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Foreword

Long ago, when I started learning about Sleep Medicine, the only clinical text avail-
able was Christian Guilleminault’s landmark book Sleeping and Waking Disorders: 
Indications and Techniques. Wow, has that limited publication availability ever 
changed over the ensuing years! Currently there so many more books it is some-
times overwhelming for someone seeking good texts. Available formats include 
encyclopedic approaches, broad coverage–limited depth approaches, update books, 
small scope–high depth of subject, and board review–focused publications, just to 
name a few. Now, when I see a new book I ask, “Is this one useful?” and “For what 
audiences?” As a career educator, I also look for applicability for both learners and 
teachers as well. I believe the answer for Sleep Neurology: A Comprehensive Guide 
to Basic and Clinical Aspects, edited by Lourdes M. DelRosso and Raffaele Ferri, 
is a clear yes; it is useful to the sleep medicine field.

Those looking for a solid coverage with updated information about relevant clin-
ical aspects of the field of Sleep Medicine as related to Neurology, but less material 
than wading through an encyclopedia, will find a good clinical focus and solid cov-
erage of major underlying facts and findings. As an added bonus, many of the 
authors are experienced faculty, having focused their career on teaching, both at 
their academic institutions as well as for the American Academy of Sleep Medicine 
committees, courses, and publications. That combination results in a recipe for suc-
cess with their subject coverage.

Cross discipline students, residents and fellows, sleep fellows, mid-level practi-
tioners from neurology-based programs, neurologists, and sleep medicine practitio-
ners who want to learn more about sleep and neurology interrelation, and those 
looking for solid coverage of the indexed subjects, especially relevant for teaching, 
are all likely beneficiaries.

The book’s overall organizational format is well designed to be helpful to the 
reader. The chapters typically provide an efficient focus for the presented topic with 
an abstract, keywords, and/or an introduction to indicate the scope. The chapter 
organization includes integrating the neurological topic with the relevant sleep med-
icine topic(s) making it useful whether the reader is looking for specific areas of 
sleep or neurology focus, or for providing a framework for the integration of the 
fuller topic scope of that chapter. References are provided liberally for readers 
wanting greater depth in specific areas but who do not wish to get bogged down in 
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excessive detail while reading. The coverage of neurology topics related to sleep 
appears to have been well thought out.

I believe the reader will likely find their time well spent as they read this book 
and that it will be a useful addition to the educational literature on Neurology and 
Sleep Medicine.

Andrew L. Chesson Jr, MD
Dean Emeritus, School of Medicine  

Professor Emeritus Neurology and Division of Sleep Medicine
LSU Health Sciences Center – Shreveport 

Shreveport, LA, USA

Foreword
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Preface

Sleep science has undergone incredible development during the last decades, prob-
ably more pronounced than other areas of science. This rapidly evolving field is still 
demonstrating a fast growth which will probably continue in future years. As a 
result of this astonishing increase in knowledge and pieces of information coming 
from a wide range of studies, experts dealing with sleep disorders may find it diffi-
cult to integrate this amount of information in their clinical practice.

It is with great hope we present Sleep Neurology: A Comprehensive Guide to 
Basic and Clinical Aspects as a useful aid to sleep clinicians, researchers, and the 
neurology and medical community in general. With this book, we want to present 
easy access to a comprehensive view of the neurologic basis of sleep disorders. We 
have gathered together experts from all over the world to contribute to this book, 
with a goal to connect the neurophysiology of sleep with sleep disorders seen in 
common neurologic conditions. We want the information to be relevant to the 
understanding of sleep processes, practical to highlight important clinical informa-
tion, and concise to summarize all the key facts in sleep and neurology. The review 
of the list of pertinent citations and references at the end of each chapter provides 
the opportunity to expand the knowledge beyond the current volume. The group of 
authors are experts in their field and represent colleagues from various regions of 
the world, including Europe and North and South America. The contributors bring 
various perspectives and expertise to this volume.

In this first edition, we organize the material into two main parts. The first part 
covers the neurobiology of normal sleep and sleep functions. We start with a general 
description of sleep and wakefulness, discussing the circadian and homeostatic con-
trol of sleep, expanding into the neurophysiology of dreams, memory consolidation, 
and sleep deprivation. The second part is dedicated to the understanding of sleep 
symptomatology in various neurologic conditions. Here, we discuss sleep changes 
in patients with dementia, seizures, headaches, and stroke among other common 
neurologic disorders. Illustrations and tables are added to emphasize important key 
points discussed in each chapter.

As said above, the knowledge about the science of sleep has grown exponentially 
in the last decade and research has shown the association between sleep disorders 
and many other medical conditions. Sleep disorders can contribute to comorbidities 
and, vice versa, medical/neurological conditions can present with specific sleep dis-
orders. As knowledge of the importance of sleep grows, we see it imperative to 
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bring forth this book as a reference source of useful information for both clinicians 
and researchers.

We want to thank all the authors for their expert knowledge and valuable contri-
bution to this book. We also want to thank Mariah Gumpert and Gregory Sutorius of 
Springer for their administrative assistance.

San Francisco, CA, USA� Lourdes M. DelRosso
Troina, Enna, Italy� Raffaele Ferri 

Preface
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Neurobiology of Wakefulness

Lourdes M. DelRosso and Marisa Pedemonte

�Introduction

The sleep-wake cycle is a biological process found in all animals. The identification 
of areas in the brain involved in sleep and wakefulness dates back to the works of Soca 
and Constantin von Economo in the early 1900s. Soca described a continuous and 
prolonged sleep, easily arousable at the beginning in a young patient with a tumor 
located over the sella turcica which compressed the anterior hypothalamic region [1]. 
Von Economo studied the brains of patients who died of encephalitis lethargica. This 
devastating infection manifested in two main forms. One group of patients suffered 
from insomnia and a second group fell into a “sleep coma.” Von Economo identified 
different areas of the brain associated with sleep and wakefulness. He discovered that 
the brains of patients who suffered from profound sleepiness had significant loss of 
neurons in the posterior hypothalamus and mesencephalic reticular formation; hence 
these two areas were identified as crucial for wakefulness, while the brains of patients 
who suffered insomnia had loss of neurons in the anterior hypothalamus and preoptic 
forebrain, concluding that these areas were crucial for sleep [2].

Research in sleep neurophysiology has been tremendously influenced by the 
invention of electroencephalography by Hans Berger who recorded the first human 
EEG in 1924 [3]. In 1936, Frederick Bremer researched EEG patterns in two cat 
brain preparations. He transected the cat brain at two levels. The cut between the 
medulla and the spinal cord (encephale isole) demonstrated EEG patterns of sleep 
and wakefulness. The cut between the inferior and superior colliculi (cerveau isole) 
demonstrated persistent sleep waves. In 1949, Moruzzi and Magoun discovered that 
stimulation of the “reticular formation” in the brain stem would lead to EEG 

L. M. DelRosso (*) 
Department of Pediatrics, University of Washington/Seattle Children’s Hospital,  
Seattle, WA, USA 

M. Pedemonte 
Department of Physiology, School of Medicine, CLAEH University, Prado and Salt Lake, 
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desynchronization and behavioral arousal. Lesions in the reticular formation of the 
brain stem produced persistent sleep [4]. These findings laid the foundations for 
what is currently known as the reticular activating system (Fig. 1.1).

�Neural Circuits of Wakefulness

Moruzzi and Magoun discovered that wakefulness was achieved through the effects 
of the ascending reticular activating system (RAS) on the brain stem and cortex. 
RAS is conformed by several nuclei and neuronal projections that originate in the 
reticular formation of the brain stem. Brain stem nuclei include the locus ceruleus, 
dorsal raphe, median raphe, pedunculopontine nucleus, laterodorsal tegmentum, 
and parabrachial nucleus. Non-brain stem nuclei include the thalamic nuclei, hypo-
thalamus, and basal forebrain. These nuclei cannot be clearly isolated from other 
structures by neuroimaging although some studies have attempted to demonstrate 
RAS fibers and connectivity using diffusion tensor imaging (Fig. 1.2) [5].

LC: Locus Ceruleus, NE: Norepinephrine, PPT: Pedunculopontine tegmentum, LDT:
laterodorsal tegmentum, Ach: Acetylcholine, vPAG: ventral periaqueductal gray, DA:
Dopamine, TMN: tuberomamilary nucleus, His: Histamine, BF Basal forebrain, LH lateral
hypothalamus, Hn; hypocretin

PPT (ACh)

LC (NE)

Raphe
(5HT)

TMN
(His)

BF
(ACh,
GABA)

LDT (ACh)

PPT (ACh)

LC (NE)

Raphe
(5HT)

TMN
(His)

vPAG
(DA)

vPAG
(DA)

BF
(ACh,

GABA)

LDT (ACh)

LH (Hn)LH (Hn)

Fig. 1.1  Nuclei and neurotransmitters involved in the arousal pathways

L. M. DelRosso and M. Pedemonte
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a

b

Fig. 1.2  (a) Seed regions of interest (ROI) are given on the pontine reticular formation (red color). 
The target ROI is given on the intralaminar nuclei of the thalamus at the level of the commissural 
plane.  ML medial lemniscus, RST rubrospinal tract, RF reticular formation, AC anterior commis-
sure, PC posterior commissure. (b) Pathways of the reconstructed ascending reticular activating 
system are shown at each level of the brain in a normal subject (26-year-old male). (From Yeo 
et al. [3])

1  Neurobiology of Wakefulness
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Two nuclei are the major point of origin of the RAS: the pedunculopontine (PPN) 
and the laterodorsal tegmentum (LDT). These nuclei contain acetylcholine-
synthesizing neurons. Every cell in the PPN generates and maintains beta and 
gamma activity during wakefulness via membrane oscillations that are mediated by 
voltage-dependent calcium channels and modulated by G proteins. These channels 
have separate intracellular pathways for wakefulness and for REM sleep (Fig. 1.3) [6].

From the PPT, signals travel via two pathways. The dorsal pathway, thought to 
play an important role in the thalamocortical transmission and on the EEG of sleep 
and wakefulness, projects to the thalamus (intralaminar, paraventricular, and reticu-
lar nuclei) and then to the cortex [7]. The ventral pathway projects to the hypothala-
mus and basal forebrain.

Arousal is therefore initiated and maintained by multiple brain regions, several 
nuclei in the brain stem, and their projections to the thalamus, hypothalamus, and fore-
brain. These nuclei synthesize neurotransmitters (acetylcholine, histamine, serotonin, 
norepinephrine, and hypocretin) (Table 1.1) that modulate wakefulness and sleep.

Fig. 1.3  Intracellular pathways and calcium channels differentially related to waking versus REM 
sleep. Representation of effects of acetylcholine (ACh) activation of a muscarinic 2 cholinergic recep-
tor (M2R) acting through G protein coupling to phospholipase C (PLC) that in turn cleaves phospho-
lipid phosphatidylinositol bisphosphate (PIP2) into inositol trisphosphate (IP3). IP3 is released and 
binds to IP3 receptors in the endoplasmic reticulum (ER) to release calcium (Ca2+). One of the intracel-
lular pathways activated involves CaMKII, which modulates P/Q-type calcium channels, and the other 
pathway involves cAMP/PKA, which modulates N-type calcium channels. The CaMKII/P/Q-type 
pathway mediates beta/gamma band activity during waking, while the cAMP/PKA/N-type pathway 
mediates beta/gamma band activity during REM sleep. (From Garcia-Rill E et al. [4])

L. M. DelRosso and M. Pedemonte
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�Anatomical Components of the Arousal System

�Brain Stem Nuclei

�The Locus Ceruleus (LC)
The LC demonstrates tonic activation during wakefulness. The activation of the LC 
increases norepinephrine (NE) throughout the brain. The LC receives non-
neuropeptide and neuropeptide afferents [8].

	1.	 Non-neuropeptide afferents

	 (a)	 Glutamate from nucleus paragigantocellularis.
	 (b)	 GABA from the nucleus prepositus hypoglossus.
	 (c)	 Serotonin from the dorsal raphe.

	2.	 Neuropeptide afferents

	 (a)	 Corticotropin-releasing factor: usually released during stress to increase NE 
activity.

	 (b)	 Hypocretin: local administration of hypocretin in the LC increases wakeful-
ness and suppresses REM sleep [8].

	 (c)	 Substance P: implicated in pain-related increase in activation of the LC.

�Pedunculopontine Tegmentum (PPT) and Laterodorsal 
Tegmentum (LDT)
Neurons from the PPT/LDT are mainly cholinergic and glutamatergic and demon-
strate activity during wakefulness and during REM sleep. The PPT/LDT initiates 
and maintains beta and gamma activity mediated by two types of voltage-dependent 
calcium channels: the P/Q-type channels regulated by CaMKII during wakefulness 
and the N-type channel regulated by cAMP/PK during REM sleep (Fig. 1.3) [6].

The PPT/LDT projects to the thalamus, cerebellum, cerebral cortex, and basal 
forebrain. Besides participating in wakefulness and REM sleep generation, the PPT 
is also important in learning and in locomotion.

�Raphe Nuclei
The dorsal raphe nucleus in the middle of the brain stem contains serotonin-producing 
neurons. Firing rates of the dorsal raphe nucleus are higher during wakefulness.

Table 1.1  Neurotransmitters of wakefulness

Neurotransmitter Location
Hypocretin Lateral hypothalamus
Histamine Tuberomammillary nucleus
Serotonin Raphe nucleus
Acetylcholine Pedunculopontine tegmentum

Laterodorsal tegmentum
Dopamine Ventral periaqueductal gray
Norepinephrine Locus ceruleus

1  Neurobiology of Wakefulness
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�Thalamus

The thalamus relays information from and to the cortex. Glutamatergic neurons 
in the thalamus relay sensory, motor, and limbic information to the cortex. 
Thalamic neurons participate in the formation of spindles during NREM sleep. 
During wakefulness, acetylcholine depolarizes thalamic neurons suppressing 
spindle production [9].

�Hypothalamus

The hypothalamus is essential in the regulation of sleeping and waking, feeding, 
drinking, activity, and body temperature. The posterior hypothalamus is an 
important participant in RAS. Inactivation of the rostral and middle parts of the 
posterior hypothalamus has been associated with severe hypersomnia. During 
insomnia, posterior hypothalamic neurons are in an estate of hyperactivity. The 
sleep/wake components of the hypothalamus include the tuberomammillary 
nucleus (TMN), the lateral hypothalamus (LH), and the ventrolateral preoptic 
nucleus (VLPO). The TMN is a discrete group of about 60,000 neurons located 
in the posterior hypothalamus that project mostly unmyelinated axons to the cen-
tral nervous system [10]. It demonstrates significant increase in c-FOS expres-
sion (a marker of cell activation) during the wakefulness state, and it is the only 
source of neuronal histamine in the brain. Histaminergic neurons have the most 
wake-selective firing patterns and are inhibited by GABAergic projections form 
the VLPO [11]. Norepinephrine from the LC activates histaminergic neurons 
indirectly by inhibiting the GABAergic inputs. Dopamine from nearby hypotha-
lamic areas excites histaminergic neurons. Hypocretin-producing neurons in the 
LH promote waking via excitatory effect primarily on the TMN, basal forebrain, 
and RAS neurons.

The Basal Forebrain (BF)  The BF contains various neurotransmitters including 
GABAergic, glutamatergic, and cholinergic neurons (comprise 5%). Studies have 
shown that BF cholinergic neurons play an important role in wakefulness [12].

BF cholinergic neurons project to inhibit the VLPO decreasing c-FOS expression.

�Neurotransmitters of Wakefulness

Neurotransmitters are chemical substances synthesized by neurons, stored in synap-
tic vesicles, and released into the synaptic cleft where they bind a postsynaptic 
receptor to elicit a specific response. A neurotransmitter can be excitatory or inhibi-
tory depending on the type of receptor it binds to. In this section we will discuss the 
main neurotransmitters involved in wakefulness.

L. M. DelRosso and M. Pedemonte
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�Acetylcholine
Acetylcholine-producing neurons, involved in wakefulness, are located in the brain 
stem (PPT and LDT) and in the basal forebrain. Cholinergic neurons can bind to 
muscarinic or nicotinic receptors. Muscarinic effects include depolarization of 
pyramidal neurons, subthreshold oscillations of the beta/gamma range, and block-
ade of slow afterhyperpolarization. Nicotinic effects include depolarization of inter-
neurons and glutamate release [13]. Acetylcholine neurons exhibit higher activity 
during both wakefulness and REM sleep than during NREM sleep.

�Norepinephrine
Norepinephrine neurons are predominantly located in the locus ceruleus of the brain 
stem. Norepinephrine neurons fire during wakefulness, diminish activity during 
NREM sleep, and are quiet during REM sleep. The mechanism by which norepi-
nephrine promotes wakefulness is by excitation of various neuronal systems of the 
RAS via alpha-1 receptors. Beta receptors inhibit hyperpolarizations of cortical 
pyramidal neurons, allowing the faster firing during wakefulness.

�Serotonin
Serotonin release is increased during wakefulness in the dorsal raphe nucleus, 
decreased during NREM sleep, and almost absent during REM sleep. The mecha-
nism by which serotonin promotes wakefulness is complex, but it has been postu-
lated to be via depolarization of histaminergic tuberomammillary neurons and basal 
forebrain GABA neurons projecting to the hippocampus and neocortex. There are 
various serotonin receptors, but agonists to 5HT1A, 5HT1B, 5HT2A/2C, or 5HT3 
appear to increase wakefulness and decrease sleep [12].

�Histamine
In the central nervous system, histamine is synthesized from L-histidine. Besides 
arousal, histamine is also involved in feeding, drinking, sexual behavior, locomotor 
activity, and analgesia. Histamine neurons are active during wakefulness and inac-
tive during sleep. Various types of stress, hypoxia, and hypercapnia have been 
shown to activate histamine neurons. Histamine promotes wakefulness via excit-
atory effects on the nuclei of the RAS and inhibitory effects on the sleep-active 
projection neurons of the VLPO [13]. The effects of histamine are mediated by four 
histamine receptor types: H1R, H2R, H3R, and H4R.  H1R, H2R, and H3R are 
found in the brain. H1R is responsible for the waking effect of histamine. H2R is 
implicated in attention and H3R in autoregulation [11].

�Hypocretin (Orexin)
Hypocretin was first described in 1998 as a sleep- and eating-associated neurotrans-
mitter. Neurons that produce hypocretin are located in the perifornical area of the 
dorsolateral hypothalamus and project to all the areas of the CNS and spinal cord. 
Hypocretin enhances synaptic transmissions and increases intracellular calcium 
[13]. The cell bodies of hypocretin-producing neurons are predominantly innervated 
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by glutamatergic (excitatory) synapses compared to inhibitory (GABAergic) syn-
apses. This particular array facilitates the excitation of the system in response to vari-
ous stimuli [13]. Hypocretin receptors are found inside and outside the brain. 
Activation of hypocretin neurons during wakefulness is produced by intrinsic depo-
larization and by glutamatergic activation. Hypocretin activates thalamocortical neu-
rons, serotonergic neurons in the raphe nuclei, dopaminergic neurons in the dorsal 
tegmental area, norepinephrine neurons in the locus ceruleus, and cholinergic neu-
rons in the basal forebrain and the mesopontine tegmentum [9]. Two receptors have 
been identified, hypocretin 1 and hypocretin 2. Hypocretin neurons send dense pro-
jection to the TMN where they depolarize histaminergic neurons via hypocretin type 
2 receptors. Hypocretin-containing neurons are active during wakefulness and inac-
tive in both REM and NREM sleep.

�Dopamine
Dopamine neurons in the ventrotegmental area (VTA) fire more during wakefulness 
and during REM sleep than during NREM sleep with subsequent increased dopa-
mine release in the nucleus accumbens and prefrontal cortex. Dopamine neurons in 
the ventral periaqueductal gray (vPAG) fire during wakefulness and not during 
sleep. The vPAG projects to the RAS and receives input from the VLPO [12].

�Glutamate
Glutamate is an excitatory neurotransmitter important in cognitive function. 
Glutamate-containing neurons are widely spread in the brain. Levels of glutamate in 
the hypothalamus and cortex are elevated during wakefulness and during REM 
sleep. Promotion of wakefulness is via the N-methyl-D-aspartate (NMDA) receptor.

�Electroencephalogram (EEG) of Wakefulness

During wakefulness, the EEG represents synaptic potentials from pyramidal cells 
within the cortex and hippocampus. The EEG of wakefulness is characterized by 
low-voltage (5–10 microvolts), high-frequency (20–30 hertz) waves called beta 
waves and gamma waves (30–120 hertz). These frequencies are fired from the PPN 
during wakefulness and during REM sleep. Transection studies anterior to the PPN 
have shown to prevent these waves, while stimulation of the PPN produces gamma 
waves on EEG [6]. During relaxed wakefulness, the EEG frequency slows down to 
a frequency of 8–13 hertz called alpha rhythm (Fig. 1.4).

�Physiology of Wakefulness

Considering the ontogenetic evolution of the human being, wakefulness emerges 
from sleep. The newborn baby sleeps almost all day, and the short periods of wake-
fulness to feed gradually, become longer. Wakefulness is “sculpted” or “modeled” 
with sensory inputs from the environment.
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Development in humans is constantly influenced by a series of biological 
rhythms. In utero, the CNS is developing in an environment influenced by excitable 
tissues that are rhythmically organized. Moreover, all the sensory systems are 
formed under the influence of the biological rhythms of the mother. This process 
continues at birth, now also influenced by environmental cues, and persists through-
out life in an uninterrupted manner, during the wakefulness-sleep cycle.

Day to day wakefulness begins in a circadian context given mainly by the fall 
of nocturnal melatonin and the increase of cortisol in the morning. However, there 
are many other rhythms that also modulate wakefulness, for example, the ultra-
dian attentional rhythms, feeding, and cardiac, among others. Framed in these 
oscillations, during wakefulness, all homeostatic controls must be met, with pre-
cision and speed to maintain parameters within the normal ranges, although we 
are constantly changing the environment and the metabolic demands given by 
various activities. Deviations of the physiological ranges elicit error signals in 
thermo-, baro-, chemo-, mechano-, and nociceptive receptors sending information 
to the CNS, processing via feedback loops, and finally returning to normal values 
via autonomic, endocrine, or somatic responses. All these homeostatic controls 
[14] are made through two mechanisms that interact continuously: feedback or 
reactive homeostasis, where the responses are caused by changes in the environ-
ment or the organism itself, and predictive homeostasis (feedforward) that pre-
vents future disturbances and generates preventive actions to mitigate the future 
energy cost [15, 16].

According to the Parmeggiani model [16, 17], the control commands, despite the 
immovable morphological hierarchy, vary the functional hierarchical array depend-
ing on the ultradian wakefulness-sleep cycle (quiet wakefulness, QW; NREM sleep 
and REM sleep).

Fig. 1.4  30-second epoch during polysomnography. Relaxed wakefulness is characterized by 
alpha waves more predominantly seen in the occipital leads (O2-M1 and O1-M2). Also note fre-
quent eye movements (E2-M1 and E1-M2) consistent with wakefulness
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Wakefulness constitutes two thirds of our lives. It is during wakefulness that we 
develop relationships through interactions, mental stimulation, and emotions. 
During wakefulness homeostatic controls maintain the vital parameters within 
physiological ranges through autonomic and hormonal controls. There is a global 
predominance of the sympathetic nervous system over the parasympathetic system 
that is exacerbated at times of maximum demand.

Throughout the day, functional and structural changes occur, Changes in cerebral 
blood flow, in metabolism, in the speed of reflex responses, alert levels, immunity 
response, among others. A “sleep debt” is generated that will be paid the following 
night for the good restoration of all the physiological functions. Therefore, to con-
sider the physiology of a healthy organism, we must consider these two states acting 
synergistically and facing the sleep-wake cycle as a functional whole.

�Conclusion

Wakefulness is a recurring state under circadian control, orchestrated by a complex 
interaction between neurotransmitters of the arousal system.

Signals arise from the brain stem and ascend through the thalamus, hypothala-
mus, and basal forebrain to promote and maintain wakefulness. Several nuclei with 
their respective neurotransmitters are involved in this system. Understanding the 
pathways involved in wakefulness will help understand the potential pathophysio-
logic basis of sleep-wake disorders.
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Neurobiology of Sleep

Ibrahim J. Raphael and Marisa Pedemonte

�Introduction

Sleep is a complex behavioral state that has perplexed the men and women of sci-
ence for millennia. In Greek mythology, Hypnos the god of sleep was the son of 
Nyx the goddess of the night and Erebus god of the darkness. He lived with his twin 
brother Thanatos, the deity of death, in a cave in the underworld where no light or 
sound would enter. The entrance was full of poppies, a narcotic analgesic plant. 
Through the cave coursed Lethe, the river of oblivion whose consumption would 
induce forgetfulness and flowing murmurs and drowsiness. Lethe formed the border 
between night and day. Hypnos married Pasithea, daughter of Zeus and minor god-
dess of hallucination and relaxation. Pasithea gave birth to the Oneiroi, gods of 
dreams, Morpheus, Phobetor, and Phantasos personifying shape, fear, and imagina-
tion, respectively.

In the more modern days, sleep was long thought to result from an interruption 
in consciousness and was long considered akin to syncope, narcosis, or coma. Sleep 
was however noted to be distinct in its easy reversibility, i.e., waking up. In an 
attempt to better understand this physiologic phenomenon, several hypotheses and 
theories have been proposed throughout the years. Most of these were deemed obso-
lete, even at the time, motivating researchers and physicians alike to find more com-
plete and satisfying explanations. One of the first major schools of thought supported 
the theory of lack of stimuli, in other words, implying that sleep is a consequence of 
the brain ceasing to receive external stimuli. For example, Exner and Rabl-Rükhard 
proposed that the ganglionic cells of the brain retract their dendrites during sleep. 
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Purkinje attributed sleep to the swelling of the gray matter exerting mass effect and 
strangulation of signaling pathways to and from the brain. Mauthner then added that 
sleep is due to a physiological recurrence of this swelling. Later came other con-
cepts such as the anemia theory or the vasomotor theory of Mosso. In the early 
twentieth century, chemical theories became more popular in an attempt to involve 
not only the brain but also the human body as an entity. For example, Pflüger and 
Du Bois-Raymond suggested that carbon dioxide asphyxiation of the brain gener-
ated sleep. Piéron later reported that fatigue itself could be associated with the pro-
duction of substances released in the blood stream and stimulating the onset of 
sleep. Weichhardt went a step further and hypothesized that the accumulation of 
those substances during wakefulness and their excretion during sleep explained the 
periodicity of sleep. This was later followed by the introduction of the hormonal 
theory of Mingazzini who thought that the periodicity of sleep could be explained 
by an alternating balance of two groups of endocrine glands. Decades of research 
and experiments have led us to much better understand the sleep state.

Parmeggiani’s research since the 1960s has provided an important advance in the 
understanding of the changes in the physiological controls during sleep. All the 
changes demonstrated are based on two major concepts: NREM sleep maintains a 
parasympathetic predominance, while REM sleep is a poikilostatic state, with sym-
pathetic bursts of activity [1, 2].

After centuries of relating sleep to death or diminishing brain functions, it is now 
recognized that the brain is actively working, on synaptic plasticity, recovery, and 
restoration of biochemical and physiological processes performed during wakeful-
ness, as well as in cognitive, learning and memory processes [3].

Despite this marked activity, the central nervous system (CNS) continues to 
interact with the environment, although in a different way than during wakefulness. 
This is particularly appreciated in the auditory system [4, 5].

Thanks to advancements in technology, our understanding of sleep has increased 
exponentially in the past few decades. Sleep is necessary to maintain healthy cognitive 
and emotional function, performance, and safety as well as overall physical health. 
Several epidemiological, clinical, and basic science studies have elucidated without a 
reasonable doubt the importance of adequate sleep. Transitions between wakefulness 
and the various stages of sleep are gradual rather than discrete events. Sleep stages are 
broadly grouped as rapid eye movement (REM) and non-REM (NREM) stages 
depending on well-defined electrical patterns seen on polysomnography (PSG).

�NREM Sleep

�Neural Pathways

In 1916, von Economo described “lethargic encephalitis” in which patients suf-
fered symptoms such as insomnia, reversal of sleep-wake periodicity, and 
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somnambulism to name a few [6]. Later in the 1930s, he observed that this 
insomnia was commonly seen in patients with encephalitis affecting the preop-
tic area and basal forebrain [6]. Many studies have been able to confirm this by 
demonstrating that the destruction or inactivation of neurons in these areas 
resulted in a state of insomnia [7–9]. These findings suggested these areas of the 
brain play a key role in the regulation of sleep. Animal and immunocytochemis-
try experiments later demonstrated clusters of neurons in the ventrolateral pre-
optic (VLPO) and the median preoptic nucleus (MnPO) areas that were 
selectively activated during sleep [10–12]. These neurons have projections to 
the wake-promoting centers, namely, the histaminergic neurons of the ipsilat-
eral tuberomammillary nucleus (TMN), the laterodorsal tegmental nuclei (LDT) 
and pedunculopontine tegmental nuclei (PPT), the locus coeruleus (LC), the 
serotoninergic dorsal raphe (DR), and the lateral hypothalamus [10, 11]. As 
mentioned in the previous chapter, these centers play an important role in the 
arousal system. Activation of the VLPO neurons resulted in an increase in 
GABA concentration in the wake-promoting centers, thus inhibiting their activ-
ity and thereby contributing to the onset and maintenance of sleep [6]. VLPO 
neuronal firing was markedly increased during NREM sleep, slowed during 
REM sleep, and absent in wakefulness [13–15]. In contrast, MnPO neurons 
were noted to become active immediately prior to NREM onset [16].

�Neurotransmitters

Neurons in the VLPO and MnPO produce GABA and galanin. These inhibitory 
neurotransmitters act on the wake-promoting centers of the brain. Researchers have 
shown that drugs such as benzodiazepines, benzodiazepine-like drugs (Zolpidem), 
and barbiturates bind to GABA-A receptors whereas gamma hydroxybutyrate 
(sodium oxybate or Xyrem®) binds to GABA-B receptors [17–19]. It is likely that 
those drugs work by stimulating GABA receptors in the VLPO and MnPO to pro-
mote sleep maintenance.

�Key Points

–– MnPO neurons are most active prior to NREM, likely involved in sleep onset.
–– VLPO neurons are most active during NREM, slower during REM, and inactive 

during wakefulness, likely involved in sleep maintenance.
–– VLPO and MnPO neurons innervate wake-promoting centers, likely inhibit 

arousal from sleep.
–– VLPO and MnPO neurons release the inhibitory neurotransmitters GABA and 

galanin.
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�Polysomnography Findings

NREM sleep is comprised of three substages labeled N1, N2, and N3 each defined 
by unique electroencephalography (EEG) and electrooculography (EOG) criteria. 
Electromyography (EMG) criteria are more important in scoring stage of REM 
sleep. During NREM, chin EMG can be of variable amplitude with a tendency to 
decrease in amplitude from stages N1 to N3. Stage-specific criteria are defined by 
the American Academy of Sleep Medicine (AASM) and are scored according to the 
stage occupying the majority of a 30-second epoch.

Stage N1 is characterized by a background of low-amplitude, mixed-frequency 
(LAMF) activity (4–7 Hz) for more than 50% of an epoch. Vertex (V) sharp waves 
are sharp waves with a maximal duration of 0.5 seconds. V waves can be observed 
in stages N1 and N2; however, their presence is not required for scoring. The EOG 
shows slow eye movements (SEM) that appear with closed eyes during wakefulness 
and during N1. They are conjugate, sinusoidal eye movements with an initial deflec-
tion lasting more than 0.5 seconds (Fig. 2.1).

Stage N2 is characterized by the appearance of K-complexes and sleep spindles. 
K-complexes are sharp waves with a negative followed by positive deflection with a 
minimum duration of 0.5 seconds, better seen on frontal leads. Sleep spindles represent 
inhibitory bursts originating from the reticulothalamic cells [20]. They are distinct seg-
ments of sinusoidal activity (11–16 Hz) lasting at least 0.5 seconds, best seen in central 
leads. EOG typically shows no eye movements or persistence of SEM (Fig. 2.2).

Stage N3 is a deeper stage of sleep characterized by slow wave activity seen 
in 20% or more of a 30-second epoch. Slow waves have a frequency of 0.5–2 Hz 
with a minimal amplitude of 75 microvolts better seen in the frontal leads. They 
originate from cortical neurons under dorsal reticulothalamic control and are 

b

a

c

d

Fig. 2.1  This 30-second epoch has been labeled as N1. (a) A background of low-amplitude, 
mixed-frequency (LAMF) activity at a frequency of 4–7 Hz can be seen for the majority of this 
epoch. (b) An arousal is illustrated by an abrupt onset of alpha waves (8–13 Hz) best seen on the 
frontal leads. Notice the persistence of (c) chin tone and (d) slow eye movements
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thought to reflect cortical synchronization [21]. Eye movements are not typically 
seen in this stage (Fig. 2.3).

�Physiology

Sleep stages exhibit an ultradian rhythm that repeats four or five times each night. 
Typically sleep onset in adults is through N1, followed with N2, N3, and REM 
sleep. This sequence repeats itself approximately every 90 minutes. The physiology 

Fig. 2.2  This 30-second epoch has been labeled as N2. Several sleep spindles can be seen 
throughout this epoch. They are sinusoidal bursts better seen in the central leads, with a frequency 
of 11–16 Hz and last at least 0.5 seconds each

Fig. 2.3  This 30-second epoch has been labeled as N3. Slow wave activity with a frequency of 
0.5–2  Hz with a minimal amplitude of 75 microvolts. Although occupying the totality of this 
epoch, only 20% or 6 seconds of slow wave activity is required for scoring
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of the various organ systems is modulated and varies according to the sleep-wake 
cycle: motor activity, sensory information, cardiovascular and respiratory functions, 
endocrine, and temperature control.

�Motor Activity
Motor activity is greatly diminished; movements are slight in the NREM stages or 
in the brief periods of awakening between the ultradian cycles of the night of sleep. 
In periods of stillness, muscle tone is diminished compared to wakefulness.

�Sensory Information Processing
Despite the reduced motor activity and the loss of awareness, sensory systems con-
tinue to send information that is processed in the CNS during sleep; visceral and 
vascular receptors continue homeostatic control, and proprioceptive receptors con-
trol posture and tone. Receptors continue sending signals about the environment to 
warn about changes that may provoke arousals or awakenings. On the other hand, 
sensory networks and centers must process all the information entered during the 
day and generate new memories, decide forgetfulness, and participate in dreaming.

The evoked potentials and the unitary responses of certain neuronal groups are 
comparatively greater during NREM than during wakefulness. This fact was dem-
onstrated for visual and auditory inputs. The thalamic and cortical auditory-evoked 
potentials show greater amplitude during NREM when compared to wakefulness 
and REM [22–25]. It has been shown that synchronous activity, both visual and 
auditory, at different levels of the pathways, is modulated by the sleep-wake cycle 
in very complex ways [4]. This neuronal activity is also related to other ultradian 
rhythms, such as the theta rhythm of the hippocampus whose temporal correlation 
would have the function of evaluating a novel stimulus, both in wakefulness and in 
sleep [26–28]. Inversely, the complete absence of auditory input produces modifica-
tions in sleep and wakefulness [29, 30].

�Homeostatic Controls

NREM sleep can be considered to be a period in which homeostatic controls are 
conserved with the functional prevalence of parasympathetic influences associ-
ated with quiescence of sympathetic activity, energy conservation, predominance 
of anabolic metabolism, and general decrease in cardiovascular and respiratory 
functions [2].

�Cardiovascular Functions
During NREM sleep the sensitivity of baroreceptor reflexes increases; the mean 
arterial pressure and heart rate decrease as a result of a drop in diastolic and systolic 
blood pressures. The lowest value is recorded during stage N3. The pulmonary 
artery blood pressure remains stable during all NREM sleep phases [31].
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�Respiratory Changes
During NREM sleep, metabolic respiratory control predominates over the neural, 
which ensures the homeostasis of arterial O2 and CO2 through information con-
veyed from central and peripheral chemoreceptors. Both N1 and N2 stages provoke 
an unstable respiratory rhythm with consecutive hypoventilations and hyperventila-
tions called “periodic ventilation.” This pattern alternates with periods of regular 
breathing. During N3 ventilation becomes regular, with higher amplitude and a 
lower respiratory rate. When NREM starts, automatic control mechanisms are 
released, with inactivation of telencephalic mechanisms that are active during wake-
fulness. The partial pressure of alveolar CO2 increases because the chemoreceptor 
sensitivity to CO2 is moderately reduced, whereas the partial pressure of alveolar 
and arterial O2 decreases [32].

�Endocrine Functions
Most hormones are produced or controlled in the hypothalamic-pituitary axis. In 
addition, the hypothalamus regulates autonomic actions to comply with homeo-
static controls throughout the body and houses the control centers for hunger, 
satiety, and thirst. All these complex functions are modulated by circadian 
rhythms and the sleep-wake cycle. Melatonin, for example, secreted by the pineal 
gland, is considered a chemical code through which the brain “understands” that 
it is nighttime [33].

All hormones exhibit cyclical oscillations in their blood levels, which have been 
subdivided into three different categories: (a) hormones modulated by a particular 
stage of sleep (i.e., the peak in growth hormone levels during stage N3), (b) hor-
mones highly influenced by the whole period of sleep (prolactin and thyrotrophin), 
and (c) hormones weakly modulated by sleep (adrenocorticotrophin and cortisol). 
There are hormones, such as gonadotropins, that are subject to the modulation of 
many rhythms, circadian, ultradian related to the sleep stages, and infradian taking 
part of the monthly cycle [32, 34].

�Body Temperature
In homeothermic animals, during wakefulness, body temperature is controlled 
through the interaction between hypothalamic and cortical mechanisms. In NREM 
the automatic mechanisms are released from cortical control. In an environment of 
thermoneutrality, the homeostatic controls fix the body temperature to values lower 
than those of quiet wakefulness, due to the predominant conservative metabolism 
and muscle hypotonia.

�Renal Function
Antidiuretic hormone, synthesized in the hypothalamus and secreted in the neuro-
hypophysis, increases its secretion during sleep, which causes a marked increase in 
urinary concentration. Glomerular filtration, urine volume, and sodium, potassium, 
and calcium excretion decrease during sleep.
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�Digestive Functions
There is an overall decrease in gastric acid secretion during sleep in normal humans. 
Also the esophagus motility is consistently reduced.

�REM Sleep

The term “REM sleep” was first coined by Aserinsky and Kleitman after noting that 
dreaming occurred in the presence of rapid eye movements while sleeping, along 
with a low-voltage EEG [35]. In 1959, Michel Jouvet, a French professor of experi-
mental medicine, reported that an intact pontine tegmentum was necessary for the 
generation of REM sleep [36–38]. REM sleep was eliminated with transection in 
the pons; however, it was preserved after suprapontine transections [36–38]. Jouvet 
also observed that during REM sleep, cats entered a temporary vegetative-like state, 
with total absence of muscle tone, increased respiratory rate, decreased heart rate, 
and a fall in core body temperature by 2–3°C compared to the preceding sleep stage. 
These findings coupled with the wake-like brain activity on EEG and the presence 
of rapid eye movements led Jouvet to describe REM sleep as a “paradoxical sleep 
stage” due to its similarity with wakefulness [36].

REM is usually automatically associated with dreaming. Historically, dreams 
have been associated with prophecy telling, repressed primal desires, and uncon-
scious mental reflection [39]. Yet dreams do not always occur in REM sleep. Siegel 
studied sleep in the platypus and reported that REM only occurs at the level of the 
brain stem without forebrain activation, a necessary component of higher cognitive 
function such as dreaming [40]. Moreover, not all subjects recall dreams when 
aroused from REM sleep [41], which brings up the question, do all people dream? 
And do dreams occur with every REM stage or only with specific REM periods? 
REM sleep was once thought to be an essential stage of sleep for physical and men-
tal health, which has been challenged by the lack of impairment in health or cogni-
tion in patients with pontine lesions who are unable to reach REM sleep [42]. 
Furthermore, tricyclic antidepressants (TCA), monoamine oxidase inhibitors 
(MAOi), and selective serotonin and serotonin-norepinephrine reuptake inhibitors 
(SSRI and SNRI) are known REM suppressants [43]. Drug-induced REM suppres-
sion has not been correlated with a detrimental effect on overall health, behavior, or 
cognition [44].

To this day, the true role of REM sleep remains to be elucidated. Although neu-
ronal pathways and neurotransmitters involved in REM sleep have been discovered, 
the full circuitry and coordination between these isolated discoveries is still unclear. 
In this section, we will explore the different neurotransmitters involved in REM 
sleep as well as their origin and target. In the end we will review the polysomno-
graphic findings characteristic to REM sleep.
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�Acetylcholine

Acetylcholine (ACh), a neurotransmitter of wakefulness, is also active during REM 
sleep. Injection of a cholinergic agonist or acetylcholinesterase inhibitor directly 
into the pons produces long-lasting REM sleep and muscle atonia [45–48]. On the 
other hand, lesions in the LDT/PPT were associated with a marked reduction in 
REM sleep [49, 50]. Cholinergic neurons in the LDT/PPT (part of the ascending 
arousal system) have projections to the thalamus and the ventromedial medulla. 
Stimulation of the thalamocortical neurons by ACh is thought to play a key role in 
dreaming during REM sleep [16]. Stimulation of the ventromedial medullary neu-
rons releases inhibitory neurotransmitters GABA and glycine, thereby inhibiting 
the activity of motor neurons in the brain stem resulting in muscle atonia [16, 51, 
52] (Fig. 2.4).

