Energy
has to be obtained, and then partitioned across the cellular economy and allo-
cated to growth, reproduction, metabolism, locomotion and cellular repair.
Without this internal temporal compartmentalization, our biology would be
profoundly compromised [1].

Circadian rhythms must also be synchronized or entrained to the external
environment using signals that provide time of day information (zeitgebers),
and the patterns of light produced by the Earth’s 24 h rotation provide the domi-
nant entrainment cue. However, inmany species, other environmental zeitgebers
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Figure 1. The mammalian suprachiasmatic nuclei (SCN) and retina. (i) The mouse brain from the side showing the suprachiasmatic nuclei (SCN) which contains the
master circadian pacemaker of mammals. The SCN receive a dedicated projection from the retina called the retino-hypothalamic tract (RHT); (ii) the frontal view of
the brain shows the small-paired SCN which are located either side of the third ventricle and sit on top of the optic chiasm (where the optic nerves combine).
In mice, the SCN comprises approximately 20 000 neurons, and in humans 50 000 neurons. See text for details. (iii) Retinal rods and cones convey visual information
to the retinal ganglion cells (RGCs) via the second order neurons of the inner retina—the bipolar (B), horizontal (H) and amacrine (A) neurons. The optic nerve is
formed from the axons of all the ganglion cells and this large nerve takes light information to the brain. A subset of photosensitive retinal ganglion cells (pRGC—
shown in dark grey) can also detect light directly. The pRGCs use the blue light-sensitive photopigment, melanopsin or OPN4. Thus photodetection in the retina
occurs in three types of cell: the rods, cones and pRGCs. The pRGCs also receive signals from the rods and cones, and, although not required, they can help drive
light responses by the pRGCs.
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such as temperature, food availability, rainfall and even preda-
tion can contribute to entrainment. The key point is that
circadian rhythms are not driven by an external cycle but are
generated internally, and then synchronized to the external
24 h world [2].

Relating this to our own species, human physiology is
organized around the daily cycle of activity and sleep. In the
active phase, when energy expenditure is higher and food
and water are consumed, organs need to be prepared for the
intake, processing and uptake of nutrients. The activity of
organs such as the stomach, liver, small intestine, pancreas
and the blood supply to these organs need internal synchroni-
zation, which a clock can provide. During sleep, although
energy expenditure and digestive processes decrease, many
essential activities occur including cellular repair, toxin clear-
ance, and memory consolidation and information processing
by the brain. Disrupting this pattern, as happens with jet lag
or shift work (see below), leads to internal desynchrony and
the failure to do the right thing at the right time [3].

At the heart of the circadian system of mammals is a struc-
ture located deep within the brains hypothalamus called the
‘suprachiasmatic nuclei’ or SCN (figure 1). The discovery of
this structure has a fascinating history. Experiments in the
1950s and 1960s lesioned/destroyed small parts of the rat
brain in the hunt for ‘the clock’, and narrowed it down to some-
where deep in the brain, probably the hypothalamus. Then in a
series of experiments in the early 1970s, and based upon the
logic that circadian rhythms are entrained by the light/dark
cycle, structures within the hypothalamus were identified
that received a direct projection from the eye. The SCN receives
a major projection from the retina, and when the SCN was
lesioned circadian rhythms were abolished [4,5]. Almost
20 years later the critical role of the SCN was confirmed by
transplanting small neural grafts from the SCN region of a
mutant hamster with a short circadian period of 20 h into
non-mutant hamsters whose own SCN had been destroyed
and 24 h rhythms were abolished. The transplant not only
restored circadian rhythms, but critically, the restored rhythms
were 20 h, showing that an essential component of the
clock—its period, had been transplanted with the SCN [6].

The SCN of humans comprises about 50 000 cellular
circadian oscillators sufficiently stable to generate circadian
rhythms of neuronal firing for at least six weeks in vitro. This
was first shown in dispersed SCN neurons from neonatal rats,
placed into the culture on a grid of microelectrodes. Individual
neurons displayed robust circadian rhythms in electrical firing,
but the phases of these individual rhythms were all different,
showing that SCN neurons act as individual clocks and that
the basic oscillation lay within individual cells, and was not
the emergent property of a network of individual neurons [7].

The subcellular molecular generation of a circadian
oscillation arises from a complex interaction between key
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Figure 2. The mammalian molecular clock. The driving force of the mammalian molecular clockwork is transcriptional/translational feedback loop (TTFL) the
transcriptional drive is provided by two proteins named ‘Circadian Locomotor Output Cycles Kaput’, or less torturously CLOCK (CLK), which links with ‘Brain
muscle arnt-like 1’ or BMAL1. The CLK–BMAL1 complex binds to E-box promoters driving transcription of five core clock genes, three Period genes (Per)
giving rise to the proteins PER1, PER2 and PER3, and two Cryptochrome genes (Cry) which encode the CRY1 and CRY2 proteins. The PER proteins combine
with the kinase CK1 (Casein kinase 1) and are phosphorylated. The PER–CK1 complex then binds to the CRYs to form a CRY–PER–CK1 complex. Within the complex
of CRY–PER–CK1, CRY and PER are phosphorylated by other kinases which then allows the CRY–PER–CK1 complex to move into the nucleus and inhibit CLK–BMAL1
transcription of the Per and Cry genes forming the negative limb of the TTFL. The CRY–PER–CK1 protein complex levels rise throughout the day, peak at dusk, are
then degraded and decline to their lowest level the following dawn. The net result is a TTFL, whereby the Per and Cry genes and their protein products interact and
feedback to inhibit their own transcription, generating a 24 h cycle of protein production and degradation. Note, multiple other genes and their proteins, generate
additional feedback loops to provide further stability to the circadian oscillation [8]. Significantly, polymorphisms in several of these clock genes have been associated
with human ‘morning types’ (larks) and ‘evening types’ (owls) [9].
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clock genes and their protein products. At its core, the
molecular clockwork comprises a transcriptional/translational
feedback loop (TTFL), whereby genes and their protein pro-
ducts interact and feedback to inhibit their own transcription,
generating a 24 h cycle of protein production and degradation.
The key elements of this molecular clockwork are illustrated in
figure 2. For further details, see [10].

The SCN projects directly to approximately 35 brain
regions, mostly located within the hypothalamus, and particu-
larly those regions of the hypothalamus that regulate hormone
release. Indeed, many hormones under pituitary control,
like cortisol, are under tight circadian regulation [11,12].
Furthermore, the SCN regulates the activity of the autono-
mic nervous system, which acts to time-stamp many aspects
of physiology, including the sensitivity of target tissues to
hormonal signals [13]. In addition to these direct neuronal
connections, the SCN communicates to the rest of the body
using diffusible chemical signals [14]. This was first shown
by transplanting SCN contained within tiny semi-permeable
capsules into SCN-lesioned animals. The capsule prevented
neural connections being re-established but allowed chemical
communication from the transplanted SCN to diffuse out.
Even without a neural connection, some circadian rhythms
were restored [15]. In more recent years the identity of these
chemical signals has begun to emerge [16].

