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INTRODUCTION

Diet, or the consumption of calories from the external envi-
ronment, is an obligatory task of all metazoans. Yet the
effects of the nutritional environment are not simply a binary
fed/not-fed switch. The type and density of a nutrient source
can have profound secondary effects. In a medical sense, the
dietary components can be considered good or bad, either
preventing or enhancing the onset of disease due to both
caloric load and the presence of auxiliary chemicals that can
be beneficial or toxic to cells and organ systems. However,
from a broader perspective, the dietary composition can also
provide essential information about the state of other attri-
butes of the environment. These factors may have shaped the
life history characteristics and behavioral responses of all
organisms. For instance, the ripeness (amount of sugar) in
fruits can provide seasonality information. The availability
of food may also, directly or indirectly, signal the potential
presence of predators, competitors, or mates.

In this chapter, I will attempt to summarize our current,
albeit limited, understanding of the relationship between
dietary factors, internal disease state, and sleep behavior in
nonhuman animals, with a particular emphasis on the inver-
tebrate model systems where we can leverage the power of
genetics to move forward quickly. I encourage the reader
to investigate several excellent recent reviews on the topic
of sleep in less complicated organisms, particularly the
genetics of sleep in Caenorhabditis elegans and Drosophila

Effects of Disease and Age on Sleep
Effects of Sleep on Feeding and Disease
Summary

References

@ & & N

(Allada & Siegel, 2008; Cirelli, 2009; Crocker & Sehgal,
2010). Given the depth and quality of these reviews, I will
attempt to instead focus specifically on the interconnected
relationship between diet, sleep, and disease and highlight
major areas where more work is desperately needed.

HOW DO WE KNOW THAT THE ANIMAL
IS SLEEPING?

Before we launch into a discussion of how diet affects sleep
in animals vastly different from ourselves, it is important
to consider the characteristics of sleep. How do we know if
an animal is sleeping? This remains a somewhat controver-
sial issue. In 1913, Pieron proposed behavioral criteria that
hold up today, including (1) a typical body posture and site,
(2) a behavioral state of quiescence, (3) an elevated arousal
threshold or reduced responsiveness to external stimuli,
and (4) rapid state reversibility (to distinguish sleep from
coma, injury, or death). Later researchers added the criteria
of a homeostatic response to deprivation and responsive-
ness of the sleep periods to the circadian rhythm (Hendricks
et al., 2000). In humans, electrophysiological correlates of
sleep have become invaluable both to positively distinguish
sleep from quiet wakefulness and to assess the organiza-
tion of sleep stages throughout a period of sleep. How-
ever, one tricky aspect of this analysis is that occasionally
most, but not all, signs of sleep will be present, leading to

Modulation of Sleep by Obesity, Diabetes, Age, and Diet. http://dx.doi.org/10.1016/B978-0-12-420168-2.00001-6

Copyright © 2015 Elsevier Inc. All rights reserved.
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an ambiguous situation that becomes even more unclear
as we assess the impact of environmental variables. As we
shall see, rules are meant to be broken. For instance, the
bullfrog Rana catesbeiana is notable for its daily pattern of
rest with no change in arousal threshold (meeting criteria
1, 2, and 4) (Hobson, 1967). Marine mammals, particularly
dolphins, show electrophysiological correlates of sleep but
these are only unihemispheric (one side of the brain) and
often associated with stereotyped circular motions of the
body (meeting criteria 1 and 4) (Lyamin, Manger, Ridgway,
Mukhametov, & Siegel, 2008). Similarly, three-toed sloths,
some cats, and many birds show electrophysiological cor-
relates of sleep during active waking, and sleep-deprived
humans will also show evidence of “sleep” while behavior-
ally active (Campbell & Tobler, 1984). It seems clear that
a completely rigid set of criteria cannot be applied to all
animals and special consideration must be used when fac-
toring in the relationship between sleep behavior and diet.
Are all of these animals “truly” sleeping? Likely not. From
the perspective of the reductionist, it may not matter or even
be beneficial. The reductionist will study each piece of a
complex behavior in the organism that is most amenable
to study. This approach has been remarkably successful for
seemingly intractable problems such as memory, neuro-
nal excitability, and cell biology and is being increasingly
applied to complex behaviors and social interactions.

DIFFERENT WAYS TO EVALUATE SLEEP

When considering an analysis of the environmental effects on
sleep behavior, it is useful to consider not only the total daily
sleep duration but also other characteristics of the sleep pat-
terns, as these may impact the overall “quality” of the sleep
experience. Some, but not all, of the characteristics may be
affected by the dietary environment and disease state. These
additional characteristics include the organization of the sleep
behavior relative to the circadian day, the transition probabil-
ity either into or out of sleep, the pattern of sleep states, and
the number of sleep periods in the day (pure monophasic
nighttime sleep appears to be a feature unique to simians).
Furthermore, there are environmentally induced periods of
sleep such as the rebound response to prior sleep deprivation
and postprandial slowdowns that can share important char-
acteristics with sleep. When considering the potential harm
caused by disrupted sleep, there is both a concern regarding
the overall long-term health status and the ability to safely
complete waking tasks. For instance, a change in the prob-
ability of falling asleep (as is seen in narcolepsy) may not
alter total daily sleep but would greatly impair safety and
lead to loss of independence in a human. The organization of
sleep states, such as slow wave and paradoxical sleep, within
a given sleep period can also massively impact the quality of
sleep. However, because evidence for the existence of sleep
states in invertebrate model systems is scant (van Alphen,

Yap, Kirszenblat, Kottler, & van Swinderen, 2013; van Swin-
deren, Nitz, & Greenspan, 2004), this chapter will focus on
the analysis of behavioral patterns as indicators of the sleep—
wake relationship.

One very useful broad generalization to consider when
evaluating behavioral patterns is the reciprocal tradeoff
between exploration and exploitation that characterizes
behavior patterns and search strategies across a wide range
of organisms. These alternating states of movement (explo-
ration to seek resources) and relative inactivity (exploita-
tion of the resources in a given area) are the foundation of
reinforcement learning theory. The exploitation phase can
comprise active feeding, mating, or sleeping. In all cases,
there is a behavioral switch that turns off the exploration
drive in order to promote dwelling, with sleeping being a
potential extreme case of the dwelling phase where arousal
is at a minimum. This relationship between exploration
and exploitation is best characterized biochemically in
terms of the “rover” and “sitter” phenotype in Drosophila
larvae, where polymorphisms in a single gene, foraging, a
cyclic guanosine monophosphate (cGMP)-dependent pro-
tein kinase, can tip the balance between the propensity for
exploitation and exploration (Osborne et al., 1997). Given
that activation of the cGMP signaling pathway through
nitric oxide is a potent regulator of sleep behavior and
cardiovascular health in mammals as well, it is likely that
these basic concepts of the exploration/exploitation axis are
retained through evolution and elaborated on to form the
fundamentals of human sleep regulation.

CORRELATIONS BETWEEN ECOLOGICAL
NICHE AND SLEEP BEHAVIOR

Before moving into the world of the model organisms, let
us first consider the lessons of comparative biology. It is
not surprising that the baseline sleep characteristics of an
organism are shaped by its ecological niche. For instance,
the challenges of an aquatic, terrestrial, or arborial domain
will affect the tradeoffs that shape the stereotypical sleep
patterns. Of particular relevance for this review, the correla-
tion between typical diet and sleep duration is interesting.
In general, there is a negative correlation between animal
size and total sleep duration in mammals. However, if we
look more closely, the effect of body size on sleep behav-
ior has an interesting relationship with dietary consump-
tion. For carnivores, there is no relationship between sleep
duration and body size and sleep times are consistently
greater than 8 h per day. However, there is an extreme nega-
tive correlation between body size and average daily sleep
time in herbivores with the largest mammals coming in at
under 4h (Siegel, 2005). What is the reason for this diet-
dependent difference in sleep behavior? Is stress a factor?
While extremely interesting, these questions are unfortu-
nately stubborn to definitively address in wild populations.
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Instead, we will turn to the well-characterized genetic
model organisms, where mechanistic hypotheses can be
tested through a combination of genetic and environmental
manipulations. Among the invertebrates, the leaders in pro-
viding mechanistic insight are C. elegans and Drosophila
melanogaster due largely to the wealth of genetic tools and
automated equipment for assessment. As we will see, C.
elegans sleep is more recently characterized and therefore
has been studied less deeply than that of Drosophila, which
meets all of the criteria for the existence of true sleep.

The fields of behavioral genetics and neurobiology have
recently been obsessed with mapping out the neural circuits
responsible for behavioral states and making broad mecha-
nistic interpretations about the way that organisms can pro-
cess their environment. One reason for this enthusiasm with
circuits is that evidence across widely divergent behavioral
processes seems to indicate that the neuronal control of
behavior and metabolism is largely a property derived from
the action specific circuits rather than a property derived
from the neurochemical state of the brain as a whole. Dif-
ferent molecules and neurotransmitters have widely differ-
ent effects depending on the neurons involved. A classic
example is the role of dopamine in Drosophila appetitive
and aversive behavior depending on the site of activation
(Burke et al., 2012; Liu, Placais, et al., 2012). Thus, both
the “what” and the “where” are important for deeply under-
standing the mechanisms underlying the impact of environ-
mental events on important physiological processes such as
sleep.