�Monoamines

Monoaminergic neurons are found in the locus coeruleus (LC), dorsal raphe (DR), 
and tuberomammillary nucleus (TMN). They release the monoamines norepineph-
rine (NE), serotonin (5-hydroxytryptamine or 5-HT), and histamine (HA), respec-
tively. Monoamines increase muscle tone by direct stimulation of motor neurons 
and suppress REM sleep by inhibiting the REM-active cholinergic neurons [16, 
53–55]. During REM sleep, monoaminergic neurons are suppressed, thereby disin-
hibiting the LDT/PPT and ceasing to stimulate the basal forebrain and spinal motor 
neurons. As mentioned above, medications such as SSRI, SNRI, MAOi, and TCA 
cause drug-induced REM suppression [43]. By increasing muscle tone in sleep, 
these drugs have also been shown to worsen or unmask underlying periodic leg 
movements (PLM) and REM behavior disorder (RBD) [56–63] (Fig. 2.5).

Dreaming Thalamus LDT/PPT

Ventromedial
medulla

Motor
neurons

GABA
glycine

X

X

X

REM
atoniaTMN

LC/DR
ACh

ACh

Fig. 2.4  Cholinergic REM-on pathway. The LDT/PPT sends excitatory cholinergic projections to 
the thalamus and ventromedial medulla. The ventromedial medulla sends inhibitory projections to 
the spinal and brain stem motor neurons thereby contributing to REM atonia. REM rapid eye 
movements, LDT/PPT laterodorsal and pedunculopontine tegmental nuclei
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�GABA

An alternate proposed pathway of REM sleep includes the sublaterodorsal nucleus 
or subcoeruleus (SLD). This collection of neurons ventral to the LC produces 
GABA and glutamate [64]. They have projections to the ventromedial medulla and 
the ventral horn of the spinal cord [65, 66]. When active, they promote REM sleep 
and atonia [67]. An insult to the SLD can reduce REM sleep, reduce atonia, and 
could potentially be an important factor in REM behavior disorder (RBD) 
[64, 68–70].

�Melanin-Concentrating Hormone (MCH)

In addition to orexin, the lateral hypothalamus contains a cluster of neurons that 
produce the inhibitory neurotransmitters MCH and GABA [71]. These neurons 
innervate the LC and DR and are most active during REM, slow down during 
NREM, and are silent with wakefulness [72, 73]. Micro-infusions of MCH produce 
increased REM (and slow wave sleep), whereas micro-infusions of an MCH recep-
tor antagonist produce decreased REM sleep [72, 74, 75].

�Polysomnography Findings

REM sleep is portrayed by conjugate, sharp, and irregular derivations in EOG with 
an initial deflection lasting less than 0.5 seconds. Since rapid eye movements can 
also be seen during wakefulness with eyes open, the simultaneous presence of low/
absent chin tone on EMG is required for scoring REM sleep. The background EEG 

LDT/PPTThalamus
5-HT

HA
5-HT

DR

LC
NE

NE

TMN
Ventromedial

medulla
Motor

neurons
Increased

muscle tone

X

X

X

Fig. 2.5  Monoaminergic REM-off pathway. The LC, DR, and TMN inhibit the activity of the 
LDT/PPT preventing thalamic and ventromedial medulla stimulation. The LC and DR also stimu-
late the basal forebrain and spinal motor neurons, thereby increasing muscle tone. REM rapid eye 
movements, LDT/PPT laterodorsal and pedunculopontine tegmental nuclei, TMN tuberomammil-
lary nucleus, LC locus coeruleus, DR dorsal raphe, NE norepinephrine, 5-HT 5-hydroxytryptamine 
or serotonin, HA histamine
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is one of LAMF without K-complexes or sleep spindles (characteristic of stage N2). 
Sawtooth waves can also be present, better seen over the central leads with a fre-
quency of 2–6 Hz.

�Physiology

An important physiological characteristic of REM sleep is the loss of central 
homeostatic control. It has not yet been clarified why these brief periods of poikilo-
static state exist in a homeostatic organism. Could it be an evolutionary advantage? 
Will it be essential to fulfill some special function still unknown? Velluti’s hypoth-
esis proposed the fragmentation of REM sleep throughout the night as an internal 
protection system to avoid long periods without homeostatic control [32, 76].

�Metabolism and Blood Flow
REM sleep is a period of great activity. This has been demonstrated in human stud-
ies using positron emission tomography (PET) with 2-deoxy-D-glucose. It has been 
demonstrated that during N3 the cerebral glucose metabolism decreases 12% com-
pared to wakefulness, while during REM it increases 16% [77]. Previous research 
in animal models showed that cerebral oxygen exhibits a particular distribution of 
O2 availability during REM, which has been denominated “pO2 PS system” [78]. 
This system includes the reticular formation, the reticularis pontis oralis, the basal 
forebrain, the hypothalamus, the amygdala, and the cerebellum. This oscillating 
pattern, which was attributed to a decrease in the local homeostatic control, has also 
been interpreted as an increase in glucose degradation induced by anaerobic metab-
olism during neural activity increments [79–83].

�Cardiovascular Functions
In humans, blood pressure and heart rate during REM become variable and exhibit 
transient increases of up to 40 mm Hg which overlap with a tonic hypotension, in 
periods with phasic events (rapid eye movements, muscle twitches). One of the fac-
tors that increase blood pressure is the increase in peripheral resistance caused by 
periods of vasoconstriction in skeletal muscles [31].

In animal models it has been shown that the rhythmicity of the heart rate is 
modulated by changing in autonomic tone during the sleep-wake cycle and by ultra-
dian rhythms such as the hippocampal theta rhythm [84–86]. This interval variabil-
ity was also demonstrated in humans [80].

�Respiratory Changes
During REM sleep the respiratory rate is faster and irregular, with brief episodes of 
apnea and hypoventilation. Muscle atonia, characteristic of this sleep phase, con-
tributes to these respiratory findings by decreasing the chest expansion and increas-
ing upper airway resistance. The diaphragm maintains an irregular activity [87].
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�Body Temperature
During REM sleep there is absence of temperature regulation due to inhibition of 
muscle tone and absence of shivering which prevents heat generation. Body tem-
perature falls along the night to reach the lowest levels by the last hours of sleep. 
However, just as sleep modulates thermoregulation, thermoregulation also modu-
lates sleep; in situations that move away from thermoneutrality, the quality-quantity 
of sleep is compromised until it is abolished [88–90].

�Sexual Functions
Penile erection or tumescence has been shown during REM sleep in human subjects 
between 3 and 79  years of age, although in adolescents this also happens in 
NREM. This characteristic is often used to differentiate between organic and psy-
chogenic impotence. Women exhibit clitoral erections and increment of the vaginal 
blood flow during REM.

�Conclusion

Sleep consists of NREM and REM sleep. NREM sleep has three substages N1, N2, 
and N3. Each state has different electroencephalographic and physiologic charac-
teristics. Furthermore, various functions, hormones, and processes occur during 
each state of sleep. REM is characterized by muscle atonia and rapid eye move-
ments. The similarity of the electroencephalogram of REM sleep and wakefulness 
made it to be called “paradoxical sleep stage.” The understanding of the physiologic 
changes in each sleep stage is very important for the understanding of sleep, sleep 
disorders, and neurological conditions.
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�Introduction

Two biological processes have been thought to independently regulate the timing 
and length of sleep: process C and process S. This two-process model of sleep 
regulation was first proposed in 1982 by a Swiss sleep researcher, Alexander 
Borbely [1]. Process C, the circadian process, refers to the roughly 24-hour 
sleep-wake cycle. Research in the 1970s determined that the suprachiasmatic 
nucleus (SCN) of the hypothalamus was capable of autonomous oscillation and 
was later found to be the primary controller of this circadian process [2]. Process 
S, or the homeostatic process, determines that the propensity to sleep is also 
based on the previous amount of wakefulness and sleep [3]. These two processes 
have different regulatory mechanisms. The main markers of process C are core 
body temperature (CBT) and melatonin [4]. The main markers of process S are 
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non-rapid eye movement (NREM) sleep and slow wave activity (SWA) [5]. In the 
classic two-process model theory, when process S approaches the upper thresh-
old of process C, sleep occurs. Conversely, wakefulness occurs when process S 
approaches the lower threshold of process C. These two processes are illustrated 
in Fig. 3.1 [1]. In the last two decades, new scientific findings have helped expand 
our knowledge of sleep regulation, recognizing that sleep homeostasis not only 
is a global brain process but also presents regional variations. Regional brain dif-
ferences in the sleep electroencephalography (EEG), for example, can have 
implications on the markers of process S, as low-frequency power is predomi-
nant in the frontal derivations. The discovery of the circadian genes has moved 
research of sleep to the molecular/genetic level, showing that both processes 
have more complex interactions than what we initially thought. Sleep stages, on 
the other hand, are regulated by ultradian cycles. This refers to a particular order 
in which sleep stages occur and cycle through the night. In this chapter, we will 
discuss the two-process model, how process C and process S regulate sleep, and 
a brief introduction to the ultradian rhythm.
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Fig. 3.1  (a) Homeostatic 
control of sleep. (b) 
Circadian control of sleep. 
(From Borbely [1])
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�Circadian Rhythm

�Circadian Anatomy

�The Pacemaker: The Suprachiasmatic Nucleus
The rest/activity cycle in most animals exhibits a 24-hour rhythm that is synchro-
nized mainly to the light-dark cycle. In the absence of light or in the absence of any 
environmental cues, the circadian rhythms persist in free-running cycles that last a 
little longer than 24 hours in humans. Early studies have identified the suprachias-
matic nucleus (SCN) is the primary circadian oscillator [6]. The SCN is located in 
two small areas of the hypothalamus, located just superior to the optic chiasm, on 
either side of the third ventricle. Destruction of this area causes loss of circadian 
rhythmicity of the rest/activity cycle. In the majority of cases, the destruction is 
done experimentally in animals [7, 8]. In humans, accidental destruction of the SCN 
has been reported in a woman who suffered a gunshot wound that affected both 
optic nerves and suprachiasmatic nucleus resulting in irregular sleep-wake cycle as 
seen in Fig. 3.2 [9].

The paired right and left SCN each contains approximately 10,000 neurons that 
express circadian rhythmicity. They include neurons that synthesize γ-aminobutyric 
acid (GABA) among other peptides and neurotransmitters [10]. The SCN has been 

a

b

c

Fig. 3.2  (a) Computerized tomography of the head showing damage of the optic nerves bilater-
ally following a gunshot wound to the right temple. Note bone fragments along the bullet path 
across the suprachiasmatic area. (b) Axial T2-weighed magnetic resonance imaging (MRI) of the 
head showing bilateral optic nerve hyperintensities consistent with nerve damage (circles). (c) 
Sagittal T1-weighted MRI of the head. The optic chiasm (arrow 1) forms the anterior boundary of 
the hypothalamus. The infundibulum (arrow 4) to the pituitary gland (arrow 3) and the mammillary 
bodies (arrow 2) form the inferior boundary of the hypothalamus. The optic chiasm appears 
thinned along with the adjacent hypothalamus. (From DelRosso et al. [9])

3  Neurobiology of the Control of Sleep



34

traditionally divided into a ventrolateral area that synthesizes vasoactive intestinal 
peptide (VIP) and gastrin-releasing peptide (GRP) and a dorsomedial area that syn-
thesizes vasopressin (VP), substance P, and somatostatin [11]. Another functional 
organization of the SCN refers to these areas as a shell (dorsomedial) and a core 
(ventrolateral) [12]. The core receives most of the light signal input from the retina.

�Circadian Afferents
The major input to the SCN is from the retinohypothalamic tract (RHT). Photic 
information is received by ganglion cell receptors in the retina and transmitted to the 
SCN. These signals activate GRP and VIP cells in the core of the SCN. Research 
has shown that VIP release plays a pivotal role in circadian synchronization [13]. In 
the absence of VIP or the VIP receptor VIPC2R [14], the neurons in the SCN do not 
synchronize affecting many rest/activity cycles [15].

A secondary pathway by which light information reaches the SCN arises from 
the intergeniculate leaflet (IGL) and is called the geniculohypothalamic tract (GHT). 
The GHT neuron terminals release GABA and neuropeptide Y, and it is thought to 
play a role in transmitting the effect of more subtle photic stimuli and non-photic 
stimuli such as metabolic inputs to the SCN [16, 17].

Other afferent pathways to the SCN include serotonin-producing neurons pro-
jecting from the raphe nucleus, noradrenergic neurons from the locus coeruleus, 
histaminergic neurons from the posterior hypothalamus, and cholinergic projections 
from the pontine tegmentum and basal forebrain (BF). Recent evidence suggests 
that the SCN receives information directly or indirectly from about 80 different 
areas in the brain (Fig. 3.3) [18].

Shell
(AVP/GABA)

Core
(VIP/GRP/GABA)

IGL
NPY,GABA

Raphe
5HT

Glu. PACAP

Retina

OC

V3

Fig. 3.3  Schematic of SCN with major afferents and associated neurotransmitters. AVP arginine 
vasopressin, GABA gamma-aminobutyric acid, VIP vasoactive intestinal peptide, GRP gastrin-
releasing peptide, NPY neuropeptide Y, 5HT serotonin, Glu glutamate, OC optic chiasm, PACAP 
pituitary adenylate cyclase-activating polypeptide, IGL intergeniculate leaflet, Raphe raphe 
nucleus. (Modified from Honma [46])
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�Circadian Efferents
The SCN has three major output pathways: (1) the rostral pathway to the preoptic 
area and paraventricular nucleus of the thalamus, (2) caudally to the retrochiasmatic 
area and ventromedial nucleus, and (3) to the ventral subparaventricular zone (SPZ) 
and to the hypothalamic paraventricular nucleus (PVN). From the PVN, signals 
synapse in the preganglionic sympathetic neurons of the spinal cord where melato-
nin secretion is regulated. The most dense pathway is to the SPZ. Lesions to the 
ventral part of the SPZ abolish circadian rhythms, and lesions in the dorsal SPZ 
affect body temperature. The ventral SPZ projects to the dorsomedial hypothalamus 
(DMH) that in turn connects to other areas involved in sleep and wakefulness. The 
largest projection is to the ventrolateral preoptic nucleus (VLPO), a group of sleep-
active neurons that has inhibitory input to the major ascending arousal systems dur-
ing sleep; lesions of the VLPO are associated with insomnia.

The function of the circadian clock can be simplistically summarized into three 
main areas: generation of the circadian rhythms, entrainment of the circadian 
rhythms, and coupling of the circadian rhythm with the social sleep-wake cycle. We 
will discuss these functions and how they are accomplished in the following 
sections.

�Circadian Physiology

�Generation of Circadian Rhythms
Over the past 20 years, the understanding of the molecular mechanism of circadian 
rhythmicity has increased. The SCN generates spontaneous oscillations by feedback 
loops of translation and transcription of circadian genes. This feedback cycle is cell-
autonomous and allows for adaptability. Feedback manipulation of circadian genes 
can lead changes in timing, quality, and quantity of sleep. The firing frequency of the 
SCN is 6–10 Hz during the day and <1 Hz at night. The first circadian gene identified 
was called Clock (circadian locomotor output cycles kaput), which codes for a tran-
scription factor CLOCK which plays a role in the persistence and period of circadian 
rhythms [19]. Other major circadian genes are Per, Cry, and Bmal1. While CLOCK 
is constitutively expressed with minimal circadian variability in protein levels, PER, 
CRY, and BMAL1 all have a diurnal pattern of expression [19].

There are multiple levels of feedback loops within this system (Fig. 3.4). The 
PER and CRY proteins form a complex that indirectly provide inhibition of the 
activation of the Per and Cry genes. Conversely, the complex formed by the activa-
tors BMAL1 and CLOCK enhances expression of Per and Cry. Binding of the PER-
CRY complex to the BMAL1-CLOCK complex prevents the expression of Per and 
Cry. Likewise, Bmal1 expression undergoes feedback inhibition by its product, 
BMAL1, via the product of the Rev-Erba gene. When the PER-CRY complex binds 
to BMAL1-CLOCK, it reduces transcription of Rev-Erba, thus indirectly enhances 
Bmal1 expression. The net effect is that PER and CRY are expressed more in the 
daytime, and the formation of their complex inhibits activity of CLOCK-BMAL1. 
Then in the circadian night, PER and CRY are degraded, leading to a repeat of the 
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cycle with next turn of the circadian clock [20]. There are additional molecular 
cascades downstream that further sculpt and refine circadian output.

Mutations or manipulation of circadian genes can lead changes in timing, qual-
ity, and quantity of sleep; for example, mutations of Clock can alter circadian period, 
and mutations of Bmal1 can abolish circadian rhythmicity.

Circadian rhythms are not isolated to the control of sleep. It is estimated that 
20–40% of genes have some circadian periodicity to them, although most oscil-
late in only one organ. While about 3% of genes in the hypothalamus have a cir-
cadian pattern of expression, other organs, including the liver, kidney, and lung, 
have more than 10% of genes expressed in a circadian pattern [21]. Circadian 
regulation of gene expression is not limited to the transcriptional processes but 
includes every regulatory step in gene expression, including splicing, transcrip-
tional termination, polyadenylation, nuclear/cytoplasmic transport, miRNA 

BMAL1
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CLOCK

CRY

PER
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Bmal1

Cry

REV-ERBa

REV-ERBα

CRY PER

BMAL1

Cytoplasm

Nucleus

Fig. 3.4  Model of the circadian clock in mammals. CLOCK and BMAL1 act as master transcrip-
tion factors to regulate (1) the Per and Cry genes in the core feedback loop of the clock, (2) the 
REV-ERB/ROR feedback loop regulating Bmal1 transcription, and (3) thousands of target genes 
that are clock outputs. The stability of the PER and CRY proteins is tightly regulated by E3 ubiq-
uitin ligases in both the cytoplasm and nucleus that determine circadian period. (From Krakowiak 
and Durrington [47])
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regulation, translation, protein phosphorylation, and RNA degradation [22, 23]. A 
substantial fraction of genes in any cell or tissue undergo circadian oscillations at 
the mRNA level. In a recent publication on a diurnal transcriptome atlas of a pri-
mate across major neural and peripheral tissues, 82% of genes were found rhyth-
mic in at least one tissue. Hence, regulation of circadian gene expression includes 
both transcriptional and posttranscriptional mechanisms, which in turn can be 
modulated by various factors (including metabolic ones) interacting with these 
processes [24]. Misalignment of circadian patterns across organ systems can con-
tribute to human disease and disability. For example, the role of circadian rhythms 
in metabolism and metabolic disorders has been extensively studied. This is 
reflected in a known connection between shift work and metabolic diseases. One 
related finding is that 10 days of circadian asynchrony can lead to insulin resis-
tance and increased fat deposition in humans.

�Circadian Entrainment
Circadian rhythms are a part of organisms. In fact they exist naturally in the absence 
of any external stimuli but can be entrained to adapt to changing photoperiods or 
changes in social, ecologic, or behavioral conditions. Phase control of the circadian 
clock is achieved by “zeitgebers.” Zeitgebers (literally “time givers” in German) are 
defined as environmental cues that synchronize or reset the circadian clock. Light is 
the most powerful zeitgeber. Others include food, sound, temperature, and even 
stress or social interactions. Entrainment of circadian rhythms starts occurring in the 
first few months of life as infants. The SCN is cycling at birth, but entrainment to 
the external environment occurs in the first few weeks of life. By 3 weeks there is a 
difference between day and nighttime sleep durations and associated diurnal 
changes in body temperature [25].

The physiologic process of entrainment to light cues begins when melanopsin-
containing photosensitive ganglion cells on the retina receive light signals and 
transmit them via the RHT to the SCN where activation of nerve endings releases 
glutamate. Glutamate acts on N-methyl-D-aspartic acid (NMDA) and non-NMDA 
receptors to increase Per gene expression. Experimental exposure of the SCN to 
glutamate mimics the effect of light. Light activation of the SCN produces an influx 
of calcium and activation of Per genes.

The RHT also projects to the anterolateral hypothalamus, subparaventricular 
zone, supraoptic region, and intergeniculate leaflet of the thalamus. RHT also 
releases substance P and pituitary adenylate cyclase-activating peptide (PACAP), 
both of which play a role in circadian rhythm shifts. Damage to rods and cones in 
mice does not affect the circadian cycle, but removal of the melanopsin-containing 
retinal ganglion cells abolishes circadian entrainment.

Destruction of the SCN abolishes rhythmicity, resulting in an “irregular sleep-
wake rhythm disorder.” Patients with neurodegenerative disorders like 
Alzheimer’s disease are at increased risk. The author reported a unique case of a 

3  Neurobiology of the Control of Sleep



38

38-year-old woman with a gunshot wound to the head that severed both optic 
nerves (Fig. 3.2). The woman exhibited an irregular pattern of sleep and wakeful-
ness with an estimated average total sleep time of 8.8 hours per 24-hour period. 
Polysomnography hypnogram corresponding to day 1 of actigraphy demon-
strated fragmented sleep-wakefulness pattern that was not completely identified 
by actigraphy alone.

�Circadian Coupling Disorders
Circadian dysregulation occurs when there is an abnormal phase in the sleep-wake 
cycle. The International Classification of Sleep Disorders Third Edition [26] crite-
ria for circadian rhythm sleep-wake disorder include a disruption in the sleep-wake 
period either due to a change in the endogenous circadian timing or due to a mis-
alignment between the circadian clock and the socially desired sleep-wake cycle. 
This misalignment in circadian timing must cause sleep-related symptoms such as 
insomnia, excessive sleepiness, or both. Circadian rhythm disorders are divided into 
advanced sleep-wake-phase disorder (ASWPD), delayed sleep-wake-phase disor-
der (DSWPD), irregular sleep-wake disorder, non-24-hour sleep-wake disorder, 
shift work disorder, jet lag disorder, and circadian sleep-wake disorder not other-
wise specified [26].

ASWPD can be seen when sleep occurs earlier than desired sleep times as seen 
with familial advanced sleep-phase syndrome (FASPS). This is also seen with 
advanced age.

In DSWPD sleep periods occur later than desired as seen with the delayed sleep-
phase syndrome (DSPS). When the sleep-wake cycle is quasiperiodic, following a 
nearly 24-hour cycle, but free running around the clock with lack of entrainment to 
light-dark cycles, this can be seen in non-24-hour sleep-wake syndrome, as seen in 
those with total blindness, with inability for light signal to reach the SCN (not seen 
in cortical blindness where the retinal ganglion pathway to the SCN remains intact).

�Markers of Process C

�Dim Light Melatonin Onset
Melatonin secretion from the pineal gland peaks in the evening, signaling readiness 
for sleep onset. Melatonin induces vasodilation and is associated with the subjective 
feeling of drowsiness.

�Body Temperature
Body temperature declines, and core body temperature (CBT) reaches its nadir dur-
ing night sleep. CBT is the temperature of the brain and internal organs and is sub-
ject to circadian oscillations [27, 28]. The explanation for the relationship between 
the thermoregulatory systems and sleep regulatory system is likely that of sleep’s 
purpose of energy conservation. The overall regulation of CBT is affected by both 
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the circadian and homeostatic processes. A rostral projection from the SCN to the 
preoptic anterior hypothalamus conveys the circadian signal to the thermoregula-
tory system as melatonin endogenously downregulates CBT as it rises in the eve-
ning [29, 30]. Heat distribution from the core to the periphery is completed during 
the third sleep cycle resulting in the nadir CBT. Of note, this thermoregulatory sys-
tem is not active during REM sleep, and body temperature during REM sleep actu-
ally rises due to increased metabolic activity.

Body temperature, like melatonin, is also controlled by environmental cues, one 
of the major cues being body position. In the supine body position, blood is redis-
tributed together with heat, from the core to the periphery resulting in increased skin 
temperature and decreased CBT, thus increasing sleepiness (e).

�Cortisol
Sleep onset is associated with short-term inhibition of cortisol secretion, particu-
larly during slow wave sleep. Cortisol then rises dramatically before the waking 
period and is regulated by the circadian process. SCN neurons project both directly 
and indirectly to the dorsomedial hypothalamic nucleus (DMH), which then sends 
efferent neurons to the PVH. There are corticotropin-releasing hormone-containing 
neurons in the PVH that project to the median eminence where corticotropin-
releasing hormone is released to circulation activating the release of cortisol from 
the anterior pituitary. The adrenocorticotropic hormone in the blood then results in 
rhythmic induction of corticosteroid secretion from the adrenal gland [31].

�Homeostatic Control of Sleep

Process S refers to sleep homeostasis, wherein accumulated time spent awake leads 
to increasing sleep pressure. The pressure of this sleep debt then decreases during 
sleep. Under typical diurnal human conditions, this sleep pressure rises and falls 
entrained to day and night. When S approaches a lower boundary, it triggers wake. 
As it approaches an upper boundary, sleep is triggered.

�Anatomy

Adenosine is the major neuromodulator felt to be involved in the homeostatic pro-
cess of sleep. Adenosine inhibits the central nervous system. In cats, the basal fore-
brain and, to a lesser extent, the neocortex, adenosine increases during sustained 
waking [32]. Brain adenosine rises when ATP production is reduced. One theory is 
that increased adenosine is a signal of reduced brain energy reserves that develop 
during waking and that sleep is induced as an energy-restorative state [33]. Another 
supporting discovery implicating adenosine’s role in sleep homeostasis is that caf-
feine, a potent alerting agent, is an adenosine antagonist.
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�Physiology

In 2008, Landolt postulated the role of adenosine in the homeostatic control of sleep. 
Adenosine has been shown to promote slow wave sleep and rapid eye movement 
(REM) sleep in animal models. Adenosine accumulates in the extracellular space 
during wakefulness and acts to inhibit wake-promoting neurons primarily in the 
basal forebrain via A1 receptors. During sleep, extracellular adenosine levels decline.

Accumulation of adenosine in the basal forebrain has correlated with both 
increased SWA and sleep duration. Its accumulation therefore corresponds to the 
degree of sleep pressure [34].

Interestingly, caffeine blocks adenosine receptors, which is proposed as a pri-
mary mechanism of its alerting action.

�Markers

Markers which correspond to this sleep pressure include non-rapid eye movement 
(NREM) sleep electroencephalography (EEG) slow wave activity (SWA), which 
increases under conditions of increasing sleep pressure. Theta activity in waking is 
a marker of the rising limb of S as one moves toward wakefulness [35].

Process S is impacted by lack of sleep regardless of time of day. For example, 
NREM sleep SWA during daytime naps increase with duration of prior wakeful-
ness. Following naps, the SWA in that night’s sleep period decreases predictably. 
Suppression of SWA without disturbing sleep has been shown to result in a rebound 
increase in SWA in the next sleep period. Studies have also shown that increased 
mental or physical work results in increase of SWA and shorter sleep onset latency, 
which is also considered a marker of sleep pressure.

�Ultradian Rhythm

As we have seen in previous chapters, sleep is not a homogeneous state, but it is 
divided into different stages with various electroencephalographic and physiologic 
characteristics. In general terms sleep is divided into non-rapid eye movement 
(NREM) sleep stage and rapid eye movement (REM) sleep. NREM is further 
divided into three stages: N1,N2, and N3. As humans fall asleep, they usually enter 
sleep into N1 and spend few minutes in this stage, as N2 ensures forming a more 
consolidated sleep, after which N3 appears. After approximately an hour of NREM 
sleep, the brain usually enters REM sleep. This cycle repeats itself four to five times 
in a night. REM sleep deprivation studies have also demonstrated that REM sleep is 
regulated by homeostatic control; however, the mechanism of NREM-REM cycling 
during sleep remains unknown [36].
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�Circadian Draining of Waste During Sleep

Clearance of metabolic waste from the brain is essential for CNS homeostasis. The 
circadian control of this process is indicated by the occurrence of a daily rhythm in 
the permeability of the blood-cerebrospinal fluid (CSF) barrier, as shown by mea-
suring relative metabolite levels between CSF and blood. Indeed, the choroid 
plexus, an important component of the blood-CSF barrier, displays circadian clock 
activity [37], regulating timed fluid exchange between the blood and CSF. In the 
fruit fly, a circadian clock in glial cells of the hemolymph-brain barrier regulating 
xenobiotic efflux was demonstrated [38] giving rise to the hypothesis that glial cells 
including astrocytes regulate blood-brain barrier function and modulate metabolic 
waste clearance in mammals.

The conventional view of solute movements in the extracellular space (ECS) of 
the CNS has been based on diffusion, and the mechanisms modulating the varia-
tions in the abundance of products to be eliminated have been sought in the cou-
pling of blood flow and metabolism, processes which are influenced by regulators 
such as biogenic amines, adenosine, NO, H+, and K+. In the last years, a new 
interpretation has been put forward, i.e., the glymphatic hypothesis [39–41]. The 
term has been coined to describe the active, lymphatic-like movements in the ECS 
which occur in the brain. It has been suggested that this process, which is normally 
dependent on the activity of lymphatic vessels, can nevertheless take place in the 
brain, which is devoid of such vessels, because of water exchange. More specifi-
cally, it has been hypothesized that solute movement is driven by perivascular 
astrocytes, which are strongly enriched in aquaporin-4 (AQP4), and by changes in 
the vascular lumen. AQP4 is predominantly expressed in the end feet of these 
astrocytes. Water release via AQP4 may be responsible for an actively driven fluid 
exchange between para-arterial and paravenous spaces, connected by a convective 
flow through the other parts of the ECS, especially concerning the interstitial fluid. 
Additionally, it has been assumed that arteriolar pulsations as well as respiration-
dependent venular collapse and reinflation may further enhance the flow through 
occurring in the ECS [42].

Sleep-related variations in cerebral waste products were described [38–40]. The 
elimination of amyloid β peptide (Aβ) has been reported to be considerably enhanced 
during sleep [43]. The concept of glymphatic Aβ clearance has received support 
from the observation that elimination of injected radiolabeled Aβ peptide was 
strongly reduced in AQP4−/− mice [39].

The exchange of solutes between the CSF and the interstitial fluid occurs mostly 
during NREM sleep when the cortical interstitial space increases by more than 60% 
and provides a low resistance path for the movement of CSF and interstitial fluid in 
the brain parenchyma. The contribution of the glymphatic system to the repair func-
tion of sleep has been discussed in relation to age-associated deviations from the 
normal sleep profile, including decreased and delayed CSF penetration of fluid 
along perivascular pathways and pial surface [44]. Various neurological disease 
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states such as stroke, traumatic brain injury, and AD have been interpreted in terms 
of the contribution by glymphatic dysfunction [42]. Altogether, the data indicate 
that the circadian clock regulates a variety of crucial processes in the brain, includ-
ing sleep, brain metabolism, and maintenance of flow balance of compounds into 
and out of the brain. Disruption of the circadian clock, and/or any of the signaling 
pathways regulated by it, can lead to inefficient anabolic and catabolic biochemical 
processes [45].

�Conclusion

In this chapter we have discussed the processes that control and regulate sleep. 
Far from a quiet state, sleep is orchestrated by circadian, ultradian, and homeo-
static regulation. We discussed the role of the suprachiasmatic nucleus as the 
pacemaker of the circadian rhythm and the entrainment with light and melatonin. 
Circadian sleep disorders occur when there is a misalignment between the inter-
nal pacemaker and the socially established sleep time, causing significant night-
time or daytime dysfunction. Prolonged awakening increases sleep pressure 
during homeostatic control. REM and NREM occur during cycles in sleep, and 
finally, clearance of metabolic waste from the brain is essential to keep a healthy 
homeostatic process.

References

	 1.	Borbely AA. A two process model of sleep regulation. Hum Neurobiol. 1982;1(3):195–204.
	 2.	 Ibuka N, Kawamura H.  Loss of circadian rhythm in sleep-wakefulness cycle in the rat by 

suprachiasmatic nucleus lesions. Brain Res. 1975;96(1):76–81.
	 3.	Knowles JB, Coulter M, Wahnon S, Reitz W, MacLean AW. Variation in process S: effects on 

sleep continuity and architecture. Sleep. 1990;13(2):97–107.
	 4.	Lewy AJ, Sack RL. The dim light melatonin onset as a marker for circadian phase position. 

Chronobiol Int. 1989;6(1):93–102.
	 5.	Finelli LA, Baumann H, Borbely AA, Achermann P. Dual electroencephalogram markers of 

human sleep homeostasis: correlation between theta activity in waking and slow-wave activity 
in sleep. Neuroscience. 2000;101(3):523–9.

	 6.	Moore RY, Eichler VB. Loss of a circadian adrenal corticosterone rhythm following suprachi-
asmatic lesions in the rat. Brain Res. 1972;42(1):201–6.

	 7.	 Ibuka N, Nihonmatsu I, Sekiguchi S. Sleep-wakefulness rhythms in mice after suprachias-
matic nucleus lesions. Waking Sleeping. 1980;4(2):167–73.

	 8.	Stephan FK, Zucker I. Circadian rhythms in drinking behavior and locomotor activity of rats 
are eliminated by hypothalamic lesions. Proc Natl Acad Sci U S A. 1972;69(6):1583–6.

	 9.	DelRosso LM, Hoque R, James S, Gonzalez-Toledo E, Chesson AL Jr. Sleep-wake pattern 
following gunshot suprachiasmatic damage. J Clin Sleep Med. 2014;10(4):443–5.

	10.	Antle MC, Silver R. Orchestrating time: arrangements of the brain circadian clock. Trends 
Neurosci. 2005;28(3):145–51.

	11.	Morin LP, Allen CN. The circadian visual system, 2005. Brain Res Rev. 2006;51(1):1–60.

L. M. DelRosso et al.



43

	12.	Moore RY.  The suprachiasmatic nucleus and the circadian timing system. Prog Mol Biol 
Transl Sci. 2013;119:1–28.

	13.	An S, Harang R, Meeker K, Granados-Fuentes D, Tsai CA, Mazuski C, et al. A neuropeptide 
speeds circadian entrainment by reducing intercellular synchrony. Proc Natl Acad Sci U S 
A. 2013;110(46):E4355–61.

	14.	Harmar AJ, Marston HM, Shen S, Spratt C, West KM, Sheward WJ, et  al. The VPAC (2) 
receptor is essential for circadian function in the mouse suprachiasmatic nuclei. Cell. 
2002;109(4):497–508.

	15.	Colwell CS, Michel S, Itri J, Rodriguez W, Tam J, Lelievre V, et  al. Disrupted circa-
dian rhythms in VIP- and PHI-deficient mice. Am J Physiol Regul Integr Comp Physiol. 
2003;285(5):R939–49.

	16.	Rosenwasser AM, Turek FW. Neurobiology of circadian rhythm regulation. Sleep Med Clin. 
2015;10(4):403–12.

	17.	Saderi N, Cazarez-Marquez F, Buijs FN, Salgado-Delgado RC, Guzman-Ruiz MA, del Carmen 
BM, et al. The NPY intergeniculate leaflet projections to the suprachiasmatic nucleus transmit 
metabolic conditions. Neuroscience. 2013;246:291–300.

	18.	Morin LP. Neuroanatomy of the extended circadian rhythm system. Exp Neurol. 2013;243:4–20.
	19.	Vitaterna MH, King DP, Chang AM, Kornhauser JM, Lowrey PL, McDonald JD, et  al. 

Mutagenesis and mapping of a mouse gene, clock, essential for circadian behavior. Science. 
1994;264(5159):719–25.

	20.	Hastings MH, Maywood ES, Brancaccio M. Generation of circadian rhythms in the suprachi-
asmatic nucleus. Nat Rev Neurosci. 2018;19(8):453–69.

	21.	Zhang R, Lahens NF, Ballance HI, Hughes ME, Hogenesch JB.  A circadian gene expres-
sion atlas in mammals: implications for biology and medicine. Proc Natl Acad Sci U S 
A. 2014;111(45):16219–24.

	22.	Takahashi JS. Transcriptional architecture of the mammalian circadian clock. Nat Rev Genet. 
2017;18(3):164–79.

	23.	Mure LS, Le HD, Benegiamo G, Chang MW, Rios L, Jillani N, et al. Diurnal transcriptome 
atlas of a primate across major neural and peripheral tissues. Science. 2018;359(6381) https://
doi.org/10.1126/science.aao0318.

	24.	Mermet J, Yeung J, Naef F. Systems chronobiology: global analysis of gene regulation in a 
24-hour periodic world. Cold Spring Harb Perspect Biol. 2017;9(3):a028720.

	25.	Hellbruegge T, Lange JE, Stehr K, Rutenfranz J. Circadian periodicity of physiological func-
tions in different stages of infancy and childhood. Ann N Y Acad Sci. 1964;117:361–73.

	26.	American Academy of Sleep Medicine. International classification of sleep disorders 3rd ed. 
Darien: American Academy of Sleep Medicine; 2014.

	27.	Krauchi K. The thermophysiological cascade leading to sleep initiation in relation to phase of 
entrainment. Sleep Med Rev. 2007;11(6):439–51.

	28.	Tayefeh F, Plattner O, Sessler DI, Ikeda T, Marder D. Circadian changes in the sweating-to-
vasoconstriction interthreshold range. Pflugers Arch. 1998;435(3):402–6.

	29.	Moore RY, Danchenko RL.  Paraventricular-subparaventricular hypothalamic lesions selec-
tively affect circadian function. Chronobiol Int. 2002;19(2):345–60.

	30.	Krauchi K, Cajochen C, Pache M, Flammer J, Wirz-Justice A. Thermoregulatory effects of 
melatonin in relation to sleepiness. Chronobiol Int. 2006;23(1–2):475–84.

	31.	Chou TC, Scammell TE, Gooley JJ, Gaus SE, Saper CB, Lu J.  Critical role of dorsome-
dial hypothalamic nucleus in a wide range of behavioral circadian rhythms. J Neurosci. 
2003;23(33):10691–702.

	32.	Thakkar MM, Winston S, McCarley RW. A1 receptor and adenosinergic homeostatic regu-
lation of sleep-wakefulness: effects of antisense to the A1 receptor in the cholinergic basal 
forebrain. J Neurosci. 2003;23(10):4278–87.

	33.	Benington JH, Heller HC. Restoration of brain energy metabolism as the function of sleep. 
Prog Neurobiol. 1995;45(4):347–60.

	34.	Mabuchi H, Nakahashi H. A major inhibitor of phenytoin binding to serum protein in uremia. 
Nephron. 1988;48(4):310–4.

3  Neurobiology of the Control of Sleep

https://doi.org/10.1126/science.aao0318
https://doi.org/10.1126/science.aao0318


44

	35.	Borbely AA, Daan S, Wirz-Justice A, Deboer T. The two-process model of sleep regulation: a 
reappraisal. J Sleep Res. 2016;25(2):131–43.

	36.	Weber F. Modeling the mammalian sleep cycle. Curr Opin Neurobiol. 2017;46:68–75.
	37.	Myung J, Schmal C, Hong S, Tsukizawa Y, Rose P, Zhang Y, et al. The choroid plexus is an 

important circadian clock component. Nat Commun. 2018;9(1):1062.
	38.	Zhang SL, Yue Z, Arnold DM, Artiushin G, Sehgal A. A circadian clock in the blood-brain 

barrier regulates xenobiotic efflux. Cell. 2018;173(1):130–9. e10
	39.	 Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, et al. A paravascular pathway 

facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, 
including amyloid beta. Sci Transl Med. 2012;4(147):147ra11.

	40.	 Iliff JJ, Lee H, Yu M, Feng T, Logan J, Nedergaard M, et al. Brain-wide pathway for waste 
clearance captured by contrast-enhanced MRI. J Clin Invest. 2013;123(3):1299–309.

	41.	Jessen NA, Munk AS, Lundgaard I, Nedergaard M.  The Glymphatic system: a Beginner’s 
guide. Neurochem Res. 2015;40(12):2583–99.

	42.	Nedergaard M. Neuroscience. Garbage truck of the brain. Science. 2013;340(6140):1529–30.
	43.	Boespflug EL, Iliff JJ. The emerging relationship between interstitial fluid-cerebrospinal fluid 

exchange, amyloid-beta, and sleep. Biol Psychiatry. 2018;83(4):328–36.
	44.	Zeppenfeld DM, Simon M, Haswell JD, D’Abreo D, Murchison C, Quinn JF, et al. Association 

of Perivascular Localization of Aquaporin-4 with cognition and Alzheimer disease in aging 
brains. JAMA Neurol. 2017;74(1):91–9.

	45.	Albrecht U, Ripperger JA. Circadian clocks and sleep: impact of rhythmic metabolism and 
waste clearance on the brain. Trends Neurosci. 2018;41(10):677–88.

	46.	Honma S. The mammalian circadian system: a hierarchical multi-oscillator structure for gen-
erating circadian rhythm. J Physiol Sci. 2018;68(3):212.

	47.	Krakowiak K, Durrington H. The role of the body clock in asthma and COPD: implication for 
treatment. Palm Ther. 2018;4:29–43. Received May 1, 2018. Published online June 21, 2018. 
https://doi.org/10.1007/s41030-018-0058-6.

L. M. DelRosso et al.

https://doi.org/10.1007/s41030-018-0058-6


45© Springer Nature Switzerland AG 2021
L. M. DelRosso, R. Ferri (eds.), Sleep Neurology, 
https://doi.org/10.1007/978-3-030-54359-4_4

The Neurological Consequences of Sleep 
Deprivation

Lynn Keenan and Karl Van Gundy

�Introduction

Intuitively, we all know that sleep is important to our health through our personal 
experience of a night of diminished sleep, whether imposed by work or pleasure, 
family obligations, or sickness. Sleep deprivation has been blamed for several disas-
ters affecting public safety and the environment. Closer to our day to day activities 
is the sleep loss of those in medical training, with increased risk for motor vehicle 
accidents, percutaneous sticks, and medical errors and decreased ability to learn.