Although the SCN is the ‘master clock’ in mammals, it is
not the only clock [17]. There are cellular clocks, using essen-
tially the same subcellular mechanisms (figure 2), within the
liver, muscles, pancreas, adipose tissue and probably in every
organ and tissue of the body [18]. Destruction of the SCN
abolishes multiple rhythms, such as locomotor activity, and
this was the reason that the SCN was considered to ‘drive’
24 h rhythmicity. However, it is now appreciated that the loss
of overt rhythmicity occurs because (i) some of the individual
peripheral clock cells dampen, and lose rhythmicity after sev-
eral cycles; but more commonly, because (ii) the individual
cellular clocks become uncoupled from each other. The cells
continue to tick, but at different phases so that an overt 24 h
rhythm within the tissue or organ is lost [19]. This discovery
led to the appreciation that the SCN acts as a pacemaker to
coordinate, but not drive, the circadian activity of billions of
individual peripheral circadian oscillators throughout the tis-
sues and organs of the body. The signalling pathways used
by the SCN to entrain these peripheral clocks are still uncertain,
butwe know that the SCNdoes not send out countless separate
signals around the body targeted at specific individual clocks.
Rather, there seems to be a limited number of neuronal and
humoral signals. The SCN also receives feedback signals
from the periphery that allows the whole body to function in
synchrony with the varying demands of the 24 h light/dark
cycle [19]. The result is a complex circadian network that
coordinates rhythmic physiology and behaviour.
2. Shedding light on the clock
Eye loss in all groups of mammals abolishes the capacity to
entrain circadian rhythms to the light/dark cycle [20].
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However, astonishingly, the visual cells of the retina, the rods
and cones (figure 1), are not required for the detection of the
dawn/dusk signal. There exists a third class of photoreceptor
within the eye [21,22]. Our studies in the 1990s showed that
mice lacking all rod and cone photoreceptors (rdta/cl and
rd/rd cl) could still regulate their circadian rhythms to light
perfectly normally. Butwhen the eyeswere removed the ability
to entrain was lost [21,22]. These experiments showed that
there had to be another photoreceptor within the eye. The
rodless/conelessmousemodels provided a powerful approach
to characterize this third photoreceptor [23], and along with
studies in the rat [24] and monkey [25], the retina was shown
to contain a small population (around 1–2%) of photosensitive
retinal ganglion cells (pRGCs) that use a blue light-sensitive
photopigment called ‘melanopsin’ or OPN4. The OPN4 gene
was originally isolated from the light-sensitive pigment cells
or ‘melanophores’ found in the skin of amphibians, including
frogs and toads [26]. The name ‘melanopsin’ has stuck, and
is often confused with ‘melatonin’ but the two molecules are
entirely unrelated. Genetic ablation of the rods, cones and
melanopsin-pRGCs eliminates circadian responses to light,
demonstrating that there are no additional photoreceptors
that contribute to circadian entrainment either in the eye or
elsewhere. However, although the rods and cones are not
required for circadian entrainment, they are nowknown to con-
tribute to the light responses of the melanopsin pRGCs under
certain circumstances. Genetic silencing of melanopsin in the
pRGCs does not block photoentrainment in mice. Mice can
still entrain but with reduced sensitivities [27–30]. Rods and
cones send indirect projections to the pRGCs, and it seems
that in the absence of endogenous OPN4, the rods and cones
can partially compensate for the loss of OPN4. A complex
pattern is emerging of how the different photoreceptor
populations interact to bring about entrainment [31–33].

In collaboration with colleagues at Harvard University, we
studied humans who had lost all of their rods and cones as a
result of genetic disease. Just like the rodless/coneless mice,
human circadian entrainment was found to be intact, mediated
by pRGCs using the photopigment melanopsin maximally
sensitive to blue light around 480 nm [34]. This finding is
having a significant impact in the clinic [35,36]. For example,
genetic diseases that result in the loss of the rods and cones
and cause visual blindness, often spare the pRGCs. Under
these circumstances, individuals who have their eyes but are
visually blind, yet possess pRGCS, should be advised to
expose their eyes to sufficient morning and evening light to
entrain their circadian system. The realization that the eye
provides us with both our sense of space and our sense of
time, via entrainment of the SCN, is redefining the definition
and treatment of human blindness.
3. Biology of sleep
The regular cycle of sleep and wakefulness is the most obvious
24 h pattern in our behaviour, and the sleep/wake cycle
involves a highly complex set of interactions involving mul-
tiple neural circuits, neurotransmitters and hormones, none
of which are exclusive to the generation of sleep [37,38]. The
major brain structures and neurotransmitter systems involved
in the sleep/wake cycle are summarized in figure 3.

The complex interactions associated with sleep/wake
generation are regulated, under normal circumstances, by
two endogenous drivers, termed the homeostatic process
(Process S), which increases as a function of wakefulness and
a circadian process (Process C). This has been termed the
‘Two-Process’ model of sleep which broadly explains how the
sleep/wake cycle is aligned to the night/day cycle [41] (figure 4).

In humans, several agents have been implicated in driving
sleep homeostasis, and adenosine has emerged as a strong can-
didate [43]. Adenosine increases in the brain during wake and
after enforced sleep deprivation. Furthermore, perfusion of
adenosine into the brain of freely moving rodents reduces
wakefulness and activates neurons associated with sleep pro-
motion. Caffeine is a potent stimulant and alerting agent,
and seems to function by blocking adenosine receptors.
Other sleep-promoting factors include prostaglandin [44].
The circadian process seems to drive bothwake- and sleep-pro-
moting behaviour, promoting the maintenance of wakefulness
during the day, opposing the increasing homeostatic drive for
sleep, while at night Process C promotes sleep (figure 4). The
model depicted in figure 4 has been very powerful in under-
standing the basic interactions between the circadian system
and homeostatic drivers regulating sleep, but in reality, the
regulation of sleep is likely to be much more complicated.
Not least, that sleep in humans and other animals is often not
a single consolidated block of sleep but can be ‘biphasic’ or
even ‘polyphasic’with two or more periods of sleep separated
by short periods of wake [45,46]. How such fragmentary sleep
is generated is uncertain and will require additional inputs to
the model depicted in figure 4.

Melatonin is often confusingly termed the ‘sleep hormone’,
and this is misleading. Melatonin is synthesized mainly in the
pineal gland, although the retina and other regions of the body
can also produce small amounts. The pineal is regulated by
the SCN to produce a circadian pattern of melatonin release,
with levels rising at dusk, peaking in the blood around
02.00–03.00 and then declining before dawn. Light, detected
by the pRGCs, also acts to inhibitmelatonin production acutely
[47]. As a result, melatonin acts as a biological marker of the
dark. In relation to sleep, melatonin receptors located on
SCN neurons are thought to detect nocturnal melatonin to pro-
vide an additional zeitgeber for clock entrainment, reinforcing
light entrainment signals from the eye [48,49]. However,
although some studies suggest that taking melatonin may
shorten sleep latency (the time taken to fall asleep) and increase
total sleep time, the effects of melatonin [50], and agonists of
melatonin, on sleep are modest [51]. While melatonin pro-
duction occurs at night during sleep in diurnal animals such
as humans, nocturnal animals like mice and rats also produce
melatonin at night when they are active. Certainly, sleep pro-
pensity in humans is closely correlated with the melatonin
profile but this may be correlation and not causation. Indeed,
individuals who do not produce melatonin (e.g. tetraplegic
individuals, people on beta-blockers or pinealectomized
patients) still exhibit circadian sleep/wake rhythms with only
very minor changes in sleep [52].
4. Sleep loss and harmful stress
Harmful stress, defined here as ‘a physical, mental, or emotional
stimulus that results in impaired health or performance’, can arise
from disrupted or shortened sleep, and is a common feature
acrossmany sectors of society, from teenagers [53], the business
and public sectors, such as night shift workers [54], to the



cholinergic systems (acetylcholine)

cerebral cortex > consciousness

monoaminergic systems (histamine, dopamine, noradrenaline, serotonin)