EFFECTS OF DIET ON SLEEP

Two types of quiescent periods have been identified in C.
elegans and purported to represent aspects of sleep. The first
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is lethargus, a period of behavioral quiescence and feeding
cessation that marks the transitions between the larval stages
(Raizen et al., 2008). The second is satiety-induced quies-
cence in the adult worm (You, Kim, Raizen, & Avery, 2008).
In order to study this second state, worms are fasted and refed
and a massively diminished movement profile is observed,
coupled with the cessation of pharyngeal pumping behav-
ior. This satiety-induced sleep state depends both on a prior
period of fasting and on the quality of the food delivered after
fasting, with a nutrient-dense food being required to induce
the sleep-like state (Gallagher, Kim, Oldenbroek, Kerr, &
You, 2013). Although the relationship between this satiety-
sleep and true sleep is tenuous (there is no way to separate
it from drowsiness), it offers a valuable opportunity to use
this powerful genetic organism in order to understand the
regulation of behavioral states by conserved molecular path-
ways. Furthermore, because the adult C. elegans has no other
sleep-like state, postprandial sleep can be studied in perhaps
its purest form. The initial forays into genetic dissection have
returned a rough pathway for regulation. A recent report
has implicated the ASI neurons in feeding-induced sleep
(Gallagher et al., 2013) (Figure 1). The ASI neurons are a pair
of bilaterally symmetric multifunctional sensory neurons that
send ciliated dendrites into the amphid organs, a pair of small
external openings near the worm’s mouth, and then extend
into the ring gland, a neuropil that serves as the worm’s brain
and primary secretory center (WormAtlas, 2002-2012).
These neurons are activated by the transition from fasting
to feeding, as measured by calcium imaging. Overall, the
authors used standard genetic disruption in combination with
genetic cell ablation using reconstituted caspases (Chelur &
Chalfie, 2007) to assemble a putative mechanism. They
found an interesting switching mechanism where the RIM
and RIC neurons constitutively release an unknown hunger

FIGURE 1 Regulation of Caenorhabditis elegans
postprandial sleep. A close-up view of the head and
pharynx area shows the RIM and RIC neurons on under
starvation conditions (top) and the release of unknown
locomotion-promoting signals into the circulation. When
food becomes available, the ASI neurons activate (bot-
tom) and release transforming growth factor (TGF)p/
DAF-7, which binds the TGFBR/DAF-1 and promotes
sleep-like quiescence.

T rJv»\
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signal in the absence of food. When food is perceived, the
ASI neuron activates and releases transforming growth fac-
tor (TGF)B/DAF-7. This release suppresses the activity of the
RIM and RIC neurons. cGMP generation and insulin release
are also required, although the location of these signals in
the neuronal circuit remains unclear (You et al., 2008). This
simple circuit, when considered as a “wiring diagram,” can
provide basic insights into how an organism may receive and
process environmental information. Furthermore, because
the biochemical main players have vertebrate homologs that
are regulators of sleep behavior, it is likely that this basic
information will hold true across phyla. In particular, the
relationship between TGFf and sleep behavior in humans is
not well established and awaits follow-up in a mammalian
system. These initial forays have begun to map the regulation
of sleep behavior and we can look forward to genetic screens
that use simple behavioral assays to identify novel regulators
of post-prandial sleep behavior that may also have vertebrate
functional homologs.

The other major invertebrate model system for studying
the effects of the environment on sleep is D. melanogaster.
Here, we are particularly lucky because the genetics and
neuroanatomy of circadian locomotor behavior are excep-
tionally well studied and the genetics of sleep are moving
very rapidly. This organism is increasingly used to model
human disease, and approximately 75% of known disease
genes have homologs in Drosophila (Reiter, Potocki, Chien,
Gribskov, & Bier, 2001). The relationship between food
intake and sleep behavior is less clear, but various pieces
of the puzzle are starting to come together (Figure 2). It is

External
Gustatory perception
Mechanosensation - T~
Internal
Leptin/lUPD2
Fructose

f

FIGURE 2 Regulation of nutrient status in Drosophila. Inputs from
the external environment (gustatory perception, mechanoperception)
and the internal environment (LEPTIN/UPD2, fructose) send infor-
mation to the brain. This information is processed in distinct sites
including (A) the dorsal cryptochrome-positive cells that respond to
starvation, (B) the medial neurosecretory cells that secrete insulin-like
peptides, (C) the fan-shaped body that regulates some aspects of sleep,
(D) the ellipsoid body that contains hunger-regulatory cells, and (E) the
subesophageal ganglion that processes gustatory information.

well known that food deprivation increases activity and pro-
motes foraging in a range of animals, including Drosoph-
ila (Lee & Park, 2004). Keene et al. (2010) demonstrated
that lack of food specifically impairs sleep behavior. They
went on to identify a set of cryptochrome-positive neurons
that had been previously implicated in circadian regulation
of locomotion as being crucial for the regulation of sleep
under nutrient stress conditions. This initial finding has
opened the door for more detailed work on the mechanisms
underlying tradeoffs between the need to seek food and the
need to sleep. More recently, Erion, DiAngelo, Crocker,
and Sehgal (2012) implicated octopamine (the invertebrate
functional analog of norepinephrine) in a circuit regulating
sleep deprivation in an interesting pathway that mechanis-
tically separates fat storage (insulin dependent) and sleep
behavior (insulin independent).

Our laboratory has also addressed the relationship
between nutrient type and density and sleep behavior and
found that modulating either sugar or yeast did not alter
total sleep or its distribution between night and day but that
sugar had a strong ability to regulate the length of sleep
bouts through a mechanism involving gustatory percep-
tion and a second sensory-independent mechanism that
was activated depending on the nutrient density of the food
(Linford, Chan, & Pletcher, 2012). This result indicates that
different nutrients have qualitatively different effects on
sleep behavior and that animals can respond not only to the
availability of food but also to its type and quality in order
to regulate sleep behavior.

To date, there is no clear model in Drosophila for post-
prandial sleep, similar to that in mammals and C. elegans.
There have been additional reports of a very high pro-
tein diet either increasing or suppressing total daily sleep
amount in Drosophila (Catterson et al., 2010; Katewa et al.,
2012) as well as a related Queensland fruit fly (Fanson,
Petterson, & Taylor, 2013). We have since investigated the
situation in more detail and found that the high protein—
induced sleep behavior is most pronounced immediately
following feeding. Interestingly, these results may indicate
that Drosophila, too, is a candidate for the study of post-
prandial sleep.

While the relationship between dietary intake and sleep
is only beginning to emerge in Drosophila, the neurogenet-
ics of feeding and satiety regulation are being well-studied
in other contexts and these may provide important insights
into sleep behavior. Krashes et al. (2009) found a mecha-
nism for the regulation of satiety-induced loss of feeding
motivation that involves Npf (the insect version of neuro-
peptide Y) neuron activation in the absence of food, block-
ing an inhibitory signal from a population of dopaminergic
neurons that feed into the mushroom body, a site of neuro-
nal plasticity and memory storage. This relief from inhibi-
tion mechanism will undoubtedly inform a growing map of
the relationship between external events and internal state.
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Relatedly, Dus, Ai, and Suh (2013) recently found that a set
of neurons in the central complex, the insect equivalent of
the mammalian basal ganglion (Strausfeld & Hirth, 2013),
directly modulates nutrient seeking when in a two-way
choice environment with a nutritious and non-nutritious
food. It is not clear where these neurons receive and send
information, but the authors proposed that these may be
direct glucose sensors.

Additional work has been conducted on the informa-
tion flow into the brain that regulates feeding. It is likely
that some or all of these sensors will regulate sleep as well.
Input from the gustatory sensors on the proboscis (similar
to the tongue) sends information to the subesophageal gan-
glion at the base of the brain where two sets of neurons have
recently been shown to regulate food intake (Flood et al.,
2013; Marella, Mann, & Scott, 2012). Furthermore, Mann,
Gordon, and Scott (2013) provided strong insight into the
neuronal control of behavioral states by noting that feed-
ing is always performed while stationary and by identify-
ing a pair of interneurons that block feeding in response to
the mechanosensory stimuli of locomotion. Feeding is not
only regulated by external sensors, and the mechanisms of
internal nutrient status are beginning to be clarified. A Dro-
sophila homolog of Leptin, unpaired-2, was recently estab-
lished to signal from the fat body (fly adipose tissue) to the
brain to alter insulin release (Rajan & Perrimon, 2012), and
a novel mechanism for sensing fructose in the brain has
been proposed (Miyamoto, Slone, Song, & Amrein, 2012).
Together, this information on the regulation of information
flow into and through the brain will allow us to carefully
dissect the specific neurons and circuits that impinge on
sleep behavior.

EFFECTS OF DISEASE AND AGE ON SLEEP

Very little is known about the effects of metabolic dis-
ease on sleep behavior in Drosophila or C. elegans, likely
due to the early stage of research in characterizing their
potential as disease models. In Drosophila, both genetic
and dietary manipulation can lead to fat accumulation
and an obesity-like state. Overabundance of either dietary
sugar or fat has the potential to cause increased lipid stor-
age, shortened life span, and defective cardiac function
(Birse et al., 2010; Skorupa, Dervisefendic, Zwiener, &
Pletcher, 2008). In the larval stage, dietary sugar produces
a profound insulin resistance phenotype with an elevated
hemolymph (insect blood) glucose that is extremely toxic
to the organism (Musselman et al., 2011). In the adult, the
effects of dietary sugar on insulin resistance are more sub-
tle and potentially limited to females (Linford et al., 2012;
Na et al., 2013). As for genetic models of altered fat accu-
mulation, there is scant information on the relationship
with sleep behavior to date. Thimgan, Suzuki, Seugnet,
Gottschalk, and Shaw (2010) attempted to address this

issue by altering lipid storage genes and determining the
effect on sleep deprivation responses. Mutation of one fat
storage gene, the perilipin homolog Lsd2, was able to block
the negative effects of sleep loss, although it remains to be
seen whether alterations in fat storage universally impact
the response to sleep deprivation. Insulin production in the
fly can be manipulated by disruption of the sites of pro-
duction, termed medial neurosecretory cells, which are a
set of neurons extending from the brain to release peptides
and transmitters into the hemolymph near the heart. This
cell cluster is thought to be homologous to the mammalian
hypothalamus. These insulin-producing cells release three
of the eight Drosophila insulin-like peptides. Ablation of
the secretory cells by expression of the proapoptotic gene
reaper leads to extended life span, altered size and fecun-
dity, and reduced total daily sleep in a diet-dependent
manner (Broughton et al., 2010). These and other models
for diabetes and metabolic disease will likely help us dis-
sociate the relationship between the disease state and the
secondary characteristics, such as disrupted sleep behav-
ior, that in humans may accelerate or exacerbate negative
health.

The regulation of immunity is an active area of
research in Drosophila. Insects have a primitive form of
innate immunity that shares many commonalities with
human innate immunity. The stress induced by pathogen
load appears to suppress sleep (Shirasu-Hiza, Dionne,
Pham, Ayres, & Schneider, 2007), similar to the effects of
nutrient stress. Interestingly, when sleep loss is induced
mechanically, immunity genes are induced (Zimmerman
et al., 2006), indicating a reciprocal relationship between
sleep and immune function and opening the possibility
that immunity and sleep loss are strongly mechanistically
related.