In this chapter we will review the current work on the effects of sleep depriva-
tion, or the extension of wakefulness beyond the typical 16–18 hours, and sleep 
restriction – not getting enough sleep per 24 hours for multiple nights.

�Incidence of Sleep Deprivation

The American Academy of Sleep Medicine and the Sleep Research Society have 
recommended adults to sleep more than 7 hours a night for optimal health. Sleeping 
less than 7 hours on a regular basis has been associated with higher mortality, with 
more weight gain, depression, diabetes, hypertension, heart disease, and stroke [1]. 
In a review of the 2005–2008 data of the National Health and Nutrition Examination 
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Survey (NHANES), over one third of American adults report chronically getting 
less than 7 hours of sleep, with the greatest percentage in the age group 40–59 at 
40.3% [2]. According to the National Sleep Foundation poll, 15% of subjects sleep 
less than 6 hours per night on weekdays. Children 6–12 are recommended to sleep 
9–12 hours a night, and teens from 13 to 18 years old are recommended to sleep 
8–10 hours, yet a review of youth risk behaviors shows that 57.8% of middle school 
students and 72.7% of high school students are sleep restricted [3]. Although acute 
sleep deprivation may happen to most people at some point in life, shift workers 
generally have less sleep overall and more incidences of acute sleep deprivation. 
The Bureau of Labor Statistics estimates 15 million Americans do shift work.

Medical conditions, sleep disorders, extended work hours, shift work, family 
care needs, and lifestyle choices can all impose restriction to sleep opportunities. 
Although there appears to be some trend in recent years to improving sleep duration 
in America, the impact of sleep restriction on cognitive function, work performance, 
accidents, and relationships can be considerable [4].

�Effects of Acute Sleep Deprivation

Social consequences. Sleep deprivation has been blamed for some of the most 
glowing examples of catastrophes, such as the Exon Valdez or Three Mile Island 
accidents. Closer to home is the risk of impaired driving related to lack of sleep. 
In a group of males, ages 19–35, performance was measured in a driving simula-
tor after alcohol use or sleep deprivation. Performance after 19 or 22 hours of 
wakefulness was comparable to blood alcohol levels of 0.05% and 0.08%, 
respectively [5]. In a survey of house staff in 1996, 49% reported falling asleep 
driving, mostly after call. Multiple studies have also been done on the adverse 
effects of prolonged shifts on doctors in training. The 2004 study by Landrigan 
and Lockley, comparing intern schedules including 30-hour shifts vs schedules 
with 8–16-hour shifts, found the prolonged shift schedule had 35.9% more seri-
ous medical errors, with 20.8% increase in serious medication errors and 5.6 
times as many diagnostic errors [6].

Individual consequences. On the multiple sleep latency test (MSLT), which tests 
the propensity to fall asleep in a dark, quiet room over a series of four or five naps, 
the average healthy adult will fall asleep in less than 2 minutes after a night without 
sleep, and the time from sleep onset to slow wave sleep is halved [7]. Working 
memory capacity (WMC), or the ability to work with information, attention, and 
concentration, is adversely affected by sleep deprivation. In a study evaluating inter-
nal medicine residents on a rotation with call every fourth night compared to a non-
call rotation, a standardized WMC test showed a decrement in speed, accuracy, and 
math performance with the prolonged shifts. Some performances did not fully 
recover until the 4th day after call [8]. If tasks are not time dependent, cognitive 
slowing occurs, but if time pressured, accuracy declines [9].
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�Neurobiology of Sleep Deprivation

With sleep deprivation, there is a breakdown of the brain’s ability to recognize out-
side cues and stimulation, and the quality of information stored in memory is 
degraded [10]. Sleep deprivation has shown effects similar to aging. Comparing the 
fMRI of a group of young subjects, rested and sleep deprived, to an older group, 
brain networks’ functional connectivity became impaired in the young with sleep 
deprivation to be comparable to the older brain connectivity [11]. Pasula looked at 
how sleep deprivation affected young (19–38) and old (59–82) in three aspects of 
working memory – encoding new information, displacement of old information by 
new information, and episodic recall of stored memory. In a rested condition, young 
have better encoding and displacement, but following sleep deprivation of 32 hours, 
younger adult performance declined to a point similar to that observed in normally 
rested older adults in each parameter. Although both groups declined with sleep 
deprivation, the young had the greatest decline [12].

Divergent thinking is affected by sleep loss, which includes being able to assimi-
late information as it changes, updating strategies based on the new information, 
being able to come up with innovative solutions, assessing risk, maintaining interest 
in outcomes, and communication skills [13]. Those sleep deprived tend to persever-
ate on ineffective solutions rather than being able to come up with a new strategy. It 
also takes more effort to behave appropriately. Although tasks may begin well, per-
formance can deteriorate with greater time on task. Situational awareness can 
decline with growing neglect of information viewed as nonessential [9, 14, 15]. 
Cognitive performance errors can involve both errors of omission, such as not 
responding when appropriate, and errors of commission, such as responding when 
no stimulus was present [15].

Acute sleep deprivation can also affect the emotional tone of memories. After 
a night of sleep deprivation, recall of encoded memories is associated with a 
more negative affective tone [16]. False memories also increase with sleep 
deprivation [17]. An area that can particularly affect relationships is the inabil-
ity to recognize human facial emotions accurately when sleep deprived, an 
effect that was most significant in women [18]. In one study using fMRI to 
evaluate brain responses to emotional recall, there was a larger hippocampal and 
medial prefrontal cortex response in the rested group compared to sleep 
deprived, but in the sleep deprived, there was a stronger response to negative 
emotions in the amygdala compared to the rested group [19]. Hence negative 
emotions are preferentially remembered in sleep-deprived states. Judgment of 
reward was also skewed in sleep, with higher expectation of a win and attenu-
ated response to gambling losses [20].

Sleep deprivation can affect pain perception as well. Studies in rats have shown 
pain hypersensitivity and diminished effect of opioids after sleep deprivation [21]. 
This would suggest that our response to medications is dependent not only on the 
dose, absorption, and physiological effect but also on the amount of sleep (Table 4.1).
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�Effects of Chronic Sleep Restriction

With over a third of Americans chronically sleep restricted, it is a much more preva-
lent problem than acute sleep deprivation, though may be less studied. One of the 
largest controlled studies of sleep restriction was performed by Van Dongen and 
involved 48 healthy adults randomized to 2 weeks of sleep limited to 4, 6, or 8 hours 
of sleep per night and compared to no sleep for three nights [22]. Subjects had neu-
robehavioral testing every 2 hours, including tests of behavioral alertness with the 
psychomotor vigilance task (PVT), measures of working memory with a digit sym-
bol substitution task, and a serial addition/subtraction task to measure cognitive 
throughput. Subjects were also evaluated with the Stanford Sleepiness Scale for 
self-ratings of subjective sleepiness. In addition, they had polysomnography 10 of 
the 14 nights. Those subjects in the 4 and 6 hour per night sleep category showed 
significant cumulative performance deficits relative to those in the 8-hour sleep con-
dition. The 4-hour and 6-hour groups showed progressive decline in reaction speed, 
alertness, and cognitive accuracy compared to the 8-hour group. The 4-hour group 
reached levels of impairment in cognitive throughput performance (serial addition/
subtraction) equal to one night of complete sleep deprivation, and tests in alertness 
and working memory declined to levels of two nights of complete sleep deprivation. 
The 6-hour group reached levels of one night of sleep deprivation in working mem-
ory and behavioral alertness. The rate of decline in performance was near linear 
over the days of sleep restriction. Of particular interest was the change in subjective 
sleepiness. In the 3 days without sleep group, the subjective sleepiness worsened in 
a near linear fashion, but in the 4- and 6-hour groups, subjective sleepiness wors-
ened over the initial few days and then became fairly steady, with no significant 
difference between the two groups. At the end of the 2 weeks, when objective per-
formance was at its worst, the subjects reported feeling only slightly sleepy. This 

Table 4.1  Effects of sleep 
deprivation on cognitive 
function

Attention lapses with delayed or inappropriate responses
Errors of commission – over responding to wrong stimulus
Slowed cognitive throughput delays task completion
Time-pressured tasks have increased cognitive errors
Reaction time slows
Performance deteriorates as task duration increases
Reduced learning of new cognitive tasks
Decreased ability to change approach if solution is 
ineffective
Mood appropriate behavior is more difficult
Decreased assimilation of changing information
More difficult to update strategies based on new information
Less innovation
Impaired ability for accurate risk assessment
More difficulty maintaining interest in outcomes
Less ability to read human expressions accurately
Poor insight into performance deficits
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lack of subjective sleepiness despite objective impairment may be the reason many 
feel they can adapt to sleep restriction with few consequences.

In Van Dongen’s study, stage N1, N2, and REM sleep all showed reductions 
varying with time allowed to sleep, but there was little variation in amounts of slow 
wave sleep among the groups. Other studies have shown that with sleep restriction 
to 4 hours, the total amount of slow wave sleep is conserved by visual scoring, but 
slow wave activity derived from power spectral analysis shows dynamic increases 
in sleep restricted for more than 1 day to 4 hours, suggesting slow waves are essen-
tial and protected in limited sleep [23, 24].

Another laboratory-based study of sleep restriction was performed in truck 
drivers allowed 3, 5, 7, and 9 hours in bed for 1 week. Performance on the psy-
chomotor vigilance test (PVT) showed a progressive worsening of reaction time 
in the 3-hour group along with increased lapses. The 5- and 7-hour group 
showed initial decline in reaction speed, which then stabilized by the end of the 
week. The 9-hour group performance remained stable. A decreased mean sleep 
latency, in a dose-response effect, was found in the 3- or 5-hour group, but not 
the 7–9-hour group [25].

Sleep restriction has also been correlated with oculomotor responses, with eyelid 
closure and slow rolling eye movements, which are part of the initial transition from 
wake to stage 1 sleep. Slower eye movements have been shown to correlate with 
lapses on the PVT testing as well as simulated driving [26]. Driving simulation tests 
as well as epidemiologic studies have shown increased driving accidents as well as 
near misses with sleep restriction to less than 7 hours a night [24].

Surveys of medical residents have indicated between 41% and 57% reporting 
fatigue as the cause of their most serious errors, and those reporting 5 or fewer hours 
of sleep per night were twice as likely to be named in a malpractice suit [6, 27].

Finally, mortality studies have shown worsened mortality for people getting 
chronically less than 6.5 hours of sleep [28].

�Pathophysiology of Sleep Loss

The cognitive and behavioral changes due to sleep loss are felt to be related to 
microsleeps from “sleep-wake instability” which reflect shifts in the balance 
between the maintenance of alertness and the sleep-initiating systems [15, 24]. The 
microsleeps may be half a second to several seconds and may not be a readily 
observed change in behavior but can be detected by testing, such as the PVT [29]. 
The wake-state instability theory posits two competing systems exerting influence 
on the performance of a sleep-deprived individual, with motivated behavior driving 
sustained alertness from rostral areas and the more caudal and central areas pushing 
the homeostatic drive to sleep [30]. The cognitive variability reflects the lapses, 
which can lead to errors of omission, and the times of overcompensation, with 
errors of commission [15]. Even between the lapses, there are effects from the bur-
den of the sleep debt. The wake-state instability suggests multiple mechanisms 
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interacting, and there are a growing number of molecules and pathways that may be 
involved. Overlaying the homeostatic drive for sleep and motivation to be awake are 
the circadian rhythm forces for optimal times of day for alertness and sleep. When 
chronically sleep deprived, the circadian influences make the neurobehavioral defi-
cits greatest around 8 AM and relative protected time between 4:00 and 8:00 PM 
[31]. In addition, there are genetic factors that impact an individual’s response to 
sleep loss [32]. Repeated exposure to sleep loss by an individual tends to give a 
consistent, trait-like response [31].

PET scans and functional MRI scans have also shown decreased metabolic rates 
in the frontal and temporal lobes, thalamus, basal ganglia, and cerebellum following 
sleep deprivation, but total brain metabolism remained the same [15]. After 24 hours 
of sleep deprivation, one night of recovery sleep only partially reversed these meta-
bolic changes [33]. fMRI studies have also compared brain activation in rested and 
sleep-deprived states in those more resistant to sleep deprivation and those more 
vulnerable, based on testing performance in working memory tasks [34, 35]. The 
frontoparietal activation is reduced in sleep-deprived states but less so in those less 
vulnerable to sleep deprivation. The “cognitive reserve hypothesis” suggests that 
some may have more preexisting cognitive resources or a greater ability to recruit 
alternative neural resources when sleep deprived [36].

Using molecular tracers in PET studies, sleep deprivation has shown an increase 
in cerebral A1 adenosine receptor binding, particularly the orbitofrontal cortex [37]. 
Dopamine cell firing may increase as a response to the homeostatic drive in the 
sleep-deprived state [38].

In a recent study in sleep-deprived rats, inflammatory cytokines (TNFα, IL-1β) 
increased in the hippocampus and piriform cortex. IL-6 and CRP have also been 
shown to increase with sleep deprivation [39, 40]. Sleep deprivation has also been 
tied to increased reactive oxygen species (ROS) production [41, 42], whereas sleep 
has been associated with clearing of oxidative stress [42].

An interesting brain washing in sleep has been found with the glymphatic sys-
tem. Cerebral spinal fluid circulates through the brain, exchanges with interstitial 
fluid, and exits along paravenous pathways, clearing interstitial waste [43, 44]. This 
washing increases during sleep [45]. One of the proteins removed is amyloid-β, 
which increases during wakefulness. Chronic sleep restriction accelerates amyloid-β 
burden, suggesting sleep loss may play a role in Alzheimer’s disease [46]. Looking 
at healthy men after unrestricted sleep showed a 6% drop in amyloid-β, whereas a 
night of sleep deprivation negated this drop [47].

Mouse studies of sleep deprivation have shown even a few hours of sleep loss 
had increased phagocytic activity of the cerebral cortex, especially the presynaptic 
components of large synapses. This may be clearing worn aspects of heavily used 
synapses [48]. Sleep restriction greater than 5 days showed microglial activation 
and enhanced phagocytosis of synaptic elements [48]. Sleep-deprived rats have 
shown increased oxidative stress through glial activation, as well as altered fragile 
X mental retardation protein expression. Interestingly, melatonin was able to reverse 
these changes to control values [49]. Sleep-deprived rats have also shown increased 
catalase, glutathione peroxidase, and superoxide dismutase, along with memory 
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deficits. Melatonin was able to prevent the memory impairment induced by the 
sleep deprivation, along with normalization of the antioxidant mechanisms [50].

Curcumin has also shown some protective effects against sleep deprivation. 
Sleep-deprived rats have shown working memory deficits and dendritic changes in 
the prefrontal cortex. However, rats given curcumin during the sleep deprivation had 
fewer errors on memory tasks and less structural changes [51]. Rats deprived of 
REM sleep show object recognition impairment and loss of cells in the hippocam-
pus, both of which recovered with curcumin compared to water [52] (Fig. 4.1).

�Recovery from Sleep Loss

Recovery from sleep loss is impacted by the type of sleep loss, acute or chronic, as 
well as the amount and number of nights of recovery. Some neurobehavioral perfor-
mances recover slower than others, though the individual may not be aware of ongo-
ing impairment.

In a study of acute sleep deprivation, subjects were awake for either one or two 
nights, followed by recovery sleep of either 6 or 9 hours per night for five nights. 
With one night of sleep loss, subjective sleepiness and response speed on PVT 
recovered after one night of 9-hour sleep, but mean sleep latency didn’t recover 
until after the second night of extended sleep. Those given only 6 hours per night for 
recovery continued to show subjective sleepiness and reduced response times even 
after five nights of 6-hour sleep. With severe sleep deprivation of two nights, subjec-
tive sleepiness recovered after a night of 9 hours, but reaction time remained signifi-
cantly below baseline even after five nights of recovery sleep [53].

Cognitive
and

behavioral
performance

Motivation to be
awake

Presence of
sleep disorders

Alerting/sedating
substances

Amount of prior
sleep

Hours since last
asleep

Circadian
influence

Genetic
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Fig. 4.1  Factors affecting cognitive and behavioral performance
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In studying sleep restriction, Belenky looked at groups getting 3-, 5-, 7-, and 
9-hour time in bed for a week, followed by three nights of 8-hour time in bed. 
Although subjective sleepiness and reaction time by PVT showed improvement 
with recovery sleep, reaction time did not return to baseline by the end of the study 
for the 3-, 5-, and 7-hour groups. Another study looking at sleep restricted to two 
third the habitual sleep for a week (average less than 5 hours) required two nights of 
10-hour sleep to recover [54]. Prophylactic sleep can be beneficial, as a study giving 
a group 10 hours of sleep before sleep restriction showed performance declined at a 
slower rate and recovered quicker, even though subjective sleepiness was the same 
in both groups [55] (Table 4.2).

�Summary

Sleep loss is highly prevalent in our society, but the effects on cognitive perfor-
mance and reaction speed are often underestimated by the sleep-deprived individ-
ual. Ensuring adequate sleep prior to extended shifts and several nights of extended 
sleep to recover should be a priority to maintain optimal function.
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Neurobiology of Dreams

Carlo Cipolli and Luigi De Gennaro

�Introduction: Terminology and History of Psychophysiological 
Research on Dreaming

Dreaming (also termed “dream experience,” “sleep mentation,” or “mental activity 
during sleep”) is a state of consciousness universally experienced by humans during 
their sleep. Notwithstanding conspicuous interindividual differences in the fre-
quency of dream recall in the everyday life (between the so-called good, poor, and 
non-recallers: see Cohen, 1979 [1]) and contrary to what individuals usually believe, 
dreaming occurs several times per night.

The experimental investigation on the psychophysiology of dreaming is conven-
tionally dated in 1953, when Aserinsky and Kleitman [2] described the cyclic archi-
tecture of sleep (approximately every 90 minutes throughout the nocturnal sleep) 
and reported a frequent occurrence of dream experience in association with rapid 
eye movements (REMs) and desynchronization of cortical low-voltage fast EEG 
activity. After a few years, also the brain circuitry controlling the muscle atonia dur-
ing REM (or “paradoxical”) sleep was identified in the dorsal pontine brain stem 
[3]. From then on, the combination of REMs, activated EEG, and muscle atonia was 
considered the most reliable set of neurophysiological markers of dreaming [4].

The seemingly exclusive association between REM sleep and dreaming (the so-
called “REM sleep = dreaming” equation), suggested by the early studies [5, 6], was 
soon challenged by clinical and experimental evidence of a possible bidirectional 
dissociation between REM sleep and dreaming. In particular, a more accurate 
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interview of subjects after awakening in laboratory context disclosed that perceptu-
ally vivid and bizarre (“dreamlike”) mental experiences occur often at early onset of 
sleep (stage 1 and 2 of NREM sleep [7]) and sometimes during slow wave sleep 
(stage 3 and 4 of NREM sleep [8]), in some cases even indistinguishable from those 
developed during REM sleep [9].

From the late 1960s to the early 1990s, the theoretical debate was focused on the 
controversy over the quantitative (as postulated by the so-called “one dream-gener-
ator model”) or qualitative differences (“two dream-generators model”) between the 
mental activities developed during REM and NREM sleep. The first model assumed 
that there is “one generator” to produce sleep mentation in all sleep stages [10]: the 
different qualitative features of REM and NREM sleep mentation should depend on 
some variations in both the activation and subsequent organization of amnestic 
materials in a fairly coherent narrative structure, because the cortical synchroniza-
tion of NREM sleep does not allow a complex processing and consolidation of 
contents of the ongoing dream experience [11]. Conversely, Hobson and McCarley’s 
activation-synthesis model [12] posits two distinct “generators” for REM and 
NREM sleep mentation because of the different neurophysiological and neuro-
chemical machinery of the two main types of sleep. Dream experience developed 
during REM sleep (where cholinergic “REM-on” neurons and monoaminergic 
“REM-off” neurons interact in the pontine tegmentum [13]) should be the result of 
a random and nonspecific activation provided by the brain stem and of a more or 
less coherent “interpretation” (i.e., synthesis in partially coherent and bizarre visual 
story) of the oculomotor information transmitted via pontogeniculooccipital (PGO) 
pathways to the cortex [12]. The “synthesis” portion of the model relies on the iso-
morphic assumption that the forebrain interprets subcortical processes similarly 
during waking and sleep [14].

The above controversy limited the attention of researchers for the transition from 
the perceptually grounded consciousness of waking to the hallucinatory simulation 
of dreaming: notwithstanding Foulkes’ [7] findings and the Hori et al. [15] identifi-
cation of visual imagery in all substages of sleep onset, the distinctive features of 
mental experiences occurring at these substages remain largely unexplored [16].

In the last two decades, the indications provided by studies using neuroimaging 
and multichannel EEG techniques have led to overcome the rigid distinction 
between sleep stages and the pseudo-dichotomy between the qualitative character-
istics of mental activities developed during REM and NREM sleep (Table 5.1). The 
interest of dream researchers is now oriented toward the differences and similarities 
in the effectiveness of specific neural networks supposed to be responsible of the 
cognitive and/or emotional functions (as identified by reliable neuropsychological 
indicators) involved in dreaming during sleep as well as in mental activities during 
other behavioral states (active wake, mind wandering, resting). In particular, neuro-
imaging and neurophysiological studies on resting state and mind wandering have 
shown a wide overlap of their phenomenological features and brain mechanisms 
with those of dreaming. Complementarily, refined investigations of dream features 
using accurate procedures of dream collection (using articulated interview and 
trained subjects [17]) have shown important variations along a continuum from 
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thought-like to dreamlike activity not only between but also within sleep stages 
[18]. Taken together, the new items of evidence provided by recent advances in 
electrophysiological and neuroimaging methods of sleep recording and analysis 
have led to both overcome several methodological limitations due to the asynchrony 
between dream generation during sleep and its recall after awakening and prompt to 
study dreaming through the conceptual apparatus now applied to investigate the 
consciousness in wake. In many studies, dreaming is now conceptualized as a “nat-
ural” extension of waking consciousness, namely, as a state characterized by inter-
nally generated multisensorial (overall visual and auditory), motor (sometimes 
dramatic), cognitive, and emotional experiences, whose contents are often inserted 
into a storylike plot [19] but without voluntary control of their flow [20].

Before examining the currently available indications on the neural bases of 
dreaming, it seems useful to summarize the frequency of recall and the phenomeno-
logical characteristics of dream experiences, as a result from over 60 years of labo-
ratory and clinical studies.

�Dream Phenomenology, Recall Frequency, and Functions 
of Dreaming

Psychophysiological studies carried out after the milestone of Foulkes’ [7] investi-
gation on NREM mentation have consistently shown that the amount of dream 
experience, as conservatively estimated through its verbal report after provoked 
awakening in laboratory, fluctuates between about 84% in REM sleep and about 
50% in NREM sleep (roughly considered as a unique sleep type: for review, see 
Nielsen [11]). Moreover, the length of dream reports (as measured by counting con-
tent words [21]) is substantially higher after REM compared to NREM sleep awak-
ening (with a ratio varying from 2 to 5: 1) but fluctuates differently according to 
whether the time is spent in NREM or REM sleep: reports are longer from 0 to 

Table 5.1  Methodological approaches to dreaming

Phenomenological or naturalistic approach
Dream data are collected at home from subjects as spontaneous (oral or written) daily reports 
(dream diary or log) provided by subjects after awakening at home as dream reports may be 
collected through diary (or log) compiled by subjects in an oral or written way for prospective 
measurement of dream frequency and features or through questionnaire or interviews (e.g., 
telephonic) for retrospective measurement of dream frequency and features
Psychophysiological approach
Dream data are collected as spontaneous or guided reports after one or more awakenings 
provoked at particular sleep stages and cycle during polygraphically monitored (a) undisturbed 
sleep, (b) previous partial or total sleep deprivation, or (c) after experimental manipulation of 
dream experience through stimuli delivered before or during sleep
Neuropsychobiological approach
Dream data are collected as spontaneous reports after one or more awakenings provoked at 
planned stages and cycle during sleep, monitored using both electropolygraphic and imaging 
techniques, of normal subjects and patients suffering from acute or chronic brain pathologies, 
sleep disorders, or psychiatric diseases
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15 minutes (and even more when awakening takes place close to a prior REM sleep 
episode) and from 45 to 60 minutes of NREM sleep and shorter between, while the 
pattern is opposite for REM sleep [11].

Dream experiences reported after awakening from REM sleep usually appear 
more perceptually vivid, bizarre, emotional (often negatively toned, with promi-
nence of anxiety and fear), dramatic, physically involving, and rich with characters 
and visual scenes than those reported after NREM sleep, whose contents are more 
thought-like (i.e., conceptual, logical, and mundane [14]). These main qualitative 
differences (as well as some minor ones in the emotional intensity, insight or dream 
awareness, and verbal and motor imagery) appear reliable, as largely independent of 
report length [11] and remarkably consistent across studies: in REM dreams visual 
events are reported almost always, auditory elements in about 60%, and movement 
and tactile sensations in about 15%, smell and taste rarely [22]. The amount and 
intensity of dream features, however, are not uniform over the nocturnal sleep 
(Table 5.2): the contents with such dreamlike features as perceptual vividness and 
bizarreness of contents are more frequent (a) at sleep onset (stages 1 and 2 of NREM 
sleep), when reports at times are as long as those from REM sleep awakening and 
contain dramatic and complex episodes and not simply isolated images [23], and (b) 

Table 5.2  Examples of dream reports after awakenings from different stages of nighttime sleep

Stage 2 – NREM sleep of first cycle
Question: What was going through your mind before awakening?
“I was with my roommate and we were talking about restaurants… and there was other people 
there and we were talking about the best kinds of food… and we were going through places to 
go… Something was happening before we were hungry… I guess we were complaining about 
Davis food and then somebody made a joke about how there’s got to be someplace good”
Stage 3 – NREM sleep of second cycle
Question: What was going…?
“I was thinking… I was with somebody, but I can’t remember… We were driving, may be, like 
a plane… it was some kind of wide open space, with no car…”
Stage REM of first cycle
Question: What was going…?
“I was dreaming that there was this TV show and they were trying to figure out if this girl had 
been taken advantage of, cause they were trying to sue her and this guy and my friend had a 
hole in her foot and it was burning… And we didn’t know how to get the fire out and somebody 
made some lewd comment to me and my dad tried to kill him…”
Stage REM of fourth cycle
Question: What was going…?
 “I was in my grandma’s kitchen. We were watching on TV … and this man won a lottery 
game… he happened to break off the little chute that picks the names and… they advertised 
that little chute had been broken… and everyone in the town was like this guy who had won a 
large amount of money… I remember the scene switched to the lotto place and people were in 
this room trying to fix this lotto machine by putting super glue on the parts and trying to push 
them back together and it didn’t work. They tried like the times, but it never worked. So my 
parents and family were going to this office to enter their entries… and it didn’t have a machine 
to enter it into and a gay made all these excuses because they had never put the entries in. 
People started getting really upset and saying “well, you could put it in a box and so get the 
machine fixed.” And so he took the entries and put them in a box… My mom said that she 
would only wait 2 days for them to call her up for the lottery thing…”

C. Cipolli and L. De Gennaro



61

in both NREM [24] and REM sleep of late night [25], when also the length and 
complexity of storylike organization of dream experience increase along with REM 
sleep duration (5 vs. 10 minutes [26]).

The frequency and characteristics of dream reports (and their within-subject 
variability) are influenced, besides by sleep stages and cycles, by several situational, 
methodological, and individual factors [1, 27]. Situational factors concern the con-
text (laboratory/home), the schedule of awakening (at prefixed stage and duration or 
at given interval from the onset of experimental session), the modality of awakening 
(abrupt/gradual: see Goodenough et al., 1965 [28]), and the possible presence of 
interfering tasks upon awakening [29]. Methodological factors concern the proce-
dure of dream reporting (free recall/questionnaire/affirmative probes/guided recall 
[17]) and the measurement (using Likert-like scales and/or content analysis scales) 
of the qualitative (perceptual, emotional, and organizational) features of dream 
experience [30]. The Likert-like scales allow the subjects themselves and/or exter-
nal raters to graduate specific features or the whole quality of dream experience 
(e.g., the continuity, vividness, and bizarreness of a dream experience may be mea-
sured using the dream fantasy scale [31]; see Table 5.3), while the content analysis 
scales allow to identify the occurrences of specific themes, characters, situations, 
and types of activity in dream reports [32, 33] (Table 5.4). The two kinds of mea-
sures can also be combined to investigate accurately how dream qualities vary in 
groups of individuals differing for age and sex or exposure to stressful or traumatic 
events (as reflected in threatening dreams and nightmares [34]).

Individual factors concern gender, age, personality traits (such as openness to 
experience, psychological boundaries, and absorption [35]), the tendency to sup-
press negative thoughts and emotions [36], and the attitude toward dreams, motiva-
tion, emotional reactivity, and cognitive styles [37].

The striking contrast between the experimental evidence of abundant production 
of dream experiences over all sleep stages and the small number of dreams (rarely 
more than one per night) recalled at home even by individuals classified as good 
recaller has raised the entwined issues of the fate and function of the wealth of non-
recalled dream experiences. Partial but plausible indications have been provided by 

Table 5.3  The dreamlike 
fantasy scale

0. No content reported, feels mind was blank
1. �No content reported, feels something was going through 

his mind, but forgets what
2. Conceptual content, everydayish
3. Conceptual content, bizarre or unusual topics
4. �Perceptual content, nonhallucinatory, everydayish, 

undramatic
5. �Perceptual content, nonhallucinatory, bizarre or 

unusual, dramatic
6. �Perceptual content, hallucinatory, everydayish, 

undramatic
7. �Perceptual content, hallucinatory, bizarre or unusual, 

dramatic

Adapted from Foulkes D et al. [31]
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studies on the so-called memory sources of dreaming. First, dream contents result 
from a deep elaboration and rebinding of several sources, in particular episodic 
memories (i.e., recent and remote events [38]). Second, such sources as recent 
events or concerns are processed not only over the following night (the so-called 
day-residue effect [39]) but also up to 5–7 nights later (“dream-lag effect” [40, 41]). 
Third, dreams reported after multiple awakenings over the same night show both 
repeated incorporations of the same sources (such as presleep stimuli [42]) as con-
tents and high frequencies of semantically equivalent or similar (the so-called 
“interrelated” contents [43]), regardless of the number of awakenings, sleep stage, 
or delay between awakenings [29].

Taken together, these findings indicate that the activation of memory sources 
during sleep is not random but oriented by some current concerns and/or relation-
ships with previously accessed items of information [44]. Consistently, neuroimag-
ing and neurophysiological studies on the activation during sleep of the systems 
involved in the (re)processing of information which is individually relevant 
(“salient”) at emotional or motivational level have shown opposite effects: the nega-
tive emotional valence of events is de-potentiated in normal subjects [45] and fur-
ther consolidated in patients with post-traumatic stress disorder (PTSD: for a 
discussion, see Nielsen and Levin [34]). Also the faster fade over time of the nega-
tive than positive emotionally toned autobiographical memories in both experimen-
tal tasks [46] and dream experiences [47] suggests that sleep concurs to reduce the 
negative emotional charge of conflicting waking events. All these findings appear 
compatible with the general process (postulated by Stickgold and Walker [48] in 

Table 5.4  Content analysis of dream reports: categories of Hall and Van de Castle’s system

The most frequently used coding system of content analysis is that developed by Calvin S. Hall 
and Robert Van de Castle, primarily published in a book [32] and now available on the web, 
together with several examples
Since its publication, this system of dream content analysis has been used by many 
investigators (psychologists, psychiatrists, and anthropologists) in several countries. In its basic 
form, it treats dream reports as stories or plays in which there may be one or more:
 � Characters (animals, humans, friends, strangers)
 � Social interactions (aggression, friendliness, sexuality)
 � Activities (thinking, talking, running)
 � Success and failure
 � Misfortune and good fortune
 � Emotions (happiness, sadness, surprise, fear)
 � One or more settings (indoors vs. outdoors, familiar vs. unfamiliar)
 � Objects (e.g., chairs, cars, streets, body parts)
 � Descriptive modifiers of humans, animals, and objects (e.g., tall, fast, crooked)
 � Temporal references
 � Elements from the past
 � Food and eating references
Obviously, some dream contents may fit into more than one category (e.g., punching someone 
is both an aggressive interaction and a physical activity)
The categories of Hall and Van de Castle’s system may encompass those used in other systems 
of dream content analysis with the advantage of a great reliability resulting from population 
studies which were replicated three times (for detail, see Domhoff GW [33])
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their triage model of memory consolidation during sleep) of “tagging” of salient 
information for consolidation by means of emotional arousal, future relevance, and/
or deliberate intention.

On the contrary, the possibility that also recently acquired information and indi-
vidually salient or task-related experiences (either replayed or associated with older 
memories during dreaming) are further consolidated via their incorporation into 
dream content appears more controversial (as pointed out by Schredl [49]). For 
example, visuomotor skills improve more after nighttime sleep in low dream recall-
ers (LDR) compared with high dream recallers (HDR), although the latter has a 
higher rate of incorporation of a new (mirror tracing) task into dream content and a 
better initial performance [50]. It seems thus more cautious to argue that (a) dream-
ing is not simply a function of the consolidation process of recent information, 
either replayed [51] or associated with older memories during dreaming [52], and 
(b) only a part of the neural activity underlying dreaming, which is distributed 
across several cortical and subcortical structures, is influenced by the brain struc-
tures subserving different memory systems [53].

�Neuropsychology of Dreaming

The early indications on the neural bases of dreaming were provided by studies on 
the clinical-anatomical correlations in patients with acute brain lesions. This 
approach, which is usually called “neuropsychology of dreaming,” was applied long 
before the discovery of REM sleep: the anoneiria (or Charcot-Wilbrand syndrome) 
was first described in the nineteenth century [54]. After the discovery of REM sleep 
and under the assumption of a close correlation between REM sleep and dream 
recall rate, the attention in clinical context was initially addressed to the subcortical 
structures as putatively responsible for dream generation. In detail, since pontine 
brain stem lesions suppress or reduce human REM sleep [55], a concomitant sup-
pression or reduction of dream experience was expected. However, a review of all 
the published cases of brain stem lesions reporting also information on dreaming 
documented [56] that a drastic reduction of REM sleep was accompanied by a ces-
sation of dreaming in only 1 of the 26 patients examined (4 of whom with extensive 
pontine lesions by Solms himself [57]). The lack of stable associations between 
pontine lesions and changes of dream recall has been confirmed also in a recent 
review [58]. Coherently, also patients with an autoactivation deficit following a 
bilateral damage to the basal ganglia have spontaneous dreams during REM sleep in 
the absence of thoughts during wakefulness [59], on the one hand, and dream recall 
rate is not affected in depressed patients by the pharmacological suppression of 
REM sleep induced by the phenelzine therapy for depressed patients, which elimi-
nates REM sleep without altering slow wave sleep [60]. Hence, pontine brain stem 
(or, more in general, subcortical) lesions in humans do not abolish dreaming, and 
REM sleep is not a necessary prerequisite for the occurrence of dream experience. 
Moving from subcortical to cortical regions, two reviews [61, 62] suggested that a 
complete loss of dreaming is associated to unilateral or bilateral 
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temporo-parieto-occipital lesions. A systematic review of 361 patients with acute 
cortical lesions [57] has confirmed that the cessation of dreaming is caused by a 
damage of either (1) a posterior system, mostly unilateral, in correspondence of or 
near the temporo-parieto-occipital (TPO) junction, or (2) an anterior system, mostly 
bilateral, underlying the ventromedial prefrontal cortex (vmPFC) and including the 
white matter tracts surrounding the anterior horns of the lateral ventricles.

Notably, lesions of the posterior system affect dreaming during sleep as well as 
visual imagery in waking [63]. These complementary items of evidence clearly cor-
roborate the basic idea that dream experience, mental imagery, and late stages of 
visual perception share some neural mechanisms (in particular, visual associative 
cortices [64]).

The anterior system is less frequently associated to the global cessation of 
dreaming, caused by bilateral lesions of the white matter tracts, which surround 
the anterior horns of the lateral ventricles, underlying vmPFC. Since the ventro-
medial white matter contains dopaminergic projections from the limbic system to 
the frontal lobe, most patients with prefrontal leucotomy complain of global ces-
sation of dreaming [56].

A unifying theoretical framework is still lacking. However, the fact that brain-
damaged patients do not show significant changes in dreaming when lesions, inde-
pendently of severity, are located in brain areas different from those of the two 
above systems is suggestive of high specificity of the neural networks involved in 
dreaming.

Further indications of the role played by specific structures in dream generation 
may be gathered by means of (a) longitudinal neuroimaging and EEG studies [65, 
66] on brain-damaged patients (the recovery of dreaming after the acute phase 
remains almost completely unexplored at neurophysiological level; notwithstand-
ing it occurs in 2/3 of anoneiric patients over the following few years [67]) and (b) 
phenomenological studies focused on the temporary or persistent loss of dream fea-
tures similar to those impaired in waking experiences of patients with specific neu-
rological syndromes (involving visual distortions such as Fregoli’s delusional 
hyperidentification: for a discussion, see Schwartz and Maquet [68]). Combining 
the indications provided by the two types of studies would allow to better under-
stand the functioning during sleep of the brain structures putatively responsible of 
specific features of dreaming as well as of everyday waking experience (for a dis-
cussion, see Dang-Vu et al. [69]).

�Electrophysiology of Dreaming

Several advances in the electrophysiological study of dreaming, regarding the rela-
tionship between the physiological (electrical activity of cortical and, more recently, 
subcortical structures) and psychological levels of dreaming (as shown by quantita-
tive and qualitative aspects of dream reports), have been made possible by the new 
techniques both of sleep recordings with high spatial resolution (i.e., high-density 
EEG and intracerebral stereo-EEG) and of transcranial stimulation. The former 
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techniques allow assessing the spatiotemporal dynamics of peculiar EEG features, 
the latter to detect possible causal links between targeted brain areas and specific 
cognitive processes involved in dreaming (see next section).

In keeping with the “local sleep theory” [70], the regional differences in EEG 
activity at the cortical and subcortical level may be indicative of specific functions 
in dream generation and recall. Accordingly, the association of mediotemporal lobe 
activity and dream recall (considered as a peculiar form of episodic memory during 
sleep) has been investigated in a stereo-EEG study on patients with drug-resistant 
epilepsy [71], on whom a phase synchronization of rhinal-hippocampal EEG activ-
ity in the gamma range and an increased EEG coherence in the theta range had 
proved to be predictive of successful memory formation [72, 73]. The comparison 
of the rhinal-hippocampal and intrahippocampal EEG connectivity during waking, 
NREM, and REM sleep in good and poor dream recallers showed a close relation-
ship between this connectivity and the capability to recall dreams as well as waking 
memories: patients who recalled dreams showed a significantly higher EEG coher-
ence for all the frequency bands investigated (from 1 to 44 Hz, in particular, in the 
low-frequency theta range) and for all states (waking, NREM, and REM sleep) than 
patients who did not recall [71].

Other studies have provided indirect but important suggestions of possible rela-
tionships between the activity of subcortical structures and dream features. For 
example, the deactivation of human thalamic medial pulvinar nucleus (PuM) during 
REM sleep (as indicated by the great amount of its EEG delta activity in epileptic 
patients [74]), which is at odds with the general thalamocortical cholinergic activa-
tion, suggests the presence of some deactivated cortical areas (directly connected 
with PuM) among other activated areas (connected with other thalamic nuclei). If 
this dissociation in the level of cortical activation during REM sleep would be 
proved responsible of the reduced spatiotemporal cortical connectivity of REM 
sleep compared to waking (as postulated by Massimini et al. [75]), the cognitively 
bizarre features of dreaming could be explained as a result of the inactivation of 
cortical areas (such as posterior cingulate and dorsolateral prefrontal and parietal 
cortices) connected with the PuM [74]. Pertinent evidence may be gathered compar-
ing mediotemporal and hippocampal EEG indicators and dream reports upon awak-
ening from NREM and REM sleep in epileptic patients.

More conventionally, some studies have evaluated on normal subjects the asso-
ciation between dream recall and EEG activity in the sleep periods preceding the 
awakening from nocturnal sleep or daytime nap using multielectrode recordings 
and quantitative analysis of EEG, which are characterized by a good temporal reso-
lution and an acceptable spatial resolution.

The first investigation of the EEG activity during sleep onset REM periods 
(SOREMPs) disclosed a complex relation between alpha activity and, respectively, 
lack of SOREMP dreams and appearance of NREMP dreams [76]. This relation has 
been partly confirmed for nocturnal sleep, where dream recall results are associated 
with lower alpha power (mainly in correspondence of temporoparietal areas) overall 
in stage 2 NREM sleep [77]. The involvement of alpha activity in dreaming during 
stage 2 NREM sleep (Fig. 5.1) has been found in another study [78], together with 
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a positive relation between the theta cortical brain oscillations (i.e., the genuine 
oscillatory activity) and dream recall after REM sleep (Fig.  5.2). Hence, stage 
2-specific cortical brain oscillations in the sleep preceding awakening appear pre-
dictive of dream recall, namely, a higher frontal theta activity for REM sleep and a 
lower alpha oscillatory activity of the right temporal region for stage 2 NREM sleep, 
as also confirmed by a subsequent within-subject study [79].