VLPO

circadian
homeostatic

drivers
(figure 3)

+/-
GABA and galanin

lateral
hypothalamus

orexin

+

wake
systems

+
+

wake

GABA and galanin

sleep

NREM 
sleep

atonia

REM 
sleep

+

+

mid/hind-brain
neurones

glutamate+
+/-

+
GABA

interneurons

+

stress
activation

Figure 3. Sleep/wake states arise from mutually excitatory and inhibitory circuits that result in two distinct behavioural states of wake (consciousness) and sleep. The
diagram illustrated here represents a greatly simplified version of the interactions associated with the wake/sleep switch. During wake orexin (also known as hypo-
cretin) neurons in the lateral hypothalamus project to and excite (+) different populations of wake-promoting neurons within the hind- and mid-brain including
monoaminergic neurons which release histamine, dopamine, noradrenaline and serotonin; cholinergic neurons in the hind-brain which release acetylcholine; and an
important group of broadly distributed neurons that release glutamate. These neurotransmitters drive wakefulness and consciousness within the cortex. In addition,
acute activation of the stress axis ( figure 5) will also contribute to sleep/wake regulation, acting to promote wake and inhibit sleep. During wake, the monoa-
minergic neurons project to (dotted line) and inhibit (−) the ventrolateral preoptic nuclei (VLPO). During sleep, circadian and homeostatic sleep drivers ( figure 4)
activate the VLPO which releases the neurotransmitters gamma-aminobutyric acid (GABA) and galanin to inhibit the orexin neurons in the lateral hypothalamus, and
the monoamninergic, cholinergic and glutamatergic neuronal populations (−) directly. Further, a subpopulation of interneurons in the cortex project long distances
to the cerebral cortex and release the inhibitory neurotransmitter GABA during sleep. These neurons are activated during sleep in a manner proportional to the
homeostatic sleep drive for sleep (figure 4). The primary measures used to define sleep in mammals is the electroencephalogram (EEG) which characterizes sleep as
either rapid eye movement (REM) or non-rapid eye movement (NREM) states. The NREM–REM switch occurs every approximately 60–90 min and is driven by a
network of neurons within the mid- and hind-brain. During REM sleep monoaminergic neurons remain inhibited, but cholinergic neurons are activated (+). REM-on
neurons project to the spinal cord and drive muscle paralysis (atonia) [38]. If the atonia pathway fails to activate, conditions termed REM sleep behaviour disorder
(RBD) can arise. Further, the level of loss of atonia can predict the development of Parkinson’s disease [39]. It is worth emphasizing that we have only a rudimentary
understanding of the real function of REM versus NREM sleep [40].
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elderly [55]. Inadequate sleep usually means a sleep duration
shorter than 7–8 h every 24 h. However, there is considerable
individual variation, and self-assessments of sleep-need are
very important. The main symptom of sleep loss is excessive
daytime sleepiness, but a combination of the criteria in
table 1 are additionally helpful for self-assessments. For
additional background see [56].

The sleep loss experienced by night shift workers can
be profound. Shift workers try and sleep during the day
and invariably experience shorter (less than 5–6 h in every
24 h) and more disrupted sleep. In effect, shift workers are at
work when their biology is in the sleep state and then try to
sleep when their biology is prepared for wake. Irrespective
of the years spent on a permanent night shift, nearly all
(approx. 97%) of night shift workers do not adjust to the
nocturnal regime but remain synchronized to daytime [57].
This is directly related to light exposure. Artificial light in the
office or factory is dim compared to environmental light.
Shortly after dawn, natural light is some 50–100 times brighter
than the 300–400 lux experienced in the workplace, and by
noon natural light is 500–1000 times brighter [58]. After leaving
the night shift, an individual will usually experience bright
natural light during the day and the circadian system will
always lock onto the brighter light signal as daytime and
align internal biology to the diurnal state. In one study, night
shift workers were exposed to 2000 lux in the workplace and
then completely shielded from natural light during the day.
Under these circumstances, they became nocturnal. However,
this is not a practical solution for most night shift workers [59].

Many individuals, and night shift workers, in particular,
experience chronic sleep deprivation and circadian rhythmdis-
ruption [60], and there is increasing evidence that such
problems act together to alter the release of corticosteroids (cor-
tisol) regulated by the hypothalamic-pituitary-adrenal (HPA)
axis. Cortisol release starts with the stimulation of the pituitary
gland to release adrenocorticotropin (ACTH) into the blood.
ACTH reaches the adrenal gland and stimulates the adrenal
cortex to release glucocorticoids (corticosteroids). ACTH
release is under circadian control, resulting in high levels of cor-
tisol being secreted just prior and during the active part of the
day, with lower levels of release towards evening and sleep. In
addition to this 24 h variation, there is an ultradian rhythm of
ACTH release that drives pulses of cortisol secretion from the
adrenal cortex. Under normal circumstances, the circadian
and pulsatile release of cortisol helps regulate and ‘fine-tune’
metabolic and immune responses to the varied demands of
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towards the end of the night. During sleep most humans experience 4–5 cycles of NREM/REM sleep and, without the influence of an alarm clock, we wake naturally
from REM sleep [42].

Table 1. Self-assessments of sleep-need. There is considerable individual
variation in sleep duration and timing. As a result, it is important for
individuals to define their own sleep needs using some or all of the criteria
listed here. Once sleep-need is established, then sleep timing and duration
should be defended by altered behaviours.

inadequate sleep is suggested if some/all of the following are
experienced

are dependent upon an alarm clock, or another person, to get you out

of bed

over sleep extensively (get up late) on free days

take a long time to wake up and feel alert

feel sleepy and irritable during the day

feel you need a mid-afternoon nap to function adequately

are unable to concentrate and exhibit overly impulsive behaviours

crave caffeinated and sugar-rich drinks

receive advice from family, friends, work colleagues that your

behaviour has changed, specifically you are more irritable, lack

empathy in social situations, and are less reflective (disinhibited)

experience increased worry, anxiety, mood swings and depression
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activity and sleep [61]. Under conditions of sleep disruption
(and other stressors), the HPA is activated acutely resulting
in elevated levels of ACTH which then drives high levels
of cortisol.

In addition to the elevation of cortisol, sleep deprivation
activates the sympatho-adreno-medullary (SAM) drive,
which, via the sympathetic nervous system, stimulates the
release of catecholamines (primarily epinephrine/adrenaline)
from the adrenal medulla. Chronically elevated cortisol and
adrenaline together drive a wide-spread stress response that
if sustained will mobilize and release glucose into the blood-
stream while reducing insulin release; increase heart rate and
blood pressure; suppress the immune response; slowdigestion;
limit tissue repair, and can reduce memory consolidation
and cognitive function [62]. If sustained, such physiological
changes promote poor health and an increased difficulty
coping with life (figure 5). The abnormal HPA secretory
activity seen in shift workers and chronic insomniacs can be
replicated in laboratory studies. For example, in one study,
healthy young males were only allowed to sleep 4 h over six
consecutive nights. This resulted in increased levels of cortisol
in the afternoon and early evening and the rate of decrease
of free cortisol in saliva was approximately six times slower
in sleep-restricted individuals compared to rested controls
[63,64]. Furthermore, chronic short sleepers have higher
levels of cortisol compared to normal sleepers [65].