Finally, the effects of aging on sleep have also been
examined. Drosophila is a well-established model for
studying life span and the diseases of aging, and there are
optimized protocols for achieving reproducible results. That
said, the effects of age on sleep are not completely clear.
Intriguingly, Koh, Evans, Hendricks, and Sehgal (2006)
described age-associated sleep loss and an age-associated
increase in the appearance of fragmented sleep (shorter,
more frequent bouts of sleep), similar to the effects of
age on sleep in humans. This age-associated sleep disrup-
tion has been seen by other groups but is not ubiquitous
(Bushey, Hughes, Tononi, & Cirelli, 2010) and may depend
on the food source (Yamazaki et al., 2012) or other aspects
of the husbandry procedure. Koh et al. also noted that the
effects of aging on sleep were similar to those of the oxida-
tive stress inducer paraquat, and it may be that a prooxidant
or an antioxidant feeding environment will affect the degra-
dation of sleep in aging. This and other hypotheses related
to the effects of aging and disease on sleep behavior have
yet to be tested.
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EFFECTS OF SLEEP ON FEEDING AND
DISEASE

The effects of sleep on feeding and metabolic disease have
primarily been studied in the context of restricting sleep
through either mechanical or genetic methods. The data
are sparse, but mechanical sleep restriction, even for a
long duration, appears to have minimal effect on nutrient
storage and fat accumulation in Drosophila (Harbison &
Sehgal, 2009). This surprising conclusion was drawn from
an experimental regimen of partial sleep restriction, so it
is possible that in this model the flies were able to suffi-
ciently recover sleep during the day. In another study using
a sensitized background missing the circadian gene cycle,
mechanical sleep deprivation caused rapid death, indicat-
ing that background genetics and health status may play a
major role in the impacts of perturbed sleep (Shaw, Tononi,
Greenspan, & Robinson, 2002). One important area that has
not been addressed at all is the role of sleep perturbation on
feeding behavior and/or the risk of metabolic disease, even
though a simple model organism may be an excellent forum
for such studies. In terms of aging, there is an interesting
correlation between genetic perturbations that disrupt sleep
and shortened life span for many (Cirelli et al., 2005; Koh
et al., 2008) but not all (Bushey et al., 2010; Riemensperger
et al., 2010) sleep-regulatory genes. Because there are no
“pure” sleep genes, it is a bit difficult to interpret a negative
result in this context. Even if sleep loss has a cost in terms
of aging, any given intervention could have both positive
and negative effects due to the pleiotropy of the molecules
involved. Already, several reports have narrowed sleep
regulation down to a single bilaterally symmetric pair of
neurons (Liu, Liu, Kodama, Driscoll, & Wu, 2012). As the
circuitry of sleep is increasingly well studied, the interven-
tions will become more and more precise and it is likely that
specific targeting of sleep regulation will be possible and
will clarify the sleep—aging relationship.

SUMMARY

I have attempted to summarize the state of our knowledge
on the interrelationship between sleep, diet, and age in the
invertebrate model systems. Major areas of recent accom-
plishment in the field include recognition of the impor-
tance of controlling for nutrition, age, and disease state in
studies of sleep, the emergence of initial characterization
studies that reveal the nature of the relationship between
sleep, diet, and disease, and the establishment of automated
assays. Researchers have begun to identify small numbers
of neurons and genes that are crucial for the environment—
sleep relationship. With the increasing ease of manipulating
the firing properties of single neurons in both Drosophila
and C. elegans, 1 anticipate that we will see a much clearer
map of the neural circuits underlying these sleep—diet and

sleep—disease relationships in the next few years as well
as new unexpected genes and biochemical pathways that
come up from unbiased screens. There are also many more
avenues to explore including the effects of social structures
on the sleep—diet—disease relationship and the effects of
motivation including rewarding and stressful environments.
While these tiny model organisms may be very extremely
different from ourselves at first glance, the organizing prin-
ciples and biochemical pathways involved in behavioral
decision-making likely shed novel insights on the funda-
mentals of basic human needs.
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Sleep duration has been shown to be inversely related to
obesity risk, and short sleepers are at increased risk of large
weight gain over time (Patel & Hu, 2008). However, these
epidemiological observations do not infer a causal role of
short sleep duration (SSD) on obesity. Nevertheless, sev-
eral explanations have been proposed to elucidate the role
of SSD on obesity risk. One involves a reduction in physi-
cal activity due to increased fatigue whereas others involve
increases in food intake, either because of increased time
spent awake (opportunity to eat) or as a result of hormonal
changes that trigger increased appetite/hunger (Penev,
2007). However, all scenarios propose a positive energy
balance, either via reduced energy expenditure or increased
energy intake, which would explain the association with
obesity and large weight gain.

Several intervention studies have been performed in an
attempt to determine whether SSD precedes the develop-
ment of obesity and could be an explanatory factor in the
etiology of obesity (Bosy-Westphal et al., 2008; Brondel,
Romer, Nougues, Touyarou, & Davenne, 2010; Nedeltcheva
et al., 2009; Schmid et al., 2009; St-Onge et al., 2011). Such
studies have measured energy expenditure and energy intake
during periods of sleep restriction compared with habitual
sleep in normal sleepers (defined as sleeping 7-9 h/night).
The amount of sleep permitted in those studies ranged from
4 to 6h/night in sleep restriction studies to no sleep at all
in sleep deprivation studies. The effects of sleep duration
on components of energy balance (energy expenditure and
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energy intake) have been reviewed extensively by St-Onge
(2013) and Penev (2012). In brief, on the basis of current lit-
erature, one would conclude that SSD leads to weight gain/
obesity via increased food intake rather than as a result of
a reduction in metabolic rate (energy expenditure). In fact,
Shechter, Rising, Albu, and St-Onge (2013), Klingenberg
etal. (2012), Markwald et al. (2013), have shown that sleep
restriction increases 24-h energy expenditure measured in
a metabolic chamber as a result of the extended time spent
awake and the energetic cost associated with the wake state.
Resting metabolic rate is not fundamentally altered by sleep
restriction. However, the extent to which 24-h energy expen-
diture is increased with sleep restriction does not match the
observed increase in energy intake associated with a similar
degree of sleep restriction in clinical interventions. Addi-
tional and more extensive studies are needed to examine the
effect of sleep restriction on voluntary physical activity. It
is possible that restricting sleep leads to increased fatigue,
which would prompt one to choose not to exercise or to do
so at a lower intensity and thus energetic cost. However,
this has not been verified in a clinical study. If this were
the case, the reduction in energy expenditure associated
with reduced voluntary physical activity would accentuate
the state of positive energy balance that results when one is
placed in a condition of sleep restriction relative to habitual
sleep.

Although alterations in energy expenditure and energy
intake are likely involved in the etiology linking SSD to
obesity, the preponderance of evidence surrounds its effects
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on food intake. Thus, the purpose of this chapter is to review
the effect of sleep restriction on food choice and the neuro-
logical pathways that guide these decisions.

EFFECT OF SLEEP RESTRICTION ON
HUNGER AND FOOD INTAKE

It is now generally well accepted that sleep restriction leads
to increased food intake. Spiegel, Tasali, Penev, and Van
Cauter (2004) were among the first to ask participants about
their feelings of hunger and appetite after a 2-day period of
sleep restriction (4 h time in bed (TIB)) relative to extended
sleep (10h TIB). Participants provided hourly ratings, on a
visual analog scale ranging from 0 to 10cm, to questions
such as “How hungry do you feel right now?” and “How
much would you enjoy eating sweets, salty foods, starchy
foods, fruits and fruit juices, vegetables, meat/poultry/fish/
eggs, and dairy products?” The mean of all ratings for hun-
ger was 24% higher after the two nights of sleep restriction
relative to sleep extension, and the mean appetite rating for
all categories of foods combined was 23% higher. Further-
more, the increase in appetite ratings for high-carbohydrate,
calorie-dense foods, such as sweets and salty and starchy
foods, after sleep restriction relative to sleep extension
tended to be greater than that for other food categories
(33-45% higher vs. 17-21% higher, respectively). How-
ever, some limitations of this study are worth noting. First,
all participants were males and the sample size was small
(n=12). Also, participants were on constant intravenous
glucose infusion as their sole source of calories throughout
the study. The lack of food consumption may have ampli-
fied the effect of sleep restriction on hunger and appetite rat-
ings. Moreover, these measurements were not followed by
tests of ad libitum food consumption and, although subjec-
tive ratings are correlated with feeding behavior (Drapeau
et al., 2005; Griffioen-Roose, Finlayson, Mars, Blundell, &
de Graaf, 2010; Parker et al., 2004), it remained unknown
whether participants would actually consume more of the
foods they reported wanting on a visual analog scale. On
the other hand, caloric intakes and energy source were very
well controlled and identical under both conditions, remov-
ing an element of variability from their study.

Since then, studies have been undertaken to determine
whether food intake would be altered by sleep restriction
relative to habitual sleep. In an inpatient study, Nedeltcheva
et al. (2009) assessed energy intakes over two periods of
14 days differing in TIB, either 8.5 or 5.5h, in a crossover,
randomized design. Overweight men and women partici-
pated in that study. When subjected to the restricted sleep
period, participants ate an average of 300kcal more than
when they spent 8.5h in bed. Food intake distribution over
the day was such that snack energy intakes, but not meal
energy intakes, differed between sleep periods. Specifically,
energy intakes from snacks increased and the snacks chosen

were higher in carbohydrates and lower in fat and protein
during the period of sleep restriction relative to habitual
sleep. Moreover, the rise in snack energy intakes was mostly
observed in the evening/overnight period rather than during
the daytime hours. A similar degree of overeating was also
observed over a single test day performed after four nights
of 9 or 4h TIB (St-Onge et al., 2011). In that study, par-
ticipants consumed approximately 300 kcal more during the
short sleep period compared with the habitual sleep phase
and this tended to be most pronounced in women, who spe-
cifically increased their intakes of fat and saturated fat in
the SSD period. However, in that study, there was no effect
of sleep restriction on late-night eating. Other studies have
also reported increased energy intakes after periods of SSD
(Bosy-Westphal et al., 2008; Brondel et al., 2010), although
one study did not note this effect (Schmid et al., 2009). In
that study, food intake was assessed the day after two nights
of either 8- or 4-h TIB conditions.