The findings that the same regions which control successful memory encoding in 
waking are also involved in dream recall strengthen both the hypothesis that the 
neurophysiological mechanisms of encoding and recall of episodic memories are 
similar across different states of consciousness and the general notion of continuity 
between waking and sleep mentation. This notion is also supported by the available 
items of evidence that (a) theta and alpha oscillations are associated with memory 
encoding and retrieval during wakefulness; (b) a more efficient encoding of words 
and faces is associated to a lower alpha activity (10–12 Hz) in the right temporopa-
rietal cortical region [80]; (c) an enhancement in alpha power is correlated with 
decreased memory performance [81]; and (d) successful encoding and retrieval of 
declarative information are associated with an increase in the theta power in scalp 
recordings [82]. Complementarily, intracranial recordings have confirmed that (a) 
an increase in frontal theta oscillations during the encoding phase is predictive of 
subsequent recall [83] and (b) theta oscillations in wakefulness mediate the 
prefrontal-mediotemporal dialogue in memory encoding [84].

Fig. 5.1  A three-
dimensional topographic 
distribution of correlation 
(rho) values between the 
number of dreams recalled 
upon morning awakenings 
and the amount of EEG 
alpha activity in NREM 
sleep. (Redrawn with data 
published by Marzano 
et al. [78])
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Important insights into the issue of whether the success/failure in dream recall is 
explained mainly by individually stable (i.e., trait-like) EEG or state-specific EEG 
correlates of dream recallers may be expected from within- rather than between-
subject studies, carried out with multiple awakenings per session or (preferably) one 
awakening per multiple sessions. The former experimental condition has been 
applied in two studies on the cortical EEG correlates of dreaming during a 40-h 
multiple nap protocol under constant routine condition. These studies have shown 
that REM dream recall is preceded by higher alpha and beta activity in the occipital 
cortex, while NREM dream recall (a) is preceded in young subjects by lower delta 
and sigma EEG activity over frontal and centro-parietal derivations, respectively 
[85], and (b) is associated to more frontal delta and centro-parietal sigma EEG 
activity in older than young subjects, while the lower frontal-central alpha and beta 
activity in REM sleep of older compared with young subjects has no clear relation 
with the presence/absence of dream recall [86]. These age-related differences raise 
the question of the possible parallelism between specific patterns of frequency and 
topography EEG activity and the age-related variations in the effectiveness of cog-
nitive processes [87].

The discrepancy between the results of studies using protocols with multiple 
naps or one awakening per session may be explained by the alterations of the chro-
nobiological modulation of dreaming induced by multiple awakenings per session, 

Fig. 5.2  A three-
dimensional topographic 
distribution of correlation 
values (rho) between the 
number of dreams recalled 
upon morning awakenings 
and the amount of EEG 
theta activity in REM sleep 
EEG. (Redrawn with data 
published by Marzano 
et al. [78])
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which ineluctably confound the influence of ultradian (NREM-REM sleep stages) 
and circadian rhythms (the sequence of sleep cycles) on dream generation [88] and 
thus weaken the predictive power of EEG indicators for dream recall.

The large reduction of delta activity in correspondence of left frontal and tempo-
roparietal areas followed by dream recall after one-per-day awakening from day-
time stage 2 NREM sleep [89] suggests that an increased cortical EEG activation is 
a prerequisite for the presence of dream recall, at least for NREM sleep. Consistently, 
a recent within-subject study using a serial awakening protocol has shown that the 
presence compared to absence of dream experience is associated with (a) a decrease 
in low-frequency power (1–4  Hz) over parieto-occipital area, both in REM and 
NREM sleep, and (b) a less rapid activity in the range of high-frequency power 
(25–50 Hz) over the parieto-occipital area in NREM sleep and the frontal and tem-
poral area in REM sleep, respectively [90]. Additionally, the similarly increased 
high-frequency activity in a cortical region mostly corresponding to the fusiform 
face area in both REM sleep dreams with familiar faces as contents and their reports 
in waking [90] is further supportive for a sort of anatomical-functional “continuity” 
between the two states of consciousness.

�Neuroimaging; Insights into the Neuroanatomy 
and Neurochemistry of Dreaming

A deeper understanding of the relationships between specific dream features and 
brain activity during sleep was prompted in the 1990s by the advent of brain imag-
ing techniques (in particular, positron emission tomography, PET; single-photon 
emission computed tomography, SPECT; structural and functional magnetic reso-
nance imaging, s/fMRI). The first (and only) study combining PET and EEG record-
ings and the control of dream recall showed an activation during REM sleep in the 
pontine tegmentum, left thalamus, both amygdaloid complexes, anterior cingulate 
cortex, and right parietal operculum and a (bilateral) deactivation in a vast area of 
the dorsolateral prefrontal cortex (dlPFC), parietal cortex (supramarginal gyrus), 
posterior cingulate cortex, and precuneus [91]. Two contemporary studies (but with-
out collection of dream reports [92, 93]) disclosed also a strong activation of the 
high-order occipitotemporal visual cortex (consistent with both the vividness of 
many dreams and clinical observations on brain-damaged patients) and a concomi-
tant decreased activation of the primary visual cortex during REM sleep. Substantial 
differences in brain activity during REM compared with NREM sleep, in which 
activation diminishes from waking levels [92], were confirmed by most neuroimag-
ing studies, regardless of the technique applied [94, 95].

The subsequent observation of a greater activation of the dorsomedial prefrontal 
cortex (dmPFC) in waking mind wandering (i.e., a self-generated thought process 
that proceeds independently of an external task) as compared with goal-directed 
intentional thinking [96] disclosed the importance of the presence of some dream-
like features (such as visual imagery and bizarreness) in mental activity not only 
during stage 2 NREM but also in relaxed wakefulness (as first shown by Foulkes 
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and Fleisher, 1975 [97]). The comparison of neuroimaging data concomitant with 
different waking states (daydreaming, mind wandering, task-oriented thinking) 
makes it possible (a) to measure the functional connectivity of specific neural net-
works identified using diffusion tensor imaging (DTI) and (b) to assess the relation-
ships between the variations in the functioning of these networks during waking and 
sleep stages and the variations in the effectiveness of specific cognitive processes.

In this way, the (often implicitly) postulated isomorphism between the metabolism 
of the neuroanatomy of REM sleep and the functional neurophysiology of dreaming 
is overcome, and neuroimaging data are interpreted more cautiously, namely, in heu-
ristic rather than (and nearly always post-factum) explanatory terms. For example, the 
discovery that a default network of brain regions active during resting state is in part 
reactivated during REM sleep but deactivated during NREM sleep has suggested that 
its two subsystems have distinct functions in dream generation. The “simulation sub-
system,” as centered on the hippocampal formation (the medial temporal lobe subsys-
tem is more active in REM than NREM [98]), may explain the facilitated access 
during REM sleep to memories [99] and, thus, their conversion as dream contents. 
The “self-referential subsystem,” as centered on the dmPFC, which shows incomplete 
connectivity during REM sleep [100], may be responsible for the lack of insight (i.e., 
dream awareness) into the current mental state [95].

Several convergent indications from lesional and neuroimaging studies on spe-
cific brain networks supposed to modulate the most distinctive characteristics of 
dreams and dreamlike mental activities [94, 95] appear integrated into the most 
recent models of the neurobiological bases of dreaming. The main indications 
regard (1) the activation of the amygdala complex, anterior cingulate cortex, and 
orbitofrontal cortex could be related to the emotional features of dreams; (2) the 
increased activation of the occipitotemporal visual cortex could be associated with 
visual dream imagery; (3) the relative hypoactivation of the dlPFC could be associ-
ated with alterations in logical reasoning, working memory, episodic memory, and 
executive functions, which frequently occur in REM sleep dreams; and (4) the acti-
vation of mesial temporal areas, and specifically the hippocampus, could account 
for the access and processing of episodic (recent and remote) memories commonly 
recognizable in specific dream contents.

The involvement of the first two networks is consistent with the results of brain 
lesion studies, while the role of mesial temporal areas is supported by recent elec-
trophysiological [101, 102] and morpho-anatomical findings [103, 104]. Conversely, 
the neural bases of mind wandering seem to involve more than just default network 
activity [98, 105], and also several perceptual and emotional features of daydream-
ing seem to differ from those of REM and NREM daytime naps [106]. The avail-
ability of partially discrepant findings, however, does not invalidate the models but, 
rather, prompts to elaborate more specific and testable hypotheses. Appropriate test-
ing may be provided by combining complementary bottom-up (from lesional and 
neuroimaging data to cognitive features of mental experiences) and top-down 
research strategies (from dream phenomenology to brain maps, as suggested by 
Schwartz and Maquet [68]) and by using refined psychometric measures of the 
functioning of specific cognitive processes involved in dreaming (e.g., working 
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memory [107]) and waking experiences. Pertinent examples of this integrated neu-
robiological and neuropsychological approach have been provided by some investi-
gations on how the variations in the activity of given cortical and subcortical areas 
are associated to the trait- and state-like individual differences in specific cognitive 
(such as recall frequency and types of content) and emotional (such as bad dreams 
and nightmares) features of dreaming.

The items of evidence gathered by comparing appear crucial to explain the pre-
dictive power of neurobiological data of sleep for the varying effectiveness of the 
cognitive processes involved in dream generation and recall. The comparison of 
subjects with high and low dream recall rates (HRs and LRs) during REM and stage 
3 NREM sleep [101] has shown that the regional cerebral blood flow (rCBF), mea-
sured by PET with [15O]H2O, is higher in the temporoparietal junction (TPJ) in both 
REM and NREM sleep, while in the medial prefrontal cortex (mPFC) is higher in 
HRs than LRs during only REM sleep. Notably, these neurofunctional correlates of 
dream recall in healthy subjects are fairly consistent with the evidence of a global 
anoneiria in patients with lesions involving the TPO junction and the vmPFC [57]. 
It seems therefore plausible that the differences in spontaneous brain activity in TPJ 
and vmPFC during REM sleep are the neurophysiological substrate of stable (“trait-
like”) differences, at least in subjects belonging to the distribution ties of dream 
recall rate (HRs and LRs). Moreover, some morpho-anatomical findings suggest a 
role also of mesial temporal areas in dreaming (see below).

A comprehensive neurobiological model (affect network dysfunction, AND) has 
been proposed by Nielsen and Levin [34] to account for nightmares. This parasom-
nia is characterized by awakening primarily from REM sleep and vivid recall of 
disturbing dream, with intense (prevalently fear-related) emotions. Both idiopathic 
and post-traumatic (associated with post-traumatic stress disorder, PTSD) night-
mares are distinct from sleep terrors, which arise from NREM sleep and involve 
fear-related arousals but not vivid dreams. The AND model stems on both neuroim-
aging data and evidence of emotional regulation during nightmares at physiological 
(alignment of fearful dream imagery and increased activation of heart and respira-
tion rate in the few minutes preceding awakening from REM sleep [108]) and cog-
nitive level (progressively decreased intensity and variability of emotions in REM 
periods [109]). The model posits that nightmares result from a dysfunction in the 
neural network subserving the adaptive function of fear memories in normal dream-
ing (usually leading to the so-called bad dreams, namely dreams with intense nega-
tive emotions), through the processes of acquisition and extinction of fear memories, 
which are activated during (overall REM) sleep as well as in waking by the network 
of the amygdala (for emotional activation and control of fear memory acquisition), 
hippocampus (for control of memory context), mPFC (for storage and control of 
extinction memories), and anterior cingulated cortex (for regulation of affect dis-
tress). The affect load should determine in normal dreaming a recombination 
(rebinding) of attributes of existing fear memories in new potentially fear-
extinguishing contexts, whereas in nightmare a distress, largely regulated by the 
anterior cingulated cortex, in response to intense negatively toned emotional stimuli 
(such as memories of prior abuse, neglect, and trauma). The AND model is fairly 
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predictive, given that using both structural and functional neuroimaging techniques 
it has been shown that in PTSD patients compared to healthy controls sleep distur-
bances and nightmares are associated with (a) loss of gray matter volume (GMV) in 
the amygdala, hippocampus, anterior cingulate, and insula; (b) increased rCBF in 
the midbrain, precuneus, and insula; and (c) decreased rCBF in the anterior cingu-
lated cortex [110, 111].

Moreover, this model is compatible also with data of one type of “dreaming 
excess” observed in patients with lesions in the medial prefrontal cortex, the ante-
rior cingulate cortex, and the basal forebrain [57]. An increased frequency and viv-
idness of dreams may be present in patients both with frontal limbic lesions, with 
intrusion of dream content into waking life (the so-called anoneirognosis, namely a 
difficulty to distinguish between internally generated dream experiences and exter-
nally driven perceptions), and with temporal limbic seizure activity, with “recurring 
nightmares” (i.e., recurrent and stereotypical nightmares accompanying complex 
partial seizures).

Notably, the insights provided by neuroimaging data into the neurobiological 
bases of dreaming are not limited to cortical regions but also extend to subcortical 
nuclei. In particular, the metabolic decline of the brain stem and thalamus during 
NREM sleep (both involved in generating cortical slow waves [112]) and the 
increased activation in limbic and paralimbic structures during REM sleep [91] sug-
gest important and complementary roles of the hippocampus and amygdala in 
dreaming. Indeed, the retrieval of cues of fear-conditioning stimuli delivered before 
sleep affects the emotional tonality of dreams in both REM and NREM sleep [113]; 
in waking, gamma-band coherence between the rhinal cortex and hippocampus 
increases when a stimulus is successfully encoded [72], while the gamma activity 
increases in the entorhinal cortex layers projecting to the hippocampus when the 
stimulus is retrieved [114]. Further items of evidence that the emotional load in 
dreams is related to amygdala activation have been provided by two studies which 
evaluated the differences in the brain tissue of the hippocampus-amygdala complex 
and measured the volume of gray matter and its alterations by means of microstruc-
tural analyses [i.e., volume and diffusivity (magnitude of neuronal water diffusion)] 
and diffusion tensor imaging (DTI) analysis of MRI scans. In normal subjects the 
interindividual differences in the length of reports, emotional intensity, and bizarre-
ness of dream contents reported in the next morning are closely related to some 
differences in the brain tissue of the hippocampus-amygdala complex: indeed, a 
decreased microstructural integrity of the left amygdala is associated with shorter 
dream reports, lower emotional load, and lower bizarreness, while that of the right 
amygdala only with lower bizarreness. Moreover, in Parkinson’s disease patients, 
the relationships between the visual vividness of dream reports and the volume of 
the amygdala, thickness of mPFC, and hypodopaminergic activity show a specific 
role for the mesolimbic dopaminergic system in qualitative (but not quantitative) 
aspects of dream recall [104].

Interestingly, the structural MRI methods can shed light also on the association 
of dream recall and content with the neurochemical mechanisms of specific brain 
circuits: the visual vividness of dream reports is positively associated to the 
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amygdala volume and mPFC thickness, while the richness of dream report is nega-
tively related to the dopamine agonist dosage (the higher the dosage, the poorer the 
report).

With the caution due to taking the dopamine agonist dosage as a measure of the 
hypodopaminergic state in PD patients, it seems worth stressing that the suggested 
role of the amygdala-mPFC dopamine network in dream recall is coherent with the 
indications provided by neuropsychological studies on brain-damaged patients [56, 
57] and PET measurements on healthy subjects [102]. These findings converge to 
indicate that an anterior system mediates basic aspects of dream generation and 
recall within a general and pivotal role of the posterior system (i.e., TPJ) for senso-
rial aspects of dreams. Although an integrated model of the specific role of the TPJ 
and the mesolimbic system in dream experience is still lacking, the above neuro-
chemical findings appear compatible with the reward activation model proposed by 
Perogamvros and Schwartz [115], according to which the activation of the 
mesolimbic-dopaminergic reward system contributes to the emotional and motiva-
tional components of dreaming.

�Recent Advances in Dream Research Through New Methods 
of Sleep Recording and Analysis

The knowledge of the neurobiological bases of dreaming has been undoubtedly 
extended by the recent advances in electrophysiological and neuroimaging tech-
niques of sleep recording/analysis. Indeed, these techniques allow now to investi-
gate in healthy individuals (as well as in patients with brain damage, neurodegenerative 
diseases, sleep disorders, or parasomnias) the neural bases also of previously inac-
cessible aspects of dreaming, such as the presence of short periods of dream lucidity 
during REM sleep and the reliability of the dream contents reported after awakening.

The lack of awareness of the dreaming state and the entwined absence of volun-
tary control of the flow of dream contents have long puzzled dream researchers, 
given that it was well known that some individuals (so-called lucid dreamers) could 
experience a short period of lucidity while dreaming.

Some important insights into the neural correlates of the periods of dream lucidity 
have been provided by transcranial stimulation techniques. In particular, transcranial 
direct current stimulation (tDCS), which can modulate cortical excitability over PFC 
areas, has shown that (a) cathodal-frontal and anodal-parietal stimulation increases 
reports of visual dream imagery during stage 2 NREM [116]; (b) interhemispheric 
paired pulse transcranial magnetic stimulation (TMS) has shown a lower interhemi-
spheric connectivity during REM sleep, which may account for such dream features 
as the lack of insight, time distortion, and amnesia [117]; and (c) the stimulation of 
PFC can induce dream lucidity during REM sleep in some subjects [118].

The recent evidence that “lucidity” is a dimension of dreaming that can be 
learnt by training subjects [119] but also predicted by a shift in EEG power, 
especially in the 40 Hz range of frontal brain regions (when the dream becomes 
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“lucid” compared with when it is “nonlucid”), is of great theoretical inter-
est [120].

Consistently, it has been shown that transcranial alternating current stimulation 
(tACS) in the lower gamma band during REM sleep can induce self-reflective 
awareness in dreams [121] and synchronous oscillations around 40 Hz in frontal 
regions are in correspondence of periods of lucid SOREMP dreaming in narcoleptic 
patients. These patients often report spontaneously their capability to maintain or 
recover lucidity while dreaming and modify unpleasant or frightening dreams [122].

Complementarily, a greater level of reactivation during REM sleep of the cere-
bral regions involved in learning a new task has shown to be accompanied in healthy 
subjects by the reactivation of the task-related information [123, 124]. The neuronal 
activation of the sensorimotor cortex (measured by fMRI and near-infrared spec-
troscopy, NIRS) during lucid REM dreaming (i.e., in correspondence of increased 
gamma band activity over frontal and frontolateral areas) appears comparable to 
that of a given movement (hand clenching) both imagined and performed in waking 
by the same subjects [123].

Finally, tDCS can influence the neural substrates also of mind wandering in wak-
ing: the propensity to mind wandering of subjects performing a monotonous task 
with a periodical sampling of their thoughts is enhanced by stimulation through an 
anode electrode on the left dorsolateral PFC and a cathode electrode on the right 
supraorbital area [125]. These findings strengthen the general hypothesis that the 
same cerebral areas are activated during specific sleep stages as well as in waking, 
as suggested by the greater level of reactivation of the cerebral regions involved in 
learning a new task in trained subjects than in controls during REM sleep [126] and 
SWS [127].

Also, the issue of the reliability of dream contents reported after awakening has 
been successfully approached using two distinct combinations of the new tech-
niques of electrophysiological and neuroimaging recordings and analysis.

First, the possibility of identifying when specific visual contents are experienced 
during sleep has been addressed using noninvasive techniques (e.g., multivariate 
pattern analysis) [128]: capable of decoding perceptual or mental states with high 
accuracy and reasonable temporal resolution. By provoking repeated awakenings 
just after sleep onset and asking subjects to recall what they had seen, it has been 
found that fMRI patterns can be reliably linked, on a probabilistic basis, to the same 
visual information (i.e., categories of objects such as cars, men, or women) in dream 
reports [129]. Much more complex pattern recognition algorithms are obviously 
required to decode information from more simultaneous modalities (dream contents 
being visual, auditory, and tactile) before attempting to extend this form of “brain 
reading” to all dream features. However, this possibility is supported, in principle, 
by data collected with intracranial EEG recordings across the medial temporal lobe 
and neocortex during sleep and wakefulness and during visual stimulation with fixa-
tion [130]. Indeed, single neurons exhibit reduced firing rates before REMs and 
increasing rates immediately after REMs, similarly to the activity pattern upon 
image presentation during fixation in wakefulness.
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Second, fMRI measurements have disclosed important differences in the activa-
tion of specific brain areas (right inferior frontal gyrus, right superior and middle 
temporal gyrus) when a dream which has been actually experienced by a subject is 
recalled compared with both a dream simply listened to or read by the subject in 
wakefulness and a daytime mental activity of the subject [131]. These findings cor-
roborate the reliability of dream reports, besides suggesting a new strategy for 
investigating both the interindividual (HDR vs. LDR) and intraindividual (success 
vs. failure) differences in dream recall.

These insights into how the brain generates dreams during sleep, as well as 
dreamlike experiences in waking, converge to indicate (a) a substantial similarity in 
the functioning of the cognitive processes involved in their generation and recall; 
(b) the usefulness of neuroimaging and multichannel sleep recordings in the process 
of identifying the neural basis of dreaming as well as the factors responsible for its 
intra- and interindividual variability; and (c) the importance of general models of 
mental experience during sleep and waking to formulate testable hypotheses on the 
neural basis of specific features and functions of dreaming.
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Neurobiology of Memory and Sleep

Michael Blechner

�Introduction

It is well known that sleep is comprised of two distinct phases: non-REM (NREM) 
vs REM. NREM is further divided into lighter stages (stage 1 and stage 2) and a 
deeper stage (stage 3). Stage 3, also known as slow wave sleep, is predominantly 
seen in the earlier portion of the night, while REM sleep is more predominant in the 
latter portion. The role of sleep has been reviewed extensively and has been postu-
lated to allow for repair of cell tissue and thermoregulation, facilitate immune func-
tion, and preserve energy; however, other roles have been written about the function 
of sleep through the ages.

In the late sixteenth century and early seventeenth century, Dr. Christopher 
Wirtzung, writer of A General Practise of Physicke, described sleep as the “warm-
ing” of the body’s spirits, the vehicle of all the processes of life emanating from the 
soul [1], while John Jones discussed the need for sleep to refresh ones’ senses and 
improve digestion [2]. This was echoed by none other than Shakespeare in his works 
of Macbeth and Henry IV. Within the last few centuries, psychologists, philoso-
phers, and playwrights alike spoke of new roles of sleep. British psychologist David 
Hartley proposed in 1801 the link between dreaming and memory [3]. However, it 
was not until 1924 when the first systematic studies of sleep and memory were per-
formed by Jenkins and Dallenbach to test Ebbinghaus’s theory of memory decay 
[4]. The knowledge elucidating sleep’s impact in memory processing and brain 
plasticity has grown over the last half century and has become a topic of interest of 
many researchers. It is now assumed that sleep facilitates consolidation of memory 
by strengthening new memories and acclimating them into preexisting long-term 
memories. This chapter will outline what is known, while investigating perceived 
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relationships of various sleep stages and their impact on the production, restructur-
ing, consolidation, storage, and strengthening of memories, which is imperative to 
performing our daily activities/functions, while reviewing the neurophysiologic 
basis for this. This information, which continues to grow with time, has been gath-
ered from various physiological and behavioral studies performed over the last sev-
eral decades. Initially, we will review underlying memory processes and the notion 
of memory consolidation.

�Memory Processes

There are three major sub-processes in memory production – encoding, consolida-
tion, and retrieval. Encoding is the process of forming a new memory trace in 
response to the perception of a stimulus. This process is highly susceptible to forget-
ting. Therefore, consolidation occurs to stabilize the memory trace by strengthening 
and integrating the memory into preexisting knowledge networks. As explained by 
Dudai [5], consolidation is the process by which newly acquired and generally 
labile memories encoded during wakefulness are believed to be reprocessed and 
converted into a more stable form and then integrated into preexisting memory net-
works during sleep. Finally, the stored memory may then be accessed and recalled 
during retrieval. While encoding and retrieval occur frequently during wakefulness, 
it is believed that sleep plays a major role in the consolidation of newly encoded 
memory into long-term storage. It is believed that this process depends on multiple 
variables, including different processes of neuronal plasticity. There are believed to 
be two types of consolidation processes: the first is coined “synaptic consolidation” 
which leads to remodeling and subsequent more effective synapses [5–8], and the 
second is referred to as “system consolidation,” which redistribute newly encoded 
representations to other neuronal circuitries for long-term storage [5, 9].

�Neurobiology of Memory

Long-term memory is generally divided into two main types: declarative (explicit) 
and procedural (implicit). Declarative memory (“knowing what”) is memory that is 
consciously recalled, i.e., declared, and includes facts and events. It is further 
divided into episodic and semantic memory. Procedural or non-declarative memory 
(“knowing how”) relates to unconscious memory such as skills and “how to do 
things.” Examples of this include riding a bike or playing piano. These memories 
are generally acquired through repetition and are composed of automatic senso-
rimotor behaviors. Figure. 6.1 illustrates memory types and the stages of memory 
production (Fig. 6.1).

The locations in the brain where formation of long-term memory is processed 
were illustrated following a procedure in 1953 which included removal of a patient’s 
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medial temporal lobe, hippocampus, and amygdala to treat intractable seizures. 
After the surgery, the patient was still able to form procedural memories and short-
term memories but demonstrated failure in converting immediate memory into sta-
ble long-term memory. As well, studies have shown that lesions of the hippocampus 
abolish the ability to acquire new declarative memory and produce retrograde 
amnesia where only older memories remain intact [9, 11].

Declarative memories require the involvement of medial temporal regions, spe-
cifically the hippocampus, with episodic memories rooted in temporal regions. 
Non-declarative memories such as perceptual skills originate from sensory cortices 
and procedural memories from the cerebellum, striatum, and motor areas. However, 
there is interaction between these systems, specifically seen in the early stages of 
new knowledge acquisition [12] and the transition from fast learning, seen in the 
hippocampus, to slow learning for long-term storage in the neocortex.

Memory

Declarative Non declarative

Episodic Semantic Procedural
skill

Conditioning Non
associative

Encoding /
acquisition

Integration

Translocation

Consolidation

Stabilization Enhancement

Loss / erasure

Recall Reconsolidation

Priming

a

b

Fig. 6.1  Memory systems and memory stages. (a) Memory systems. Human memory is most 
commonly divided into declarative forms, with further subdivisions into episodic and semantic, 
and non-declarative forms, subdivided into an array of different types including procedural skill 
memory. (b) Developing stages of memory. Following initial encoding of a memory, several ensu-
ing stages are proposed, beginning with consolidation, as well as integration of the memory repre-
sentation, and translocation of the representation or erasure of the memory. Also, following later 
recall, the memory representation is believed to become unstable once again, requiring periods of 
reconsolidation. (Reprinted by permission from Springer: Spencer et al. [10])
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�Role of Sleep in Memory

There have been several studies through the years reviewing barriers to memory 
retention and how sleep affects this process. Ebbinghaus performed memory 
research in 1885 and noticed that forgetting rapidly occurs in the first hours after 
learning, known as the “forgetting curve,” and is reduced when sleep occurred in the 
retention period [13]. As well, others have reported impairment in the ability to 
remember following sleep deprivation [14]. There were two main beliefs that were 
initially considered when it came to forgetting, one related to “decay” which 
acknowledges the potential role time plays in the forgetting of memory [15] and 
another relating to “interference,” an idea whereby new information interferes with 
the ability to retain older memories [16]. This is felt to have an even stronger effect 
when the new memories are quite similar to the old memories [17]. It was later 
demonstrated that sleep after learning reduced the amount of forgetting [4]. This 
was replicated on subsequent studies, strengthening this positive effect of sleep on 
memory and protecting memories from interference [18]. However, there appears to 
be a time dependency to how well memories may be protected from interference, 
such that, sleep occurring soon after learning has a stronger impact on inhibiting 
interference versus sleep occurring at a more remote time. One such example was 
seen in a study by Gais et al. who demonstrated that sleep within 3 hours of learning 
vocabulary had a more beneficial effect compared to sleep occurring 10 hours after 
[19]. Thus, not only does sleep have a positive effect on memory, but the timing 
when sleep occurs also plays an important role. However, it has additionally been 
illustrated that the stage of sleep also has an impact on how memory is protected 
from interference and how memory consolidation occurs.

�Role of Specific Sleep Stages in Memory

Sleep stages are identified by characteristic brain activity rhythms: delta waves in 
slow wave sleep and spindle activity in stage 2 sleep.

The synaptic homeostasis theory describes the importance of not only upscaling 
synapses, which leads to their strengthening, but a system where downscaling may 
occur as well to simplify encoding of new information. This is believed to occur 
during slow wave sleep (SWS). One example is seen when the ability to encode 
pictures following a nap without slow wave activity was significantly diminished 
[20, 21]. With this impairment, there was a noted reduction in hippocampus activity 
during learning. However, neocortical regions were not impacted, and the ability to 
learn motor skill tasks was not hindered. Additionally, slow wave activity [22], slow 
wave amplitude, and the length of the up-state have been positively related to over-
night memory consolidation [23]. SWS was also demonstrated to play a role in 
declarative memory consolidation by Rasch et  al. [24]. Subjects were taught a 
visuospatial task of recognizing the location of images within a matrix. The task 
was performed while participants were exposed to an odor (the scent of roses), and 
then the odor was reintroduced during SWS for some participants (Fig. 6.2a). Those 
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who were exposed to the odor during learning the task and subsequent SWS sleep 
had greater recall following sleep. This response was not seen with other sleep 
stages tested such as REM sleep. When the odor was presented during REM sleep, 
there was no benefit on subsequent recall compared to the no-odor (vehicle) control 
condition (Fig.  6.2b). This demonstrates the unique role of SWS on declarative 
memory consolidation.

Sleep spindles, generated in the thalamus and a component of stage 2 sleep, have 
been postulated to be associated with multiple forms of memory formation, consoli-
dation, and storage. Spindle-associated discharges effectively triggered long-term 
potentiation (LTP) in neocortical synapses in in vitro models [25, 26]. It has been 
reported by several studies that there is a positive correlation between both time 
spent in stage 2 sleep and amount of spindle activity and motor skill improvement 
[27–31]. Thus, it is hypothesized that spindle activity induces synaptic potentiation 
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Fig. 6.2  Declarative memory reactivation during slow wave sleep. (a) Subjects performed a 
visuospatial learning task in the presence of an experimental odor (scent of roses). During subse-
quent slow wave sleep, this odor or a non-odor vehicle control was presented. Memory for the 
visuospatial task was tested following sleep. (b) Participants recalled more locations following 
sleep when the experimental odor was re-presented during slow wave sleep compared to vehicle 
(first panel). Such an effect was not observed if the odor present during slow wave sleep was not 
also present during learning (second panel), if the odor cue was re-presented during REM (third 
panel), or if the odor was re-presented during waking. (Reprinted by permission from Springer: 
Spencer et al. [10])
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[25] and plays a role in procedural memory consolidation [27, 32–34]. As well, 
motor memory consolidation is thought to be impacted by spindle activity [28] with 
changes in striatal [35, 36] and hippocampal activity [37–39]. As an example, motor 
sequence learning tasks and the degree of overnight performance improvements 
positively correlate with increased spindle activity [29, 30, 33]. Sleep spindle pro-
motion of skill consolidation is achieved by locally reactivating and functionally 
binding task-relevant cortical-cortical and subcortical regions, such as the hippo-
campus, putamen, thalamus, and motor-related cortical regions. Additionally, spin-
dles are positively associated with declarative learning [40], declarative overnight 
performance changes [41], and intelligence [42].

Evidence shows that REM sleep also plays an important role in memory con-
solidation, specifically in regard to emotional memory [43–45]. Healthy stu-
dents selectively deprived of REM sleep were found to exhibit impaired next-day 
recognition performance for negative, but not neutral, images encoded pre-sleep 
when compared to students deprived of NREM slow wave sleep [46]. 
Furthermore, 3 hours of late night REM-dominant sleep facilitate the consolida-
tion of negative images [47]. This was reiterated by Payne, Chambers, and 
Kensinger in 2012 [48] who reported that greater negative memory consolida-
tion is predicted by longer duration of REM sleep during retention intervals. As 
well, Gilson et al. [49] found in 2015 that greater REM density predicts greater 
selective consolidation of emotionally negative stories. With this in mind, both 
Walker and van der Helm in 2009 [43] and Harrington, Pennington, and Durant 
in 2017 [50] suggested that changes in REM sleep may increase vulnerability to 
the onset and recurrence of major depressive disorder by promoting the devel-
opment of negative memory bias. Aside from emotional memory, there is also 
evidence that REM sleep plays a role in gross motor learning [51].

�Role of Alternative Sleep Periods in Memory

Many studies have focused on full night sleep to investigate sleep and memory con-
solidation. However, it is also important to note that alternative sleep periods may 
play a role as well. This was achieved by van Schalkwijk et al. who, in 2017, studied 
76 participants who were randomly assigned to a nap or wake group and performed 
a declarative word-pair association or procedural mirror tracing task. Performance 
changes from before compared to after a 90-minute retention interval filled with 
sleep or quiet wakefulness were evaluated between groups. Associations between 
performance changes, sleep architecture, spindles, and slow oscillations were inves-
tigated. They found a trend toward stronger forgetting in the declarative task across 
a wake period compared with a nap period while improved procedural task accuracy 
with a daytime nap compared to a period following daytime wakefulness [52]. This 
demonstrates that daytime napping prevented deterioration of performance for pro-
cedural mirror tracing, with a similar trend observed for declarative word-pair 
learning.
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�Conclusion

The knowledge surrounding the role of sleep and its impact on the body has grown 
over the centuries. However, only in recent history has the significance of sleep on 
memory been postulated and studied. Within just the last half century, we have 
learned how important sleep can be on multiple types of memory, including mem-
ory formation, consolidation, and storage. As well, it has been shown how various 
sleep stages and neural systems aid in this process. Yet, further work is needed to 
better understand this complex interaction and to determine how this information 
can be translated to patient care.
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�Introduction

Insomnia disorder (ID) is defined by a difficulty of either initiating or maintaining 
sleep as well as waking up too early in the morning at least three times a week. 
These difficulties are also accompanied by daily consequences (e.g., reported atten-
tion and memory deficits). To be considered as insomnia, these difficulties must be 
present for at least 3 months [1]. Insomnia can be a symptom of another disorder 
(e.g., mental, physical) or a stand-alone disorder; the DSM-5 now uses the mention 
“comorbid” to diagnose insomnia co-occurring with another disorder. In addition, 
the ICSD-3 [2] does not use the subtype classification anymore but warrants study 
to explore neurophysiological markers between 11 common insomnia subtypes 
identified in the ISCD-2 [3], especially the two most important, psychophysiologi-
cal insomnia (PSY-I) and sleep-state misperception or paradoxical insomnia 
(PARA-I).

While estimation of sleep in PSY-I tends to be quite accurate (subjective reports 
are similar to polysomnography (PSG)), PARA-I  is generally associated with com-
plaints of sleep difficulties while PSG recordings appear normal, where a constant 
and important gap occurs between objective and subjective measures of sleep [4]. 
Depending on the diagnostic criteria used, as much as 50% of individuals suffering 
from insomnia could be poor estimators and, consequently, classified as suffering 
from PARA-I [5, 6]. Subtypes of insomnia are not all mutually exclusive. An indi-
vidual can show objective sleep-onset, sleep-maintenance, or mixed objective sleep 
difficulties but also present important discrepancies between reports and laboratory 
sleep observations. As such, an individual might be complaining of PSG-confirmed 
sleep difficulties over a long period of time, without showing any signs of 

C. H. Bastien (*) · T. Provencher · J. Lebel · R. Bolduc-Landry 
School of Psychology, Laval University, Quebec, QC, Canada
e-mail: Celyne.bastien@psy.ulaval.ca; Thierry.Provencher.1@ulaval.ca;  
Jessica.lebel@psy.ulaval.ca; roxanne.bolduc-landry.1@ulaval.ca

7

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-54359-4_7&domain=pdf
https://doi.org/10.1007/978-3-030-54359-4_7#DOI
mailto:Celyne.bastien@psy.ulaval.ca
mailto:Thierry.Provencher.1@ulaval.ca
mailto:Jessica.lebel@psy.ulaval.ca
mailto:Jessica.lebel@psy.ulaval.ca
mailto:roxanne.bolduc-landry.1@ulaval.ca


92

depression or anxiety and, at the same time, greatly misestimating sleep or wake 
which may then correspond to PARA-I.

The prevalence of insomnia can reach up to 60% when present with another 
disorder, while as a stand-alone, it occurs chronically in about 12% of the popula-
tion [7]. Many predisposing, precipitating, and maintaining factors have been linked 
to the disorder [8, 9]. From the neurocognitive models [10, 11] through the cogni-
tive [12] and psychobiological inhibition ones [13], which have guided researchers 
and clinicians in their search to better understand insomnia, one approach gaining 
more and more attention to uncover specifics of the pathophysiology of this disorder 
is its neurobiology. In that regard, work on different neurotransmitters and other 
amino acids modulating wake and sleep has been the focus of many recent reviews. 
For example, orexin appears as an important candidate in insomnia neurobiology as 
well as the deficiency in benzodiazepine (BZD) receptors. As refined study tech-
niques are rapidly developing, the neurobiology of insomnia is revealing itself.

This chapter will first present the sleep-wake regulation system to describe how 
insomnia might emerge. Second, we will introduce techniques used to study the 
neurobiology of insomnia and then will go on to discuss the different phenotypes of 
insomnia, including recent developments in our knowledge of short sleepers. 
Finally, the status of our understanding in daily functioning in insomnia and cortical 
areas involved will be briefly presented. Future directions will conclude this chap-
ter. Note that this chapter deals only with insomnia not comorbid with any other 
disorders (psychiatric, mental, medical, etc.).

�Sleep-Wake Regulation Systems

In the last decades, several review articles have brought together what we know 
concerning the sleep-wake regulatory systems. The 2005 review by Saper et al. [14] 
published in Nature was the first to compile such knowledge and remains the most 
cited review on the subject. We will briefly review cortical structures and neu-
rotransmitters involved in sleep-wake regulation.

�Wakefulness

The ascending reticular activating system or RAS has been shown to promote wake-
fulness. This system originates in the brain stem and releases a wide variety of 
neurotransmitters, mainly serotonin, dopamine, acetylcholine, norepinephrine, his-
tamine, and glutamate. Its projections separate into two branches, which projects 
into the thalamus, hypothalamus, basal forebrain (BF), and cerebral cortex (see 
Fig. 7.1a).
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Fig. 7.1  (a) A schematic drawing showing the fast neurotransmitter systems that are at play in 
promoting wakefulness (i.e., the key components of the ascending arousal system). (b) A sche-
matic drawing showing the fast neurotransmitter systems that contribute to sleep promotion (i.e., 
key projections of the VLPO to the main components of the ascending arousal system). (Reproduced 
with permission from Saper and Fuller [91]. With permission from Elsevier)
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�Sleep

The ventrolateral median preoptic (VLPO) nuclei, located in the hypothalamus, act 
as the sleep-promoting system. VLPO neurons release the inhibitory neurotransmit-
ters GABA and galanin to inhibit wake-promoting systems (see Fig. 7.1b).

�Flip-Flop Switch

The two previously described systems (i.e. wakefulness and sleep) are mutually 
inhibitory and create a feedback loop. When the arousal system is activated during 
wakefulness, it inhibits the sleep-promoting system; when neurons from the VLPO 
fire rapidly during sleep, they block the arousal system. This has been termed “flip-
flop switch” due to the nature of the mutually inhibitory elements that produce sharp 
transitions between the two different states.

The neuropeptide orexin (hypocretin) is thought as a stabilizer of the switch. 
Orexin neurons project into the monoaminergic and cholinergic cell groups of the 
wake-promoting system, thus reinforcing wakefulness [15] (Fig.  7.2). A second 
neuropeptide, melanin-concentrating hormone (MCH), is involved in sleep-wake 
regulation, being active during sleep and becoming silent during wakefulness.

�Homeostatic Regulation

In his two-process model, Borbély  [16] described process S as the need for sleep or 
the accumulation of sleep-inducing substances in the brain. Adenosine has been 
proposed as one of these sleep-inducing substances. It was shown to accumulate 
mainly in the BF during the day, creating the homeostatic pressure for sleep, while 
also disinhibiting the VLPO, thus promoting sleep.

�Circadian Regulation

Process C involves the 24-hour circadian rhythm known to act as a biological clock 
for sleep-wake cycles. It is located in the suprachiasmatic nucleus (SCN) of the 
hypothalamus and is modulated by melatonin, secreted by the pineal gland accord-
ing to the light signal received by the photopigment melanopsin. The circadian 
clock is connected, via a multistage pathway, to the arousal system and the VLPO.

�Alterations in Insomnia

A novel intermediate state has been suggested as being the result of a faulty flip-flop 
switch, blurring the boundaries between wake and sleep. Arousal systems and sleep-
promoting systems were both shown to be hyperactive in INS, which could in part 
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explain why some insomnia sufferers report worse sleep than they actually get 
(PARA-I). INS also suffer from fragmented sleep (frequent microarousals), which 
can be explained by reduced GABAergic activity or increased orexinergic activity. 
Furthermore, maladaptive behaviors often found in INS, like increased time in bed, 
might reduce the homeostatic processes needed to fall asleep. Indeed, on neurobio-
logical and neurochemical levels, a decreased sleep drive in INS would lead to dis-
inhibition of the arousal-promoting brain centers, thus promoting arousal over sleep.