In addition to the activation of the HPA and SAM arms of
the stress response, chronic sleep disruption gives rise to slee-
piness and fatigue that can precipitate psychosocial stress
[66]. Under these circumstances, an individual will experience
an imbalance between the demands placed upon them and
their perceived inability to manage these demands. This
impaired ability to cope with the demands of life acts as an
additional stressor to augment the activation of the HPA and
SAM stress responses, and can lead directly to behavioural
changes including frustration and low self-esteem, increased
worry, anxiety and depression. Such behaviours promote
further sleep loss and fatigue [67]. The relationships and
consequences associated with sleep disruption, the chronic
release of cortisol and adrenaline and psychosocial stress are
summarized in figure 5.
5. The varied impacts and consequences of
sleep disruption

The complexity of sleep generation and regulation (figures 3
and 4) renders this behavioural state very vulnerable to sleep
and circadian rhythm disruption (SCRD) from multiple
causes. For clarification, the term ‘SCRD’ is used as an



chronic sleep disruption

physiological
stress

activation

psychosocial
stress

activation

increased 
worry

frustration
and low self esteem

emotional, cognitive and 
physiological pathologies

(table 2)

sleep loss and
fatigue

anxiety and
depression

impaired memory
and cognition

elevated cortisol and
adrenaline

immune
impairment

overall
poor health

cardiovascular
stress

metabolic
abnormalities

difficulty coping
with daily life

Figure 5. The impact of chronic sleep disruption and reduced sleep on the promotion and interaction of physiological stress via the hypothalamic-pituitary-adrenal
(HPA) and sympatho-adreno-medullary (SAM) axes and psychosocial stress whereby sleep loss and fatigue result in an imbalance between the demands placed upon
an individual and an inability of the individual to manage these demands. Ultimately, the combined and interlocking effects of physiological and psychosocial stress
lead to emotional, cognitive and physiological pathologies (table 2).
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‘umbrella term’ in this review to refer to any form of sleep or
circadian disruption, and does not distinguish between cause
and effect. Thus, insufficient sleep arising from lack of oppor-
tunity and sleep loss due to disease would both be examples
of SCRD. The term SCRD encompasses problems with the
quality, timing and amount of sleep, and includes the 83
types of disorder included in the International Classification of
Sleep Disorders (ICSD) 3rd edition [68]. The ICSD divides
sleep disorders into seven main categories: (i) Insomnia (diffi-
culty falling asleep or staying asleep); (ii) Sleep-related
breathing disorders (e.g. obstructive sleep apnoea); (iii) Central
disorders of hypersomnolence (e.g. Narcolepsy); (iv) Circadian
rhythm sleep–wake disorders, illustrated in figure 6); (v) Para-
somnias (e.g. sleep walking and night terrors); (vi) Sleep-
related movement disorders (e.g. restless legs syndrome);
(vii) Other sleep disorders, which do not fulfil the criteria
of the other six classifications. Some of the consequences of
these seven categories are illustrated in figure 6.

As illustrated in figure 5, a major driver of SCRD arises
from chronic stress resulting from physiological and/or psy-
chosocial factors. However, there are multiple additional and
interlinked drivers of SCRD. These relationships are illustrated
in figure 7. In brief, multiple illnesses, and illness resulting in
pain or other discomfort are a major driver for SCRD [69]. In
addition, the varied problems that arise from the 24/7 society
(extended working hours, reduced sleep, shift work, jet lag—
essentially working against the biological drivers of sleep)
also predispose individuals to SCRD. As illustrated in figure 7,
the net result is circadian rhythm disruption, insomnia and
sleep deprivation and disturbed social behaviours. These
initial impacts can then lead to fatigue (a feeling of lack of
energy and motivation that can be physical, mental or both);
daytime sleepiness (persistent and overwhelming sleepiness
during the day); and psychosocial anxiety (imbalance between
the demands placed upon an individual and their perceived
failure to manage these demands) [70,71]. Fatigue, daytime
sleepiness and psychosocial disruption can precipitate a
global disruption in physiology, important behavioural
changes and the chronic activation of the physiological stress
axis. The short- and long-term consequences in emotional,
cognitive and physiological health are summarized in table 2.
It is important to note that many of these interactions are
bi-directional resulting in a matrix of positive feedback
loops that can reinforce each other and precipitate a major
breakdown in health and overall wellbeing.

As summarized in table 2, chronic SCRD, of the sort experi-
enced by shift workers or other groups experiencing SCRD,
can lead to an increased risk in serious health conditions.
For example, nurses are one of the best-studied groups of
night shift workers and many years of shift work has been
associated with a broad range of health problems including
type II diabetes, gastrointestinal disorders and even breast
and colorectal cancers. Cancer risk increases with the number
of years of shift work, the frequency of rotatingwork schedules,
and the number of hours per week working at night [132]. The
correlations are so strong that shift work is now officially classi-
fied as ‘probably carcinogenic [Group 2A]’ by theWorldHealth
Organization. Other studies of shift workers show increased
heart and stroke problems, obesity and depression (table 2).
A study of over 3000 people in southern France found that
those who had worked some type of extended night shift
work for 10 or more years had much lower overall cognitive
and memory scores than those who had never worked on
the night shift [133]. Similar findings have been shown in
long-haul airline pilots and aircrew [134,135].

SCRD also impairs glucose regulation and metabolism.
Under laboratory conditions, sleep restriction in healthy
young men led to signs of insulin resistance, which can ulti-
mately lead to type II diabetes. Two gut hormones, leptin
and ghrelin, seem to play a key role in this process. Leptin is