The data by Nedeltcheva et al. (2009) showing increased
evening/night intakes with SSD are in line with more recent
information by Spaeth, Dinges, and Goel (2013) showing
that restricting sleep leads to increased energy intakes at
night. In that study, adults were randomized to five nights of
4- or 10-h TIB (sleep extension). Participants who were ran-
domized to the sleep restriction protocol gained weight rel-
ative to those who were randomized to the sleep extension
protocol. Energy intakes in the former group were higher
than in the latter. There was no difference in the distribution
of macronutrients in the diet between protocols. Also, in the
sleep-restricted participants, meal number increased dur-
ing the days when bedtimes were delayed to achieve sleep
restriction compared with baseline (prerestriction days). In
those participants, the distribution of energy intake through-
out the day shifted over time. In particular, participants con-
sumed fewer calories in the morning/early afternoon hours
(8:00 a.m. to 3:00 p.m.) and more calories in the overnight
period (10:00 p.m. to 4:00 a.m.).

NEUROENDOCRINE CONTROL OF FOOD
INTAKE AND SLEEP DURATION

There has been much research to determine how sleep
restriction affects food intake and the control of energy bal-
ance. Most studies have examined if sleep duration alters
hormonal signals of hunger and satiety, mostly focusing on
leptin and ghrelin. Although early studies have found that
restricting sleep duration increases ghrelin (Benedict et al.,
2011; Spiegel et al., 2004; Taheri, Lin, Austin, Young, &
Mignot, 2004) and decreases leptin relative to habitual sleep
(Spiegel et al., 2004; Taheri et al., 2004), this has not been
universally observed. In fact, several studies have failed to
show that restricting sleep leads to changes in leptin and
ghrelin relative to habitual sleep (Nedeltcheva et al., 2009)
whereas others have found opposite results—that sleep
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restriction increases leptin (Bosy-Westphal et al., 2008;
Omisade, Buxton, & Rusak, 2010; Pejovic et al., 2010;
Simpson, Banks, & Dinges, 2010) and decreases ghre-
lin (Dzaja et al., 2004). The reasons for these discrepant
results are not clear, and plausible explanations for these
discrepancies have been the topic of a review of literature
(St-Onge, 2013). Potential sex differences have been pro-
posed, but only a limited number of studies examining the
effect of sleep restriction on a food-intake-related mecha-
nism included participants of both sexes. The largest study
to date, by St-Onge, O’Keeffe, Roberts, Roy Choudhury,
and Laferrere (2012), found that men, but not women, had
increased ghrelin after three nights of sleep restriction rela-
tive to habitual sleep whereas women, but not men, had
increases in glucagon-like peptide-1 concentrations under
those same conditions. Leptin concentrations were not
affected by sleep duration in men or women. This study is
the only study to date to have explored sex differences in
the hormonal response to sleep restriction and the first to
assess the role of sleep duration on glucagon-like peptide-1
concentrations. These data illustrate potentially completely
different mechanisms in which sleep restriction leads to
increased food intake in men and women—one implicating
increased hunger in men and one implicating reduced satia-
tion in women.

Other potential explanations for the varied leptin/
ghrelin results between studies include differences in the
degree of sleep restriction and state of energy balance of
the participants. It is known that leptin and ghrelin con-
centrations are affected by the body’s internal energy sta-
tus (i.e., they respond to alterations in energy balance such
that corrections in energy intake and energy expenditure
can be made to restore balance). If restricting sleep leads
to overeating, as described above, then any difference in
leptin and ghrelin observed between conditions of habit-
ual and restricted sleep, performed in ad libitum feeding
paradigms, could be in part explained by the differences
in food intake.

Leptin and ghrelin are considered neuroendocrine
hormones. These adipose and gastric-derived hormones
produce hypothalamic signals to stop or start eating by ini-
tiating crosstalk between several important brain regions.
These signals lead to changes in neuronal activity patterns
that affect cognition, decision-making, and pleasure. Such
processes then guide behavior. Orexins A and B, which are
synthesized by lateral hypothalamic neurons, are also con-
sidered to provide a link between sleep—wake regulation
and the neuroendocrine control of food intake (Hanlon &
Van Cauter, 2011). Orexin neurons are active during wake
and quiescent during sleep, and they activate neuropeptide
Y neurons in the arcuate nucleus, leading to increased appe-
tite. These neurons project to the dopaminergic ventroteg-
mental area and nucleus accumbens, which are involved in
the hedonic control of food intake.

Thus, studies have been undertaken to examine the neu-
ronal pathways involved in the control of food intake under
various levels of sleep restriction. When sleep deprivation
is enforced, the orexin system is overactive to maintain
wakefulness against one’s pressure to sleep, suggesting
that neurons of the dopaminergic system would be stimu-
lated to promote feeding behaviors (Hanlon & Van Cauter,
2011). Benedict et al. (2012) performed a functional mag-
netic resonance imaging (fMRI) study with 12 healthy,
young, normal weight men in which scanning took place
in the morning after a 7-h TIB sleep opportunity or total
sleep deprivation (TSD). Participants consumed a standard-
ized dinner (700kcal) the night before and a light breakfast
(125kcal) approximately 15min before scanning. During
the scan, participants were shown pictures of low- and high-
calorie foods, which they later rated as appetizing or not.
TSD resulted in greater activation in the right anterior cin-
gulate cortex in response to food images relative to sleep.
Furthermore, participants rated more high-calorie food
images as appetizing after a night of TSD compared with
a night of sleep. The extent of the activation in the anterior
cingulate cortex during TSD was significantly correlated
with food ratings (appetizing). These data are particularly
interesting because dopaminergic input via the mesocorti-
colimbic pathways is received by the anterior cingulate cor-
tex and projected to the striatum, which is involved in the
regulation of hunger motivation.

St-Onge, McReynolds, et al. (2012) also examined neu-
ronal responses to food image stimuli after five nights of
either 4- or 9-h TIB in normal weight, healthy men and
women. Food intake was strictly controlled over the first
4 days but was ad libitum on the day immediately before the
scan. Under conditions of sleep restriction, food stimuli led
to increased activation of the putamen (thalamus), pulvinar
(lentiform nucleus), orbitofrontal cortex, cingulate gyrus,
precuneus, and inferior parietal lobule. When participants
spent 9h TIB, food images significantly activated the infe-
rior parietal lobule, middle frontal gyrus, and hypothala-
mus. Finally, when sleep states were compared, food stimuli
increased activation in the putamen, nucleus accumbens,
thalamus, insula, orbitofrontal cortex, precentral gyrus, len-
tiform nucleus, precuneus, cuneus, and supramarginal gyrus
to a greater extent in the sleep restriction phase relative to
habitual sleep. Those regions are generally known for their
association with emotional responses to stimuli and motiva-
tion and reward systems. Moreover, the authors observed
that the neuronal responses to food stimuli in the restricted
sleep state were similar to those observed in participants
after a period of negative energy balance and weight loss
(Rosenbaum, Kissileff, Mayer, Hirsch, & Leibel, 2010),
and they proposed that restricting sleep may send neuro-
nal signals analogous to energy deprivation, which would
then prompt corrective actions to seek and obtain food.
This would support the behavioral data obtained in that
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study showing that participants eat approximately 300kcal
more in the sleep-restricted state than the sleep-replete state
(St-Onge et al., 2011).

In the study by St-Onge, McReynolds, etal. (2012), foods
were categorized as healthy or unhealthy. In an exploratory
analysis of the data separated by food category, they fur-
ther noted that unhealthy food stimuli specifically activated
areas of the middle and superior frontal gyrus, right inferior
frontal gyrus, left inferior parietal lobule, postcentral gyrus,
and insula after sleep restriction whereas the inferior pari-
etal lobule and medial temporal gyrus were activated after
a period of habitual sleep (St-Onge, Wolfe, Sy, Shechter, &
Hirsch, 2014). Moreover, relative to restricted sleep, habit-
ual sleep selectively activated regions of the right thalamus,
left precuneus, and middle cingulate gyrus in response to
unhealthy relative to healthy foods. It was concluded that
the activation of cognitive control mechanisms, when faced
with appealing food stimuli, is not as well recruited after a
period of restricted sleep, which may explain the apparent
lack of restraint, or control, leading to increased intakes of
snacks and higher fat foods in these conditions.

It is of interest that the inferior parietal lobule is acti-
vated by food stimuli in general and by unhealthy foods to a
greater extent than healthy foods under periods of restricted
and habitual sleep (St-Onge et al., 2014). De Havas,
Parimal, Soon, and Chee (2012) have found that TSD
reduces connectivity in the inferior parietal lobule of the
default mode network, a network of brain regions that deac-
tivates in response to externally driven tasks and activates
in response to internally driven cognition tasks. They report
the inferior parietal lobule as being involved in cognitive
operations related to bodily awareness. This reduction in
default-mode network inferior parietal lobule connectivity
is observed after TSD. Our studies (St-Onge, McReynolds,
et al., 2012; St-Onge et al., 2014) and the study of Bene-
dict et al. (2012) were performed after acute severe sleep
restriction. Perhaps either longer sustained periods of sleep
restriction beyond five nights or TSD are needed to fully
compromise this cognitive network.