As is discussed throughout this chapter, INS present a different activation pattern 
from good sleeper controls. Hyperactivation has been the main research focus for a 
long time, and in recent works, hypoactivation has been highlighted. It may be that 
sleep in insomnia is more of a localized phenomenon instead of a whole-brain phe-
nomenon as it is in good sleepers; thus INS exhibit certain signs of hyper- and 
hypoactivation.
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Fig. 7.2  Input and output pathways of orexin neurons in the lateral hypothalamus. Abbreviations: 
BF basal forebrain, VLPO ventrolateral preoptic nucleus, SCN suprachiasmatic nucleus, DMH 
dorsomedial hypothalamus, Arc arcuate nucleus, NPY neuropeptide Y, TMN tuberomammillary 
nucleus, VTA ventral tegmental area, LC locus coeruleus, MnR median raphe nucleus. (Reproduced 
with permission from Ono and Yamanaka [93]. With permission from Elsevier)
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�Methods and Techniques

�Electroencephalography (EEG)

Electroencephalography (EEG) is a technique that allows the recording of low-
intensity electrical potentials on specific regions of the scalp to measure the brain’s 
neuronal activity. A power spectral analysis (PSA) can be performed on the result-
ing EEG recording to quantify the frequency and amplitude of brain waves1 through-
out the night [17, 18]. The power of those frequency bands can be expressed as 
absolute (i.e., raw power) or relative (i.e., percentage of power represented by each 
frequency band). Although the classification of frequency bands may differ, they 
can be defined as follows: slow waves (0–1 Hz), delta (1–4 Hz), theta (4–7 Hz), 
alpha (7–11 Hz), sigma (11–14 Hz), beta 1 (14–20 Hz), beta 2 (20–35 Hz), gamma 
(35–60 Hz), and omega (60–125 Hz) [17].

It is well recognized that, at sleep onset, insomnia sufferers (INS) have higher 
beta activity and reduced delta activity compared to good sleepers (GS) [19–21]. 
Higher beta wave activity is usually associated with alertness, whereas reduced 
delta wave activity may represent a decrease in drowsiness, both mechanisms thus 
decreasing the likelihood of falling asleep. This is not surprising as most INS report 
having difficulty falling asleep. These results support the main hypothesis of cere-
bral hyperactivation underlying several theoretical models developed over the past 
decades [10, 12, 13]. This hyperactivation documented by several studies is said to 
be even more present in non-paradoxical sleep (NREM) of INS [18, 22–26]. An 
increase in higher-frequency activity (i.e., beta) may also contribute to a higher rate 
of microarousals during REM sleep, now thought to be particularly fragmented in 
patients with insomnia [27–29].

�Insomnia Subtypes
After six nights of EEG recording, Krystal and his colleagues [30] observed that the 
relative and absolute power of all frequency bands was similar for GS, PARA-I, and 
PSY-I during REM sleep. However, significant differences were found between 
groups during NREM sleep. PSY-I showed significantly higher relative power in the 
sigma frequency band compared to GS, whereas the NREM sleep of PARA-I was 
characterized by lower delta activity and higher alpha, beta, and sigma activity than 
GS. These results suggest that NREM sleep frequency is potentially related to sleep 
complaints and misperception. Although diagnosis of both these insomnia subtypes 
in research can be based on the work of Edinger and his colleagues [4], data indi-
cates that we may theoretically be able to categorize insomnia sufferers in subtypes 
based solely on their brain activity; to this end, more research on the matter is 
still needed.

Our research group found significant differences between PARA-I and PSY-I 
during NREM sleep [25]. Results show higher absolute activity in slow waves, 
delta, theta, alpha, sigma, and gamma bands in PARA-I compared to PSY-I during 

1 Frequency and amplitude are measured, respectively, in hertz (Hz) and microvolts (μV).
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NREM sleep. Surprisingly, there were no differences in beta activity between 
groups. Our results partly corroborated those obtained by Krystal et al. [30] by indi-
cating that PARA-I exhibits a greater decrease in delta band activity in NREM sleep 
and an increase in alpha, sigma, and beta frequency band activity. In REM sleep, 
relative power in slow wave bands, theta, alpha, and sigma is higher in PSY-I than 
PARA-I [25]. Thus, in paradoxical insomnia, there is an increase in cortical activity 
(i.e., greater slow and fast EEG activity) during NREM sleep and decreased slow 
cortical activity in REM sleep, which corroborates the hypothesis that this mode of 
cortical activation, not necessarily seen in PSY-I, could be related to some extent to 
sleep misperception. Harvey and Tang [31] observed that in PARA-I, sleep tends to 
be misperceived as wake, along with greater displays of worry and selective atten-
tion toward sleep-related threats, and more brief awakenings, all those features 
being related to faster brain activity.

�Structural Magnetic Resonance Imaging (MRI)

Structural magnetic resonance imaging (MRI) is a neuroimaging technique allow-
ing the detection of abnormal volume in brain structures. A paper by Riemann et al. 
[11] gathered results from recent neuroimaging studies revealing that insomnia is 
accompanied by a reduction in gray matter volume in several brain regions such as 
the medial frontal lobes, the dorsolateral prefrontal cortex, the parietal cortex, and 
the anterior cingulate cortex. Research shows that the decrease in bilateral hippo-
campi gray matter volume seems to be predominant [32–34]. This is interesting 
since INS often report having memory issues and it is known that the hippocampus 
is critical for memory consolidation. Since this structure is affected by the amount 
and quality of sleep attained, a study by Noh et al. [35] aimed at clarifying the effect 
of chronic sleep deprivation on brain structure and cognition. Their results strongly 
suggested that chronic sleep deprivation experienced in insomnia tends to impair 
memory and frontal lobe function, which eventually may contribute to a reduction 
in hippocampal volume.

�Functional Magnetic Resonance Imaging (fMRI)

In addition to structural alterations, functional MRI (fMRI) measures the hemody-
namic response related to neuronal activity in the brain [17]. Increased blood flow 
in a brain structure is usually interpreted as increased activity in that same region. 
An fMRI study by Santarnecchi et al. [36] demonstrates that sleep deprivation or 
poor sleep quality induces a variety of changes in both good sleepers [37] and 
patients with sleep disorders [38–41]. Performance (or lack thereof) in neuropsy-
chological tasks of attention and memory is often associated with hypoactivation 
(i.e., decreased blood flow) of task-related areas, particularly in frontal-subcortical 
networks [42]. An EEG study by Corsi-Cabrera et al. [26] corroborates these find-
ings, their sample of INS patients presenting impaired frontal deactivation and 
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disengagement of brain regions involved in executive control, attention, and 
self-awareness.

Regions of the default mode network (DMN), the network thought to be involved 
in awareness, mental representations of the self, processing of context-related infor-
mation, and modulation of conscious processes (DMN; [43]), also present altera-
tions in insomnia. One study revealed reduced deactivation in the DMN in INS 
during a working memory task, which correlated with a decreased performance in 
this task [40]. This deactivation in DMN may be indicative of increased worry and 
rumination among INS during the day [44]. In a study by Baglioni and colleagues 
[45], the activation of the amygdala was increased in INS compared to GS when 
exposed to images of individuals awake in bed at night. This suggests a strong link 
between the hyperactivation of the limbic system in insomnia and the high level of 
negative emotions experienced by INS [46, 47].

In 2018, Leerssen et al. [48] used both structural and resting-state fMRI to evalu-
ate hippocampal volume and functional connectivity in insomnia. In their study, 
there were no differences in hippocampal volume between INS and GS. This con-
tradicts results by Noh et  al. [35], who showed that hippocampal volumes were 
different. However, Leerssen et al. [48] observed that, compared to GS, INS tend to 
have higher functional connectivity between bilateral hippocampi and left middle 
frontal gyrus (MFG) in insomnia. According to the authors, these structures are part 
of a circuit that is further activated by maladaptive rumination and deactivated with 
sleep. Thus, when the strength of this connectivity increases, insomnia severity 
tends to increase, while sleep efficiency decreases. The fMRI underpinnings related 
to the different subtypes of insomnia still remain to be clarified.

�Positron Emission Tomography (PET)

Positron emission tomography (PET) is a functional nuclear medicine imaging 
technique that allows observing certain metabolic processes in the body. In the last 
decades, several studies using PET with insomnia patients have used fludeoxyglu-
cose (FDG) (a glucose analogue) as an agent to investigate the metabolic activity of 
regions according to their glucose uptake [49].

Using FDG as a radiotracer, a PET study by Nofzinger et al. [50] revealed an 
increase in overall brain glucose metabolism in INS compared to GS during NREM 
sleep. Specifically, there is an inhibition of the usual decline in activity in patients 
with insomnia in several subsequent brain regions such as the ascending reticular 
activating system, hypothalamus, thalamus, amygdala, hippocampus, insula, and 
anterior and prefrontal cingulate cortex. According to these authors, these results 
suggest that insomnia is accompanied by increased activation of alertness, regula-
tion of emotions, and several cognitive systems. For this reason, insomnia can be 
conceptualized as a corticolimbic hyperactivity disorder that can interfere with 
brain structures that promote sleep [51].

During wakefulness, INS show relative hypometabolism in the temporal, pari-
etal, occipital, and prefrontal cortices, left hemisphere, thalamus, hypothalamus, 
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and brain stem compared to GS. These results are in line with the study by Thomas 
et al. [52] who indicated that the hypometabolism of these similar brain structures 
follows sleep deprivation, even in GS. A paper by Buysse et al. [53] stipulates that 
INS present relatively greater metabolism in the frontoparietal cortex than GS dur-
ing NREM sleep, most strikingly in the precuneus (i.e., a component of the default 
mode network). These results suggest that INS may be chronically deprived of 
sleep, hence the relative hypometabolism during the day, and that their sleep is 
associated with an increase in cerebral metabolism. The difficulty experienced by 
most INS to fall asleep therefore represents a central difficulty in inhibiting certain 
wakefulness-oriented mechanisms at the sleep onset.

�Evoked Potentials (ERPs)

Evoked potentials or event-related potentials (ERPs)2 are small voltage fluctuations 
generated in brain structures in response to specific events or stimuli [54]. A few 
decades ago, researchers were already beginning to take an interest in the relation 
between ERPs and insomnia. For example, one study in 1993 showed that N350 
(i.e., sleep-specific ERP thought to reflect the inhibition of processing of potentially 
sleep-disrupting stimulus input; [55]) was of smaller amplitude for INS than GS at 
the beginning of sleep stage 2 [56]. In this same study, there was also a greater 
amplitude of P300 (i.e., ERP thought to reflect the updating of an active working 
memory; [57]) immediately before sleep onset and a shorter response latency in INS 
compared to GS during awakenings [56]. In other words, INS have trouble inhibit-
ing wake processes, making it difficult for sleep mechanisms to be initiated, while 
they also present cognitive (i.e., memory) workload. These results suggest a state of 
hyperactivity in INS compared to GS, which is consistent with previous EEG 
research. 

P1 (i.e., ERP thought to reflect the cognitive cost of attention; [58]) and N1 (i.e., 
ERP thought to reflect the outcome of a transient detector system; [59]) are signifi-
cantly greater in amplitude in INS than in GS when measured during awakening 
[60, 61]. That said, during awakening, the amplitude of P2 (i.e., ERP thought to 
reflect an inhibitory process protecting sleep from irrelevant disturbance; [59]) 
tends to be lower in INS than in GS [60, 61]. This means that insomnia sufferers are 
less likely to fall or maintain sleep as they have trouble inhibiting certain diurnal 
processes somewhat incompatible with sleep.

In light of these results, our research group compared INS and GS in terms of 
ERPs [62]. The amplitude of N1 was greater in INS than GS when waking up in the 
morning which, again, indicates a certain state of cortical hyperarousal, whereas the 

2 Note that valence and peak latency are used to label the different components. For instance, “N” 
refers to a negative wave and “P” refers to a positive wave, whereas N100 and N350 (or N1 and 
N35) refer to negative waves peaking, respectively, at about 100 or 350 ms after stimulus onset, 
and P100, P200, and P300 (or P1, P2, and P3) refer to positive waves peaking, respectively, at 
about 100, 200, or 300 ms after stimulus onset.
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amplitude of N350 was lower among INS at the beginning of the night. These results 
suggest that INS are more vigilant than GS during wakefulness, which also includes 
the period of time before sleep onset. This is consistent with the results of PET stud-
ies which observed INS cerebral hyperactivation at night, as well as their difficulty 
in inhibiting certain processes present during awakening, which decreases their 
likelihood of falling asleep [52].

�Insomnia Subtypes
Currently few studies have examined the difference in ERPs between subtypes of 
insomnia. Preliminary results suggest that during the evening and early in the night, 
the amplitude of N1 and P2 is higher in PARA-I than PSY-I and GS and N350 
amplitude is lower [63]. This may possibly indicate stronger cortical deficits of 
activation and inhibition in PARA-I. The preponderance of these neurophysiologi-
cal mechanisms could have an impact on their sleep perception, perhaps leading 
them to falsely perceive that they sleep less than in reality, because their brain is 
hyperactive or more awake.

A study by Turcotte et al. [64] investigated N1 and P2 components between GS, 
PARA-I, and PSY-I in the evening, at sleep onset, and in early stage 2 sleep. They 
observed that during wakefulness and sleep onset, N1 was smaller for PSY-I and 
larger for PARA-I. At sleep onset, P2 was smaller for PSY-I than the other groups, 
but during wakefulness and stage 2 sleep, it was larger for PARA-I than GS. They 
concluded that these results may illustrate an inability for PSY-I to inhibit informa-
tion processing during sleep onset and an overall enhanced attentional processing 
for PARA-I. Turcotte et al. [64] hypothesized that increased N1 may be a direct 
reflection of the obtrusiveness of stimulation. For PARA-I, this obtrusiveness may 
translate into a perception of “being more awake,” especially during REM sleep.

�Waking Aspects of Insomnia

Much evidence points toward a cortical and physiological arousal in insomnia as 
well as difficulties in the inhibitory processes in the evening and during sleep [11, 
17, 62, 65, 66]. Although insomnia mainly concerns sleeping difficulties, manifesta-
tions of the disorder are also visible in the 24-hour sleep-wake period such as found 
in EEG, ERP, and MRI studies and in physiological measurement (e.g., HPA axis, 
cardiovascular, neurochemical). Sleep studies to date are not sufficient to fully 
understand the pathophysiology of this disorder. There is still limited literature 
about the physiological and cortical manifestation of insomnia during wake, and it 
mostly concerns wake at pre-sleep onset.

�24-Hour Phenomenon

Over 30 years ago, a team of researchers suggested that there may be a central dys-
function in INS which would render this disorder a stable 24-hour phenomenon 
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[66]. In their study with 70 INS and 45 GS, they observed that individuals with dif-
ficulty sleeping at night showed signs of hyperarousal even before sleep onset. What 
is even more intriguing is that their sleep loss did not increase their daytime sleepi-
ness, quite the contrary. INS showed significantly greater alertness during the day 
than asymptomatic sleepers, in line with the hyperarousal theory [65]. Those results 
suggest that insomnia and its cortical correlates may not be restricted to the pre-
sleep or sleep periods but may be present continuously, on a 24-hour basis [66].

In fact, in a recent study on daytime naps, it was observed that the brain activity 
of GS and INS not only differs during the night but also during the day [67]. For 
instance, GS had a longer total sleep time and better sleep efficiency than INS, 
while INS were awake significantly longer than GS. In this study, participants went 
through prolonged cognitive testing to induce sleepiness (i.e., mental fatigue). The 
fact that GS slept better than INS during naps suggests that hyperarousal predomi-
nates over mental fatigue resulting from cognitive testing.

�Physiological Measurements and Cognitive Deficits

Thereby, insomnia is not only a night problem; diurnal manifestations are ubiqui-
tous. In such, it is crucial to measure insomnia symptoms and consequences during 
wake. In their review, Vgontzas, Fernandez-Mendoza, Liao, and Bixler [68] discuss, 
among others, the HPA axis activity – which is associated with stress, arousal, and 
sleeplessness – in insomnia. Two studies [69, 70] have found that HPA activity was 
directly proportional to the severity of objective sleep disturbances. Short sleepers 
(sleepers getting less than 6 hours of sleep per night) suffering from insomnia exhib-
ited higher amounts of cortisol, adrenocorticotropic hormone (ACTH), and norepi-
nephrine (neurochemicals associated with high-level arousal) during the day, 
compared to normal/long sleepers. Vgontzas et al. [69] observed elevated level of 
ACTH and cortisol at any given time in INS when compared to GS. These results 
were not found in INS with subjective sleep complaints (group of individuals closely 
corresponding to PARA-I as defined by Bastien’s group [17]) but only in those with 
high objective sleep difficulties (% sleep efficiency <70%; PSY-I as defined by 
Bastien’s group [17]). The activity of the stress system could be hypothesized as 
being directly proportional to the degree of objective sleep disturbance in 
INS.  Furthermore, short sleepers with insomnia were found to be significantly 
impaired on higher-order cognitive functions – poorer processing speed, lesser abil-
ity to flexibly switch attention, and poorer working visual memory as assessed by 
increased number of errors and omissions [71]. These impairments were associated 
with physiological arousal – hypercortisolemia and catecholaminergic and sympa-
thetic activity – considering that it may lead to neurocognitive deficits [71]. Insomnia 
with objective short sleep duration is considered the most biologically severe pheno-
type of ID by some researchers [68]. Those findings on impaired high-order func-
tions were replicated in INS with normal sleep duration [72]. Increased heart rate and 
blood pressure both during the day and night have also been reported [73]. Distinctions 
between subtypes or phenotypes of insomnia were overseen in the last studies.
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�Waking EEG

Results on wake EEG are somewhat conflicting. A majority of studies have shown 
higher-frequency power in the beta [74–77] and gamma range [74, 76] in INS, 
whereas another study did not observe any group differences [24]. Overall, higher 
beta and gamma frequency could be seen as indices of cortical hyperarousal.

�Waking ERPs

As mentioned earlier, several studies have used ERPs in insomnia to depict cortical 
arousal in wake and sleep state. According to Colrain and Campbell [57], ERPs can 
be very useful in the assessment of daytime consequences following sleep disruption 
and, by extension, insomnia. Bastien, St-Jean, Morin, Turcotte, and Carrier [62] stud-
ied waking ERP amplitudes (evening and morning) in PSY-I and GS. During evening 
and the subsequent morning, PSY-I showed increased N1 and P2 amplitudes suggest-
ing an increased sensibility to stimuli as well as an increased demand for inhibition. 
Thus, hyperarousal in PSY-I could be seen as pervasive not only during the night but 
also during daytime, further supporting the 24-hour conception of insomnia.

�Cerebral Connectivity

In light of these results, INS seem to exhibit an overall difficulty to stop processing 
stimuli, even nonrelevant ones, as illustrated by a greater P2 amplitude during wake 
[63]. Similar results have been previously observed by Oades et al. [78] in attention-
deficit hyperactivity disorder (ADHD) and Tourette disorder in children, suggesting 
that enhanced information processing of nonrelevant stimuli – which can be linked 
to attentional deficit – is reflected through an increase in P2 amplitude. According 
to this theory, increased P2 amplitude in this population could be a sign of increased 
effort to inhibit, even block, any stimulation. In addition, an MRI study by Killgore, 
Schwab, Kipman, DelDonno, and Weber [79] examined resting-state functional 
connectivity differences between individuals with or without insomnia-related sleep 
problems. They observed that difficulties in falling asleep were associated with 
increased functional connectivity between sensory regions and motor areas; and 
problems with sleep maintenance were associated with greater connectivity between 
the sensory regions themselves. According to these authors, their findings suggest 
that an increase in functional connectivity in those regions may contribute to the 
sustained sensory processing of environmental stimuli, delaying further sleep 
latency. Therefore, greater connectivity among the sensory and motor regions in 
insomnia may be conceivably seen as evidence of the hyperarousal theory of insom-
nia [9]. Greater beta EEG was also observed in those regions in INS [75] – and 
enhanced unwanted sensory awareness, leading to a difficulty in sleep initialization 
or maintenance. Even though these researchers did not relate their findings to 
ADHD, a review by Konrad and Eickhoff [80] reports the implication of similar 
brain connectivity arousal in sensory and motor regions in insomnia and ADHD.
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�Insomnia and ADHD

Common mechanisms seem to be at play in insomnia and ADHD, although the link 
between the two has yet to be fully understood. ADHD is commonly associated 
with sleep difficulties such as insomnia [81]. EEG studies in ADHD population 
typically report increased theta and delta activity and decreased alpha and beta 
activity (also called the theta/beta power ratio; [82, 83]) – which is quite the oppo-
site of what is found in INS. At first, the theta/beta ratio was explained as cortical 
arousal, but lower skin conductance-level (SCL) results [82, 84] – skin conductance 
having a long history being a measure of CNS arousal – indicate that it is not arousal. 
Besides, when insomnia is concurrently examined in ADHD sufferers, hyperarousal 
does not seem to be at play, quite the contrary. Hypoarousal, or a lack of inhibition 
processes, rather, emerges. In a study with young ADHD children, Clarke et al. [85] 
highlight three clusters depicting different EEG profiles. The first two clusters are 
very similar and are characterized by increased theta activity and reduced beta activ-
ity – in accordance with the general ADHD EEG manifestations. The third cluster 
though shows an increase in relative beta, called spindling excessive beta (SEB), 
and decreased theta activity. Clarke et al. [85] first suggested that this third cluster 
was contradictorily associated with hyperarousal and might easily be associated 
with the hyperactive and inattentive problems found in ADHD. However, the same 
group [84] recently observed that SCL was reduced in ADHD children with exces-
sive SEB and this cluster was then interpreted as showing hypoarousal. This 
hypoarousal might be connected to Espie’s theorization [13] in which INS also lack 
inhibition processes. Thus we can appreciate why difficulties in concentration, sleep 
initiation, and maintenance may be seen in both ADHD and insomnia – and why 
these disorders are often comorbid.

Similarly, Arns, Swatzyn, Gunkelman, and Olbrich [86] also refer to hypoarousal 
as a diurnal manifestation present both in ADHD and insomnia. In 429 patients with 
heterogeneous psychiatric condition, a relative proportion of ADHD patient (12.1%) 
presented elevated SEB in the frontal region. Those participants also reported more 
insomnia complaints and hyperactivity/impulsivity symptoms. Arns et al. [86] thus 
postulated that SEB is associated to behavioral dimensions (insomnia and impulsiv-
ity/hyperactivity) and may reflect a problem with de-arousal processes. With those 
findings, SEB may be a sign of reduced vigilance associated with sleep problem 
which in turn is representative of hypoarousal. Hyperactivity/impulsivity symptoms 
and insomnia may thus both result from a lack of cortical inhibitory processes.

�A New Way to See Insomnia?

In a recent study of high-density EEG comparing INS and GS in the evening, eyes 
opened or eyes closed, results pointed toward two principal evidences in the wake 
state for INS [75]. The first is a widespread enhanced broad beta power (16.3–40 Hz) 
which has been found in some earlier studies as well [74–77]. As presented earlier 
in this chapter, many studies have found elevated beta frequency power in sleep and 
have explained it as a manifestation of cortical hyperarousal [18, 22–26]. 
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Accordingly, results from Colombo et al. [75] support the conception of an around 
the clock (24-hour) cortical hyperarousal in insomnia. There were also differences 
between INS and GS as to where the source of beta frequency power mostly origi-
nated. Those differences were maximal over sensorimotor cortices. Even though 
authors omitted to link hyperarousal in the sensorimotor cortices to clinical mani-
festations, we may perhaps stipulate that this arousal could be reflected in hyperac-
tivity and impulsivity as seen in ADHD children and adults. Considering the 
interpretation of greater SEB in ADHD sufferers, it may lead to a new vision of this 
greater beta frequency power, a cortical attempt to inhibit arousal processes. This 
vision can be integrated in the second evidence elaborated by Colombo et al. [75] 
which is a widespread lower/upper alpha power (11–12.7 Hz). Authors explained 
the decreased alpha activity as a lack of inhibition in insomnia toward interfering 
cognitions. Normally, inhibition of non-pertinent cognition is shown with higher 
alpha frequency. This supports the hypothesis of Bastien et al. [62] about a lack of 
inhibition showed by greater P2 amplitude.

Riemann et al. [65] caution further researches to clearly understand the 24-hour 
insomnia theorization. Is it possible that the hyperarousal theory is misdeem and 
that there may exist two distinct phenomena as previously suggested by Espie’s [13] 
biopsychosocial theory? Could there be hyperarousal and also hypoarousal of spe-
cific cortical processes at different times? Although there is only a paucity of results 
studying both the awake and sleep periods of INS, available data points toward this 
hypothesis.

�Conclusion and Future Directions

This chapter has evidenced that INS do display signs of physiological hyperarousal 
albeit through the default mode network, with PET and other imagery techniques. 
Although a full portrait of the different subtypes of insomnia sufferers (PSY-I, 
PARA-I, and short-sleepers) remains to be documented in regard of nighttime corti-
cal processes, the daytime consequences of these different subtypes are not well 
understood at all. It is also quite possible that misperception indexes be more indi-
cated to study the different subtypes. As suggested in the last section, most likely 
both hyperarousal and hypoarousal mechanisms are at play at different times within 
the 24-hour cycle. Furthermore, while our INS subclassification is not optimal, little 
is known about the impact of each different symptoms of insomnia (sleep onset and 
sleep maintenance) on daytime functioning. In fact, studies are more and more using 
total sleep time as the “main” symptoms, while we still do not know if sleep-onset 
insomnia and sleep-maintenance insomnia are physiologically similar/different.

To further decipher the neuropathophysiology of insomnia, future studies must 
try to incorporate most recent techniques (PET, tDCS, etc.) when providing treat-
ment. For example, more than a decade ago, both Cervena, Dauvilliers, Espa et al. 
[87] and Altena, Van Der Merf et al. [88] observed EEG (less beta and increased 
delta in NREM sleep) and fMRI changes (hypometabolism) at post-cognitive 
behavioral therapy for insomnia (CBT-I) compared to pretreatment. A very recent 
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study has highlighted that INS are more subject to stage shifts than good sleepers, 
and this is in light of NREM sleep – S2 – which is often unstudied in any population 
[89], showing that the sleep of INS is more shallow and fragmented than the one of 
good sleepers in lighter sleep as it is in REM sleep [28]. The study of phasic events 
and other EEG measures during sleep can thus also offer insights as to what is hap-
pening cortically during the night in insomnia individuals. In addition, it would be 
really interesting to study homeostatic pressure in INS as this one might entertain a 
direct link with treatment (e.g., be involved in lack of response).

�Further Readings

For reviews on the subject of sleep-wake regulation, see [14, 90–92]. On the same 
topic, specifically for insomnia, please see [11]. For a meta-analysis on the subject 
of theta/beta ratio in ADHD, see [83].
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Narcolepsy and Central Nervous System 
Hypersomnias

Fabio Pizza and Giuseppe Plazzi

�Introduction

Physiological sleepiness is the subjective sensation experienced by an individual in 
relation to the need to sleep. Sleepiness is modulated by the interaction between the 
homeostatic and circadian processes [1]. Accordingly, sleepiness physiologically 
fluctuates across the 24 hours reflecting highest sleep propensity during nighttime 
hours and, albeit of minor intensity, during early afternoons [2]. Research has dem-
onstrated that subjective sleepiness perception in the general population shows 
gender-related differences with young women complaining a subjective feeling and 
older men a high self-reported sleep propensity in passive and active conditions [3].

In the clinical setting, physiological sleepiness should be distinguished from 
excessive daytime sleepiness/hypersomnolence (EDS), the latter being “defined as 
the inability to stay awake and alert during the major waking episodes of the day, 
resulting in periods of irrepressible need for sleep or unintended lapses into drowsi-
ness or sleep” [4]. EDS severity has a variable range encompassing the extremes of 
falling asleep during monotonous conditions and up to having sleep attacks while 
performing an active task or being in an interactive situation. Up to one third of the 
general population (26%) reports sleepiness, but when considering associated 
symptoms (15.6%) and frequent sleepiness occurrence (4.7%), the prevalence 
decreases pointing to the need of a pathological definition of EDS [5].

In the clinical context, EDS can be evaluated using self-reported validated 
questionnaires such as the Epworth sleepiness scale [6], which minimizes interin-
dividual differences, while polysomnographic in-laboratory tests are required to 

F. Pizza · G. Plazzi (*) 
DIBINEM, Department of Biomedical and Neuromotor Sciences, University of Bologna, 
Bologna, Italy 

IRCCS, Institute of Neurological Sciences of Bologna, UOC Neurological Clinic, Bellaria 
Hospital, Bologna, Italy
e-mail: giuseppe.plazzi@unibo.it

8

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-54359-4_8&domain=pdf
https://doi.org/10.1007/978-3-030-54359-4_8#DOI
mailto:giuseppe.plazzi@unibo.it


112

classify central disorders of hypersomnolence (CDH) (i.e., the multiple sleep 
latency test, MSLT) [7].

EDS is the core CDH complaint, a group of disorders characterized by promi-
nent EDS despite normal nocturnal sleep and circadian rhythm features. Main CDH 
are narcolepsy (type 1, type 2), idiopathic hypersomnia, Kleine Levin syndrome, 
and insufficient sleep syndrome, as well as hypersomnias associated with medical 
or psychiatric disorders and with medication or substances. The diagnostic criteria 
defining CDH disorders have changed over time reflecting the increased pathophys-
iological knowledge on narcolepsy and the difficulties in defining the narcolepsy in 
specific patient populations such as children [4]. Narcolepsy is biologically linked 
to hypocretin neurotransmission, with narcolepsy type 1 being caused by hypocre-
tin deficiency (i.e., a unique hypocretin deficiency syndrome) [8], whereas the other 
CDH disorders are poorly defined from the etiological standpoint. We will review 
the clinical/neurophysiological of CDH disorders (excluding the forms related to 
comorbid diseases or to medications/substances) in parallel to their current neuro-
biological knowledge.

�Narcolepsy

Narcolepsy syndrome was firstly described by the clinicians Westphal and Gelineau 
[9, 10], and the psychoanalyst Vogel observed the rapid occurrence of REM sleep at 
sleep onset de facto identifying for the first time its neurophysiological disease 
marker [4, 11]. Narcolepsy is indeed characterized by a high sleep propensity dur-
ing daytime coupled with the early occurrence of REM sleep at sleep onset [4], the 
so-defined sleep-onset REM periods (SOREMPs), which are the neurophysiologi-
cal disease fingerprint on the MSLT to confirm narcolepsy diagnosis [7, 12].

Narcolepsy patients typically wake up refreshed in the morning, present with 
subsequent overwhelming daytime sleepiness and daytime sleep episodes with 
SOREMPs mirrored by self-reported dream occurrence during short naps. Patients 
with narcolepsy report feeling refreshed after awakening from daytime naps. 
Moreover, intense sleepiness in narcolepsy can be associated with occurrence of 
hypnagogic multisensory hallucinations, and sleep episodes can be linked to either 
hallucinatory content or sleep-related paralyses [13].

Narcolepsy most frequently arises in childhood or adolescence [14], and in 
young patients, EDS can present with daytime hyperactivity and irritability [15], 
features that contribute to wrong diagnoses (e.g., attention deficit hyperactivity dis-
order) and to diagnostic delay [16, 17].

Narcolepsy is further defined in narcolepsy type 1 (NT1) and narcolepsy type 2 
(NT2), the former associated with cataplexy and hypocretin deficiency and the latter 
without cataplexy and, whenever available, with normal hypocretin levels [4]. NT1 
is a defined clinical entity that has cataplexy (sudden loss of muscle strength trig-
gered by emotions during wakefulness) as a pathognomonic symptom and a well-
grounded neurobiological base in the hypocretin deficiency mirroring the loss of 
hypothalamic hypocretin-producing neurons [8]. NT1 is therefore the only CDH 
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with a known neurobiological etiology. The hypocretin system damage underlying 
NT1 is most probably due to an autoimmune process, given the following biological 
evidences: (1) NT1 patients share a specific HLA predisposition carrying the HLA-
DQB1*06:02 antigen [18] as well as other predisposing genetic features linked to 
the configuration of the immune system such as the T-cell receptor alpha [19]; (2) 
other polymorphisms of immune-related genes including P2RY11, CTSH, and 
TNFSF4 have been associated with NT1 [20, 21]; (3) environmental factors such as 
streptococcal infections have been supported by the finding of elevated antistrepto-
coccal antibodies in NT1 patients close to disease onset [22] and by the association 
with physician-diagnosed strep throat [23]; and (4) a strong association linked NT1 
to influenza A virus subtype H1N1 given the peaks of disease incidence after the 
influenza pandemia in China [24] as well as after the vaccination campaigns with 
Pandemrix in northern European countries [25]. The immunological disease mecha-
nisms have not been fully elucidated, but a possible molecular mimicry between 
hypocretinergic neurons and a piece of the influenza hemagglutinin protein has 
been documented [26]. Moreover, recent data disclosed the presence of autoreactive 
T cells targeting antigens expressed by hypocretin neurons, the blood and cerebro-
spinal fluid of NT1 and NT2 patients [26–29]. Finally, indirect evidences pointing 
to an autoimmune etiology of narcolepsy have been provided also by studies on 
cytokines in the serum and cerebrospinal fluid that showed the signature of an acti-
vation of the immune system [30–33]. Further clinical evidences point to a possible 
link between narcolepsy phenotypes (NT1 and NT2). Indeed, several patients recall 
the onset of EDS and cataplexy years apart [34], thus suggesting that in a significant 
percentage of NT1 patients sleepiness appeared before cataplexy in a context of an 
NT2 phenotype. Cerebrospinal hypocretin deficiency can be a telltale for impend-
ing NT1 as proved by disease course in patients without cataplexy at the time of 
lumbar puncture [35], and an evolution of cerebrospinal hypocretin levels toward 
definite deficiency may also parallel the clinical disease course as proved in few 
cases evaluated longitudinally [36, 37]. Therefore, at least in a subset of patients, at 
early disease stage, NT1 can present with a narcolepsy without cataplexy (NT2) 
phenotype related to a partial hypocretinergic system defect [38]. Apart from the 
hypocretin system, other neurotransmitters have been involved in narcolepsy patho-
physiology but bet with controversial results. Indeed cerebrospinal histamine has 
been found reduced in patients with narcolepsy and other CDH [39, 40], a finding 
not always replicated [41] and possibly related to adaptive mechanisms across dis-
ease course. Intriguingly however, EDS and also cataplexy respond to histaminergic 
treatment [42, 43].

�Idiopathic Hypersomnia

Idiopathic hypersomnia (IH) was firstly described by Professor Roth in Prague [44, 
45], as a condition of overwhelming EDS with prominent non-REM features, thus 
also called non-REM narcolepsy [4]. EDS in IH is characterized by “sleep drunken-
ness” that is an extreme awakening difficulty (i.e., sleep inertia) consisting of 
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“confusion, disorientation, poor motor coordination and repeated return to sleep” 
and frequently by an abnormally prolonged sleep duration [44]. Several works high-
lighted a continuum in the CDH disease spectrum [46], and the IH phenotype was 
further differentiated considering the different presence of REM sleep-related 
symptoms (paralyses, hallucinations) and objective (SOREMP occurrence) evi-
dences [47]. IH patients indeed suffer from prolonged nocturnal sleep duration, 
morning awakening difficulties, and EDS with automatic behaviors; however, a 
variable REM sleep propensity, sleep paralyses, and hallucinations can be overlap-
ping symptoms rendering an IH disease spectrum encompassing pure non-REM and 
REM sleep-related complaints [47]. IH lacks a biological disease marker and is 
most often a diagnosis of exclusion of other sleep disorders causing EDS; therefore, 
IH diagnosis has been variably defined in subsequent international diagnostic man-
uals [48]. Indeed, prolonged nocturnal sleep duration casts difficulties in applying 
the classical nocturnal polysomnography plus MSLT approach for the need of a 
defined morning awakening to perform the MSLT contrasting with the utility of 
documenting nocturnal sleep duration in ecological conditions. IH was classified in 
two forms (with or without long sleep time defined as a documented sleep period 
>10 hours) both requiring high sleep propensity confirmation at the MSLT [49]. 
Recent works applying different continuous polysomnography protocols (free run-
ning, free running with invited napping, bed resting) evidenced the utility of docu-
menting sleep duration across the 24 hours as a potential diagnostic marker [50–52], 
as well as of analyzing other features of the sleep-onset period [53]. To date IH 
diagnosis requires either the evidence of high non-REM sleep propensity at the 
MSLT or at least 11 hours of sleep across the 24 hours documented by polysomnog-
raphy or wrist actigraphy [4]. The difficult morning awakening is mirrored by the 
evidence of high slow wave sleep representation across nighttime and, most notably, 
in early morning hours [50, 52]. EDS differs in IH and narcolepsy not only for the 
absence of dreaming but also for the unrefreshing potential of sleep, for the difficul-
ties in performing short naps, and for the occurrence of slow wave sleep followed 
by sleep inertia at awakening.

The IH phenotype can forerun an NT1 as rarely documented [36] but can also 
have a benign disease course with a good response to stimulant treatment or a spon-
taneous improvement [52]. Given the intrinsic link between IH and non-REM sleep, 
different etiologies may however underlay IH and narcolepsy. An important obser-
vation was made by the group of Professor Rye who disclosed that the cerebrospinal 
fluid of IH patients was able to potentiate in vitro GABA neurotransmission [54], a 
finding reminding the previous description of the idiopathic recurring stupor as a 
disorder connected to the production of endogenous substances with properties 
similar to benzodiazepines [55]. Subsequent studies showed the possible therapeu-
tic use of flumazenil [56] and of clarithromycin [57] further supporting a possible 
link between GABAergic transmission and IH. However, these findings were largely 
not replicated [58] making the relation between GABA receptor potentiation and IH 
elusive. Other studies analyzed the genetic background of IH patients and suggested 
a possible link between IH and the HLA system as known for the narcolepsy disease 
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spectrum [59, 60]; however, despite a trend toward a higher representation of the 
HLA DQB1*0602, this association does not seem able to explain disease predispo-
sition [61]. Clinical, neurophysiological, and pathophysiological research are there-
fore needed to define IH pathophysiology and its relations with the narcolepsy 
disease spectrum.

�Kleine Levin Syndrome (KLS)

Kleine Levin syndrome is a peculiar CDH characterized by the sudden recurrence 
of attacks of EDS and prolonged sleep duration across the 24 hours persisting days 
and variably associated with altered cognition, perception, appetite (anorexia or 
hyperphagia), or disinhibited behavior (such as hypersexuality) with normal sleep 
patterns and daytime functioning in between the acute phases [4]. The syndrome 
was described at the beginning of the last century [62, 63], and the disorder is an 
extremely rare condition (prevalence below two cases per million) with onset most 
frequently during adolescence [64, 65]. Spontaneous disease course is benign with 
a progressive reduction in frequency and intensity of the acute attacks and a sponta-
neous resolution after a median period of 14 years most often before 30 years of age 
at least in patients with onset during adolescence [4, 64].

EDS in KLS has unique characteristics. Patients in the acute phase show an enor-
mous, sudden, increase of 24-hour total sleep time and are difficult to awaken. Sleep 
drunkenness, dreaming, and hallucinations are also commonly reported [64]. Aside 
eating and sexual disorders, patients experience a wide range of cognitive dysfunc-
tions encompassing amnesia, spatiotemporal disorientation, and altered perception 
of themselves and of the environment with dreamy state and derealization feelings. 
Even if by definition patients should have normal sleep patterns and daytime func-
tioning outside of the attacks, recent data disclosed a common psychiatric comor-
bidity (mostly mood and anxiety disorders in up to 21% of cases) also during the 
asymptomatic periods [66] as well as subtle cognitive deficits [67].

KLS pathophysiology is to date unresolved. Few data are available on the poten-
tial role of the hypocretinergic system, and the patients who underwent lumbar 
puncture inside and outside the acute phases showed a significant reduction of 
hypocretin levels during the attacks of hypersomnolence, however, with levels that 
never reached the evidence of a definite hypocretin deficiency [68–70]. Similarly to 
narcolepsy, also in KLS, a potential role of triggering factors and most notably of 
infections (up to 42% of cases) has been reported [71]. Some studies focused on the 
potential presence of other clues pointing to immune-mediated etiology, and while 
some data suggested a potential role of the HLA, other data did not confirm the 
association [72, 73]. Other unconfirmed data suggest a possible role of the immune 
system in disease pathophysiology, such as the finding of increased antibodies 
against GAD65 [74]. Finally, a single study identified a genetic predisposition due 
to variants of the LMOD3 gene that was associated with KLS compared to controls 
and also linked to symptomatic cases in familial KLS [75].
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�Conclusions

EDS is the core complaint of CNS hypersomnias, and clinical assessment should at 
first distinguish physiological from pathological sleepiness during daytime. In this 
context, NT1 is the only disorder with a wide etiological knowledge that point to an 
immune attack to the hypocretinergic neurons of the hypothalamus in genetically 
predisposed individuals. The other CDH, namely, NT2, IH, and KLS, are poorly 
understood. There is an overall continuum in CDH features that is reflected by small 
pieces of evidence that may show an overlap with NT1 in terms of genetic predis-
position and minor dysfunction of the hypocretinergic system. However, non-NT1 
CDH suffer from a less definite clinical and neurophysiological definition that 
makes the investigation on disease etiology extremely difficult. Further clinical, 
neurophysiological, and biological studies are therefore warranted with the aim of 
coupling longitudinal disease evaluation with neurobiological assessments.
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�Introduction

Parasomnias are defined as “undesirable physical events (movements, behaviors) or 
experiences (emotions, perceptions, dreams) that occur during entry into sleep, 
within sleep, or during arousals from sleep,” over which there is no deliberate con-
trol [1]. The International Classification of Sleep Disorders (ICSD-3) groups para-
somnias into three categories according to the stage to which they are usually 
associated: NREM-related parasomnias, REM-related parasomnias, and other para-
somnias. Sleep talking is considered a normal variant and occurs at some time in 
most normal sleepers (see Table 9.1).