delayed sleep

weekend

weekend

insomnia

weekend

weekend

time of day
9 15 23 7 1319

normal sleep

weekend

weekend

weekend

weekend

free-running sleep

weekend

weekend

time of day
9 15 23 7 1319

weekend

weekend

irregular/fragmented sleepadvanced sleep

Figure 6. Illustration of altered sleep patterns arising from multiple causes. Filled horizontal bars represent periods of sleep on consecutive work days and at the
weekend. Advanced sleep phase disorder (ASPD) is characterized by difficulty staying awake in the evening and difficulty staying asleep in the early morning.
Typically, individuals go to bed and rise about 3 or more hours earlier than the societal norm; delayed sleep phase disorder (DSPD) is characterized by 3 h
delay or more in sleep onset and offset. This often leads to greatly reduced sleep duration during the working week and extended sleep on free days. ASPD
and DSPD can be considered as pathological extremes of morning (lark) or evening (owl) preferences. It is important to stress that ASPD and DSPD are not
merely shifted sleep/wake patterns, but conditions that cause distress or impairment because they conflict with the schedules demanded by societal pressures
or personal preferences; Free-running or non-24-h sleep/wake disorder describes a condition where an individual’s sleep occurs later and later each day. This
has been observed in individuals with complete eye loss or other conditions such as schizophrenia; irregular or completely fragmented sleep is typically observed
in individuals who lack a circadian clock. Note: ASPD, DSPS, free-running and irregular sleep/wake patterns are most often, but not exclusively, linked to circadian
rhythm abnormalities. Insomnia can be used to describe both a symptom or a disorder, and if a disorder describes a condition that leads to difficulty falling asleep
or staying asleep, even when a person has the chance to do so. Insomnia is frequently associated with reduced sleep (hyposomnia) and can arise from multiple
causes [68].
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produced by fat cells and is a signal of satiety; ghrelin is
produced by the stomach and signals hunger, particularly for
sugars. Together, these hormones regulate hunger and appe-
tite. Restricting the sleep time of healthy young men under
laboratory conditions for 7 days caused their leptin levels to
fall (approx. 17%) and their ghrelin levels to rise (approx.
28%), and increased their appetite, especially for fatty and
sugary foods (increased by 35–40%) [63]. Such a SCRD-
induced distortion of appetite may be the explanation why
shift workers have a higher risk of weight gain, obesity and
type II diabetes. Significantly, night shift workers have elevated
levels of the stress hormone cortisol, which has also been
shown to suppress the action of insulin and raise blood glucose
[64]. At another level, there is also a striking association
between SCRD and smoking. For example, independent of
social background and region, the number of smokers in the
population increases with higher levels of SCRD [136]. Further,
the consumption of alcohol and caffeine increases with SCRD
[136]. Finally, and based upon the scores from the Beck
Depression Inventory [137], the tendency towards depression
increases when work times are not compatible with circadian
sleep times [138], which leads to the next topic.
6. The special case of sleep disruption in
mental illness

SCRD is a common co-morbidity in numerous psychiatric dis-
orders [139]. Most studies have focused upon mood disorders,
especially unipolar depression and seasonal affective disorder,
yet SCRD is also prominent in the more severe, psychotic dis-
orders such as schizophrenia [140,141]. Interestingly, such
links between schizophrenia and abnormal sleep pre-date
observations in mood disorders, and were first described in
the late nineteenth century by the German psychiatrist Emil
Kraepelin [142]. Today, clinical levels of insomnia are reported



illness, pain, stress,
24/7 society

disturbed
social

patterns

insomnia and
sleep

deprivation

disrupted
circadian
rhythms

behavioural changes
(e.g. stimulants, sedatives use)

physiological 
stress

disrupted 
physiology

psychosocial
anxiety

fatigue daytime sleepiness

short-and long-term consequences in 
emotional, cognitive and physiological health

see table 2

+

+

Figure 7. The drivers of emotional, cognitive and physiological poor health. Factors such as Illness, illness resulting in pain, stressful situations and/or the impact of
shift work and the 24/7 society can all lead to disrupted circadian rhythms, insomnia, sleep deprivation and abnormal patterns in social behaviour. Collectively these
problems can give rise to fatigue, daytime sleepiness and psychosocial anxiety arising from altered patterns of social interaction. These altered behaviours will, in
turn, disrupt physiology (e.g. metabolic abnormalities), drive abnormal patterns of behaviour ( promote the use of stimulants and sedatives) and stimulate phys-
iological stress (chronic release of cortisol and adrenaline). Collectively, this cascade of events underpins short- and long-term somatic and mental illness (table 2).
Furthermore, it is important to appreciate that many of these interactions are bi-directional, acting to reinforce each other via multiple positive feedback loops.

Table 2. The impact of chronic sleep and circadian rhythm disruption (SCRD) upon human emotional responses, cognition, physiology and health. Such associations
have long been a concern for shift workers, who suffer from extreme forms of SCRD. Citations: fluctuations in mood [72–75], depression and psychosis [76–79],
anxiety, irritability, loss of empathy, frustration [80–82], risk-taking and impulsivity [83–86], negative salience [87], stimulant, sedative and alcohol abuse [88–92],
illegal drug use [93]; impaired cognitive performance and the ability to multi-task [94–96], memory, attention and concentration [97–100], communication and
decision-making [90,101–104], creativity and productivity [105–108], motor performance [96,109], dissociation/detachment [110,111]; day time sleepiness, micro-
sleeps, unintended sleep [112–115], altered stress response [116,117], altered sensory thresholds [118–120], impaired immunity and infection [121,122], cancer
[123–125], metabolic abnormalities and diabetes II [63,126–129], cardiovascular disease [129–131].

emotional cognitive physiology and health

increased impaired increased risk

fluctuations in mood cognitive performance day time sleepiness

irritability ability to multi-task micro-sleeps

anxiety memory cardiovascular disease

loss of empathy attention altered stress response

frustration concentration altered sensory thresholds

risk-taking and impulsivity communication infection, lowered immunity

negative salience decision-making cancer

stimulant use (caffeine) creativity and productivity metabolic abnormalities

sedative use (alcohol) motor performance diabetes II

illegal drug use dissociation/detachment depression and psychosis

royalsocietypublishing.org/journal/rsfs
Interface

Focus
10:20190098

9

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

13
 J

un
e 

20
22

 

in more than 80% of patients with schizophrenia, and SCRD is
increasingly recognized as one of the most common features of
the disorder [143]. SCRD in schizophrenia is very variable, and
the abnormal sleep/wake patterns illustrated in figure 6 have
all been noted [142–147]. Importantly, schizophrenia patients
with SCRD score badly on many quality-of-life clinical sub-
scales, highlighting the human cost of SCRD [143,148,149],
and, significantly, schizophrenia patients often comment that
an improvement in sleep is one of their highest priorities
during treatment [150]. It is also becoming clear that SCRD
impacts upon the onset, outcome and relapse of mental illness
[151–153]. These findings suggested that there are causal
relationships between SCRD and psychoses, perhapsmediated
via common (or overlapping) mechanisms [154].



SCRDmental
illness

common
overlapping

neurotransmitter
and brain
circuits

psychosocial and physiological stress
and the impact of medication

(figures 5 and 7)

short-and long-term consequences
in emotional, cognitive and

physiological health
(table 2)