The acute sleep restriction studies of Benedict et al.
(2012), St-Onge, McReynolds, et al. (2012), and St-Onge
et al. (2014) illustrate different neuronal networks that
are involved in the response to food stimuli that implicate
greater reward valuation after sleep restriction compared
with habitual sleep as an explanation for increased food
intake in this condition. Killgore et al. (2013) further exam-
ined whether self-perceived sleepiness, despite adequate,
or normal, self-reported sleep duration, may be related to
neuronal responses to food stimuli. Participants underwent
fMRI scanning while viewing pictures of high- and low-
calorie foods and rated the image on the basis of desire to eat
(“How much would you like to eat this right now?”). Sleepi-
ness scores on the Epworth Sleepiness Scale were posi-
tively correlated with appetite ratings, and this association

tended to be stronger in women than in men. Furthermore,
a single cluster in the ventral medial prefrontal cortex, an
area important for evaluating the reward value of objects,
regulating emotional responses, and controlling behavior,
was also negatively correlated with sleepiness. Finally,
in women, but not men, there was a negative correlation
between the activation of the ventral medial prefrontal cor-
tex and self-reported overeating (“Do you feel you eat more
than you intend to?”). The authors concluded that daytime
sleepiness was associated with a reduced activation of the
ventral medial prefrontal cortex in response to high-calorie
foods and that this was predictive of difficulty curtailing
food intake, particularly in women. These results further
support the notion that sex differences exist in food intake
control responses to sleep restriction.

SLEEP RESTRICTION AND FOOD CHOICE

It is of interest to note that poor sleep quality is also asso-
ciated with decision-making complacency and lower deci-
sion-making self-esteem in adolescents. Telzer, Fuligni,
Lieberman, and Galvan (2013) found that hyperactivity
of the insula occurred when processing positive stimuli in
teens and that this was correlated with greater risk-taking
likelihood, more decision-making complacency, and deci-
sion-making panic. They also found that reduced functional
coupling of the insula and dorsolateral prefrontal cortex
was associated with decision-making complacency and low
decision-making self-esteem and vigilance, and that reduced
functional coupling of the ventral striatum and dorsolateral
prefrontal cortex was associated with increased likelihood
of engaging in risk-taking behaviors and decision-making
complacency. Therefore, if similar effects of poor sleep on
decision-making and risk-taking behaviors are observed
with SSD, one might expect that individuals with poor sleep
quality or SSD would also make poor decisions with respect
to their food choices.

Hogenkamp et al. (2013) explored the effects of sleep
deprivation on a computer-based task to self-select por-
tion sizes for a meal relative to a night of 8-h TIB. Young,
normal-weight, healthy men underwent one night of 8-h
TIB followed by 1day of a fixed meal and food intake diet
before being randomly allocated to the TSD or 8-h TIB
night. The portion size task was performed at the same
time the next morning and was followed by a controlled,
650-kcal breakfast and a second portion-size task. During the
task, participants were shown pictures of seven different meal
foods and six different snack foods, each presented in 51 dif-
ferent portion sizes ranging from 83 to 750kcal. Self-reported
hunger was greater after the night of TSD relative to the 8-h
TIB night. Overall, portion sizes chosen on the computer task
were larger after TSD than sleep and in the fasted versus the
fed state. In the fasted state, food type did not affect portion
size choice between TSD and sleep. However, after breakfast,



The Role of Sleep in the Control of Feeding Behavior Chapter | 2 15

larger portions of snack foods, but not meal items, were cho-
sen after TSD relative to sleep. The authors concluded that
two independent mechanisms may be involved in the effect of
sleep on feeding behavior: homeostatic and hedonic. However,
food intake was not measured in this study, and it is unknown
whether participants would have actually consumed what they
reported they would in the portion task. Nevertheless, based
on data from studies of food intake, one would expect that the
results obtained by Hogenkamp et al. (2013) would be reflec-
tive of actual consumption patterns. One study has been con-
ducted to investigate the association between the results of this
task and actual and concluded that screen-based measures of
portion-size selections were a valid method to assess energy
intake in humans (Wilkinson et al., 2012).

Another study by the same group examined economic
decision-making specific to food purchases after one night of
TSD or one night of 8-h TIB (Chapman et al., 2013). Young,
normal-weight healthy men underwent one night of 8-h sleep
followed by a day of controlled food intake before undergo-
ing either TSD or 8-h TIB in a crossover design. The next
morning, participants ate a fixed 650-kcal breakfast at 8:00
a.m. and performed a mock supermarket task immediately
after. For this task, participants were given approximately
$50 (USD) to purchase from an array of 20 high-calorie and
20 low-calorie foods. Participants were aware of each food’s
price, energy density, and weight. In two subsequent trials,
prices were manipulated such that high-calorie foods were
either 25% cheaper or 25% more expensive than in the first
trial. Participants were asked to spend as much of the money
as possible and told that they were not permitted to make
money savings. After the night of TSD, participants bought
9% more calories and 18% more grams of food than after the
night of 8-h TIB. Making changes to the price of high-calorie
foods did not alter the effect of TSD on purchasing behav-
iors. These data suggest that food purchasing may represent
another mechanism through which a lack of sleep could pro-
mote food intake and put individuals at increased risk of large
weight gain over time.

CONCLUSIONS

Studies to date have established that restricting sleep dura-
tion leads to alterations in food choices resulting in increased
intakes of snacks and high-fat foods. Evidence suggests that
SSD leads to changes in the hormonal regulation of appe-
tite (although the exact mechanism remains to determined)
and in the neuronal control of feeding behavior. It seems
that, at least in individuals who do not regularly have SSD,
restricting bedtimes leads to increased appetite and poor
food choices. Leptin, ghrelin, and glucagon-like peptide-1
have been proposed to act at the hormonal level whereas
the brain reward centers could be involved at the neuronal
level. These imply that homeostatic and hedonistic controls
of food intake could be affected by SSD. Future studies are

needed to examine the contributions of each pathway to
increased obesity and the effect of sex on this relationship.
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Shift work disorder (SWD) is a prominent problem
because approximately 16% of the workforce consists of
shift workers (AASM, 2005; Drake, Roehrs, Richardson,
Walsh, & Roth, 2004). SWD has been estimated in nearly
2-5% of the general population (AASM, 2005; Drake
et al., 2004). Although most often reported in those who
work nights or early morning shifts, SWD may be seen
in anyone who works outside of the traditional 9:00-5:00
schedule, especially those who start work before 6:30 am
or after 4:30 pm (AASM, 2005). More than 32% of night-
shift workers meet the minimum criteria for SWD.2 SWD
develops out of a mismatch between the shift workers’
innate circadian rhythm and their scheduled sleep—wake
schedule. SWD, a type of circadian rhythm sleep disorder,
typically occurs when a patient develops insomnia and/or
excessive sleepiness as a result of shift work. Other symp-
toms can include headaches, lack of energy, weight gain,
and trouble concentrating.

Patients with SWD commonly report poorer overall
quality of life and are at risk for significant adverse events
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related to excessive sleepiness (Drake et al., 2004). Although
cessation of shift work is curative for most who suffer from
SWD, it is not always an option. Proper treatment is para-
mount for SWD given its significant prevalence within the
workforce. This chapter will review the biologic basis for
SWD, as well as the symptoms, diagnosis, and treatment
(pharmacological and nonpharmacological).

CIRCADIAN RHYTHMS

The suprachiasmatic nucleus (SCN) contains the brain’s
master clock, which regulates circadian rhythms, self-
maintaining rhythms that continue without the need of
outside time cues. The SCN is located in the anterior
hypothalamus (Moore & Eichler, 1972) and is the central
pacemaker for the body. It is responsible for coordinating
many biological processes to the outside environment as
well as maintaining the temporal organization of these pro-
cesses to one another. Photoreceptors in the eye transmit
information about surrounding light levels through spe-
cialized cells that connect to the SCN through the retino-
hypothalamic tract.

Modulation of Sleep by Obesity, Diabetes, Age, and Diet. http://dx.doi.org/10.1016/B978-0-12-420168-2.00003-X
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The circadian system describes physiologic variables
including body temperature and blood pressure. These
parameters can be described by a pattern having a spe-
cific period, phase, and amplitude. The circadian rhythm
is approximately 24 h (Czeisler & Gooley, 2007). On the
basis of currently available data, the most important factor
for keeping a 24-h cycle appears to be the daily sunrise/
sunset cycle (D’ Alonzo & Krachman, 2000). The effect of
light/dark factors on the circadian rhythm may be mediated
by non-rod and non-cone photoreceptors in the eye. Other
factors affecting circadian rhythm duration (including
scheduled sleep and activity) have not been fully defined
but appear to have trivial effect compared with the solar
cycle (Aschoff, Fantranska, Giedke, et al., 1971; Baehr,
Eastman, Revelle, et al., 2003; Czeisler, Allan, Strogatz,
et al., 1986).

Sleep is modulated by balancing (1) the need for sleep
with (2) the circadian rhythm. Within this balance, people
experience a tendency to sleep during periods of decreasing
body temperature; in contrast, body temperature increases
upon wakening (Zisapel, 2001). The sleep cycle may be
viewed as a physical representation of the circadian rhythm.
Still, the likelihood of sleep is affected by acute sleep loss,
sleep interruptions, and chronic lack of sleep (Czeisler &
Gooley, 2007). Increasing homeostatic sleep drive will
increase sleep propensity, which results in a neurobehav-
ioral performance change. Sleep and wakefulness are dis-
turbed if they occur out of sync with internal circadian time.
This results in circadian misalignment—an example of
which is when the circadian and homeostatic drives work to
stimulate sleep at night but a shift worker must instead be
awake during that time.

Various components of the sleep cycle are affected by
the circadian rhythm. In one clinical trial, eight men lived
in a setting free of time cues for over a month. During that
time, the participants had scheduled sleep episodes in a
28-h rest—activity cycle (Dijik & Czeisler, 1995). Despite
the imposed 28-h cycle, the internal circadian rhythm
based on core body temperature was 24.1h. Time to sleep
initiation, sleep duration, wakefulness within scheduled
sleep episodes, rapid eye movement (REM) and non-REM
sleep, sleep spindle activity in non-REM sleep, and slow
wave activity in non-REM sleep each vary significantly
(P<0.0001) with the circadian phase.

SYMPTOMS AND DIAGNOSIS OF SWD

SWD is characterized by excessive sleepiness during work
hours coupled with insomnia during the time of sleep
(AASM, 2005). There are many studies of subjective sleepi-
ness in shift workers, with most reporting excessive sleepi-
ness and dozing on the night shift, but no sleepiness during
the times when sleep is desired during the day (D’ Alonzo &
Krachman, 2000).