�General Pathophysiology

Human consciousness consists of three essential states of being: wake, NREM 
sleep, and REM sleep, which cycle in a predictable fashion throughout a 24-hour 
period [1].Those states are defined by an identifiable and stable cluster of behav-
ioral, neurophysiological, and autonomic descriptors observed for a period of time 
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[2]. Traditionally wake and sleep have been considered as global and discrete states 
of being: indeed, in physiological conditions and in most sleep disorders, these 
clusters are preserved, and possible changes involve their quantity rather than their 
basic features [2].

However, it has progressively emerged that wake and sleep are not mutually 
exclusive states and admixture of features of the different states can occur [3, 4]. 
State shifts do not always occur as an “on or off” switch phenomenon but involve 
transitions of several neuronal networks for an equivocal stage to declare itself [1]. 
During the transition periods from one state to another, a temporary pathological 
dissociation of states can occur across different brain structures, resulting in a state 
of altered consciousness manifesting as parasomnia [5]. Hence, most parasomnias 
are dissociated states that combine wake and sleep elements  [1]. As an example, 
disorders of arousal (DOA) are an admixture of wakefulness and NREM sleep dur-
ing which higher cognitive function is impaired, while motor behaviors are retained. 
REM sleep behavior disorder (RBD) is an admixture of REM sleep coupled with 
waking levels of EMG activity [1].

State dissociation is a universal, physiological property of the brain, as demon-
strated by phylogeny and ontogeny: some aquatic mammals exhibit unihemispheric 
sleep, and humans in the neonatal period show phases of undetermined sleep with 
mixed REM and NREM features. From an evolutionary perspective, this probably 
serves a protective function, allowing sleep preservation but increasing the proba-
bility of survival by keeping a lower arousal threshold [6, 7]. In adulthood, some 
form of dissociation persists in normal human brains in the form of “local sleep,” 
electrophysiologically characterized by coexistence of wake and sleep EEG pat-
terns in different cortical areas [4, 8, 9]. During sleep, sleep spindles and slow wave 

Table 9.1  Classification of parasomnias. (Adapted from the American Academy of Sleep 
Medicine [1])

NREM sleep-related parasomnias
Disorders of arousal (DOA)
 � Confusional arousals
 � Sleep terrors
 � Sleepwalking
Sleep-related eating disorder (SRED)
REM sleep-related parasomnias
REM sleep behavior disorder (RBD)
Recurrent isolated sleep paralysis
Nightmare disorder
Other parasomnias
Exploding head syndrome
Sleep-related hallucinations
Sleep enuresis
Parasomnia due to a medical disorder
Parasomnia due to a medication or substance
Parasomnia, unspecified
Isolated symptoms and normal variants
Sleep talking
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activity can arise in specific brain areas and be locally modulated [8–11]; during 
wakefulness, subsets of cortical neurons produce local slow waves with an increas-
ing incidence with wake duration, probably to selectively satisfy a local need for 
sleep [9, 12]. In physiologic conditions this exerts little or no effect on the prevalent 
behavioral state; however, an exaggeration of this mechanism might underlie the 
state dissociation of parasomnias [2].

Some of the behaviors observed in human parasomnias often resemble stereo-
typed, “primitive” behaviors noted in other animals, such as defensive postures, 
violent gestures, and feeding; those archaic behaviors result from the activation of 
shared, mostly subcortical brain structures, called central pattern generators (CPGs). 
CPGs in humans are largely under neocortical control; therefore, it is possible that 
some parasomnic behaviors may result from their inappropriate activation (i.e., 
their disinhibition) [13].

Parasomnias can result from very different etiologies. In most cases of DOA, no 
identifiable neuropathology is present, and the disorder results from functional 
changes in different brain areas during NREM sleep. In contrast, RBD can result 
from serious neuropathology and often is followed or accompanied by the develop-
ment of neurodegenerative disorders, particularly synucleinopathies [1].

�NREM Sleep-Related Parasomnias

NREM sleep-related parasomnias include disorders of arousal (DOA) and sleep-
related eating disorder (SRED).

�Disorders of Arousal (DOA)

DOA include confusional arousals, sleep terrors, and sleepwalking, which although 
classified as distinct entities actually represent a spectrum of manifestations of 
increasing complexity occurring as sudden partial awakenings from deep sleep 
(slow wave sleep, SWS, or stage 3 NREM sleep, N3) [14]. DOA typically have 
onset in childhood (probably related to the abundance of SWS at this age) and tend 
to cease with age. However, they may continue into adulthood or appear de novo in 
adults [15].

Clinical Features  As N3 occurs mainly in the first part of the night, DOA usually 
occur within the first 3 hours of sleep or so after the individual falls asleep. DOA can 
vary in clinical features, but in all episodes, the patient seems to be simultaneously 
awake and asleep: the individual exhibits a behavior more reminiscent of the awake 
state, but he/she is usually unresponsive to the environment with typically complete 
or partial amnesia for the event.

Confusional arousals consist of confusion and disorientation during and follow-
ing arousal from SWS, without accompanying major behavioral disorders or severe 
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autonomic responses [1]. The episodes last a few minutes and are terminated by 
retrograde and anterograde amnesia. Confusional arousals affect from 20% to 50% 
of children and 4% of adults [16]. Sleep-related abnormal sexual behaviors (sex-
somnia/sleep sex) are considered variants of confusional arousals. Sexsomnia con-
sists of inappropriate sexual behavior (masturbation, sexual intercourse, or even 
sexual assault) occurring during sleep, followed by morning amnesia [1, 17].

Sleep terrors (night terrors) are the most extreme and dramatic forms of DOA. The 
episodes are characterized by a sudden arousal from deep sleep often accompanied by 
a piercing scream, intense fear, extreme panic, confusion, and heightened autonomic 
discharge (tachycardia, tachypnea, diaphoresis, mydriasis, and increased muscle tone) 
[18]. A universal feature is inconsolability. Although appearing alert, with eyes open, 
the child may not recognize his parents, and any attempt at consolation is fruitless and 
may serve only to prolong or even intensify the episode [15]. The episode usually lasts 
no more than a few minutes; afterward, the child usually relaxes and returns spontane-
ously to sleep. If the patient wakes up at the end of the episode (as may happen in older 
children), he may describe a feeling of primitive threat or danger but usually does not 
offer the extended sequence of mental images resembling a dream [15]. Sleep terrors 
occur in 3% of children and have a higher male predilection.

Sleepwalking (somnambulism) episodes are characterized by complex behaviors, 
ranging from playing with the sheets, to changes in body position, to sitting up in 
bed and walking [1]. Sometimes quite complex, coordinated, and semi-purposeful 
activities such as dressing, arranging articles on a desk, going to the bathroom, or 
opening drawers or doors may be seen. The episodes end with the patient awaken-
ing, appearing confused and amnestic for the events. If restrained, the patient may 
attempt to avoid the other person but does not usually put up aggressive resistance. 
Injuries during sleepwalking are uncommon but can occur as a result of falls and 
injuries following displacement, during attempts to “escape,” or when walking 
downstairs or into windows. The prevalence of somnambulism (sleepwalking) in 
the general population is between 1% and 17% and approaches 4% in adults [16].

Diagnosis  The initial approach to the complaint of unusual sleep-related behavior 
is to determine whether further evaluation is necessary. Careful history-taking is 
usually sufficient to establish a correct diagnosis of DOA, and most cases do not 
warrant further evaluation (see Table 9.2) [15, 18].

However, if the events present with atypical features (such as a late age of onset, 
brief duration, high frequency, progressive increase in frequency during life, pres-
ence of stereotypic movements or dystonic postures, or no response to treatment) or 
are associated with negative effects, such as violence or injuries, are extremely dis-
ruptive to other household members, or result in the complaint of excessive daytime 
sleepiness, further investigations are needed [15]. Remarkably, adult-onset sleep-
walking presents with different characteristics from childhood-onset sleepwalking, 
such as a higher association with neurological comorbidities, EEG abnormalities, 
and violence [19]. In such cases, of particular importance is the distinction between 
DOA and sleep-related hypermotor epilepsy (SHE), a peculiar form of focal epi-
lepsy in which motor seizures appear predominantly during sleep [20, 21].
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In these cases, video polysomnography (VPSG) is the exam of choice and allows 
a correct diagnosis in the majority of cases [22, 23]. DOA episodes typically begin 
with an arousal from SWS followed by a partial or complete persistence of sleep 
with diffuse rhythmic delta activity or diffuse delta and theta activity associated 
with tachycardia, tachypnea, and increased muscle tone (see Fig. 9.1) [22].

Prognosis and Management  DOA are benign phenomena with a high prevalence 
in the general population, especially in children. They lack of psychological signifi-
cance, and their natural history is to diminish over time; therefore, medications are 
rarely needed [5]. Management includes reassurance of the patient and relatives, a 
correct sleep hygiene, and measures to make the environment safe. Medications 
may be indicated when the episodes are extremely bothersome to the patient or 
other household members, result in symptoms of excessive daytime sleepiness, or 
are potentially injurious or violent. Options include imipramine or low-dose clonaz-
epam (started at a dosage of 0.5 mg at bedtime) [15]. Nonpharmacologic treatment 
such as psychotherapy, progressive relaxation, or hypnosis is recommended for 
long-term management [5].

�Pathophysiology of Disorders of Arousal
DOA are thought to arise from state dissociation during arousals from SWS, occur-
ring due to abnormal neuronal excitability in different cortical areas [24, 25]. In 
addition, there are likely underlying physiologic phenomena that contribute to the 
appearance of complex motor actions during sleep, including disinhibition of cen-
tral pattern generators (CPGs), dreams, and sleep-state instability [1].

State Dissociation
DOA consist of an NREM sleep-wake dissociated state, an admixture of wakeful-
ness, and NREM sleep: the patient produces complex behaviors that are character-
istic of wakefulness (such as eye opening, retained muscle tone, and ability to move 
and interact with the environment) but cognitive function fitting with sleep (inap-
propriate actions and lack of self-related awareness, insight, and recall).

Several data support this hypothesis. In around one third of cases, scalp EEG 
shows some evidence of state dissociation, with posterior dominant alpha rhythm 
(suggestive of resting wakefulness) but anterior theta activity and sometimes vertex 
waves or spindles (consistent with light NREM sleep) [22]. A SPECT study 

Table 9.2  Diagnostic criteria for disorders of arousal. (Adapted from the American Academy of 
Sleep Medicine [1])

Diagnostic criteria (criteria A–E must be met)
 � A. Recurrent episodes of incomplete awakening from sleep
 � B. �Inappropriate or absent responsiveness to efforts of others to intervene or redirect the 

person during the episode
 � C. Limited or no associated cognition or dream imagery
 � D. Partial or complete amnesia for the episode
 � E. �The disturbance is not better explained by another sleep disorder, mental disorder, 

medication, or substance use

9  Neurobiology of Parasomnias



126

performed during sleepwalking found a decrease in regional blood flow in the fron-
toparietal associative cortices and an increase blood flow in the posterior cingulate 
cortex and in the anterior cerebellum [26]. As these structures are generally deacti-
vated during normal slow wave sleep [27], a selective activation of thalamo-
cingulate circuits with persisting inhibition of other thalamo-cortical arousal 
systems was suggested [26]. Stereo-EEG studies in epileptic patients with co-
occurrence of disorders of arousal have recently confirmed these data, identifying 
the neurophysiological substrate of such blood perfusion changes. During DOA, 
different local activations occur, with local fast wake-like EEG activity on the 
motor, cingulate, insular, temporopolar, and amygdalar cortices and sleeplike EEG 
with increased delta activity on the frontoparietal associative cortices and in the hip-
pocampus (see Fig. 9.2) [28, 29]. Additionally, a decrease in delta power and emer-
gence of beta activity were observed in the ventral intermediate nucleus of the 
thalamus (VIM), which projects to the motor cortex, during a confusional arousal 
[6]. Taken together, these findings are consistent with the features of DOA during 
which motor and emotional activation are associated with a lack of insight and 
amnesia for the event (see Fig. 9.3) [6].
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Fig. 9.1  Photo sequence and polysomnographic excerpt of a confusional arousal. The episode, 
arising from deep sleep in the first part of the night, began spontaneously with the patient abruptly 
setting upright on the bed with eyes open, turning to her right side with a frightened expression and 
moving her legs outside the bed with one foot on the floor. Subsequently she slowly lied down 
again. EEG at the episode onset was characterized by a diffuse delta activity; then theta activity 
appeared on anterior leads along with desynchronization on posterior leads. The episode was asso-
ciated with tachycardia and modification in respiratory rate. R, right; L, left; EOG, electrooculo-
gram; Mylo, mylohyoid muscle; Delt, deltoid muscle; ECG, electrocardiogram; Resp, respirogram
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Fig. 9.2  Stereo-electroencephalogram (stereo-EEG) during a sleepwalking episode showing local 
dissociation. During the 30-s episode, the patient sat up in bed, uttering unintelligible words and 
failing to answer his mother’s questions. EEG shows local activation in the motor, cingulate (fron-
tal and central cingulate gyrus), insular, temporopolar, and amygdalar cortices in contrast to the 
presence of slow waves in the frontal and parietal dorsolateral cortices as well as persistent spin-
dles in the hippocampal cortex. (Reproduced with courtesy from Terzaghi M et al., Dissociated 
local arousal states underlying essential clinical features of non-rapid eye movement arousal para-
somnia: an intracerebral stereo-electroencephalographic study, J Sleep Res, 2012, John Wiley 
and Sons)
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Fig. 9.3  State dissociation during disorders of arousal. Lateral and medial view of a human brain 
showing different local activity patterns (i.e., state dissociation) during disorders of arousal, as 
shown by SPECT and stereo-EEG studies. Specifically, wake-like activity of motor, temporopolar, 
anterior cerebellar, posterior cingulate cortices and amygdala (red) coexists with sleeplike activity 
of frontoparietal associative and hippocampal cortices (blue)
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Abnormal Cortical Excitability and Precipitating Factors
The predisposition to state dissociation in affected subjects may originate from per-
sistent, localized changes in neuronal excitability [25], specifically an increased 
arousability of motor and limbic areas in contrast with a reduced arousability of 
associative cortices [6]. A high-density EEG study found an all-night localized 
decrease in slow wave activity (SWA) in the cingulate, motor, and sensorimotor 
associative cortices, consistent with a lower arousal threshold of these areas [25]. 
This was also confirmed by an increased excitability of the motor cortex to transcra-
nial magnetic stimulations (TMS) during wakefulness in sleepwalkers compared to 
healthy controls [30]. On the other hand, a SPECT study in ten sleepwalkers 
revealed a significant decrease of blood flow in frontal regions bilaterally during 
wakefulness, extending to parietal, temporal, and insular regions during SWS [31]. 
Hence, during arousals (spontaneous or evoked by stimuli), motor and limbic areas 
would easily be aroused, while associative areas would fail to fully transition into 
wakefulness, especially in conditions of increased SWS pressure. As a consequence, 
all the conditions increasing the amount of SWS, such as sleep deprivation, physical 
or emotional stress, fever, and medications affecting sleep (sedative-hypnotics  – 
specifically z-drugs, neuroleptics, antidepressants, and beta-blockers), increase the 
likelihood of DOA episodes occurring [13, 15, 32–35]. Secondly, arousal by what-
ever mechanism (internal or external) can precipitate a DOA episode [1]. The list 
includes comorbid sleep disorders (particularly obstructive sleep apnea syndrome, 
OSAS, and periodic limb movement disorder, PLMD), bladder distention, physio-
logical ending of a sleep cycle, mental activity, and noises [36]. Contrary to previ-
ous reports, alcohol does not seem to trigger DOA [1, 5].

Additionally, it has been suggested that downregulation (through synaptic prun-
ing normally occurring during childhood) of cortical GABAergic inhibitory projec-
tions to brain stem or spinal cord CPGs could favor their disinhibition during the 
episodes [37]. This would explain the progressive decrease in episodes with age 
(due to maturation of these networks) and the resolution of NREM parasomnia upon 
treatment with GABA agonists such as clonazepam [7].

Central Pattern Generators (CPGs) and Dreams
CPGs are genetically determined or learned neural circuits, located in the spinal 
cord, the brain stem, or the cortex itself, that code for primitive, self-sustained pat-
terns of behavior that are essential for survival. Their activation results in “basic 
drive states” such as locomotion, eating, aggression, and sex, similar to some behav-
iors occurring in DOA and more generally in NREM parasomnias [1]. In higher 
primates, CPGs during wakefulness are largely under neocortical control. Hence, it 
has been hypothesized that some behaviors of NREM parasomnias can result from 
disinhibition of these CPGs, favored by a transient dysfunction in the prefrontal 
cortex [38]. This could be true especially for the simpler manifestation of DOA and 
for “specialized” forms of NREM parasomnias, such as sexsomnia and SRED. On 
the other hand, there is increasing evidence that, in a number of cases of sleepwalk-
ing, complex and learned behaviors are performed, sometimes accompanied by 
congruent dreamlike mentation; this implies cortical engagement in DOA and 
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possibly a role of NREM sleep dreaming in the genesis of parasomnic behaviors 
that would represent “dream enactment behaviors” (DEB) in some cases [39–41].

Sleep Microstructure and Sleep-State Instability in DOA
Although the sleep macrostructure (i.e., the cycling NREM and REM sleep stage 
representation and distribution) is generally preserved in DOA, alterations in its 
“microstructure” have been reported [1]. Sleep microstructure includes EEG features 
and phasic phenomena occurring in the course of sleep, not belonging to the conven-
tional 30-s scoring epoch and described as the cyclic alternating pattern (CAP) [42, 
43]. The CAP is a periodic EEG pattern of NREM sleep, characterized by transient 
electrocortical events that are distinct from background EEG activity, recurring at up 
to 1-min intervals and lasting for 2–60 s [43]. A CAP cycle is composed of an A 
phase (represented by a recurring EEG feature, characterized by an abrupt frequency 
or amplitude shift from the background rhythm) and a B phase (represented by the 
intervening background that separates the repetitive elements). Compared to phase 
B, phase A can be composed of slower high-amplitude rhythms, faster lower-voltage 
rhythms, or by mixed patterns; examples include vertex sharp transients, K complex 
sequences with or without spindles, polyphasic bursts, and EEG arousals [43]. The 
rate at which CAP cycles recur is an index of sleep-state stability, where an increase 
in CAP rate associates with greater oscillations of state [44].

DOA patients have been found to have increases in CAP rate, in the number of 
CAP cycles, and in arousals with EEG synchronization [1, 5, 44]. Power spectral 
analysis of slow wave activity (SWA) in adult sleepwalkers has revealed several 
forms of SWS dysregulation, including high amount of SWS fragmentations, a sig-
nificant increase in delta power just prior to an arousal, and increased SWA across 
all NREM sleep cycles [45]. These findings correlate with an increase in sleep insta-
bility and in arousal oscillations, potentially playing a role in triggering the para-
somnic episodes in these patients [46].

�Etiology of Disorders of Arousal
In conclusion, DOA occur when internal or external precipitating factors trigger the 
episodes in predisposed individuals. The precise cause of the “pathological” state 
dissociation and cortical abnormal excitability, however, is unknown but probably 
results from an interplay of genetic and environmental factors [7]. The overwhelm-
ing majority of individuals with DOA do not have underlying neurological or psy-
chological pathology [1]. Recently, neuroanatomical alterations in the cingulate 
cortex of DOA patients have been reported, but it is unclear if they represent either 
a cause or an effect of chronic dysfunction [47]. A familial predisposition has been 
reported, suggesting a genetic base for DOA. First-degree relatives of sleepwalkers 
have a tenfold or higher increased likelihood of sleepwalking; and 57% of sleep-
walkers have a positive familial history [48, 49]. A specific HLA gene (DQB1) 
appears to confer susceptibility to sleepwalking [50]; family studies have recog-
nized several potential candidate genes, including the adenosine deaminase gene; 
however, no definite genes have been identified so far [51]. Interestingly, an 
increased frequency (nearly fivefold) of DOA was found in families of patients with 
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sleep-related hypermotor epilepsy (SHE) [21]. In these patients, causative muta-
tions have been identified in various subunits of the nicotine acetylcholine receptor 
gene and in the corticotrophin-releasing hormone gene [52]. These mutations con-
fer a gain of function, with increased sensitivity to acetylcholine that may lead to 
changes in the excitability of cortical and subcortical networks and, at the same 
time, altering arousal mechanisms and destabilizing sleep [53, 54].

Sleep-Related Eating Disorder (SRED)
SRED is characterized by recurrent episodes of nonvoluntary nocturnal eating and 
drinking during partial arousals from sleep. Patients often display strange eating 
behavior (e.g., consumption of inedible or toxic substances such as frozen pizza, 
raw bacon, and cat food) with no or only partial recall at awakening. SRED gener-
ally occurs in women between the ages of 20 and 30; it is not usually associated 
with waking eating disorders, but a history of eating problems during childhood is 
common [1, 44]. SRED can be idiopathic but is usually associated with other sleep 
disorders (most commonly sleepwalking but also restless leg syndrome (RLS), 
OSAS, and irregular sleep-wake circadian rhythm disorders), use of psychotropic 
medications (such as triazolam, zolpidem, and quetiapine), or cessation of smoking 
or substance abuse [1, 5]. The disorder can cause adverse health consequences 
(weight gain and possibly metabolic syndrome), sleep disruption, injuries, and 
depression [1]. SRED must be distinguished from the night-eating syndrome (NES), 
characterized by excessive eating between dinner and bedtime and eating episodes 
during full awakenings from sleep [5]. SRED benefits most from treatment of the 
associated sleep disorders: in particular, RLS-related SRED is best treated with 
dopamine agonists such as pramipexole, while sleepwalking-related SRED benefits 
from low-dose benzodiazepines such as clonazepam [55–59].

�Pathophysiology of SRED
The underlying pathophysiology is unclear, but it has been hypothesized that SRED is a 
sleepwalking variant with prominent features of an eating behavior; however, given its 
relatively homogeneous presentation, it has been classified as a separate disorder [1].

�REM Sleep-Related Parasomnias

REM sleep-related parasomnias involve aberrations of REM sleep physiology (e.g., 
lack of atonia in REM sleep behavior disorder) or exaggeration of the features of 
REM sleep, as in nightmare disorder.

�REM Sleep Behavior Disorder (RBD)

RBD is probably the best known example of state admixture and constitutes a criti-
cally important REM sleep parasomnia seen in older persons. The disorder is preva-
lent in males, with a typical age of onset between 40 and 70 years.
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RBD is characterized by the appearance of abnormal behaviors during REM 
sleep that may cause injury or sleep disruption. This occurs due to the lack of REM 
sleep muscle atonia [2]. Because RBD emerges from REM sleep, which is maxi-
mally represented in the last half of the night, this is the time when events are most 
likely to occur. Episodes usually occur about once a week but may also occur as 
often as four times nightly over consecutive nights [56].

Clinical Features  The central feature is the occurrence of diverse simple or com-
plex motor behavior during REM sleep that mirrors the content of the patient’s 
dreams (i.e., dream enactment behaviors, DEB). The behaviors include talking, 
laughing, swearing, shouting, reaching, grabbing, flailing, punching, hitting, or run-
ning; they are often violent in nature, causing self-injury or injury to the bed partner 
[18, 44]. In men the episodes appear to be more aggressive than in women, in whom 
vocalization and simple limb movements are more common [60]. Most patients 
view their dreams as nightmares, and the dream content often involves a chasing or 
attacking theme, where the patient is almost always the defender [61]. In contrast to 
NREM parasomnias, the sleeper awakens rapidly without confusion and often with 
good recall of a dream that corresponds with the enacted behaviors [56].

Etiology  Two clinical forms of RBD are seen: acute/subacute and chronic. RBD is 
termed “idiopathic” (iRBD) when occurs as an isolated symptom and secondary 
when associated with an evident neurologic disorder (such as narcolepsy or a neu-
rodegenerative disorder). In the majority of cases, RBD is a chronic, progressive 
disorder, associated with neurological disorders, such as narcolepsy or neurodegen-
erative diseases (predominantly synucleinopathies – Parkinson’s disease (PD), mul-
tiple system atrophy (MSA), dementia with Lewy bodies (DLB), pure autonomic 
failure (PAF) – but also tauopathies, Alzheimer’s disease and others) [61]. There is 
now evidence that most iRBDs represent the heralding sign of neurodegenerative 
disorders (see Prognosis) [61]. Chronic RBD may also be associated with other 
neurological disorders, such as narcolepsy. The acute/subacute form is associated 
with anticholinergics or REM suppressant medications (e.g., antidepressants such 
as selective serotonin reuptake inhibitors, SSRIs, and tricyclic antidepressants, 
TCAs) or in REM sleep rebound conditions (e.g., the first night on continuous posi-
tive airway pressure, CPAP, for OSAS, withdrawal from alcohol, and sedative-
hypnotic agents) [44, 56]. Acute RBD has also been reported in the context of 
autoimmune diseases, such as encephalitis (e.g., anti-VGKC, Caspr2, and LGI11) 
and Guillain-Barré syndrome (GBS) [2, 62, 63].

Diagnosis  RBD can be suspected from the clinical history, which should include 
the bed partner’s account; however, video polysomnography (VPSG) is required to 
confirm the diagnosis (see Table  9.3) [1]. The core PSG feature of RBD is the 
presence of REM sleep without atonia (RSWA or RWA), that is, increased EMG 

1 VGKC, voltage-gated K+ channels; Caspr2, contactin-associated protein 2; LGI1, leucine-rich, 
glioma inactivated 1
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tone during REM sleep and/or twitches on EMG+/− movements that often appear 
to be dream enactment (DEB) during REM sleep (see Fig. 9.4) [44, 56, 61]. Of 
patients with RBD, more than 70% will also have periodic limb movements during 
sleep (PLMS) [64].

Prognosis and Management  iRBD is a well-established risk factor for neurode-
generative diseases, especially synucleinopathies, and may precede the onset of the 
other symptoms by many decades [65, 66]. In a large iRBD cohort, the time of RBD 

Table 9.3  Diagnostic criteria for REM sleep behavior disorder. (Adapted from the American 
Academy of Sleep Medicine [1])

Diagnostic criteria (criteria A–D must be met)
 � A. Repeated episodes of sleep-related vocalization and/or complex motor behaviors
 � B. �These behaviors are documented by PSG to occur during REM sleep or are presumed to 

occur during REM sleep based on clinical history
 � C. PSG recording demonstrates RWA
 � D. �The disturbance is not better explained by another sleep disorder, mental disorder, 

medication, or substance use
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Fig. 9.4  Photo sequence and polysomnographic excerpt of a RBD episode. During the episode 
the patient abruptly screamed, then began kicking and flailing violently his left arm in the act of 
defending himself. When immediately questioned at the end of the episode, the patient reported 
that he was dreaming of an “exploding giant insect.” The polysomnographic tracing shows an EEG 
with low-voltage fast activity, burst of rapid eye movements, and an increased phasic and tonic 
muscle activity. R, right; L, left; EOG, electrooculogram; Mylo, mylohyoid muscle; ECG, electro-
cardiogram; Ext. carpi, extensor carpi muscle; Tib, tibialis anterior muscle; Resp, respirogram
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diagnosis to neurodegenerative disorder phenoconversion was 33.1% at 5  years, 
75.7% at 10 years, and 90.9% at 14 years, with a median conversion time of 7.5 years 
[67]. Therefore, iRBD may constitute a good therapeutic window to test for neuro-
protective agents [44]. Spontaneous remissions of RBD are very rare, although 
DEBs may subside in the late stages of a neurodegenerative disorder [56].

Management includes measures to modify the sleep environment to reduce the 
risk of injuries (such as moving sharp and edged objects out of arms’ way, placing 
a mattress on the floor adjacent to the bed, and placing a protective barrier on the 
side of the bed) and medications [61]. Clonazepam (0.25–0.5 mg/night) is the drug 
of choice in patients without dementia, gait disorders, or concomitant OSAS 
improving RBD frequency and severity [44, 61, 68]. The most troublesome adverse 
effects associated are morning confusion and memory impairment. Melatonin 
(3–12 mg), which has fewer side effects, can be used alone or in conjunction ther-
apy. Most treated patients experience a marked improvement in the frequency and 
severity of RBD episodes [44, 61, 68]. The precise mechanisms of action of clonaz-
epam and melatonin are unclear. Clonazepam, a GABA-A agonist, decreases phasic 
movements without restoring muscle atonia (i.e., RWA is still present), so it alleg-
edly acts mainly by reducing the occurrence of unpleasant dreams. Conversely, 
melatonin reduces the occurrence of RWA without diminishing phasic movements, 
maybe through a direct inhibitory effect on motor neurons [61, 69].

�Pathophysiology of RBD
As in DOA, state dissociation seems to have a central role in the pathogenesis of 
RBD. In this dissociated state, the mind is dreaming (REM dream mentation) while 
the body is awake (spinal motor neurons are still excitable) [2]. In RBD a failure of 
the mechanisms which normally maintain muscular atonia during REM sleep 
occurs. Additionally, other mechanisms are responsible for the appearance of dream 
enactment behaviors, specifically a modification in dream content and the activation 
of CPGs.

Normal Mechanisms of REM Sleep Atonia
The normal physiologic suppression of motor activity during REM sleep is the 
cumulative result of multiple neuronal circuits that predominantly originate in the 
dorsal pons and ultimately terminate on lower motor neurons (LMNs) in the spinal 
cord [61]. Normally the atonia of REM sleep is briefly interrupted by excitatory 
inputs that produce the rapid eye movements and the muscle jerks and twitches 
characteristic of REM sleep [70].

The REM atonia generator is located in the pontine reticular formation (PRF) 
and is composed mainly of glutamatergic neurons; also cholinergic and GABAergic 
neurons are involved [71–73]. This region has been called sublaterodorsal nucleus 
(SLD) in rats and peri-locus coeruleus 𝛼 (peri-LC 𝛼) in cats; for the sake of simplic-
ity, we will call it SLD for the rest of this chapter. This area is both necessary and 
sufficient to generate muscular atonia during REM sleep. Indeed, electrical stimula-
tion of SLD produces bilateral loss of postural muscle tone, while SLD lesions 
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produce REM without atonia [74, 75]. SLD neurons inhibit lower motor neurons 
(LMNs) by stimulation of the GABA/glycinergic bulbar gigantocellular ventral 
nucleus (GiV) and of glycinergic interneurons of the ventral horns, which in turn 
inhibit LMNs [72]. Additionally, PRF neurons also inhibit the noradrenergic locus 
coeruleus (LC) and serotoninergic dorsal raphe (DR) nuclei, which during wakeful-
ness maintain a basal tone on LMNs [72, 76–79].

During wakefulness, contrariwise, SLD neurons are tonically inhibited by LC 
and DR neurons [72, 80–83]. These two REM-off nuclei are under the excitatory 
influence of the orexinergic neurons and inhibited by the melanin-concentrating 
hormone (MCH) neurons of the lateral hypothalamus [84–90]. Selective disruption 
of the orexinergic neurons is thought to be responsible for RBD occurring in narco-
lepsy. As orexin also promotes wakefulness and prevents inappropriate state shifts, 
a complex condition of wake-REM instability develops, with sleep attacks and two 
state dissociations that are opposite of RBD (i.e., muscle atonia appears during 
wakefulness): sleep paralysis and cataplexy [91].

RWA Results from Disruption of the Pontine REM Atonia Generator
The central pathophysiological feature of RBD is transient loss of the physiological 
REM sleep atonia (i.e., RWA), allowing the occurrence of motor acts. RWA seems 
to result from lesion or dysfunction of the brain stem areas which regulate atonia 
(particularly SLD) or their anatomic connections (see Fig. 9.5) [1, 61].

This can result from a variety of central nervous system pathologies. The clinical-
anatomical correlation is quite evident in cases of acute/subacute RBD due to focal 
damage of the dorsal pons, including stroke, vasculitis, encephalitis, tumors, mul-
tiple sclerosis, and even spontaneous intracranial hypotension [92–97]. 
Neurodegenerative RBD may also be explained by this model. In synucleinopa-
thies, the occurrence of RBD many years before the diagnosis is consistent with 
Braak staging system: according to this neuropathological model, in PD, α-synuclein 
pathology begins mainly in the medulla (and olfactory bulb) and gradually ascends 
to more rostral structures [98, 99]. This would explain why RBD, caused mainly by 
SLD degeneration, precedes by many years parkinsonism and cognitive decline at 
least in some patients [61]. Additionally, a combined loss of orexinergic and 
MCHergic neurons has been described in PD, possibly contributing to RBD [100]. 
Toxic RBD associated with antidepressants could be explained by either serotonin-
ergic activation of REM-off nuclei or revealing of subclinical RBD in individuals 
with an underlying neurodegenerative disease [61, 101].

The Mechanism for Abnormal Behaviors and Dreams in RBD: Is It Really 
“Dream Enactment”?
In RBD speech and movements typically mirror the actual content of a dream; there-
fore, it has been proposed that dysfunction of the brain stem REM atonia generator 
would allow movements during REM sleep by unmasking cortically generated dreams 
(i.e., allowing dream enactment) [1, 69]. Moreover, during RBD episodes, patients 
can exhibit complex, learned behaviors (smoking, kissing, or speak with coherent 
syntax), so it has been argued that the motor cortex would be primarily responsible for 
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all of the pathological movements of RBD [1, 69, 102]. Of note, however, in patients 
with severe bradykinesia and rest tremor during wake, parkinsonism disappears dur-
ing RBD behaviors, implying bypassing of the basal ganglia [13, 102].

This model, however, does not explain an intriguing feature of RBD, which is the 
elevated occurrence of nightmares with a chasing or attacking theme in front of a 
variety of individual psychological profiles [102, 103]. Indeed, RBD appears to be 
a disorder involving both behavior and dream synthesis, with a central role of the 
brain stem [103].

According to Hobson-McCarley’s “activation-synthesis” model of dream gen-
eration, brain stem CPGs simultaneously produce ascending outputs to the cortex to 
activate cognitive, affective, and amnestic circuits that are synthesized in dreams 
and descending outputs to the spinal cord for motor behavioral expression, in a 
parallel manner [102, 104]. So both violent motor behaviors and abnormal dreams 
in RBD may result from hyperactivity of a common neuronal generator in the brain 
stem, occasionally with cortical engagement [70, 103, 105]. According to Revonsuo 

a b

Fig. 9.5  Neuronal networks responsible for REM muscle atonia in physiologic conditions and in 
RBD. (a) Networks in physiological REM sleep. Green squares indicate nuclei active during REM 
sleep (REM-on), while red squares those inactive during REM sleep and active during wakefulness 
(REM-off). During REM sleep, the pontine sublaterodorsal nucleus (SLD) (i.e., the REM atonia 
generator) promotes muscle atonia by two mechanism: first, by stimulation of the bulbar gigantocel-
lular ventral nucleus (GiV) and of the inhibitory interneurons of the spinal cord (InI), which in turn 
inhibit the lower motor neurons (LMNs), and second, by inhibition of locus coeruleus/dorsal raphe 
(LC/DR), which during wakefulness maintains a basal tone on LMNs, hence reducing facilitation 
of motor inputs. (b) Networks in RBD. The intermediate connections of the SLD are not shown for 
sake of simplicity. RBD results from disruption of the REM atonia generator or its connections, 
allowing an increased LMN tone by LC/DR. Synucleinopathies and focal lesions directly affect the 
SLD. SSRIs inhibit SLD by enhancing LC/DR activity. In narcolepsy, selective loss of orexinergic 
neurons is thought to be responsible for RBD to occur, but the precise mechanism is unknown
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[106], the biological function of dreaming is to simulate threatening events in a 
virtual environment and to rehearse threat perception and threat avoidance for an 
evolutionary purpose of higher survival. Although some patients can present with 
complex movements, most show jerky, repeated movements that mimic fight and 
defense behavior, suggesting the activation of CPGs of archaic threat-simulating 
behaviors [102]. Stimulation of some brain stem structures in rats and monkeys 
induces defensive and aggressive behaviors similar to the ones observed in RBD 
[105], and dreams in RBD are characterized by similar percentages of aggression 
and animal characters to those reported in children [103]. Therefore, it has been 
suggested that the clinical picture of RBD results from disinhibition of such CPGs, 
leading to a release of phylogenetically and ontogenetically early dream patterns 
and, at the same time, isomorphic behaviors [13, 70, 103]. The therapeutic effect of 
clonazepam, which acts especially on dream content, may be mediated by its action 
on brain stem CPGs, further supporting the link between dream synthesis and path-
ological motor activity [61, 104, 107, 108]. Alternatively, degeneration of sleep-
related neural circuits may lead to disinhibition of brain stem CPGs that control 
motor behavior, resulting in exaggerated twitching, violent limb movements, and/or 
complex behavior; sensory feedback from moving limbs could then provide a 
source for abnormal dream mentation to the cortex [105]. Therefore, until future 
studies confirm one or the other model, it may be more precise to talk about “dream 
isomorphic behaviors” (DIB) instead of “dream enactment behaviors.”

�Parasomnia Overlap Disorder and Status Dissociatus

This group of complex conditions results from more extensive state dissociation, 
occurring not only between wake and sleep but also between NREM and REM sleep.

Parasomnia overlap disorder is a subtype of RBD in which patients have both 
RBD and either a NREM parasomnia (DOA, SRED, sexsomnia) or a rhythmic 
movement disorder [1]. Therefore, motor disinhibition occurs during both NREM 
and REM sleep [70]. Most cases begin during childhood or adolescence, idiopathic 
or symptomatic of a broad set of disorders (e.g., narcolepsy, multiple sclerosis, 
brain tumors, psychiatric disorders, and their pharmacotherapies) [1, 109].

Status dissociatus (SD) is an extreme form of state dissociation due to the com-
plete breakdown of state-determining boundaries [3, 4]. Clinically, patients appear 
to be neither awake nor asleep; their behavioral sleep is very atypical, characterized 
by nearly continuous motor and verbal behaviors and reports of dreamlike menta-
tion upon spontaneous or forced awakening; however, “sleep” can be perceived as 
normal and restorative by the patient. Polygraphically, there is simultaneous admix-
ture of elements of wakefulness, REM sleep, and NREM sleep, and conventional 
stages are no longer identifiable. An underlying neurologic condition is virtually 
always present: protracted withdrawal from alcohol abuse, narcolepsy, MSA, and 
prior open-heart surgery.

A distinct condition is agrypnia excitata (AE), characterized by the inability to 
generate sleep, autonomic and motor hyperactivity characterized by oneiric stupor, 
which consists of dream enactment gestures mimicking simple daily life activities, 
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persisting throughout 24 h [1, 110, 111]. Polygraphically, conventional wakeful-
ness, REM, and NREM sleep stages are no longer identifiable: a state of sub-
wakefulness, characterized by a N1 stage with interspersed very short REM sleep 
periods, becomes the predominant diurnal and nocturnal pattern [1, 2, 70]. AE has 
been described in four different conditions: fatal familial insomnia (FFI), Morvan’s 
syndrome, delirium tremens, and Mulvihill-Smith syndrome [1, 110, 111, 112].

�Recurrent Isolated Sleep Paralysis

This disorder is characterized by recurrent episodes of inability to perform volun-
tary movements at sleep onset or on waking from sleep, in the absence of a diagno-
sis of narcolepsy. Consciousness is preserved, and full recall is present. An episode 
can last from seconds to a few minutes. Sleep deprivation and irregular sleep-wake 
schedules have been proposed as predisposing factors. The episodes appear to arise 
from REM sleep. The pathophysiology involves a state dissociation which is the 
opposite of RBD: elements of REM sleep (muscular atonia) persist into wakeful-
ness just before sleep onset or on waking from sleep [1].

�Nightmares

Nightmares are fearful, vivid, often frightening dreams, most often associated 
with REM sleep and therefore usually occurring during the second half of the 
night. Nightmares are mostly a normal phenomenon; they are present in up to 
50% of children and progressively decrease with age. In a small percentage of 
individuals, however, recurrent and dysphoric nightmares continue to occur dur-
ing adulthood, causing significant distress. Predisposing factors are anxious-
depressive types of personality and significant psychopathology. The episodes can 
be precipitated by withdrawal of REM sleep-suppressant drugs (e.g., antidepres-
sants such as SSRIs and TCAs, beta-blockers, or benzodiazepines) due to REM 
sleep rebound but also by administration of several medications (dopamine-recep-
tor agonists, alcohol, REM sleep suppressants) [1, 113]. Of note, the effect of a 
medication on REM sleep does not always predict its propensity to cause night-
mares. One possible explanation for this effect is that REM sleep, although sup-
pressed, is delayed until later in the night and associated with cholinergic rebound 
and more intense dream activity [114]. Nightmares generally do not require any 
treatment except reassurance. In patients with recurring and fearful nightmares, 
however, combined behavioral or psychotherapy and REM sleep-suppressant 
medications may be helpful [44].

�Other Parasomnias

This heterogeneous group includes parasomnias that bear no specific relationship to 
sleep stage.
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Exploding head syndrome is characterized by a sudden loud noise or sense of 
explosion in the head, sometimes associated with a flash of light or a myoclonic 
jerk, occurring as the patient is falling asleep or upon waking during the night. The 
episode may vary from many on a single night to one every several weeks or months. 
This condition appears to be a sensory variant of hypnic jerks, but the neurophysiol-
ogy is unknown [1].