D (Delta)b
+

+ a

Figure 8. Diagram illustrating the possible relationship between mental
illness and sleep and circadian rhythm disruption (SCRD). The diagram
illustrates the hypothesis that mental illness and SCRD share common and
overlapping pathways within the brain. As a result, an altered pattern of
neurotransmitter release (shown as Δ Delta) that predispose an individual
to mental illness will result in a parallel impact upon the sleep/circadian
systems. Disruption of sleep (shown as α) will, likewise, impact upon
multiple aspects of brain function with both short- and long-term conse-
quences in emotional, cognitive and physiological health ( figures 5 and 7;
and table 2), and in the young may even have developmental consequences.
The consequences of mental illness (shown as β), giving rise to psychosocial
(e.g. social isolation) and physiological stress ( figures 5 and 7), along with
the impact of medication, will impinge upon the sleep and circadian systems.
A positive feedback loop could rapidly be established whereby a small change
in neurotransmitter release could be amplified via positive feedback loops
into more pronounced SCRD and poorer mental health.
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The association of mental illness in general and SCRD has
until recently been considered to arise from exogenous factors
including social isolation, antipsychotic medication and/or
activation of the stress axis [139]. Such a linear explana-
tion between psychosis and SCRD now appears to be overly
simplistic. For example, our studies have addressed this
association by examining SCRD in patients with schizophrenia
and comparing these individuals with unemployed control
subjects [141]. The results demonstrated that severe SCRD
exists in schizophrenia and persists independently of anti-
psychotic medication. Further, sleep disruption cannot be
explained on the basis of lack of employment as unemployed
individuals show remarkably stable sleep/wake patterns
[141]. These results are consistent with an alternative hypo-
thesis, which suggests that psychoses and SCRD may share
common and overlapping mechanistic pathways [154].
As discussed above, the sleep and circadian timing system is
the product of a complex interaction between multiple genes,
brain regions, neurotransmitters and modulatory hormones
(figures 2 and 3). As a consequence, abnormalities in any
of the underlying neurotransmitter systems that predispose
individuals to mental illness would almost certainly impinge
upon the sleep/circadian timing systems at some level. Simi-
larly, psychosis involves several distributed brain circuits,
affecting a range of neurotransmitter systems, many of which
overlap with those underlying sleep and circadian rhythm
generation [154]. Viewed in this context, it is no surprise that
SCRD is common in psychoses, or that SCRD will, in turn,
have wide-spread effects, ranging across many aspects of the
neural and neuroendocrine function as outlined in table 2.
Significantly, many of the pathologies caused by SCRD
(table 2) are reported routinely as co-morbid with neuro-
psychiatric illness but are rarely linked to the disruption of
sleep. Furthermore, the consequences of SCRD result in abnor-
mal (reduced) light exposure and atypical patterns of social
behaviour (figure 7), closing a vicious cycle to further destabi-
lize sleep/circadian physiology [155,156]. The common and
overlapping mechanisms of psychosis and SCRD are illus-
trated in figure 8. Critically, these relationships explain how
relatively small changes in either the impact of SCRD or
mental illness will be amplified by physiological feedbacks to
increase an individual’s vulnerability to neuropsychiatric
illness and co-morbid health problems.

The conceptual framework outlined in figure 8 allows four
explicit predictions, all of which can be strongly supported by
recent findings. Specifically, (i) genes linked to mental illness
will play a role in sleep and circadian rhythm generation and
regulation [154,157]; (ii) genes that generate and regulate
sleep and circadian rhythms will play a role in mental health
and illness [154]; (iii) that SCRD will precede mental illness
under some circumstances [157]; (iv) that SCRD amelioration
will have a positive impact uponmental illness. For this predic-
tion, it is worth mentioning one recent publication. In this
study, the aim was to determine whether treating insomnia
would reduce levels of paranoia and hallucinations in univer-
sity students with insomnia. The trial involved a randomized
controlled trial at 26 UK universities, and students with insom-
nia were randomly assigned to receive either digital cognitive
behavioural therapy for insomnia (CBTi) (n = 1891) or no inter-
vention (n = 1864). The primary outcome measures were for
insomnia, paranoia and hallucinatory experiences. The results
showed that a reduction in insomnia, by using CBTi, was
correlated with a highly significant reduction in paranoia
and hallucinations over the study period. The study concluded
that insomnia is a causal factor in the occurrence of psychotic
experiences and other mental health problems [158]. These
findings are highly significant as they show that treatments
for SCRD represent a potentially newandpowerful therapeutic
target for the reduction of symptoms in mental illness
(figure 8).
7. Potential actions as an individual and as
an employer

Based upon the findings summarized above, we can legiti-
mately ask the question: ‘what evidence-based approaches
can be used to mitigate the causes and consequences of
SCRD, both as individuals and as employers?’ Some possible
actions are summarized in tables 3 and 4, and discussed below.
7.1. Actions as an individual
As outlined in table 3, there are a range of relatively simple
actions that individuals can undertake to help improve insom-
nia. Such interventions fall under the general term of ‘cognitive
behavioural therapy for insomnia’ or CBTi, which aims to con-
trol the environment and the behaviours that precede sleep.
Key aspects of CBTi are considered below and are targeted at
four different times:



Table 3. Individual actions to achieve better sleep. Actions that can be undertaken during the day, before going to bed, in the bedroom (sleeping space) and
in bed to help improve sleep. Such approaches, either alone or in parallel with clinically directed cognitive behavioural therapy for insomnia (CBTi), can lead to
a marked improvement in sleep.

during the day before bed the bedroom in bed

for most individuals, get as much

natural morning light as possible;

the timed use of light boxes can

also help regulate sleep

reduce light levels approximately

30 min before bedtime

not too warm (18–22°C) try to keep a routine—go to bed

and get up at the same time

each day

if you nap ensure it is no longer than

20 min and not within 6 h of

bedtime

stop using electronic devices

approximately 30 min before

bedtime

keep it quiet, or use

‘white noise’ or a

relaxing sound such

as the sea

ensure the bed is large enough

with a good mattress and

pillows

exercise—but not too close to

bedtime

ideally avoid prescription sedatives keep it dark; use black-

out curtains

keep bedside lights low

concentrate food intake to the first

and middle parts of the day

do not use alcohol, antihistamines

or other peoples’ sedatives

remove TV, computers/

tablets, smartphones

consider using relaxing oils

(e.g. lavender)

avoid excessive consumption of

caffeine-rich drinks especially in

the afternoon

avoid the discussion or

consideration of stressful topics

immediately before bed

do not ‘clock watch’—

consider removing an

illuminated clock

ear plugs—if your partner snores;

ensure snoring is not due to

sleep apnoea

make time to step back from stressful

situations—do not let stress

accumulate

adopt behaviours that relax you,

listening to music, reading,

mindfulness or a relaxing bath

can be useful

do not obsess about

sleep apps

if you wake stay calm: consider

leaving the bed, keep the lights

low and find a relaxing activity,

then return

above all—define what works best for you and stick to your routine

Table 4. SCRD-induced employee issue and potential employer responses. On the basis of existing information, employers should establish ‘best practice’
approaches to mitigate some of the inevitable consequences of SRCD in the workplace (table 2). However, it must be emphasized that as a society we have to
acknowledge that shift work and patterns of employment that disrupt sleep are detrimental to health, and that currently there is no way of eliminating
completely the health problems listed in table 2.

SCRD-induced employee issue employer response

after extended periods of work or night shifts, loss of vigilance

and micro-sleeps at work and/or the drive home

provide vigilance devices in the workplace and for the drive home which alert an

individual that they are falling asleep, provide transport (e.g. Taxis) following the

night shift for the commute home

loss of vigilance and tiredness in the workplace provide sufficiently bright light to increase alertness

poor physical and mental health higher frequency health-checks to detect problems early and institute interventions

to prevent chronic conditions

obesity, diabetes II, metabolic abnormalities appropriate food/nutrition; reduce the high-fat, high-sugar diet available and replace

with small protein-rich and easy to digest snacks

failure to appreciate the consequences of shortened sleep and

night shift work by the employee and family

develop educational materials for the employee and family explaining the impact

and consequences of sleep loss

anxiety over sleep apps, screen and computer use, and

confused recommendations regarding sleep education

develop educational materials and advice regarding best sleep practice

varied ability to cope with morning versus evening versus

night shift schedules

chronotype individuals in an attempt to accommodate preferred sleep/wake patterns