In what seems like a common-sense approach, most
shift workers revert to daytime activity and nighttime sleep
on days off and vacations in an attempt to catch up on lost
sleep and make time to socialize with others. This method,
although well-intentioned, tends to lead to chronic distur-
bances in the sleep—wake cycle, thereby making it more
difficult for the patient with SWD to adjust to their work
schedule.

SWD may be associated with reduced alertness and per-
formance capacity during the work shift. Irritability may
also be present during the work shift, extending into the
worker’s personal time. This may, in part, be due to a lack
of sleep, but it is also likely related to a conflict between
social demands and the need to catch up on sleep.

The diagnosis of SWD is made using the American
Academy of Sleep Medicine (AASM)’s International Clas-
sification of Sleep Disorders (ICSD)-2 diagnostic criteria
(AASM, 2005). A diagnosis of SWD requires that, for at
least 1 month, the patient suffers from insomnia during day/
evening sleep and/or excessive sleepiness during work or
commute to/from work. This must be associated with a
recurring work schedule that overlaps with the usual time
for sleep. A minimum of at least 7 days of sleep diaries with,
ideally, additional actigraphy monitoring, is necessary to
detail a circadian misalignment that results from shift work.
Lastly, the sleep disturbance is not better explained by
another sleep disorder; medical, neurologic, or mental dis-
order; the use of medication; or substance abuse. It is impor-
tant to note that the formal diagnosis of SWD has rarely
been used in clinical studies and requires further validation.

A thorough sleep and medical history with physi-
cal examination are necessary for appropriate diagnosis
of SWD. The diagnosis of SWD can usually be made by
history, although polysomnography may be necessary in
severe or uncertain cases. Polysomnography should be
obtained during the patient’s usual, “shifted” sleep period
and may show symptoms of insomnia including prolonged
sleep latency, shortened total sleep time, or fragmentation
of the sleep period due to frequent awakenings.

Several subjective questionnaires have been developed
to assess excessive sleepiness. Although originally vali-
dated as a measurement of daytime sleepiness, these tools
are commonly used to evaluate patients with excessive
nighttime sleepiness when at work. The Epworth Sleepi-
ness Scale is a self-administered questionnaire with eight
questions about how likely subjects are to doze or fall
asleep (Johns, 1991). Other popular measures of sleepiness
include the Karolinska Sleepiness Scale, a nine-point evalu-
ation ranging from “extremely alert” to “extremely sleepy-
fighting sleep,” as well as a 100-mm visual analog scale that
ranges from “very sleepy” to “very alert” (Czeisler, Walsh,
Roth, et al., 2005; Drake et al., 2004).

The most commonly used objective measure of daytime
sleepiness is the multiple sleep latency test (MSLT), which
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measures sleep latency under standardized conditions in the
absence of external alerting factors (Littner, Kushida, Wise,
et al., 2005; Mathis & Hess, 2009). MSLT results should
be read within the context of the shift worker’s clinical
history and polysomnography. Actigraphy is an adjunct
measure of sleep that measures limb movement; therefore,
it may underestimate sleep onset latency due to inactiv-
ity before initiating electroencephalogram-defined sleep
(Morgenthaler et al., 2007a).

The boundary between a normal and dysfunctional
response to circadian stress of shift work remains unclear
(Sack, Auckley, Auger, et al., 2007). Limited studies have
investigated why some shift workers are more susceptible
to SWD than others, and more research is needed to under-
stand the mechanisms involved in developing SWD.

DIFFERENTIAL DIAGNOSIS OF SWD

Diagnosis of SWD requires exclusion of other causes of
excessive sleepiness due to concomitant conditions such
as obstructive sleep apnea, narcolepsy, another sleep dis-
order, a medical or neurologic disorder, a mental disorder,
substance use, medication use, or insufficient sleep asso-
ciated with conflicting daytime activities (AASM, 2005;
Akerstedt & Wright, 2009). The symptoms of SWD may
cause frustration and poor sleep hygiene and may lead to
development of psychophysiologic insomnia and alcohol or
drug dependency or abuse (AASM, 2005). Many circadian
rhythm sleep disorders and medical conditions may mimic
primary sleep disorders, including delayed sleep phase dis-
order, advanced sleep phase disorder, irregular sleep—wake
rhythm, nonentrained type disorder, jet lag disorder, disor-
ders due to metabolic conditions or to drug or substance
use, and SWD.

CONSEQUENCES OF SWD

The relative risk of workplace injuries and accidents
increases linearly from the morning shift through the night
shift, with a 30.4% risk increase in the night shift com-
pared with the morning shift (Folkard & Tucker, 2003).
Relative risk increased over four consecutive night shifts,
with a 36% greater risk on the fourth night compared with
the first night. Further, data suggest that productivity is
reduced significantly during night shifts. In one study, the
work schedules of medical interns were altered to reduce
work schedules and night shifts. Although this study reports
a significant reduction in the number of serious medical
errors, it provides only an indirect measure concerning the
effects of sleep disturbance (Landrigan, Rothschild, Cronin,
et al., 2004). In a prospective trial in which medical interns
worked either a traditional schedule (30-h shift) or a modi-
fied schedule (16-h shifts with fewer night shifts), interns
slept significantly less while on the traditional schedule and

made significantly more errors (Lockley, Cronin, Evans,
et al., 2004).

There is a correlation of shift work with cancer and
heart disease. Several studies have indicated an increased
risk for breast cancer in women who did not sleep during
the natural peak in nocturnal melatonin (Davis, Mirick, &
Stevens, 2001; Hansen, 2001). Risk of prostate cancer was
significantly increased for rotating shift workers compared
with day workers as reflected in the data from a large-scale
prospective cohort study of male workers in Japan (Kubo,
Ozasa, Mikami et al., 2006).

Data from one study evaluating effects of sleep distur-
bance on bowel function reported functional bowel disor-
ders for 20% of nurses working day shift compared with
38% of nurses working a rotating shift (Zhen Lu, Ann Gwee,
Yu Ho, et al., 2006). Sleep disturbance scores positively and
significantly correlated with scores of dyspeptic symptom,
anxiety, depression, well-being, fatigue, and somatic pain.
Another study investigating the risk of developing heart dis-
ease as related to working night shifts found a linear trend
toward an increased risk of heart disease with longer shift
durations (Kawachi, Colditz, Stampfer, et al., 1995).

TREATMENT

Treatment guidelines for SWD have been developed by the
AASM (Table 1; AASM, 2005) and include nonpharmaco-
logic, nonprescription, and pharmacologic interventions.
Treatments range from standard therapy of planned sleep/
nap schedules to the use of hypnotics, stimulants, and alert-
ing agents. Of note, the AASM guidelines do not include
the most recent level of evidence for the U.S. Food and

TABLE 1 Management Strategy for SWD (Morgenthaler
et al., 2007b)

Symptom-Based Management Strategies for SWD

Alter circadian phase ® Timed bright light exposure
® Modified sleep and work
schedules
® Exercise
Melatonin
Timed use of blue-blocking

goggles

Modafinil
Armodafinil

Caffeine
Amphetamines
Planned naps

Bright light exposure

Increase nighttime alertness

Decrease daytime insomnia ® Hypnotics
Melatonin
® Proper sleep hygiene
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Drug Administration (FDA)-approved agents modafinil and
armodafinil.

A thorough, individualized approach is needed for the
management of SWD due to varying shifts and sleep and
social demands. The extent of the sleep disturbance and the
effect of SWD on social and professional life need to be
considered when developing a treatment plan. Intervention
is aimed at encouraging circadian alignment, promoting
sleep, and improving wakefulness at work.

Nonpharmacologic Interventions

Work schedule and lifestyle changes, exercise, and light
enhancement may be effective in treating patients work-
ing shifts. However, these treatments have not been thor-
oughly studied in SWD, and more research is necessary to
document any robust effectiveness in the SWD population.
Nonetheless, the use of these methods is still recommended
in a patient-specific paradigm.

Sleep Hygiene

Patients with SWD must be instructed in ways to ensure a
sleep environment that is quiet, dark, and cool. All ambient
light should be curtailed through methods such as blackout
shades, sleep masks, black plastic on windows, or heavy
drapes. Use of an air conditioner, fan, or even sleeping in
the basement during warm days can ensure a cool environ-
ment. Noise can be blocked with ear plugs, a white noise
machine, or placing carpets/rugs on outside floor surfaces
to dampen the noise of family members walking around
during the daytime. Family and friends need to understand
the importance of protecting sleep time for the patient and
all responsibilities, phone calls, and appointments should be
tended to outside of the primary sleep period.

Day and Night Schedule Changes

Implementation of work schedule and lifestyle changes,
exercise, and light enhancement in the workplace may ben-
efit patients with SWD (Barger, Wright, Hughes, & Czeisler,
2004; Morgenthaler et al., 2007b; Schwartz & Roth, 2006;
Youngstedt, 2005). Decreased performance and increased
risk of accidents has been noted in multiple consecutive night
shifts; shifts of 12h or longer; early shifts starting before
7:00 am; weekly rotating shifts; backward rotations; compli-
cated, split, and unpredictable schedules; lengthy commutes;
consecutive/excessive weekend work; and night work with
inadequate notice are all associated with an increased risk of
accidents and injuries and decreased performance. If possible,
modification of these schedules may be useful. Elimination
of shifts that are longer than 12—16h, limiting the number of
consecutive night shifts, scheduling rotating workers to rotate
clockwise, and screening workers for SWD and other sleep
disorders are possible interventions. Educating workers about

the risks of driving and working while sleep-deprived may
help increase awareness of the risks associated with SWD.

Planned sleep schedules improve alertness and work
performance and can decrease sleepiness during work hours
(Czeisler, Moore-Ede, & Coleman, 1982; Morgenthaler
etal., 2007b). Total sleep time can be increased by combining
a primary, planned main sleep episode with scheduled naps.
Reducing extended work hours combined with a nap before
the night shift increases total daily sleep duration, ensuring
sufficient sleep before work. Planned napping can improve
alertness during shift work (Morgenthaler et al., 2007b).
Preshift napping can increase vigilance and reaction times.
Although data are limited in patients diagnosed with SWD,
results are consistent between studies (Sack et al., 2007).