Sleep-related hallucinations are hallucinatory experiences (mainly visual, but 
also auditory, tactile, or kinetic) that occur at sleep onset or on awakening from 
sleep. They usually take the form of complex, vivid, relatively immobile images of 
people or animals, sometimes distorted in shape or size, and can persist for many 
minutes but usually disappear if ambient illumination is increased. They are believed 
to result from a state dissociation in which dream ideation of REM sleep intrudes 
into wakefulness [1].

�Isolated Symptoms and Normal Variants: Sleep Talking

Sleep talking (somniloquy) involves talking, with varying levels of comprehensibil-
ity, during REM or NREM sleep [115]. It has a high lifetime prevalence of 66% and 
a current prevalence of 17%, and it has a familial tendency. The episodes are gener-
ally brief, infrequent, and devoid of signs of emotional stress. The course is usually 
self-limited and benign [1].

�Conclusions

Parasomnias are a heterogeneous group of disorders that in most cases result from a 
dissociation of the primary states of being. We are slowly beginning to understand 
the pathophysiological alterations that lie underneath, but a comprehensive under-
standing of these disorders remains elusive. Future research directions may include 
functional neuroimaging and genetic studies. An enhanced understanding of para-
somnias could provide a better insight on the functioning of the brain and give us 
tools to improve the treatment of these conditions.

Acknowledgments  The authors thank Francesco Mignani for providing excerpts of video poly-
somnographic recordings and Cecilia Baroncini for English revision.

References

	1.	 American Academy of Sleep Medicine. International classification of sleep disorders. 3rd ed. 
Darien: American Academy of Sleep Medicine; 2014.

	2.	 Antelmi E, Ferri R, Iranzo A, Arnulf I, Dauvilliers Y, Bhatia KP, et al. From state dissociation to 
status dissociatus [Internet]. Sleep Med Rev. W.B. Saunders; 2016 [cited 2017 Nov 21];1–13. 
Available from: http://www.sciencedirect.com/science/article/pii/S1087079215000945

T. Baldini et al.

http://www.sciencedirect.com/science/article/pii/S1087079215000945


139

	3.	 Mahowald MW, Schenck CH.  Status dissociatus  – a perspective on states of being. Sleep. 
[Internet]. 1991 [cited 2018 Jan 30];14(1):69–79. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/1811323

	4.	 Mahowald MW, Bornemann MAC, Schenck CH.  State dissociation, human behavior, and 
consciousness. Curr Top Med Chem [Internet] 2011;11(19):2392–402. Available from: http://
www.eurekaselect.com/openurl/content.php?genre=article&issn=1568-0266&volume=11&is
sue=19&spage=2392

	5.	 Mahowald MW, Bornemann MAC. Non-REM arousal parasomnias. In: Principles and prac-
tice of sleep medicine [Internet]. Elsevier; 2011 [cited 2017 Nov 3];1075–82. Available from: 
http://linkinghub.elsevier.com/retrieve/pii/B9781416066453000943

	6.	 Gibbs SA, Proserpio P, Terzaghi M, Pigorini A, Sarasso S, Lo Russo G, et al. Sleep-related 
epileptic behaviors and non-REM-related parasomnias: insights from stereo-EEG. Sleep Med 
Rev. 2016;25 [cited 2017 Nov 8]:4–20. Available from: http://www.sciencedirect.com/science/
article/pii/S1087079215000726

	7.	 Kothare SV, Ivanenko A.  Parasomnias: clinical characteristics and treatment. New  York: 
Springer; 2013.

	8.	 Nir Y, Staba RJ, Andrillon T, Vyazovskiy VV, Cirelli C, Fried I, et al. Regional slow waves and 
spindles in human sleep. Neuron [Internet]. 2011 [cited 2016 Jan 26];70(1):153–69. Available 
from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3108825&tool=pmcentrez
&rendertype=abstract

	9.	 Vyazovskiy VV, Olcese U, Hanlon EC, Nir Y, Cirelli C, Tononi G.  Local sleep in awake 
rats. Nature [Internet]. 2011 [cited 2016 Feb 9];472(7344):443–7. Available from: http://
www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3085007&tool=pmcentrez&rendertyp
e=abstract

	10.	Huber R, Ghilardi MF, Massimini M, Tononi G. Local sleep and learning. Nature. [Internet]. 
2004. [cited 2015 Dec 9];430(6995):78–81. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/15184907

	11.	Krueger JM, Rector DM, Roy S, Van Dongen HPA, Belenky G, Panksepp J. Sleep as a fun-
damental property of neuronal assemblies. Nat Rev Neurosci [Internet]. 2008 [cited 2016 Feb 
9];9(12):910–9. Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?arti
d=2586424&tool=pmcentrez&rendertype=abstract

	12.	Bonnet MH.  Acute sleep deprivation. In: Principles and practice of sleep medicine 
[Internet]. 5th ed. Elsevier Inc.; 2011. p.  54–66. Available from: https://doi.org/10.1016/
B978-1-4160-6645-3.00005-0

	13.	Howell MJ. Parasomnias: an updated review. Neurotherapeutics [Internet]. Springer; 2012 [cited 
2018 Jan 16];9(4):753–75. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22965264

	14.	Broughton RJ.  Sleep disorders: disorders of arousal? Enuresis, somnambulism, and night-
mares occur in confusional states of arousal, not in “dreaming sleep”. Science [Internet]. 
1968 [cited 2018 Jan 15];159(3819):1070–8. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/4865791

	15.	Provini F, Tinuper P, Bisulli F, Lugaresi E. Arousal disorders. Sleep Med. [Internet]. Elsevier; 
2011 [cited 2017 Nov 9];12(Suppl. 2):S22–6. Available from: http://www.sciencedirect.com/
science/article/pii/S1389945711003182

	16.	Ohayon MM, Guilleminault C, Priest RG. Night terrors, sleepwalking, and confusional arous-
als in the general population: their frequency and relationship to other sleep and mental disor-
ders. J Clin Psychiatry [Internet]. 1999 [cited 2018 Jan 11];60(4):268–76; quiz 277. Available 
from: http://www.ncbi.nlm.nih.gov/pubmed/10221293

	17.	Schenck CH, Arnulf I, Mahowald MW. Sleep and sex: what can go wrong? A review of the 
literature on sleep related disorders and abnormal sexual behaviors and experiences. Sleep. 
[Internet]. 2007. [cited 2018 Jan 11];30(6):683–702. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/17580590

	18.	Avidan A. Parasomnias and movement disorders of sleep. Semin Neurol. [Internet]. 2009. [cited 
2018 Jan 11];29(04):372–92. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19742413

9  Neurobiology of Parasomnias

http://www.ncbi.nlm.nih.gov/pubmed/1811323
http://www.ncbi.nlm.nih.gov/pubmed/1811323
http://www.eurekaselect.com/openurl/content.php?genre=article&issn=1568-0266&volume=11&issue=19&spage=2392
http://www.eurekaselect.com/openurl/content.php?genre=article&issn=1568-0266&volume=11&issue=19&spage=2392
http://www.eurekaselect.com/openurl/content.php?genre=article&issn=1568-0266&volume=11&issue=19&spage=2392
http://linkinghub.elsevier.com/retrieve/pii/B9781416066453000943
http://www.sciencedirect.com/science/article/pii/S1087079215000726
http://www.sciencedirect.com/science/article/pii/S1087079215000726
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3108825&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3108825&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3085007&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3085007&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3085007&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/15184907
http://www.ncbi.nlm.nih.gov/pubmed/15184907
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2586424&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2586424&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1016/B978-1-4160-6645-3.00005-0
https://doi.org/10.1016/B978-1-4160-6645-3.00005-0
http://www.ncbi.nlm.nih.gov/pubmed/22965264
http://www.ncbi.nlm.nih.gov/pubmed/4865791
http://www.ncbi.nlm.nih.gov/pubmed/4865791
http://www.sciencedirect.com/science/article/pii/S1389945711003182
http://www.sciencedirect.com/science/article/pii/S1389945711003182
http://www.ncbi.nlm.nih.gov/pubmed/10221293
http://www.ncbi.nlm.nih.gov/pubmed/17580590
http://www.ncbi.nlm.nih.gov/pubmed/17580590
http://www.ncbi.nlm.nih.gov/pubmed/19742413


140

	19.	Bargiotas P, Arnet I, Frei M, Baumann CR, Schindler K, Bassetti CL. Demographic, clinical 
and polysomnographic characteristics of childhood- and adult-onset sleepwalking in adults. 
Eur Neurol. [Internet]. 2017. [cited 2018 Jan 25];78(5–6):307–11. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/29073634

	20.	Tinuper P, Provini F, Bisulli F, Vignatelli L, Plazzi G, Vetrugno R, et al. Movement disorders 
in sleep: guidelines for differentiating epileptic from non-epileptic motor phenomena arising 
from sleep. Sleep Med Rev. [Internet]. 2007. [cited 2017 May 24];11(4):255–67. Available 
from: http://linkinghub.elsevier.com/retrieve/pii/S1087079207000196

	21.	Tinuper P, Bisulli F, Cross JH, Hesdorffer D, Kahane P, Nobili L, et al. Definition and diagnos-
tic criteria of sleep-related hypermotor epilepsy. Neurology. [Internet]. 2016. [cited 2017 Nov 
27];86(19):1834–42. Available from: http://www.ncbi.nlm.nih.gov/pubmed/27164717

	22.	Derry CP, Harvey AS, Walker MC, Duncan JS, Berkovic SF. NREM arousal parasomnias and 
their distinction from nocturnal frontal lobe epilepsy: a video EEG analysis. Sleep. [Internet]. 
2009. [cited 2017 Nov 8];32(12):1637–44. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/20041600

	23.	Bisulli F, Vignatelli L, Provini F, Leta C, Lugaresi E, Tinuper P. Parasomnias and nocturnal 
frontal lobe epilepsy (NFLE): Lights and shadows – Controversial points in the differential 
diagnosis. Sleep Med [Internet]. 2011 [cited 2017 Nov 8];12:S27–32. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/22136895

	24.	Ferri R, Rundo F, Bruni O, Terzano MG, Stam CJ. Regional scalp EEG slow-wave synchroni-
zation during sleep cyclic alternating pattern A1 subtypes. Neurosci Lett. 2006;404(3):352–7.

	25.	Castelnovo A, Riedner BA, Smith RF, Tononi G, Boly M, Benca RM. Scalp and source power 
topography in sleepwalking and sleep terrors: a high-density EEG study. Sleep. [Internet]. 
2016;39(10):1815–25. Available from: https://academic.oup.com/sleep/article-lookup/
doi/10.5665/sleep.6162

	26.	Bassetti C, Vella S, Donati F, Wielepp P, Weder B.  SPECT during sleepwalking. Lancet. 
[Internet]. 2000. [cited 2018 Jan 8];356(9228):484–5. Available from: http://www.ncbi.nlm.
nih.gov/pubmed/10981896

	27.	Braun a R, Balkin TJ, Wesenten NJ, Carson RE, Varga M, Baldwin P, et al. Regional cere-
bral blood flow throughout the sleep-wake cycle. An H2(15)O PET study. Brain. 1997;120(Pt 
7):1173–97.

	28.	Terzaghi M, Sartori I, Tassi L, Didato G, Rustioni V, LoRusso G, et al. Evidence of dissoci-
ated arousal states during NREM parasomnia from an intracerebral neurophysiological study. 
Sleep. [Internet]. 2009. [cited 2018 Jan 8];32(3):409–12. Available from: http://www.ncbi.nlm.
nih.gov/pubmed/19294961

	29.	Terzaghi M, Sartori I, Tassi L, Rustioni V, Proserpio P, Lorusso G, et al. Dissociated local arousal 
states underlying essential clinical features of non-rapid eye movement arousal parasomnia: an 
intracerebral stereo-electroencephalographic study. J Sleep Res. [Internet]. 2012. [cited 2018 
Jan 17];21(5):502–6. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22329925

	30.	Oliviero A, Della Marca G, Tonali PA, Pilato F, Saturno E, Dileone M, et al. Functional involve-
ment of cerebral cortex in adult sleepwalking. J Neurol. 2007;254(8):1066–72.

	31.	Desjardins M, Baril A, Desautels A, Marquis L, Soucy J, Montplaisir J, et al. Effects of sleep 
deprivation on brain perfusion patterns in sleepwalkers’ wakefulness and slow wave sleep. 
Sleep [Internet]. Oxford University Press; 2017 [cited 2018 Jan 25];40(suppl_1):A273–4. 
Available from: https://academic.oup.com/sleep/article-lookup/doi/10.1093/sleepj/zsx050.737

	32.	Dang-Vu TT, Zadra A, Labelle M-A, Petit D, Soucy J-P, Montplaisir J.  Sleep deprivation 
reveals altered brain perfusion patterns in somnambulism. Ferri R, editor. PLoS One [Internet]. 
2015 [cited 2018 Jan 25];10(8):e0133474. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/26241047

	33.	Ferentinos P, Paparrigopoulos T. Zopiclone and sleepwalking. Int J Neuropsychopharmacol 
[Internet]. Oxford University Press; 2009 [cited 2018 Jan 25];12(01):141. Available from: 
https://academic.oup.com/ijnp/article-lookup/doi/10.1017/S1461145708009541

T. Baldini et al.

http://www.ncbi.nlm.nih.gov/pubmed/29073634
http://www.ncbi.nlm.nih.gov/pubmed/29073634
http://linkinghub.elsevier.com/retrieve/pii/S1087079207000196
http://www.ncbi.nlm.nih.gov/pubmed/27164717
http://www.ncbi.nlm.nih.gov/pubmed/20041600
http://www.ncbi.nlm.nih.gov/pubmed/20041600
http://www.ncbi.nlm.nih.gov/pubmed/22136895
http://www.ncbi.nlm.nih.gov/pubmed/22136895
https://academic.oup.com/sleep/article-lookup/doi/10.5665/sleep.6162
https://academic.oup.com/sleep/article-lookup/doi/10.5665/sleep.6162
http://www.ncbi.nlm.nih.gov/pubmed/10981896
http://www.ncbi.nlm.nih.gov/pubmed/10981896
http://www.ncbi.nlm.nih.gov/pubmed/19294961
http://www.ncbi.nlm.nih.gov/pubmed/19294961
http://www.ncbi.nlm.nih.gov/pubmed/22329925
https://academic.oup.com/sleep/article-lookup/doi/10.1093/sleepj/zsx050.737
http://www.ncbi.nlm.nih.gov/pubmed/26241047
http://www.ncbi.nlm.nih.gov/pubmed/26241047
https://academic.oup.com/ijnp/article-lookup/doi/10.1017/S1461145708009541


141

	34.	Joncas S, Zadra A, Paquet J, Montplaisir J. The value of sleep deprivation as a diagnostic tool in 
adult sleepwalkers. Neurology [Internet]. American Academy of Neurology; 2002 [cited 2018 
Jan 25];58(6):936–40. Available from: http://www.ncbi.nlm.nih.gov/pubmed/11914411

	35.	Stallman HM, Kohler M, White J.  Medication induced sleepwalking: a systematic review. 
Sleep Med Rev [Internet]. Elsevier; 2018 [cited 2018 Jan 25];37:105–13. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/28363449

	36.	Guilleminault C, Palombini L, Pelayo R, Chervin RD.  Sleepwalking and sleep terrors 
in prepubertal children: what triggers them? Pediatrics. [Internet]. 2003. [cited 2018 Jan 
11];111(1):e17–25. Available from: http://www.ncbi.nlm.nih.gov/pubmed/12509590

	37.	Huttenlocher P, de Courten C. The development of synapses in striate cortex of man. Hum 
Neurobiol. 1987;6(1):1–9.

	38.	Tassinari CA, Gardella E, Cantalupo G, Rubboli G. Relationship of central pattern genera-
tors with parasomnias and sleep-related epileptic seizures. Sleep Med Clin [Internet]. Elsevier; 
2012 [cited 2018 Jan 11];7(1):125–34. Available from: http://linkinghub.elsevier.com/retrieve/
pii/S1556407X12000045

	39.	Pillmann F. Complex dream-enacting behavior in sleepwalking. Psychosom Med. [Internet]. 
2009. [cited 2018 Jan 25];71(2):231–4. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/19073753

	40.	Nielsen TA. A review of mentation in REM and NREM sleep: “Covert” REM sleep as a pos-
sible reconciliation of two opposing models. Behav Brain Sci [Internet]. Cambridge University 
Press; 2000 [cited 2018 Jan 25];23(6):S0140525X0000399X. Available from: http://www.jour-
nals.cambridge.org/abstract_S0140525X0000399X

	41.	Zadra A, Desautels A, Petit D, Montplaisir J. Somnambulism: clinical aspects and pathophysi-
ological hypotheses. Lancet Neurol [Internet]. Elsevier; 2013 [cited 2018 Jan 25]:285–94. 
Available from: https://www.sciencedirect.com/science/article/pii/S1474442212703228

	42.	Muzet A. Alteration of sleep microstructure in psychiatric disorders. Dialogues Clin Neurosci. 
2005;7:315–21.

	43.	Terzano MG, Parrino L, Sherieri A, Chervin R, Chokroverty S, Guilleminault C, et al. Atlas, 
rules, and recording techniques for the scoring of cyclic alternating pattern (CAP) in human 
sleep. Sleep Med [Internet]. 2001 [cited 2018 Jan 16];2(6):537–53. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/14592270

	44.	Daroff RB, Jankovic J, Mazziotta JC, Pomeroy SL. Chapter 102: Sleep and its disorders. In:  
Bradley’s neurology in clinical practice. 7th ed. London: Elsevier; 2016. p. 1615–85.

	45.	Perrault R, Carrier J, Desautels A, Montplaisir J, Zadra A. Electroencephalographic slow waves 
prior to sleepwalking episodes. Sleep Med. 2014;15(12):1468–72.

	46.	Zucconi M, Oldani A, Ferini-Strambi L, Smirne S. Arousal fluctuations in non-rapid eye move-
ment parasomnias: the role of cyclic alternating pattern as a measure of sleep instability. J Clin 
Neurophysiol. [Internet]. 1995. [cited 2018 Jan 16];12(2):147–54. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/7797629

	47.	Heidbreder A, Stefani A, Brandauer E, Steiger R, Kremser C, Gizewski ER, et al. Gray matter 
abnormalities of the dorsal posterior cingulate in sleep walking. Sleep Med [Internet]. Elsevier; 
2017 [cited 2018 Jan 25];36:152–5. Available from: https://www.sciencedirect.com/science/
article/pii/S1389945717302162

	48.	Lopez R, Jaussent I, Scholz S, Bayard S, Montplaisir J, Dauvilliers Y. Functional impairment in 
adult sleepwalkers: a case-control study. Sleep [Internet]. 2013 [cited 2018 Jan 8];36(3):345–51. 
Available from: https://academic.oup.com/sleep/article-lookup/doi/10.5665/sleep.2446

	49.	Hublin C, Kaprio J, Partinen M, Heikkilä K, Koskenvuo M.  Prevalence and genetics of 
sleepwalking: a population-based twin study. Neurology. [Internet]. 1997. [cited 2018 Jan 
8];48(1):177–81. Available from: http://www.ncbi.nlm.nih.gov/pubmed/9008515

	50.	Lecendreux M, Bassetti C, Dauvilliers Y, Mayer G, Neidhart E, Tafti M. HLA and genetic 
susceptibility to sleepwalking. Mol Psychiatry [Internet]. 2003 [cited 2018 Jan 10];8(1):114–7. 
Available from: http://www.ncbi.nlm.nih.gov/pubmed/12556916

	51.	Licis AK, Desruisseau DM, Yamada KA, Duntley SP, Gurnett CA.  Novel genetic find-
ings in an extended family pedigree with sleepwalking. Neurology. [Internet]. 2011. [cited 

9  Neurobiology of Parasomnias

http://www.ncbi.nlm.nih.gov/pubmed/11914411
http://www.ncbi.nlm.nih.gov/pubmed/28363449
http://www.ncbi.nlm.nih.gov/pubmed/12509590
http://linkinghub.elsevier.com/retrieve/pii/S1556407X12000045
http://linkinghub.elsevier.com/retrieve/pii/S1556407X12000045
http://www.ncbi.nlm.nih.gov/pubmed/19073753
http://www.ncbi.nlm.nih.gov/pubmed/19073753
http://www.journals.cambridge.org/abstract_S0140525X0000399X
http://www.journals.cambridge.org/abstract_S0140525X0000399X
https://www.sciencedirect.com/science/article/pii/S1474442212703228
http://www.ncbi.nlm.nih.gov/pubmed/14592270
http://www.ncbi.nlm.nih.gov/pubmed/14592270
http://www.ncbi.nlm.nih.gov/pubmed/7797629
http://www.ncbi.nlm.nih.gov/pubmed/7797629
https://www.sciencedirect.com/science/article/pii/S1389945717302162
https://www.sciencedirect.com/science/article/pii/S1389945717302162
https://academic.oup.com/sleep/article-lookup/doi/10.5665/sleep.2446
http://www.ncbi.nlm.nih.gov/pubmed/9008515
http://www.ncbi.nlm.nih.gov/pubmed/12556916


142

2018 Jan 8];76(1):49–52. Available from: http://www.neurology.org/cgi/doi/10.1212/
WNL.0b013e318203e964

	52.	Bisulli F, Vignatelli L, Naldi I, Licchetta L, Provini F, Plazzi G, et al. Increased frequency of 
arousal parasomnias in families with nocturnal frontal lobe epilepsy: a common mechanism? 
Epilepsia. [Internet]. 2010. [cited 2017 May 23];51(9):1852–60. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/20477848

	53.	Hoda J, Gu W, Friedli M, Phillips HA, Bertrand S, Antonarakis SE, et al. Human nocturnal 
frontal lobe epilepsy: pharmacogenomic profiles of pathogenic nicotinic acetylcholine receptor 
β-subunit mutations outside the ion channel pore. Mol Pharmacol. 2008;74(2):379–91.

	54.	Combi R, Dalprà L, Ferini-Strambi L, Tenchini ML. Frontal lobe epilepsy and mutations of the 
corticotropin-releasing hormone gene. Ann Neurol. 2005;58(6):899–904.

	55.	Howell MJ, Schenck CH, Crow SJ. A review of nighttime eating disorders. Sleep Med Rev. 
[Internet]. 2009. [cited 2018 Jan 11];13(1):23–34. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/18819825

	56.	Fleetham JA, Fleming JAE. Parasomnias. CMAJ [Internet]. Canadian Medical Association; 
2014 [cited 2017 Nov 3];186(8):E273–80. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/24799552

	57.	Chiaro G, Caletti MT, Provini F. Treatment of sleep-related eating disorder. Curr Treat Options 
Neurol. 2015;17(8):361.

	58.	Howell MJ, Schenck CH. Restless nocturnal eating: a common feature of Willis-Ekbom syn-
drome (RLS). J Clin Sleep Med [Internet]. 2012 [cited 2018 Jan 11];8(4):413–9. Available 
from: http://www.ncbi.nlm.nih.gov/pubmed/22893772

	59.	Provini F, Antelmi E, Vignatelli L, Zaniboni A, Naldi G, Calandra-Buonaura G, et  al. 
Association of restless legs syndrome with nocturnal eating: a case-control study. Mov Disord. 
2009;24(6):871–7.

	60.	Mahale RR, Yadav R, Pal PK. Rapid eye movement sleep behaviour disorder in women with 
Parkinson’s disease is an underdiagnosed entity. J Clin Neurosci. 2016;28:43–6.

	61.	Boeve BF.  REM sleep behavior disorder: updated review of the core features, the RBD-
neurodegenerative disease association, evolving concepts, controversies, and future directions. 
Ann N Y Acad Sci. 2010;1184:15–54.

	62.	Iranzo A, Graus F, Clover L, Morera J, Bruna J, Vilar C, et  al. Rapid eye movement sleep 
behavior disorder and potassium channel antibody-associated limbic encephalitis. Ann Neurol. 
2006;59(1):178–82.

	63.	Cornelius JR, Pittock SJ, McKeon A, Lennon VA, Aston PA, Josephs KA, et  al. Sleep 
manifestations of voltage-gated potassium channel complex autoimmunity. Arch Neurol. 
2011;68(6):733–8.

	64.	Fantini ML, Michaud M, Gosselin N, Lavigne G, Montplaisir J.  Periodic leg movements 
in REM sleep behavior disorder and related autonomic and EEG activation. Neurology. 
[Internet]. 2002;59(12):1889–94. Available from: http://graphics.tx.ovid.com/ovftpdfs/
FPDDNCJCOEEKIG00/fs047/ovft/live/gv024/00006114/00006114-200212240-00015.pdf

	65.	Postuma RB, Gagnon J-F, Montplaisir J. Rapid eye movement sleep behavior disorder as a 
biomarker for neurodegeneration: the past 10 years. Sleep Med. [Internet]. 2013;14(8):763–7. 
Available from: http://www.ncbi.nlm.nih.gov/pubmed/23058689

	66.	Claassen DO, Josephs KA, Ahlskog JE, Silber MH, Tippmann-Peikert M, Boeve BF. REM 
sleep behavior disorder preceding other aspects of synucleinopathies by up to half a century. 
Neurology. 2010;75(6):494–9.

	67.	Iranzo A, Fernández-Arcos A, Tolosa E, Serradell M, Molinuevo JL, Valldeoriola F, et  al. 
Neurodegenerative disorder risk in idiopathic REM sleep behavior disorder: study in 174 
patients. PLoS One. 2014;9(2):e89741.

	68.	Aurora RN, Zak RS, Maganti RK, Auerbach SH, Casey KR, Chowdhuri S, et al. Best practice 
guide for the treatment of REM sleep behavior disorder (RBD). J Clin Sleep Med [Internet]. 
2010;6(1):85–95.

	69.	Luppi PH, Clement O, Valencia Garcia S, Brischoux F, Fort P.  New aspects in the patho-
physiology of rapid eye movement sleep behavior disorder: the potential role of glutamate, 

T. Baldini et al.

http://www.neurology.org/cgi/doi/10.1212/WNL.0b013e318203e964
http://www.neurology.org/cgi/doi/10.1212/WNL.0b013e318203e964
http://www.ncbi.nlm.nih.gov/pubmed/20477848
http://www.ncbi.nlm.nih.gov/pubmed/20477848
http://www.ncbi.nlm.nih.gov/pubmed/18819825
http://www.ncbi.nlm.nih.gov/pubmed/18819825
http://www.ncbi.nlm.nih.gov/pubmed/24799552
http://www.ncbi.nlm.nih.gov/pubmed/24799552
http://www.ncbi.nlm.nih.gov/pubmed/22893772
http://graphics.tx.ovid.com/ovftpdfs/FPDDNCJCOEEKIG00/fs047/ovft/live/gv024/00006114/00006114-200212240-00015.pdf
http://graphics.tx.ovid.com/ovftpdfs/FPDDNCJCOEEKIG00/fs047/ovft/live/gv024/00006114/00006114-200212240-00015.pdf
http://www.ncbi.nlm.nih.gov/pubmed/23058689


143

gamma-aminobutyric acid, and glycine. Sleep Med. [Internet]. 2013;14(8):714–718. Available 
from: http://www.ncbi.nlm.nih.gov/pubmed/23790501

	70.	Mahowald MW, Schenck CH. REM sleep parasomnias. In: Principles and practice of sleep 
medicine [Internet]. Elsevier; 2011 [cited 2017 Nov 3]. p.  1083–97. Available from: http://
linkinghub.elsevier.com/retrieve/pii/B9781416066453000955

	71.	Jones BE. Paradoxical sleep and its chemical/structural substrates in the brain. Neuroscience. 
[Internet]. 1991. [cited 2016 Jan 31];40(3):637–56. Available from: http://www.sciencedirect.
com/science/article/pii/0306452291900026

	72.	Brown RE, Basheer R, McKenna JT, Strecker RE, McCarley RW. Control of sleep and wake-
fulness. Physiol Rev. 2012;92(3):1087–187.

	73.	Luppi PH, Clément O, Fort P.  Paradoxical (REM) sleep genesis by the brainstem is under 
hypothalamic control. Curr Opin Neurobiol. 2013;23(5):786–92.

	74.	Arrigoni E, Chen MC, Fuller PM. The anatomical, cellular and synaptic basis of motor atonia 
during rapid eye movement sleep. J Physiol. 2016;594:5391–414.

	75.	Lu J, Sherman D, Devor M, Saper CB. A putative flip-flop switch for control of REM sleep. 
Nature. [Internet]. 2006. [cited 2015 Sep 21];441(7093):589–94. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/16688184

	76.	Siegel JM, Moore R, Thannickal T, Nienhuis R. A brief history of hypocretin/orexin and nar-
colepsy. Neuropsychopharmacology [Internet] 2001;25(5 Suppl):S14–20. Available from: 
https://doi.org/10.1016/S0893-133X(01)00317-7

	77.	White SR, Fung SJ, Jackson DA, Imel KM. Serotonin, norepinephrine and associated neuro-
peptides: effects on somatic motoneuron excitability. Prog Brain Res [Internet]. 1996 [cited 
2016 Feb 19];107:183–99. Available from: http://www.ncbi.nlm.nih.gov/pubmed/8782520

	78.	John J, Wu M-F, Boehmer LN, Siegel JM.  Cataplexy-active neurons in the hypothalamus. 
Neuron. [Internet]. 2004. [cited 2016 Feb 19];42(4):619–34. Available from: http://www.sci-
encedirect.com/science/article/pii/S0896627304002478

	79.	Siegel JM. Clues to the functions of mammalian sleep. Nature. 2005;437(7063):1264–71.
	80.	McCarley RW.  Mechanisms and models of REM sleep control. Arch Ital Biol [Internet]. 

2004 [cited 2016 Jan 31];142(4):429–67. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/15493547

	81.	Mitani A, Ito K, Hallanger AE, Wainer BH, Kataoka K, McCarley RW. Cholinergic projections 
from the laterodorsal and pedunculopontine tegmental nuclei to the pontine gigantocellular 
tegmental field in the cat. Brain Res. [Internet]. 1988. [cited 2016 Jan 31];451(1–2):397–402. 
Available from: http://www.ncbi.nlm.nih.gov/pubmed/3251602

	82.	McCarley RW, Hobson JA.  Neuronal excitability modulation over the sleep cycle: a struc-
tural and mathematical model. Science. [Internet]. 1975. [cited 2016 Jan 31];189(4196):58–60. 
Available from: http://www.ncbi.nlm.nih.gov/pubmed/1135627

	83.	Hobson JA, McCarley RW, Wyzinski PW. Sleep cycle oscillation: reciprocal discharge by two 
brainstem neuronal groups. Science. 1975;189(4196):55–8.

	84.	Horvath TL, Peyron C, Diano S, Ivanov A, Aston-Jones G, Kilduff TS, et  al. Hypocretin 
(orexin) activation and synaptic innervation of the locus coeruleus noradrenergic system. J 
Comp Neurol. [Internet]. 1999. [cited 2016 Jan 13];415(2):145–59. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/10545156

	85.	Liu R-J, van den Pol AN, Aghajanian GK. Hypocretins (orexins) regulate serotonin neurons 
in the dorsal raphe nucleus by excitatory direct and inhibitory indirect actions. J Neurosci. 
[Internet]. 2002. [cited 2015 Dec 1];22(21):9453–64. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/12417670

	86.	Clément O, Sapin E, Libourel P-A, Arthaud S, Brischoux F, Fort P, et al. The lateral hypotha-
lamic area controls paradoxical (REM) sleep by means of descending projections to brainstem 
GABAergic neurons. J Neurosci. [Internet]. 2012;32(47):16763–74. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/23175830

	 87.	Verret L, Goutagny R, Fort P, Cagnon L, Salvert D, Léger L, et  al. A role of melanin-
concentrating hormone producing neurons in the central regulation of paradoxical sleep. 
BMC Neurosci [Internet]. 2003 [cited 2016 Jan 27];4:19. Available from: http://www.

9  Neurobiology of Parasomnias

http://www.ncbi.nlm.nih.gov/pubmed/23790501
http://linkinghub.elsevier.com/retrieve/pii/B9781416066453000955
http://linkinghub.elsevier.com/retrieve/pii/B9781416066453000955
http://www.sciencedirect.com/science/article/pii/0306452291900026
http://www.sciencedirect.com/science/article/pii/0306452291900026
http://www.ncbi.nlm.nih.gov/pubmed/16688184
http://www.ncbi.nlm.nih.gov/pubmed/16688184
https://doi.org/10.1016/S0893-133X(01)00317-7
http://www.ncbi.nlm.nih.gov/pubmed/8782520
http://www.sciencedirect.com/science/article/pii/S0896627304002478
http://www.sciencedirect.com/science/article/pii/S0896627304002478
http://www.ncbi.nlm.nih.gov/pubmed/15493547
http://www.ncbi.nlm.nih.gov/pubmed/15493547
http://www.ncbi.nlm.nih.gov/pubmed/3251602
http://www.ncbi.nlm.nih.gov/pubmed/1135627
http://www.ncbi.nlm.nih.gov/pubmed/10545156
http://www.ncbi.nlm.nih.gov/pubmed/10545156
http://www.ncbi.nlm.nih.gov/pubmed/12417670
http://www.ncbi.nlm.nih.gov/pubmed/12417670
http://www.ncbi.nlm.nih.gov/pubmed/23175830
http://www.ncbi.nlm.nih.gov/pubmed/23175830
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=201018&tool=pmcentrez&rendertype=abstract


144

pubmedcentral.nih.gov/articlerender.fcgi?artid=201018&tool=pmcentrez&rendertyp
e=abstract

	 88.	Konadhode RR, Pelluru D, Blanco-Centurion C, Zayachkivsky A, Liu M, Uhde T, 
et  al. Optogenetic stimulation of MCH neurons increases sleep. J Neurosci [Internet]. 
2013;33(25):10257–63. Available from: http://www.pubmedcentral.nih.gov/articlerender.fcg
i?artid=3685832&tool=pmcentrez&rendertype=abstract

	 89.	Saito Y, Cheng M, Leslie FM, Civelli O. Expression of the melanin-concentrating hormone 
(MCH) receptor mRNA in the rat brain. J Comp Neurol. [Internet]. 2001. [cited 2016 Feb 
3];435(1):26–40. Available from: http://www.ncbi.nlm.nih.gov/pubmed/11370009

	 90.	Bittencourt JC.  Anatomical organization of the melanin-concentrating hormone pep-
tide family in the mammalian brain. Gen Comp Endocrinol [Internet]. Elsevier Inc.; 
2011;172(2):185–97. Available from: http://www.ncbi.nlm.nih.gov/pubmed/21463631

	 91.	Wu MF, Gulyani SA, Yau E, Mignot E, Phan B, Siegel JM. Locus coeruleus neurons: cessa-
tion of activity during cataplexy. Neuroscience. 1999;91(4):1389–99.

	 92.	Mathis J, Hess CW, Bassetti C. Isolated mediotegmental lesion causing narcolepsy and rapid 
eye movement sleep behaviour disorder: a case evidencing a common pathway in narcolepsy 
and rapid eye movement sleep behaviour disorder. J Neurol Neurosurg Psychiatry [Internet]. 
2007;78(4):427–9. Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?arti
d=2077786&tool=pmcentrez&rendertype=abstract

	 93.	Xi Z, Luning W. REM sleep behavior disorder in a patient with pontine stroke. Sleep Med. 
2009;10(1):143–6.

	 94.	St. Louis EK, McCarter SJ, Boeve BF, Silber MH, Kantarci K, Benarroch EE, et al. Lesional 
REM sleep behavior disorder localizes to the dorsomedial pons. Neurology. 2014;83:1871–3.

	 95.	Plazzi G, Montagna P. Remitting REM sleep behavior disorder as the initial sign of multiple 
sclerosis. Sleep Med. 2002;3(5):437–9.

	 96.	Zambelis T, Paparrigopoulos T, Soldatos CR. REM sleep behaviour disorder associated with 
a neurinoma of the left pontocerebellar angle. J Neurol Neurosurg Psychiatry. 2002;72:821–2.

	 97.	Salsone M, Salvino D, Mazza MR, Mumoli L, Bombardieri C, Quattrone A, et al. Reversible 
deep brain swelling causing REM behavior disorder. Neurology. 2016;86:1360.

	 98.	Braak H, Del Tredici K, Rüb U, De Vos RAI, Jansen Steur ENH, Braak E. Staging of brain 
pathology related to sporadic Parkinson’s disease. Neurobiol Aging. 2003;24(2):197–211.

	 99.	Braak H, Ghebremedhin E, Rüb U, Bratzke H, Del Tredici K. Stages in the development of 
Parkinson’s disease-related pathology. Cell Tissue Res. 2004:121–34.

	100.	Thannickal TC, Lai Y-Y, Siegel JM.  Hypocretin (orexin) cell loss in Parkinson’s disease. 
Brain [Internet]. 2007 [cited 2016 Jan 27];130(Pt 6):1586–95. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/17491094

	101.	Postuma RB, Gagnon J-F, Tuineaig M, Bertrand J-A, Latreille V, Desjardins C, et  al. 
Antidepressants and REM sleep behavior disorder: isolated side effect or neurodegenerative 
signal? Sleep [Internet]. 2013;36(11):1579–85. Available from: http://www.pubmedcentral.
nih.gov/articlerender.fcgi?artid=3792373&tool=pmcentrez&rendertype=abstract

	102.	Arnulf I.  REM sleep behavior disorder: motor manifestations and pathophysiology. Mov 
Disord. 2012;27:677–89.

	103.	Fantini ML, Corona A, Clerici S, Ferini-Strambi L. Aggressive dream content without day-
time aggressiveness in REM sleep behavior disorder. Neurology. 2005;65(7):1010–5.

	104.	Ferri R, Marelli S, Ferini-Strambi L, Oldani A, Colli F, Schenck CH, et  al. An observa-
tional clinical and video-polysomnographic study of the effects of clonazepam in REM sleep 
behavior disorder. Sleep Med. 2013;14(1):24–9.

	105.	Blumberg MS, Plumeau AM. A new view of “dream enactment” in REM sleep behavior 
disorder. Sleep Med Rev. 2016;30:34–42.

	106.	Revonsuo A. The reinterpretation of dreams: an evolutionary hypothesis of the function of 
dreaming. Behav Brain Sci. 2000;23(6):877–901.

	107.	Li SX, Lam SP, Zhang J, Yu MWM, Chan JWY, Liu Y, et al. A prospective, naturalistic fol-
low-up study of treatment outcomes with clonazepam in rapid eye movement sleep behavior 
disorder. Sleep Med. 2016;21:114–20.

T. Baldini et al.

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=201018&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=201018&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3685832&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3685832&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/11370009
http://www.ncbi.nlm.nih.gov/pubmed/21463631
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2077786&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2077786&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/17491094
http://www.ncbi.nlm.nih.gov/pubmed/17491094
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3792373&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3792373&tool=pmcentrez&rendertype=abstract


145

	108.	D’Agostino A, Manni R, Limosani I, Terzaghi M, Cavallotti S, Scarone S. Challenging the 
myth of REM sleep behavior disorder: no evidence of heightened aggressiveness in dreams. 
Sleep Med. 2012;13(6):714–9.

	109.	Limousin N, Dehais C, Gout O, Héran F, Oudiette D, Arnulf I. A brainstem inflammatory 
lesion causing REM sleep behavior disorder and sleepwalking (parasomnia overlap disor-
der). Sleep Med. [Internet]. 2009. [cited 2018 Jan 25];10(9):1059–62. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/19345142

	110.	Provini F. Agrypnia excitata. Curr Neurol Neurosci Rep. 2013;13(4):341.
	111.	Lugaresi E, Provini F. Agrypnia excitata: clinical features and pathophysiological implica-

tions. Sleep Med Rev. [Internet]. 2001. [cited 2018 Jan 30];5(4):313–22. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/12530995

	112.	Ferri R, Lanuzza B, Cosentino FII, Iero I, Russo N, Tripodi M, Bosco P. Agrypnia excitata 
in a patient with progeroid short stature and pigmented Nevi (Mulvihill-Smith syndrome). J 
Sleep Res. 2005;14:463–70.

	113.	Pagel JF, Helfter P.  Drug induced nightmares  – an etiology based review. Hum 
Psychopharmacol. 2003;18(1):59–67.

	114.	Pace-Schott EF, Gersh T, Silvestri R, Stickgold R, Salzman C, Hobson JA. SSRI treatment 
suppresses dream recall frequency but increases subjective dream intensity in normal sub-
jects. J Sleep Res. 2001;10(2):129–42.

	115.	Arnulf I, Uguccioni G, Gay F, Baldayrou E, Golmard J-L, Gayraud F, et al. What does the 
sleeping brain say? Syntax and semantics of sleep talking in healthy subjects and in parasom-
nia patients. Sleep. [Internet]. 2017. [cited 2018 Jan 25];40(11). Available from: http://www.
ncbi.nlm.nih.gov/pubmed/29029239

9  Neurobiology of Parasomnias

http://www.ncbi.nlm.nih.gov/pubmed/19345142
http://www.ncbi.nlm.nih.gov/pubmed/19345142
http://www.ncbi.nlm.nih.gov/pubmed/12530995
http://www.ncbi.nlm.nih.gov/pubmed/29029239
http://www.ncbi.nlm.nih.gov/pubmed/29029239


147© Springer Nature Switzerland AG 2021
L. M. DelRosso, R. Ferri (eds.), Sleep Neurology, 
https://doi.org/10.1007/978-3-030-54359-4_10

Neurobiology of Sleep-Related 
Movements

Michela Figorilli, Monica Puligheddu, Patrizia Congiu, 
Stefan Clemens, and Raffaele Ferri

�Periodic Limb Movements

Periodic limb movements (PLM) are defined as repetitive and somewhat stereo-
typed movements occurring in sleep (PLMS) or wakefulness (PLMW). PLM have 
been described polysomnographically in patients suffering from restless legs syn-
drome (RLS), during both wakefulness and sleep, firstly by Lugaresi and colleagues 
in 1965 [1]. Usually, PLM involve the lower limbs with an extension of the big toe, 
often combined with partial flexion of the ankle, the knee, and sometimes the hip, 
involving several muscles; in 75% of cases, the tibialis anterior (TA) is activated and 
more rarely the muscles of the upper limbs [2]. These movements may be unilateral 
or bilateral and may be associated with cortical and autonomic arousal or an awak-
ening [2, 3]. PLMS are defined as movements lasting from 0.5 to 10  s, with an 
increase in electromyographic (EMG) signal to ≥8 μV above baseline and an inter-
movement interval between two consecutive PLMS (onset-to-onset) of 10–90s [4], 
and finally PLMS sequences are identified by at least four consecutive limb move-
ments with intermovement intervals within this range.