for the allocation of timed patterns of work
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(i)During the day. Individuals should get as much morning
natural light as possible, as this has been shown to advance the
circadian clock [159]. An earlier bedtime results in extended
sleep. Note that a minority of individuals who are very early
chronotypes, who go to bed and get up very early, might
benefit from late afternoon/evening light exposure which
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would delay the clock and align themmore closely to the rest of
the population; in the absence of natural light, timed light
exposure using a light box has also been shown to be helpful
for some sleep/wake timing problems [160]; if there is a need
to nap, the nap should be approximately 20 min as recovery
from longer naps can lead to sleep inertia (impaired cognitive
and sensory-motor performance) [161]. In addition, naps close
to bedtime (within approx. 6 h) will act to reduce the homeo-
static drive for sleep (figure 4), and this will delay sleep onset
[161]; exercising close to bedtime will elevate core body temp-
erature and this may delay sleep onset in some people,
particularly if the exercise is very vigorous [162]. The delayed
sleep may be linked to the fact that sleep initiation seems to
involve/require a small reduction in core temperature [163],
and exercise may override this circadian driven change in
body temperature; feeding during the latter part of the day
has been shown to predispose individuals to weight gain and
increased susceptibility tometabolic abnormalities such as dia-
betes II [164]. Weight gain can predispose to obstructive sleep
apnoea where the walls of the throat relax and narrow during
sleep, interrupting normal breathing [165]. If untreated this can
lead to multiple health issues. For example, obesity, diabetes
and other sleep difficulties, such as restless legs syndrome
[166]. In addition, digestive processes (e.g. gut mobility, release
of digestive enzymes) are reduced towards the evening. If the
major meal of the day is prior to bedtime, this can predispose
individuals to digestive health problems such as excessive
stomach acid production and a greater risk of stomach ulcers
[167]; caffeine can have a major alerting effect on the brain as
it blocks the receptors in the brain that respond to adenosine
which provides one of the homeostatic drivers for sleep
(figure 4). There is considerable individual variability in
responses to caffeine, depending on body weight, pregnancy
status, medication, liver health and caffeine exposure, but in
healthy adults, the half-life is approximately 5–6 h (the time
required to reduce caffeine to half of its initial value). As a
result, a strong coffee or tea in the afternoon could delay
sleep onset [168]; short-term emotional stress is also a very
powerful agent for the disruption of sleep (figure 7) [169]. As
a result, try to resolve stressful situations during the day.

(ii) Before bed. Light can have an alerting effect upon con-
sciousness and lead to delayed sleep onset [170]. As a result,
reducing light exposure 30 min prior to bed may be useful
physiologically (reducing alertness) and perhaps psychologi-
cally as part of a routine of ‘sleep preparation’. There has also
been extensive and a somewhat confusing discussion regard-
ing the impact of light intensity and wavelength prior to
bedtime on shifting the circadian system. The light around
dusk and in the evening will delay the circadian system;
while light in the morning will advance the circadian system.
This fact has been used to support the argument that computer
or smartphone use prior to bedtime will disrupt sleep/wake
timing, thus promoting later sleep times. Further, the software
has been developed to shift the colour spectrum of computer
screens, lowering the blue light content and so reducing the
activation of the ‘blue light sensitive’ pRGCs (figure 1). While
this is logical, the impact of different colours of light on alert-
ness is complex [171], and the extent to which the light from
screens before bedtime represents a significant problem
remains unresolved. For example, one recent study compared
the impact of reading a light-emitting ebook (LE-eBook)
versus reading from a printed book for 4 h prior to bedtime.
The light intensity of the LE-eBook was on the maximum
setting (approx. 31 lux), while the light reflected off the page
of the printed book was approximately 0.9 lux. The results
showed that LE-eBook use delayed sleep onset by less than
10 min compared to reading the print book. Although the
resultswere statistically significant, a delay of 10 min is not par-
ticularly noteworthy [172]. In summary, while it is probably
sensible to minimize light exposure prior to bedtime to
reduce levels of alertness, and to prepare psychologically for
bed, the impact of light from digital devices needs further
investigation. Although the physiological impact of light
exposure from screen use remains unresolved, technology-
related behaviours (games, computer or phone use) does
impact negatively on sleep and daytime function, and is a par-
ticular problem for teenagers [173]. The use of prescription
sedatives to aid sleep can be useful in the short-term to
adjust sleep, but long-term use, particularly in night shift
workers, can cause problems because of side-effects. For
example, the chronic use of benzodiazepines (e.g. Xanax,
Valium, Ativan and Librium), which are anti-anxiety medi-
cations and increase drowsiness, are potentially addictive
and can lead to impaired memory consolidation and reduced
attention during the day [174]. Non-prescription sedatives
such as alcohol and antihistamines (e.g. diphenhydramine
and doxylamine) should be avoided, as the side-effects can
severely impact upon health and daytime functioning [175].
It is important to avoid the discussion or consideration of
stressful topics immediately before bed. The acute elevation
of cortisol and adrenaline will increase alertness and delay
sleep (figure 5); a relaxing behaviour, such as a bath or
shower, or warming the hands and feet [176], can be useful
as it may promote peripheral vasodilation, and the lowering
of core body temperature which can help sleep initiation.
In addition, a bath can be part of a bedtime routine that
psychologically prepares you for sleep.

(iii) The bedroom. Making the bedroom or sleeping space
suitable for sleep is a much overlooked yet critical part of get-
ting satisfactory sleep. If the bedroom is too warm, this will
affect the ability to lower core body temperature, and hence
delay sleep onset. Ideally, the bedroom should promote sleep
by minimizing distractions and stimuli that alert the individ-
ual. The sleeping space should be quiet and dark, and
devices such as televisions, computers, smartphones should
be removed. Smartphones are now used routinely as alarm
clocks, and so removing them from the sleeping space can be
problematic. However, if the phone is a distraction, then it
should be replaced by an alarm clock; but this is also not
straightforward. Many individuals ‘clock watch’ and get
anxious about the amount of time left available for sleep and
constantly check and re-check the alarm clock generating
more anxiety [177]. Under these circumstances, the alarm set-
ting can be used, but the face of the clock should be covered.
Sleep apps can be useful in providing a quantitative measure
for sleep duration, and in this regard,most are reasonably accu-
rate. By contrast, measures of REM versus non-REM or even
‘deep sleep’ are more difficult to assess from the currently
available devices, and may even be profoundly misleading.
In theory, such monitoring systems could be useful in record-
ing that a change in behaviour (table 3) has translated into
improved sleep. But because most of the commercial apps
available fail to provide an accurate measure of overall sleep,
individuals can become anxious if their device inaccurately
reports ‘insufficient restful sleep’ or ‘low levels of REM
sleep’. The lack of validation or FDA approval of the currently
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available devices is an additional concern, and it is worth
noting that very few sleep apps have been endorsed by the
sleep academies or sleep specialists [178]. As a result, it
would be wise not to take sleep apps too seriously.