A steady sleep—wake schedule, 7 days a week, is ideal
for adjusting to the night shift. However, such a schedule is
admittedly difficult for many shift workers to follow, par-
ticularly on days off when the patient wants to spend time
with family and friends and revert to a more ‘“standard”
nocturnal sleep schedule. If an extended, steady sleep
period 7days a week is impossible, then some patients
find that keeping two 3- to 4-h sleep episodes during the
day may be useful, with a more standard nighttime sleep
pattern on days off. Another more recently studied strat-
egy is to go to bed on nights off at a slightly later time than
the patient would otherwise. For example, a patient would
be instructed to go to bed on days off at 4:00 am and get
up 8h later, as opposed to keeping an 11:00 pm bedtime
on off nights. This compromise in sleep pattern can help
SWD patients adjust to their work schedule while also
allowing for time to socialize on off days (Smith, Fogg,
& Eastman, 2009). Several studies have investigated shift
schedules that allow for better circadian adaptation. If pos-
sible, permanent night work may help to create a phase
delay while the patient keeps daytime sleep even on days
off. Rapid shifts (working one to two shifts in the same
type in sequence) or clockwise rotation of shifts (morning-
evening night-shift sequence) may be useful (Folkard,
2008; von Amelsvoort, Jansen, Swaen, et al., 2004).

Bright Light Exposure

Scheduled exposure to bright light and darkness can
shift the circadian clock to align with a night-shift sleep
schedule. Bright light exposure has been demonstrated to
improve alertness, mood, and performance during the night
shift (Burgess, Sharkey, & Eastman, 2002; Crowley, Lee,
Tseng, et al., 2003; Drake & Wright, 2011; Morgenthaler
et al., 2007b). Standard administration of bright light is
either at the beginning of the shift for 3—6 continuous hours
during the night shift or in 20-min blocks each hour (Boivin
& James, 2002; Crowley et al., 2003). Of note, bright light
exposure at night has been linked to an increased risk of
cancer, thought to be related to suppressed melatonin levels
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(Schernhammer & Schulmeister, 2004). More research is
needed in this area because it is possible that other factors
may also be involved in increased cancer risk, including
shorter sleep duration, increased stress, and eating at an
inappropriate circadian time.

Exercise

Epidemiologic studies have demonstrated that exer-
cise can encourage sleep and affect the circadian system
(Youngstedt, 2005). Although this has been true in epidemio-
logic research, experimental studies have failed to demonstrate
a positive effect. However, Barger and colleagues elegantly
demonstrated that daily exercise might facilitate phase delays
of the circadian melatonin rhythm in very dim light (Barger
etal., 2004). More research is necessary to investigate whether
exercise is clinically beneficial for patients with SWD.

Nonprescription Interventions
Melatonin

Melatonin has not been well studied in clinical trials for
patients with SWD.

Administration of exogenous melatonin has circadian
phase shifting and hypnotic properties. Timed exogenous
melatonin administration has demonstrated efficacy in pro-
moting daytime sleep (Wyatt et al., 2006), but it does not
increase nighttime alertness, performance, or MSLT scores
(Sharkey, Fogg, & Eastman, 2001). Exogenous melatonin
also displayed hypnotic properties only during sleep epi-
sodes that were out of phase with traditional sleep episodes,
such as those of night-shift workers.

Caffeine

Caffeine enhances alertness in patients with SWD, lessen-
ing the power of the homeostatic sleep drive and improving
alertness (Ker, Edwards, Felix, et al., 2010). Caffeine can
significantly reduce the number of errors compared with pla-
cebo, improving cognitive formation, reasoning, perception,
memory, orientation, and attention. Of note, many of these
studies used simulated testing in healthy young subjects,
and no trial participant had a formal diagnosis of SWD.

Dark Glasses

Although patients are advised to have light exposure during
the night shift, it is equally important to avoid light expo-
sure on the way home from work during the phase advance
portion of the phase response curve. A potentially useful
method of improving sleep in patients with SWD is the use
of dark glasses to reduce exposure to bright light during a
shift worker’s commute home. Because the circadian clock
is susceptible to the blue portion of the visible spectrum,
several studies have found a positive adaptation to shift

work solely through the use of dark sunglasses to block
early morning light (Boivin & James, 2002; Crowley et al.,
2003; Eastman, Stewart, Mahoney, et al., 1994; Sasseville,
Benhaberou-Brun, Fontaine, et al., 2009).

Pharmacologic Interventions
FDA-Approved Agents

Currently, there are only two medications that have received
FDA approval for improving wakefulness in patients with
SWD: modafinil and armodafinil (Morgenthaler et al.,
2007b). Modafinil was approved for use in SWD in Janu-
ary 2004, and armodafinil (the longer-lasting R-isomer of
modafinil) was approved in 2007. Both medications are
indicated for improving wakefulness in SWD patients with
excessive sleepiness. No published, adequately designed,
head-to-head clinical studies of armodafinil versus
modafinil in SWD are available.

In a double-blind trial of modafinil for the treatment of
excessive sleepiness in 209 patients with SWD, modafinil
(200mg) improved nighttime sleep latency and attention
and decreased the symptoms of SWD. However, a portion of
patients treated with modafinil (200 mg) continued to expe-
rience excessive sleepiness at the end of the study (Czeisler
et al., 2005). Erman and Rosenberg completed a 12-week
randomized, double-blind, placebo-controlled, multicenter
study, demonstrating that treatment with 300 mg modafinil
significantly improved patient functioning and health-
related quality of life in 278 patients diagnosed with SWD
(Erman & Rosenberg, 2007).

Several clinical trials have demonstrated efficacy of
armodafinil for the treatment of excessive sleepiness in
SWD. In a 12-week randomized controlled study, the effi-
cacy of armodafinil (150mg) was investigated during the
night shift in 254 patients with excessive sleepiness asso-
ciated with chronic SWD of moderate to greater severity
(Czeisler, Walsh, Wesnes, et al., 2009). Nighttime sleepi-
ness while working was significantly decreased, as mea-
sured by the MSLT. Armodafinil also improved ratings of
attention, memory, sleepiness, and the severity of the SWD.
Patients had reduced sleepiness during their commute home
and had fewer mistakes, near-misses, or accidents during
the night shift as reported in their patient diaries (Czeisler
et al., 2009). In another study assessing long-term toler-
ability and efficacy of 50-250 mg armodafinil daily in 743
patients, of whom 113 had SWD, armodafinil improved
clinical global impression of change efficacy assessments
and was well tolerated (Black, Hull, Tiller, et al., 2010).

Controlled clinical trials have demonstrated that
modafinil and armodafinil are well tolerated in patients
with SWD (Czeisler et al.,, 2009; Roth, Schwartz,
Hirshkowitz, et al., 2007). Adverse events are mild to
moderate in severity, with the most common events being
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headache, nasopharyngitis, nausea, anxiety, and insomnia.
Rare but life-threatening rashes with both drugs have been
reported in postmarketing studies (Nuvigil, 2007; Provigil,
2004). Changes from baseline in mean vital sign measure-
ments (i.e., systolic and diastolic blood pressure and pulse
rate) were slightly increased with armodafinil but not
modafinil compared with placebo in some trials.

Hypnotics

Hypnotics such as zolpidem, eszopiclone, triazolam, and
temazepam may be helpful in promoting daytime sleep in
night-shift workers, but they typically do not improve night-
time alertness (Morgenthaler et al., 2007b). In addition,
adverse effects must be monitored because these medica-
tions may create sedation during nighttime work perfor-
mance (Morgenthaler et al., 2007b; Moon, Hindmarch,
& Holland, 1990). Sleep-promoting agents have not been
investigated in clinical trials with SWD patients, and more
research is necessary to discern their utility.

Amphetamines

The effects of amphetamines (e.g., dextroamphetamine and
methamphetamine) on focus and nighttime alertness have
been studied in healthy volunteers and shift workers, but
not patients with SWD (Comer, Hart, Ward, et al., 2001;
Hart, Ward, Haney, et al., 2003) These medications should
be used with caution to minimize the symptoms of exces-
sive sleepiness (Schwartz, Roth, Hirshkowitz, et al., 2009).
Methylphenidate is also approved for the treatment of
narcolepsy and may be useful in SWD. These agents are
schedule II medications and have a high potential for abuse
and tolerance, with side effects including anxiety, agitation,
anorexia, tachycardia, and elevated blood pressure. Some
patients may experience hallucinations at higher doses.

SUMMARY

SWD is a common condition that often goes unrecognized
and untreated among people performing shift work. Patients
with SWD typically complain of insomnia and/or excessive
sleepiness, have impaired work performance and productiv-
ity, and are at increased risk for motor vehicle accidents.
The criteria for diagnosing SWD have been established by
the AASM and published in the ICSD-2 and include dem-
onstrating a shift-work schedule that interferes with the
habitual sleep—wake pattern (AASM, 2005).

Employer and employee recognition of the potential
health and productivity effects of shift work will lead to the
institution of appropriate management recommendations. A
patient-specific combination of behavioral, pharmacologi-
cal, and nonprescription interventions proves to be most use-
ful in SWD. Nonpharmacologic interventions may include
sleep hygiene, sleep schedule changes, exercise, and bright
light exposure. Over-the-counter melatonin or caffeine

may also prove beneficial. Hypnotics may be indicated for
improving daytime sleep. Modafinil and armodafinil are the
only medications that are approved by the FDA in SWD to
improve alertness while working. Appropriate recognition
of and targeted therapy for SWD can improve sleep, perfor-
mance, and quality of life for these patients.
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In today’s 24-h society, with work going on 24h/7days
per week, there seems to be less and less time for suffi-
cient sleep. Although sleep is important for our physical
and our psychological well-being, subjective sleep duration
has been decreasing over the last 50years, as pointed out
in a review of Bixler (Bixler, 2009). The consequences of
the lack of sleep cost our society dearly. Accidents related
to sleep deprivation range from sleep-related traffic acci-
dents (Horne & Reyner, 1999), train (Sussman & Coplen,
2000) and airplane crashes (Armentrout, Holland, O’ Toole,
& Ercoline, 2006), to serious work-related incidents
(Akerstedt, Fredlund, Gillberg, & Jansson, 2002). In 1994
(Leger, 1994) the annual costs in the United States of sleep-
related road accidents were estimated as ranging from $43
to $56 billion per year.