(iv) In bed. Keeping a good bedtime routine of getting-up
and going to bed at the same time, and importantly, at a time
that is optimal for sleep-need, has been shown to be important
for maintaining good sleep [179]. Such a schedule reinforces
the exposure to environmental zeitgebers, especially light
and food, which act to entrain the circadian system and stabil-
ize the sleep/wake cycle. Individuals who are ‘natural long
sleepers’, needing 9 h or more of sleep each night, may not
be able to achieve sufficient sleep during the working week,
and it remains unclear whether these individuals might benefit
from oversleeping on free days. A good mattress, pillows and
bedding make intuitive sense for good sleep, but surprisingly,
strong empirical evidence for mattress quality is lacking [180].
Bedside lights should be bright enough for reading, but kept as
low as possible to reduce alertness. Relaxing oils are often pro-
posed to help improve sleep. However, the evidence-base is
largely absent [181], and any effects could well be placebo.
Further research is needed, but for some individuals relaxing
oils do anecdotally improve sleep. Perhaps because the associ-
ation of a distinctive ‘conditioning’ smell, such as lavender, can
be part of a bedtime routine that psychologically prepares indi-
viduals for sleep. Ear plugs can help if a sleeping partner
snores, or if there is external noise [182]. If a partner’s snoring
becomes too disruptive, then an alternative sleeping space
should be identified [183]. Waking at night can occur for mul-
tiple reasons, and need not mean the end of sleep. Under such
circumstances, it is important not to activate stress responses
by remaining in bed and becoming increasingly frustrated by
the failure to sleep. Some individuals find it useful to leave
the bed, keep the lights low and engage in a relaxing activity
such as reading or listening to music. Significantly, and
as mentioned above, a single period of consolidated sleep
(monophasic sleep) may not be the ‘universal state of sleep’,
and could represent an artefact of a shortened night, and
greatly compressed sleep. Biphasic sleep (sleeping during
two periods interrupted by wake) or polyphasic sleep (mul-
tiple sleep/wake episodes) is the normal situation for most
animals, and may have been for humans before the Industrial
Revolution [184–186]. Although there is no universal agree-
ment [187], the original concept that the natural state of
human sleep is polyphasic was partly developed based upon
human historical research [188,189], and therefore provides a
good example of how historical studies can inform contempor-
ary science. Indeed, laboratory-based studies subsequently
supported the idea that human sleep is polyphasic [45,190].
This raises the important point, that if the natural state of
human sleep is indeed polyphasic, then we need to re-think
our interpretation of ‘disrupted sleep’ at night. Collectively,
the data emerging suggest that if an individual wakes at
night, then sleep is likely to return, if sleep is not sacrificed to
social media and/or other alerting behaviours.

In table 3, different forms of CBTi are listed that have been
used to help improve sleep. Nevertheless, it is important to
stress that there is remarkable variation in sleep duration,
timing and structure, not only between individuals but
also within the same individual across the lifespan. This
means that the individual has to identify what works best
for them, and then defend those behaviours that promote
optimal sleep.
7.2. Actions as an employer
In parallel with individual actions and CBTi, employers
could implement measures in the workplace to help address
some problems arising from SCRD. Potential employer
responses are summarized in table 4.

Outlined in table 4 are some actions that employers could
undertake to improve employee safety, health and welfare
arising from work-related SCRD. For example, night shift
work and extended working is associated with the loss of
vigilance and a high frequency of micro-sleeps, and this can
be dangerous both in the working environment and on the
commute home (table 2). Driver fatigue has long been recog-
nized as a major cause of road accidents [191]. A recent study
showed that 57% of junior doctors had either had a motor
vehicle crash or near miss after working on the night shift
[192]. For this reason, some hospitals provide taxis for staff
to get them home after the night shift. For many years, the
rail industry has used some form of ‘Dead Man’s Switch’
or Driver Safety Device to alert the driver that they have
lost vigilance or fallen asleep, but such preventative measures
have not been widely adopted in either domestic or commer-
cial motor vehicles until recently. Part of the problem has
been the lack of availability of non-invasive Driver Drowsi-
ness Detection technology. However, in recent years a range
of devices including, Steering pattern monitoring; Vehicle
position in lane monitoring; and Driver eye/face monitoring
to detect drowsiness have been developed and commercia-
lized [193]. Employers could make such devices available to
employees who are at risk of fatigue or who undertake shift-
work and then commute home in their own vehicle. Perhaps
the reason why some employers have not supplied such
devices is that this might be seen as an admission of liability.
However, not to do so could also constitute a failure of ‘duty
of care’ by an employer, with serious legal consequences.

Loss of vigilance in the workplace could be improved by
illuminating the working environment with light sufficiently
bright to promote alertness. Although increasing light levels
to the 1000 lux range seems to be useful, more studies are
needed to define precisely when and how much light is
needed in different settings [194]; as long-term sleep loss
and night shift work are associated with a range of physical
and mental health problems (table 2), employers could offer
higher frequency health-checks for those at-risk individuals
to detect problems early so that the appropriate interventions
can be implemented to prevent chronic health conditions
developing. In the same way, knowing that metabolic
abnormalities and cardiovascular diseases have a much
higher prevalence in shift workers and the chronically tired
(table 2), appropriate nutrition could be made available to
help reduce the development of these conditions in the work-
place, combined with educational advice regarding diet
when not at work. Indeed, the development of educational
materials by an independent body, such as the Department
of Health in the UK or equivalent bodies in other countries,
for employees, employee partners and family, explaining the
impact and consequences of sleep loss could be of immense
value in terms of developing coping strategies. Multiple
studies have shown that the divorce rate is higher and that
social interactions are more negative when one partner is
involved in shiftwork [194]. Part of the problemmay be the fail-
ure of the partner to understand some of the negative impacts
upon behaviour as a consequence of shift work or sleep loss.
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Again, the state, working with employers, could provide edu-
cational materials to support employees and those with whom
they share their lives. Finally, there is considerable variation
across the population in terms of chronotype. Studies have
shown that the greater the mismatch between an individual’s
endogenous sleep/wake timing versus the time when an indi-
vidual is required to work (often called social jet lag), the
greater the risk of developing health problems (table 2) [195].
Employers could attempt to match an individual’s chronotype
to specific work schedules. Put simply, the ‘larks’ would be
better suited to the morning shifts and the ‘owls’ to the night
shifts. Clearly, this is not the complete solution to shift work,
but it could mitigate some of the significant problems of
working against internal time.
erface
Focus

10:20190098
8. Conclusion
This review has considered the biology of sleep and circadian
rhythms, some of the consequences of disrupting these
rhythms as a result of disease or societal pressures, and has out-
lined approaches to help mitigate a few of the problems
associated with SCRD. It is disconcerting that although there
has been a major increase in our understanding of the impor-
tance of sleep and of the consequences of sleep disruption,
and a realization that SCRD dominates the lives of millions
of individuals in both the developed and developing nations,
there has not been commensurate action to deal with the
problems. At an organizational level, we are not training our
healthcare professionals in this critical area of bioscience; gov-
ernments have failed to address the broad issue of sleep health
with appropriate legislation or the development of clear
evidence-based guidelines; and there remains a dearth of
research information to allow government and employers to
provide evidence-based and specific advice to the workforce
regarding how to cope with work-related SCRD. At a broader
level, and at least in the short-term, there is no ‘magic bullet’ for
the impact of shift work or work-related sleep loss. Employers
and employees have to accept that there will always be signifi-
cant health consequences associated with sleep loss, and that
currently, the best we can hope to achieve is a reduction in
the severity of symptoms associated with SCRD. As a result,
society needs to consider very seriously the circumstances
where the consequences of SCRDare justified in theworkplace.
Such decisions must emerge from an evidence-based discus-
sion involving academia, government, industry and above all
the workforce, and hopefully, these discussions will take
place before litigation distorts and derails the debate.
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