The fatality rate and the number of incidents with seri-
ous injuries related to “sleepy driving” are comparable to
those for accidents related to alcohol use. In a study in Aus-
tralia and New Zealand, Williamson and Feyer (Williamson
& Feyer, 2000) compared the relative effects of sleep depri-
vation and alcohol on driving performance. They found that
people who drive after being awake for more than 17h per-
formed worse on the driving test than drivers with a blood
alcohol level of 0.05%.

The dramatic consequences of sleep deprivation dis-
cussed above are probably to a large extent related to
the attention problems created by lack of sleep (Lim &
Dinges, 2010). However, sleep deprivation has a profound
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effect on many other aspects of health and cognition.
For instance, sleep problems have been associated with
immune suppression (Bryant, Trinder, & Curtis, 2004),
diabetes (Beihl, Liese, & Haffner, 2009), and obesity
(Taheri, Lin, Austin, Young, & Mignot, 2004). Further-
more, sleep is tightly linked to emotional state and emo-
tional coping, and sleep problems increase the risk of
developing affective disorders including depression and
posttraumatic stress disorder (Spoormaker & Montgomery,
2008; Talamini, Bringmann, De Boer, & Hofman,
2013). Finally, sleep plays an important role in mem-
ory consolidation by strengthening neural connections
(Peigneux et al., 2004; Talamini, Nieuwenhuis, Takashima,
& Jensen, 2008).

NORMAL SLEEP PATTERN OVER THE NIGHT

Within sleep, two different states can be distinguished:
rapid eye movement (REM) sleep and non-REM (NREM)
sleep. These states alternate in a cyclical pattern (Carska-
don & Dement, 2011, pp. 16-26) with a cycle duration
of approximately 90 min. NREM sleep represents a con-
tinuum in which sleep gradually becomes deeper and the
arousal thresholds gradually become higher. Brain waves,
measured by electroencephalography, are described as
more and more synchronized with deeper NREM sleep.
REM sleep is characterized by more active brain wave
activity, muscle atonia, and bursts of REMs.

Modulation of Sleep by Obesity, Diabetes, Age, and Diet. http://dx.doi.org/10.1016/B978-0-12-420168-2.00004-1
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In the traditional literature, NREM sleep is subdivided
in four stages (Rechtschaffen & Kales, 1968) represent-
ing sleep depth. Stages 1 and 2 are light sleep and the
arousal threshold is low so that the sleeper can be easily
awakened. Stages 3 and 4 represent deep sleep, where the
awakening threshold is higher. In 2007, the American Acad-
emy for Sleep Medicine (AASM) launched a new system
for the scoring of sleep and the events occurring during
sleep (Iber, 2007). The main difference with the traditional
Rechtschaffen and Kales scoring is that deep sleep is no
longer subdivided in two stages. Rather, in the AASM scor-
ing manual stages 3 and 4 are both scored as stage 3 (N3).
Although various changes in the AASM scoring system are
not without controversy, the system has been adopted now
in many sleep clinics throughout the world. In this chapter,
the AASM nomenclature for sleep stages is used.

The average sleep duration in an adult is 7.5h during
the week to 8.5h on the weekend, but the variation in sleep
duration is large (in general, between 6 and 9h). Further-
more, cases of extreme short sleepers or long sleepers have
been described in the literature for centuries. In addition to
genetic factors, sleep duration may depend on environmen-
tal factors (e.g., evening activities forcing someone to go to
bed at a later time or waking up by an alarm clock). For any
individual, sleep duration is considered to be sufficient if
the person’s daytime performance is optimal.

Measurement of Sleep: Polysomnography

To describe the sleep pattern over the night, sleep is moni-
tored by the measurement of brainwaves (electroencephalo-
gram or EEG), eye movements (electrooculogram or EOG),
and muscle tension of the chin (electromyogram or EMG).
Customary electrode placements for the EEG are fron-
tal (F4), central (C4), and occipital (O2) locations on the
scalp according to the 10-20 system of electrode placement
(Jasper, 1958). Electrical activity at these locations is
measured in relation to a reference electrode placed on the
mastoid behind the ear.

Additional information is needed to discriminate
between the various sleep problems. Heart rate and cardiac
events during sleep are generally measured with a single
lead electrocardiogram (ECG). For the diagnosis of sleep-
related breathing disorders or limb movement disorders
during sleep, sensors for respiratory effort, respiratory flow,
snoring, oxygen saturation, limb movements, and body
position are used. The recording of the neurophysiological
signals together with additional physiological signals dur-
ing sleep is called polysomnography.

Sleep Stages

On the basis of the information from EEG, EOG, and
EMG, a night of sleep is classified into sleep stages.

Sleep generally starts with stage N1. Although during
stage N1 the transition takes place between the wake
state and the sleep state, it is difficult to pinpoint the
exact start of sleep. During N1, the EEG shows a mixed
pattern of alpha activity (8—12Hz) and theta activity
(4-7Hz). Slow, rolling eye movements herald the begin-
ning of sleep. The rolling eye movements disappear
when sleep depth increases. In stage N2, sleep spindles
and K-complexes appear, and the frequencies of the EEG
are predominantly in the theta range. As stage N2 pro-
gresses, more and more delta waves (0.5-3 Hz) appear.
When the percentage of delta waves increases to 20% or
more, deep sleep is reached (stage N3). After this period
of deep sleep, usually lasting approximately 20—30 min,
light sleep returns. The first REM period, following after
a short period of light sleep, is relatively short (~5 min).
The EEG during REM sleep contains low-amplitude,
mixed frequencies resembling the EEG during wakeful-
ness. REMs, occurring in bursts, are visible in the EOG
channels. In addition to the REMs, REM sleep is char-
acterized by atonia of the skeletal muscles, which is vis-
ible in the electromyogram channel. During sleep, the
autonomic nervous system changes its activity toward
an increase in parasympathetic activity and a decrease
in sympathetic activity. However, in REM sleep, there
are intermittent surges of sympathetic activity, causing
cardiovascular and respiratory irregularities, sometimes
resulting in apneas. Although mental activity may occur
during NREM sleep and REM sleep, the vividness and
remarkable nature of dreaming is mainly associated with
REM sleep.

Sleep Cycles

The average duration of a complete NREM-REM cycle is
90-110min. After the end of the first REM sleep period,
a new sleep cycle starts again with a period of light sleep,
consisting mostly of N2. After some time, the slow delta
waves of deep sleep reappear in the EEG. However, in gen-
eral, the amount of N3 in the second sleep cycle is some-
what less than in the first sleep cycle. In the following sleep
cycles, deep sleep may be absent altogether, leaving only
light sleep and REM sleep.

Figure 1 shows the progression of sleep stages across
the night, using the AASM classification nomenclature, of
a young healthy adult. The cycling pattern of NREM sleep
(stages N1, N2, and N3) and REM sleep is clearly visible,
resulting in four or five sleep cycles with a duration of
approximately 90 min each. The distribution of deep sleep
(N3) and REM sleep across the night is asymmetrical: deep
sleep is predominantly present in the first one third of the
sleep episode, whereas the REM sleep episodes lengthen as
the night progresses. In general, deep sleep shows a declin-
ing trend over the night.
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FIGURE 1 Sleep pattern over the night (AASM nomenclature).

During a night, the highest percentage of time is spent in
light sleep (N1 and N2). In a young adult, the percentage of
time in light sleep amounts to 50-60% of the night, whereas
deep sleep (N3) amounts to approximately 15-20%. Finally,
the time spent in REM sleep is 20-25%. These percentages
change with age.

SLEEP IS REGULATED BY CIRCADIAN AND
HOMEOSTATIC MECHANISMS

The timing of the sleep—wake rhythm is controlled by two
processes: a circadian process, regulated by the biological
clock, and homeostatic mechanisms or the need for sleep.
The circadian process is controlled by the biological
clock, located in the suprachiasmatic nucleus (SCN) in the
anterior hypothalamus. The existence of a circadian pace-
maker in the hypothalamus was identified in rodents in 1972
(Moore & Eichler, 1972; Stephan & Zucker, 1972). Cells
in the SCN generate a circadian output signal that drives
most of our physiological and psychological rthythms. As a
result of the influence of the central pacemaker in the SCN,
our body rhythms fluctuate with an endogenous rhythm of
approximately 24h. In the absence of time information
from the environment, the circadian rhythm deviates some-
what from the 24-h oscillation of the light/dark cycle: the
rhythm is then said to be “free-running.” The free-running
period of the circadian rhythm in humans is slightly lon-
ger than 24 h (Czeisler & Wright, 1999), and every day our
biological clock has to be reset to stay in synchrony with
the outside world. The most important information used by
the SCN to reset the clock is light. The retina has special
ganglion cells, containing the photopigment melanopsin,
that are sensitive to light (Gooley, Lu, Chou, Scammell, &
Saper, 2001) and more specifically to blue light in the range
of 460-480nm (Lockley, Brainard, & Czeisler, 2003). The
effect of light on the biological clock is dependent on the
timing with respect to the endogenous SCN rhythm. Firstly
in humans, as they are active during the daytime, the SCN
is mostly sensitive to light during the subjective night, with
little effect during the subjective day. Exposure to daylight
in the second half of the night and early morning advances

the rhythm of the clock, resulting in earlier sleep times. On
the other hand, exposure to light in the evening and first
half of the night delays the clock, resulting in later sleep
times.

Individuals differ in various aspects of their circadian
rhythms. One of the most well-known differences is the
distinction between morning types (larks) and evening
types (owls). The tendency of morning types to get up
and go to bed at an earlier time than evening types is
based on an endogenous difference in the timing of the
circadian rhythm of their endogenous biological clock
with respect to the light—dark cycle (Kerkhof & Van
Dongen, 1996). Also, Duffy (Duffy, Rimmer, & Czeisler,
2001) found that morningness is associated with a shorter
period of the intrinsic circadian rhythm of the biologi-
cal clock. Chronotyping seems to be influenced by age
(Roenneberg et al., 2007), with an increasing tendency
to become morning types when we get older. In addi-
tion, more women than men are morning types (Adan &
Natale, 2002).

The second regulatory process of the timings of sleeping
and waking is the need for sleep, or sleep propensit