PLMS are found in up to 95% of patients with RLS, but they may occur in other 
sleep disorders, such as narcolepsy, REM sleep behavior disorder (RBD), and 
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obstructive sleep apnea syndrome (OSAS) [2, 5–10]. Moreover, PLMS can be 
observed also in several medical conditions, like cardiovascular disease, end-stage 
renal disease, and depression [11–17]. PLMS have also been observed in patients 
with neurodegenerative diseases, such as Parkinson’s disease (PD) and multiple 
system atrophy (MSA) [18–20]. PLMS are considered to be an identifiable sleep 
disorder, named periodic limb movement disorder (PLMD), when they exceed 15/
hour in adults or 5/hour in children and lead to sleep disruption and daytime conse-
quences and cannot be explained by another sleep disorder or condition [2]. Finally, 
PLMS can be found also in the general healthy population, with a prevalence of 
5–8%, which increases with age [21–23].

The pathophysiology of PLMS is not still completely understood. Given the 
close association of PLMS with RLS and the responsiveness of RLS patients to 
dopamine agonist and iron treatments, dopaminergic impairment has been proposed 
together with iron status depletion, as possible pathological mechanisms [2]. 
However, there are major debates regarding the localization of the neural circuits 
and structures implicated in the pathophysiology of PLMS [24]. Additionally, there 
is increasing evidence of a genetic diathesis implicated in pathophysiology of 
PLMS [2].

�Dopaminergic Dysfunction and Supraspinal Networks

Dopaminergic dysfunction has been implicated in the pathophysiology of PLMS 
associated to RLS and PLMD. Supporting this theory, PET and SPECT studies have 
shown a depletion of striatal D2-subtype dopamine receptor in patients with RLS 
and PLMD [25–27]. Moreover, low doses of dopamine agonists that target the 
inhibitory D2-like receptor subtypes are very effective in suppressing PLMS since 
the first night of treatment [28, 29]. Therefore, the efficacy of these dopamine ago-
nists together with neuroimaging studies indicates that the dopaminergic networks 
in the central nervous system, rather than in the peripheral nervous system, may 
play a role in PLMS pathology [30]. Converging evidence has highlighted a possi-
ble role of the dopaminergic diencephalon-spinal pathway originating from the pos-
terior hypothalamic A11 cell group [31–33]. In contrast, while the basal ganglia 
have often been suspected to be involved in the pathogenesis of PLMS/RLS, there 
is not strong evidence for a direct connection of the dopaminergic basal ganglia to 
the spinal circuits that ultimately generate the movement [34–36].

The original dopaminergic hypothesis for RLS/PLMS, focused mainly around a 
possible hypodopaminergic state in nigrostriatal and spinal cord circuits, has been 
supported by the presence of (1) circadian secretion of dopamine, (2) association 
with iron depletion, and (3) dramatic and immediate response to dopaminergic 
replacement therapy [37, 38]. However, the dopamine metabolites in the CSF have 
not been found to be different between patients and controls [39], while 3-orthymethyl 
dopamine (3-OMD) and homovanillic acid (HVA) have been found to be signifi-
cantly increased in the CSF of RLS patients, suggesting an increased dopamine 
production [40].
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Brain imaging studies have reported controversial findings. The aforementioned 
SPECT and PET studies have shown decreased D2-receptor binding, probably asso-
ciated with both decreased striatal D2 receptors, rather than an increased synaptic 
dopamine associated with a downregulation of D2-receptor [25, 26]. Likewise, 
Fluoro-L-Dopa (fDopa) analysis has shown declined fDopa uptake that indicates a 
fast turnover of dopamine, compatible with an increased dopamine production [41]. 
Overall, neuroimaging studies have shown an increased, rather than decreased, 
dopamine metabolism, suggesting a hyperdopaminergic state behind RLS/PLMS 
[42, 43]. This hyperdopaminergic stimulation might lead to a postsynaptic adjust-
ment that creates relative evening and nighttime dopamine deficits, despite the over-
all increased dopamine [43].

However, beyond the dopamine dysfunction theory, there is some evidence of leg 
movement activity associated with other sleep disorders, such as sleep-related 
breathing disorders, which not always respond to dopamine agonists, suggesting a 
different mechanism that have to be yet fully understood [44, 45].

�Iron Status

Several studies suggest a role for brain iron in RLS and PLMS pathophysiology [2, 
46]. However, the precise mechanism is far from being clearly understood. Iron 
deficiency in the brain may be implicated in cellular loss by oxidative stress and 
modification of lipids, carbohydrates, protein, and DNA, through hydroxyl radical 
production [46, 47]. In fact, iron metabolism in the central nervous system is a cru-
cial factor for several proteins involved in various biochemical processes, such as 
oxidative phosphorylation, myelin production, and the synthesis and metabolism of 
neurotransmitters [47]. Iron is an indispensable cofactor for dopamine production 
via tyrosine hydroxylase [48]. Thus, decreased extracellular dopamine is found in 
iron depletion, suggesting that iron affects the brain dopaminergic transmission in 
different ways and might play a role in RLS and PLMS genesis, leading to spinal 
hyperexcitability [30, 49]. The role of brain iron in the pathogenesis of RLS/PLMS 
has been supported by an in vivo MRI phase analysis, showing reduced iron in the 
substantia nigra, putamen, caudate, and thalamus [50]. However, it is not clear if 
brain iron metabolism impairment is implicated in all cases of RLS/PLMS.

�Striatal and Cortical Hypoadenosinergic State

Recent experimental evidence suggests that brain iron deficiency might be associ-
ated with downregulation of adenosine A1 receptors (A1R) in the striatum and cor-
tex which might provide a link between the alterations of dopaminergic and 
glutamatergic systems in RLS [51]. In fact, adenosine is a main endogenous sleep-
promoting factor and a powerful modulator of both glutamate and dopamine neuro-
transmission. This hypoadenosinergic state might also support a mechanism 
explaining PLMS, secondary to hypersensitivity of cortico-striatal terminals [52]. 
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The adenosine theory has recently received preliminary confirmation from a pro-
spective open-label clinical trial in 13 patients with idiopathic RLS treated with 
dipyridamole, a nonselective inhibitor of adenosine transporters [53]. This study 
showed a significant decrease in PLMS index and PLMS/arousal index after treat-
ment with a single evening dose of 100–400 mg dipyridamole for 8 weeks.

�Spinal Cord

Both spinal and supraspinal mechanisms have been considered for the genesis and 
modulation of PLMS [54–60]. In fact, PLMS can be recorded also in some patients 
with complete spinal transection, even though in these patients only a minority of 
leg movements is actually periodic [57]. Moreover, PLMS resemble the spinal 
defense reflex mechanism that results from enhanced excitability in the flexor-reflex 
arc [31]. PLMS have been regarded as the expression of a so-called central pattern 
generator (CPG) for locomotion, characterized by stereotyped motor patterns pro-
duced by subcortical networks and modulated by phylogenetically recent neocorti-
cal structure [61]. This locomotor CPG is located in lamina VII of the thoracolumbar 
segments of the spinal cord (T12-L2), an area that, together with the motoneurons 
as the final common output of the CNS, receives strong innervation by descending 
dopamine fibers, presumably from the A11 cluster (Fig. 10.1) [62–64]. Thus, supra-
spinal pathways might act in a complex and coordinated synergy, producing an 
excitatory effect onto the spinal CPG that controls locomotion [65].

Furthermore, some authors have proposed an alteration in the hypothalamic/
diencephalospinal (A11 area) dopaminergic tract that modulates the excitability of 
different neuronal populations, such as neurons of the dorsal horns and motoneural 
sites, suggesting a spinal dopamine dysfunction [32, 33]. Therefore, it has been 
postulated that PLMS originate from a sleep-related dysfunction of descending 
inhibitory dopamine pathways, resulting in a spinal hyperexcitability, due to a low-
ered inhibition [33, 56]. The responsiveness of PLMS to dopaminergic treatment, 
together with the presence of dopaminergic terminals in the spinal dorsal and ven-
tral horns, supports the theory of a role of dopamine in the spinal motor control 
mechanism [33]. However, it seems reasonable that spinal generators are modulated 
and integrated in a more complex network, involving also supraspinal and supraten-
torial structures. In fact, PLMS have been reported in patients with lesions interrupt-
ing the descending supraspinal pathways, like subcortical stroke or subcortical and 
demyelinating lesions [66–69]. PLMS are frequently synchronized with the sleep 
EEG oscillation known as cyclic alternating pattern (CAP), which is not modified 
after dopaminergic therapy [70, 71]. CAP is a physiological NREM sleep periodic 
EEG activity, characterized by repeated spontaneous sequences of transient events 
(phase A), separated by return to background activity intervals (phase B) with dura-
tion up to 60 s (Fig. 10.2) [72]. This synchronization can be lost in patients with 
abnormalities of the connection between supraspinal and spinal structures, such as 
in spinal cord traumatic injuries and neurodegenerative diseases [57, 73].
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�Genetic Diathesis

The fact that a family history of RLS confers increased risk for PLMS and PLMD 
suggests a strong genetic predisposition. Genome-wide association studies (GWAS) 
have identified common risk variants in six genomic regions and single-nucleotide 
polymorphism (SNPs), namely, the disease-associated loci contained MEIS1, 
BTBD9, MAP2K5/SKOR1, PTPRD, and TOX3 [74–77]. Among these loci, MEIS1 
has been found to be associated with the strongest risk, odds ratios (ORs) around 2.7 

CPG CPG

A11

DRG

Low threshold
myelinated

Aß-fibers

Inhibitory
interneuron
(“gating”)

High threshold
unmyelinated

C-fibers

Motoneurons

Muscle

Spinal cord areas
with strong DA
innervation

Fig. 10.1  Model of potential interactions of local neural circuits in a cross section of the thoraco-
lumbar spinal cord that control locomotion and their descending modulation by dopaminergic 
fibers. The central pattern generator (CPG) for locomotion is located bilaterally in lamina VII of 
spinal segments T12–L2 (green ovals). Mutual inhibition of the underlying neurons across the 
midline (indicated by line-ball connections) organizes the activity patterns, and the CPG drives the 
motoneurons that control the leg movements. Both dorsal and ventral aspects of the spinal gray 
matter receive dopaminergic input descending from the A11 region of the posterior hypothalamus 
(projection areas indicated by red ovals). Within the dorsal horn, dopamine modulation controls 
the excitability of the high-threshold unmyelinated fibers that originate deep in the leg muscles and 
that likely carry the initial information that underlies the “urge to move” in RLS. These fibers are 
also negatively gated by activation of proprioceptive low-threshold Aß-fibers in the muscles and 
their associated inhibitory interneurons in the dorsal laminae, which is suspected to terminate the 
urge to move. Within the ventral horn, dopamine modulation can control both the locomotor CPG 
circuits and motoneuron excitability. DA dopamine; DRG dorsal root ganglion; CPG central pat-
tern generator
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[74–77]. Different studies have found a relationship between the common RLS-
associated SNP rs3923809 to PLMS in the absence of RLS sensory symptoms, and 
also the authors found an association between PLMS and variants in BTBD9 and 
MEIS1 [78–80]. Conversely, PLMS alone were not related with rs3784709 
(OR = 1.19) or rs3104767 (OR = 1.07), implying that MAP2K5/SKOR1 and TOX3 
may be more profoundly associated with the sensory symptoms of RLS. Further 
studies are needed to asses SNPs for association to PLMS in other disorders or in a 
large cohort of subjects with PLMD.

�Other Theories

Some authors have found that leg movement and leg discomfort are associated 
with functional magnetic resonance imaging (fMRI)-related activation in the thala-
mus and cerebellum [59, 81]. Moreover, PET studies have found enhanced dopami-
nergic and opioid binding in the thalamus [82, 83]. Another study found a positive 
relationship between GABA levels and both PLMS and RLS severity in the thala-
mus and a negative correlation of these measures in the cerebellum [84].

In conclusion, the pathophysiology of PLMS is far from being clearly under-
stood. Converging evidence highlights the hypothesis that PLMS might be regu-
lated in an oscillatory fashion by a complex mechanism involving interactions 
between the central nervous system, the respiratory system, and the cardiovascular 
system. The mutual relationships between these systems are also complex and can-
not be explained by a simple cause/effect relationship. Thus a large variety of events, 
including PLMS, seem to be integrated in a multifaceted oscillatory mechanism that 
modulates their time structure in both physiology and pathology.

Fig. 10.2  Periodic limb movement occurring in synchronization with CAP phase A during sleep 
stage N2
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�Other Leg Motor Activities During Sleep

There are three sleep-related motor events that are pretty similar to each other and 
may represent a different expression of the same phenomenon along a spectrum. In 
fact, they are characterized by small motor activation of the lower limbs, short-
lasting bilateral alternating or unilateral activations (agonist/antagonist), happening 
during sleep or wakefulness, frequently associated with arousal and often in trains.

�Alternating Leg Muscle Activation

Alternating leg muscle activation (ALMA) comprises brief alternating activation of 
the anterior tibialis muscles during sleep or, more frequently, in concomitance of an 
arousal from sleep (Fig. 10.3) [2]. ALMA seems to be a benign motor phenomenon 
without clinical impact, although it is not evident if it represents one of the noctur-
nal motor activities associated with RLS. The neurobiology of ALMA is not com-
pletely elucidated. Some authors speculated that ALMA might be an expression of 
a facilitated spinal central pattern generator for locomotion by descending fibers 
from brainstem serotoninergic nuclei [85]. Another study has shown a reduction in 
the rate of ALMA after treatment with pramipexole, suggesting that the spinal net-
works involved might be modulated by the inhibitory control of dopaminergic net-
works, like RLS and PLMS [86]. Moreover, the existence of ALMA, regardless of 
other sleep disorders, such as sleep apnea, PLMS, or use of antidepressant drugs, 
suggests that ALMA might be modulated by sleep instability, namely, by CAP, in an 
oscillatory fashion [86].

Fig. 10.3  Example of an ALMA event occurring during an arousal from sleep stage N2
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�Hypnagogic Foot Tremor

The hypnagogic foot tremor (HFT) is characterized by a rhythmic movement of feet 
or toes arising during the transition between wakefulness and sleep or during NREM 
sleep stage N1 and/or N2, with a frequency of 1–4 Hz [87, 88]. The pathophysiol-
ogy of HFT is still unknown. Moreover, HFT may be considered to be a benign 
phenomenon without clinical significance.

�High-Frequency Leg Movements

High-frequency leg movements (HFLM) are defined by at least four leg movements 
with 0.3–0.4 Hz frequency, typically unilateral, occurring in all sleep stages and 
also, frequently, during wakefulness [2, 89]. HFLM pathophysiology is yet to be 
explored, and further studies are needed to ascertain its neurobiology and clinical 
implications, such as sleep fragmentation, reduction of daytime performance, and 
cardiovascular and cerebrovascular consequences.

�Excessive Fragmentary Myoclonus

Excessive fragmentary myoclonus (EFM) is characterized by muscle twitches that 
may occur asynchronously, symmetrically, and bilaterally, during wake-sleep tran-
sition or during all stages of sleep [90, 91]. EFM involves mostly distal muscles, 
such as fingers, toes, and corners of the mouth, and twitches are barely visible. EFM 
may be observed incidentally during PSG and resembles the REM twitches [88]. 
EFM pathophysiology and clinical significance is still debated; it is more common 
in the elderly and may occur in up 5–10% of patients with excessive daytime sleepi-
ness and other sleep disorders, like sleep apnea [88]. Recently, Vetrugno et al. [92] 
have shown no neuromuscular abnormalities nor EEG arousal associated to 
EFM. One seminal work has postulated that EFM is originated and modulated by 
the reticulospinal tract [93]. More recently, Raccagni et al. [94] have found EMG 
abnormalities in patients with EFM, such as polyneuropathy, root lesions, and 
benign fasciculation, suggesting a probable peripheral nerve pathology behind EFM.

Finally, there are two main contradictory hypotheses for EFM pathophysiology 
that need to be clarified, namely, brainstem or peripheral nerve dysfunction. There 
is no therapy option available and, indeed, the need for treatment is unclear.

�Propriospinal Myoclonus at Sleep Onset

Propriospinal myoclonus (PMS) at sleep onset is characterized by generalized and 
symmetric jerks, which arise first from spinal axial muscles of the trunk, neck, or 
abdomen and then propagate to more rostral and caudal muscles, through 
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propriospinal polysynaptic pathways [95, 96]. PMS arises from relaxed wakeful-
ness or drowsiness, associated with diffuse alpha EEG activity, and is usually inhib-
ited by mental activation and sleep onset [2]. Some studies have postulated the 
existence of a spinal myoclonus generator at the thoracic level whose hyperexcit-
ability might be associated with functional impairment of the spinal cord [97–99]. 
Moreover, the persistence of this phenomenon during the wake-sleep transition 
might be explained by the loss of supraspinal control over the spinal generator, 
namely, the sleep-related spinal inhibition from brainstem structures, possibly the 
reticular formation [100]. Finally, further studies are needed to determine if there 
are subtle spinal cord alterations behind PMS.

�Sleep Bruxism

Sleep bruxism (SB) is a phenomenon defined by repetitive jaw muscle activity, 
such as clenching/grinding the teeth or bracing or thrusting the mandible, 
occurring during light sleep (NREM stages N1 and N2), and is generally asso-
ciated with arousal from sleep [2]. The neurobiological background of SB 
remains controversial. Originally, SB was supposed to be generated by tooth 
occlusion factors, like disharmony or premature tooth contacts which trigger 
excessive jaw muscle activity [101–103]. However, further studies have shown 
no correlation between dental morphology and SB events and actually have 
shown decreased jaw muscle activity [104, 105]. Nowadays, SB is considered 
to be mainly modulated by the central autonomic nervous system, with psycho-
logical hyperarousal factors and marginal contribution from anatomical factors 
[106–108]. Another hypothesis of SB pathophysiology is based on the influ-
ence of stress and psychological factors [109, 110]. This theory is far from 
being confirmed; however, stress and psychological factors seem to represent a 
risk factor that may predispose, maintain, or exacerbate SB [101, 111]. Genetics 
predisposition for SB is not completely explored, and twin studies have found 
20–50% of variance [112, 113]. Probably, SB is a polygenic pathology with 
several genes and their haplotypes interacting with environmental, psychologi-
cal, and endogenous factors [24].

Recent converging evidence has pointed out the role of the central and auto-
nomic nervous system in the genesis of SB which seems to be centrally medi-
ated and modulated by the autonomic nervous system and brain arousal [24, 
111]. Moreover, other studies have found a relationship between SB and CAP; 
in fact, SB events occur in clusters, are preceded by alpha EEG activity, and are 
associated with transient increases in heart rate and blood pressure [114–117]. 
The autonomic balance during sleep may influence SB events, and cardiovascu-
lar and respiratory factors may modulate SB [118–120]. Finally, SB has been 
found in some patients suffering from other sleep disorders, such as RLS, RBD, 
and sleep apnea.
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�Sleep-Related Rhythmic Movement Disorder

The sleep-related rhythmic movement disorder (RMD) is characterized by repeti-
tive, stereotyped, and rhythmic motor behaviors occurring mainly during drowsi-
ness or sleep [2]. RMD may involve large muscle groups like the head, neck, trunk, 
or limbs, and, depending on which muscles are involved, RMD may be differenti-
ated in subtypes, namely, body rocking, head banging, and head rolling [2]. Different 
types of RMD may happen in the same subject during the same night [121, 122]. 
RMD is primarily observed in children, and it is considered to be a benign phenom-
enon that usually resolves spontaneously. However, patients with RMD may experi-
ence insomnia, parasomnia, and daytime sleepiness, but whether the movements 
cause sleep disturbances is not clear [24]. RMD may be present also during adult-
hood, generally associated with other primary sleep disorders, such as OSAS, RBD, 
narcolepsy, and RLS. The pathophysiology behind RMD is still uncertain and seems 
to be correlated to fluctuations in arousal modulated by central motor pattern gen-
erators of the brainstem [123].

�Sleep-Related Leg Cramps

Sleep-related leg cramps are painful sensations usually in the calf or small muscles 
of the foot, caused by sudden and intense involuntary muscle contraction that leads 
to muscle spasm and hardness for several seconds [2]. Generally, sleep-related leg 
cramps are considered to be an idiopathic condition, but they may be associated 
with other disorders, such as vascular disease, lumbar canal stenosis, cirrhosis, 
hemodialysis, pregnancy, neuromuscular disease, and metabolic conditions. The 
neurobiological mechanism of sleep-related leg cramps is far from being under-
stood. There are some theories that encompass abnormal spinal cord excitability, 
spinal disinhibition, abnormal terminal motor nerve excitability, and increased mus-
cle contraction propagation through cross-activation of adjacent neurons [124, 125].

�Sleep Starts

Sleep starts, also known as hypnic jerks, are a sleep-wake transition disorder and are 
characterized by sudden, brief, simultaneous contractions of the body or one or 
more body segments occurring at sleep onset [2]. This phenomenon may be sponta-
neous or induced by stimuli and is often accompanied by sensory, auditory, or visual 
sensations. Generally, it is considered to be a normal variant and a benign phenom-
enon without clinical consequences. However, when sleep starts are repetitive, 
intense, or frequent, it might represent a cause of distress and insomnia. The patho-
physiology of sleep starts is uncertain, and it seems associated to the modulatory 
system in the brainstem reticular formation and forebrain and is triggered by insta-
bility of the system in the transition from wakefulness to sleep [88, 123].
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�Neck Myoclonus During Sleep

Neck myoclonus during sleep indicates the movement associated with a short stripe-
shaped movement-induced artifact over the EEG leads during REM sleep. This phe-
nomenon has been reported to occur frequently in routine polysomnography, being 
present in >50% of patients, but with a low frequency during the night (1 ± 2.7 per 
hour of REM sleep) and an age-related decline, from younger to older patients 
[126]. However, it has been found also in 35% of healthy sleepers with a rate up to 
8.8/hour in REM sleep; this indicates the uncertain clinical significance of this phe-
nomenon and confirms the probable physiological nature of this phenomenon that 
can be considered to be similar to other phasic motor events of REM sleep, such as 
muscle twitches [127].

However, in particular patient neck myoclonus or similar movements might 
reflect other conditions with a clinical significance. An elderly patient has been 
reported having a “facio-mandibular myoclonus during REM sleep” which 
resembles closely neck myoclonus, but this patient had nocturnal awakenings 
due to biting of the tongue and forceful jaw closings [128]. Another 3-year-old 
boy presenting with alternate brisk head turns to the right and left was found to 
have focal cortical myoclonus localized to the unilateral neck [129]. Finally, 
neck myoclonus has also been reported to occur in periodic sequences mainly 
during NREM sleep, in a fashion similar to that of PLMS; this neck myoclonus 
has probably a different meaning and is not correlated with neck myoclonus 
during REM sleep [130].

�Conclusion

In this chapter, we have described a wide variety of sleep-related movements 
that should be clearly distinguished from sleep-related behaviors, typically 
seen in parasomnia or other disorders, which were not the focus here. Although 
many categories of sleep-related movements involve the lower limbs, it is not 
clear if this is simply due to the fact that leg movements are routinely recorded 
during night polysomnography while other muscle districts are not or if this 
reflects a real preponderance of leg movements over other movements. With 
respect to PLMS in RLS, however, it was reported that leg muscles were the 
muscles most frequently involved; in particular, the tibialis anterior muscle 
was activated in approx. 75% of movements [131]. Table 10.1 summarizes the 
features of the different sleep-related movement disorders listed in this chapter 
and their proposed neurobiological mechanisms; however, in most instances, 
no definite pathophysiological mechanism has been determined, and their clin-
ical significance is still unclear. This points at a need for additional research in 
the future.
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Table 10.1  Summary of sleep-related movement disorders and their neurobiological mechanisms

Disorder Movement features Proposed mechanism(s)
Periodic limb 
movements

Repetitive movements usually involving 
the lower limbs with an extension of the 
big toe, often combined with partial 
flexion of the ankle, the knee, and 
sometimes the hip, unilateral or bilateral, 
lasting from 0.5 to 10 s, at least four 
consecutive movements with interval 
(onset-to-onset) of 10–90 s

Role for dopamine dysfunction, 
iron, genetic diathesis, 
hypoadenosinergic state

Alternating leg 
muscle 
activation

Brief alternating activation (0.5–2 Hz) of 
the anterior tibialis muscles during sleep 
or, more frequently, in concomitance of 
an arousal from sleep

Spinal central pattern generator 
for locomotion facilitated by 
descending fibers from brainstem 
serotoninergic and/or 
dopaminergic nuclei

Hypnagogic 
foot tremor

Rhythmic movement of the feet or toes 
arising during the transition between 
wakefulness and sleep or during NREM 
sleep stage N1 and/or N2, at 1–4 Hz

Benign phenomenon without 
clinical significance

High-frequency 
leg movements

At least four leg movements with 
0.3–0.4 Hz frequency, typically 
unilateral, occurring in all sleep stages 
and also, frequently, during wakefulness

Unknown

Excessive 
fragmentary 
myoclonus

Muscle twitches that may occur 
asynchronously, symmetrically, and 
bilaterally, during wake-sleep transition 
or during all stages of sleep

Brainstem or peripheral nerve 
dysfunction

Propriospinal 
myoclonus at 
sleep onset

Generalized and symmetric jerks, which 
arise first from spinal axial muscles of 
the trunk, neck, or abdomen and then 
propagate to more rostral and caudal 
muscles, through propriospinal 
polysynaptic pathways

Loss of sleep-related supraspinal 
control from brainstem structures 
over the spinal myoclonus 
generator

Sleep bruxism Repetitive jaw muscle activity, such as 
clenching/grinding the teeth or bracing or 
thrusting the mandible, occurring during 
light sleep and generally associated with 
arousal from sleep

Combined role of central 
(arousal) and autonomic nervous 
systems

Sleep-related 
rhythmic 
movement 
disorder

Repetitive, stereotyped, and rhythmic 
motor behaviors occurring mainly during 
drowsiness or sleep

Fluctuations in arousal modulated 
by central motor pattern 
generators of the brainstem

Sleep-related 
leg cramps

Painful sensations usually in the calf or 
small muscles of the foot, caused by 
sudden and intense involuntary muscle 
contraction that leads to muscle spasm 
and hardness for several seconds

Abnormal spinal cord excitability, 
spinal disinhibition, abnormal 
terminal motor nerve excitability, 
and increased muscle contraction 
propagation through cross-
activation of adjacent neurons

Sleep starts Sudden, brief, simultaneous contractions 
of the body or one or more body 
segments occurring at sleep onset

Instability of brainstem 
mechanisms

Neck myoclonus 
during sleep

Movement associated with a short 
stripe-shaped movement-induced artifact 
over the EEG leads during REM sleep

Physiological REM sleep phasic 
motor phenomenon
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Sleep in Seizure Disorders

Silvia Miano

�Introduction

The importance of sleep in epilepsy is well known since ancient times. Aristotele 
wrote that sleep is similar to epilepsy and epilepsy to sleep, and sleep deprivation 
was a known trigger for seizures [1]. At the end of the nineteenth century, Gower 
described patients with seizures exclusively during sleep [2], while the effects of 
sleep on epileptiform discharges (IEDs) were described for the first time by Gibbs 
and Gibbs in 1947 [3, 4]. Nowadays, it is well known that IEDs are activated by 
non-rapid eye movement (NREM) but decrease significantly and are more localized 
during REM sleep [5]. Mirroring the behaviour of IEDs, nocturnal seizures occur 
mostly during stages N1 and N2 NREM and very rarely during REM sleep [6]. The 
majority of generalized seizures occur during sleep-wake transitional states, while 
the majority of frontal lobe seizures occur during sleep. Only 20% of temporal lobe 
seizures occur during sleep. Although the atonia during REM sleep may inhibit the 
motor activation of a seizure, it is not clear how REM sleep really inhibits the ictal 
event or, in the case of temporal lobe seizures, increases the rate of secondary gen-
eralization [5]. In addition, the occurrence of partial seizures induces a suppression 
of REM sleep, lasting for one night, while status epilepticus induces a stronger sup-
pression, lasting for days [5]. Sleep may help to discriminate real seizures from 
psychogenic ones, since the latter do not occur in sleep [6].

When correlated with dim light melatonin onset (DLMO), temporal lobe sei-
zures occurred most frequently 6 hours before DLMO and frontal lobe seizures 
mainly in the 6–12-hour window after the DLMO, suggesting that seizures are syn-
chronized to the circadian rhythm [7]. Information on the circadian nature of sei-
zures can help physicians to choose the right therapies (administered at bedtime), 
including a future possibility of light therapy [6].
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In this chapter, a description of sleep-related epilepsy, along with co-morbidity 
and differential diagnosis with sleep disorders, is presented. The impairment of cog-
nitive capabilities and the role of sleep-epileptic network are also additionally 
discussed.

�Sleep-Related Epilepsy

Specific epilepsies occur primarily during sleep and others primarily upon awaken-
ing. The American Academy of Sleep Medicine created the term sleep-related epi-
lepsy (SRE) to define those epilepsies in which more than 70% of seizures occur 
during sleep [8]. Epilepsies with seizures occurring upon awakening from sleep are 
primary generalized seizures upon awakening and juvenile myoclonic epilepsy 
(JME), while SRE are sleep-related hypermotor epilepsy, benign focal epilepsy of 
childhood with centrotemporal spikes, Panayiotopoulos syndrome, tonic seizures of 
Lennox-Gastaut syndrome, electrical status epilepticus/continuous spike-waves 
during sleep and Landau-Kleffner syndrome.

�Sleep-Related Hypermotor Epilepsy

Nocturnal frontal lobe epilepsy (NFLE) involves the attractive world of sleep [9]. It 
was discovered in Bologna in 1981 when Lugaresi and Cirignotta described five 
patients with frequent and clustering sleep episodes, characterized by bizarre move-
ments and/or dystonic-tonic posturing of the limbs, strongly suspected to be epilep-
tic, considering the optimal response to carbamazepine [10].

NFLE have been recently renamed as sleep-related hypermotor epilepsy (SHE), 
in accordance with a consensus conference of sleep and epileptology experts, who 
defined the diagnostic criteria [11]. The term “nocturnal” was considered mislead-
ing because it implies a circadian rather than a state specificity of the occurrence of 
seizures during sleep. The typical seizures may arise from other cerebral regions 
such as temporal or parietal regions. Finally, the original name did not specify the 
typical clinical hypermotor pattern of seizures [11]. According to the consensus 
conference, SHE is a rare disease, with an estimated prevalence of 1.8/100,000 
individuals, without a gender predominance, and with a peak onset during child-
hood and adolescence. Seizures are abrupt in onset and offset, typically brief (2 
minutes), and have a highly stereotyped hypermotor pattern, usually accompanied 
to vegetative signs, vocalization, emotional facial expression and asymmetric tonic/
dystonic seizures with or without head/eye deviation. Awareness of seizure is com-
mon. More rarely, protracted ambulatory behaviour known as epileptic nocturnal 
wandering (ENW) has been described (lasting more than 2 minutes).

Patients have usually several episodes per night, but this is not regular. Patients 
may also complain of non-restorative sleep and excessive daytime sleepiness.

The majority of patients are of normal intelligence. However, intellectual dis-
ability and behavioural disorders have been reported. Carbamazepine is effective at 
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low doses in two-thirds of patients. Identified aetiologies are heterogeneous and 
include structural anomalies, acquired injuries and genetic causes. When genetic, 
sporadic is the most frequent form. In some patients with drug-resistant SHE, the 
aetiology may involve a surgically treatable lesion, in particular type II focal corti-
cal dysplasia (TFCD), which does not exclude a genetic origin. Nobili et al. found a 
strong association between nocturnal epilepsy and TFCD in drug-resistant epileptic 
patients, ascribed to the particular firing pattern of TFCD during NREM sleep [12]. 
During NREM sleep, the interictal activity is mainly organized in pseudoperiodi-
cally recurrent short bursts of fast discharges, often spreading to surrounding non-
lesion-related regions and subsequently developing into a seizure [13].

A minority of familial cases has a known genetic mutation. Scheffer et  al. 
described a large Australian family with autosomal dominant NFLE (named 
ADNFLE, now renamed ADSHE). CHRNA4 was the first epilepsy gene discov-
ered, coding the alpha4 subunit of the neuronal nicotinic acetylcholine receptor 
(nAChR) [14]. Until now, other mutations in genes (CHRNA2 and CHRNB2) cod-
ing for other subunits (alpha2 and beta2) of the nAChR have been identified [15]. 
The dysfunction of nAChRs is probably at the origin of the additional major neuro-
logical or psychiatric symptoms observed in many patients, such as intellectual dis-
ability, regression, depression, psychosis, aggression and personality disorder [16, 
17]. Furthermore, severe ADSHE has been associated with mutations of the sodium-
activated potassium channel encoded by KCNT1, which is also mutated in a severe 
epileptic encephalopathy with migrating focal seizures of infancy (MFSI). Similarly, 
in some families with ADSHE, mutations have been found in DEPDC5, another 
gene implicated in MFSI, encoding a repressor of the mammalian target of rapamy-
cin (mTOR) pathway, a key regulator of cell growth.

Seizures may be preceded by a sudden arousal or a distinct aura. A warning sen-
sation (consisting of fear, especially associated with epigastric discomfort or déjà 
vu) and auditory aura seem to be more suggestive of a temporal onset [18, 19]. 
Patients with nocturnal insulo-opercular epilepsy often reported viscero-sensitive 
(laryngeal and throat sensations, breathing discomfort, unpleasant or rising epigas-
tric sensations) and somatosensory (unpleasant or electrical paresthesiae, diffused 
or restricted to a small cutaneous area) manifestations and auditory hallucinations. 
Visual hallucinations are indicative of occipital involvement [20]. Infrequent feeling 
of levitation has been described in a patient with cortical dysplasia in the right prae-
cuneus region [21].

Considering that epileptic foci are located in deeper areas of the brain like the 
orbitofrontal or mesial structures, difficult to detect with scalp EEG, stereo-EEG 
studies on patients who underwent surgery have provided much more information 
on the anatomo-electro-clinical correlations of SHE. Patients with an asymmetric 
tonic or dystonic posturing showed an early activation of the supplementary motor 
area and involvement of the posterior mesial and cingulated frontal cortex. Patients 
with hyperkinetic ictal behaviour showed the involvement of mesial-dorsolateral, 
orbitopolar, opercular or larger lobar cortical regions. The epileptic manifestations 
characterized by fear and prolonged organized motor behaviours, i.e., ENW, involve 
the activation of anterior cingulate, orbitopolar and temporal regions. In other 
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words, a network including frontal, and possibly extrafrontal, limbic structures is 
responsible for these complex epileptic manifestations [15, 19]. The increasing 
complexity of ictal motor behaviours reflects a different duration and propagation of 
the discharge within the frontal lobe [15]. Apart from the ictal semiology, a long 
delay (10–20 s) between the electrical and the clinical onset of motor seizure sug-
gests an extrafrontal origin of SHE [19]. Recently a stereo-EEG study revealed that 
the mean electrographic seizure duration was shorter (38.5 sec vs. 61.8 sec), the 
mean elapsed time from EEG onset to the first video detectable movement was 
lower (4.3 sec vs. 9.5 sec), the delay between the first movement and the onset of 
hypermotor manifestation was shorter (2.2  sec vs. 11.4  sec) and the duration of 
clinical manifestation was shorter (32.3 sec vs. 52 sec) in frontal than in extrafrontal 
SHE [22]. Once the hypermotor manifestation began, no differences in seizure phe-
notype were observed, supporting the hypothesis of a seizure induced-frontal 
release of central pattern generators (CPGs) [19, 22].

Even though many of SHE’s core features have been clarified, some critical 
issues remain: the semiological overlap between SHE and sleep disorders is chal-
lenging even for sleep and epilepsy experts (see Fig. 11.1). The behavioural patterns 
of NREM arousal parasomnias, REM behaviour disorders and SHE have some 
similarities. Ictal motor sequences in SHE contain either epileptic features like dys-
tonic posturing and choreic or ballistic movements, either more parasomnic behav-
iours like repetitive rocking or rolling, deambulation and even pseudoperiodic 
patterns [15], reflecting the release of the abovementioned CPGs [23]. CPGs are 
innate motor patterns present in all organisms and localized in the spinal cord and 
mesencephalon pons and bulb, essential for survival [24]. In adults, these motor 
sequences are normally under the control of the mature neopallium but may re-
emerge during transient loss of neocortical control, such as during an epileptic sei-
zure, cerebral anoxia or parasomnia [23]. Many of these behaviours should be 
automatically present when the neomammalian cortex is still “in progress”. Indeed 

Fig. 11.1  Paroxysmal arousal from N3: dissociative state with slow frontal rhythm activity, mixed 
activity posteriorly and dystonic posture
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alimentary, locomotory and grasping behaviours occur “spontaneously” in foetuses 
and newborns [25]. This hypothesis is supported by the widely acknowledged exis-
tence of different frontal-subcortical circuits reciprocally connecting frontal lobe, 
striatum, globus pallidus/substantia nigra and thalamus in humans [8, 26]. Another 
critical topic challenging the differential diagnosis is the high prevalence of arousal 
disorders in the personal and family histories of patients with SHE, suggesting a 
common impairment of the pathway controlling physiologic arousal for both condi-
tions [15]. Stereo-EEG case studies revealed a specific dissociative pattern during a 
NREM sleep parasomnia, with increased sleep-like delta waves over fronto-parietal 
associative networks, spindles in the hippocampus and wake-like patterns over 
motor cortex and limbic structures. A GABAergic and nociceptive dysfunction has 
been hypothesized, similar to SHE, and a similar increase of sleep instability during 
slow wave sleep responsible for triggering the episodes was found [27]. Other find-
ings showed a significant overlap between NFLE and parasomnias; muscle and 
movement artefact, rhythmic non-epileptiform θ or δ activity (arousal patterns) over 
the frontal regions and diffuse attenuation in EEG amplitude (a manifestation of 
seizure onset or state change) are common findings in both conditions, and did not 
have a real discriminatory value [28] (Fig. 11.1).

Two instruments have been developed to help clinicians to discriminate para-
somnia from SHE: the Frontal Lobe Epilepsy and Parasomnias (FLEP) scale [29] 
and the Structured Interview for NFLE [30]. The FLEP scale was found to be asso-
ciated with a real risk of misdiagnosis in some patients, especially subjects present-
ing ENWs, which were misinterpreted as arousal parasomnias, lowering sensitivity; 
meanwhile, in patients with REM behaviour disorder, the scale gave misleading 
epileptic diagnosis, lowering its specificity [31].

�The Clinical Spectrum of Benign Epilepsy During Sleep

Based on the current knowledge, some authors postulated the concept of “system 
epilepsies”, responsible of the clinical spectrum of benign epilepsy during sleep [32].

Panayiotopoulos syndrome (PS) is a common idiopathic childhood-specific epi-
lepsy, characterized by seizures, often prolonged, with predominantly autonomic 
symptoms and shifting and/or multiple foci, often with occipital predominance on 
EEG [32]. Onset is from age 2 to 11 years. The hallmark of PS is ictal autonomic 
emesis, associated to other autonomic manifestations, such as pallor, sphincteric 
incontinence, hypersalivation, cyanosis, mydriasis or miosis, coughing, abnormali-
ties of intestinal motility, breathing, cardiac irregularities and syncopal-like mani-
festations [32]. PS is a model of childhood autonomic epilepsy [33] (Fig. 11.2).

Benign epilepsy with centrotemporal spikes (BECTS), also called self-limited 
epilepsy with centrotemporal spikes or childhood epilepsy with centrotemporal 
spikes (CECTS), is the most common type of focal epilepsy in children, presumably 
genetic. Age of onset ranges from 1 to 14 years, and the prevalence is about 15–20% 
of epilepsy in children younger than 15 years of age [34]. BECTS is characterized 
by infrequent hemifacial sensorimotor seizures during sleep, which may 
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secondarily generalize in half of the cases or rarely induce a status epilepticus, usu-
ally reflecting non-lesion cortical excitability from Rolandic regions. These seizures 
are often associated with oro-pharyngo-laryngeal symptoms, such as making 
strange noises, speech arrest and salivation. The seizures predominantly occur dur-
ing sleep, often in the early morning hours; their frequency is low, typically 2–5 
total seizures, but also quite variable, ranging from a single lifetime episode to mul-
tiple seizures per day [35]. Interestingly, children with BECTS may present with 
autonomic seizures referable to PS, while others may alternately have autonomic 
and Rolandic seizures [32]. Drowsiness and sleep increase the rate of discharges, 
and an extreme discrepancy between rarity of seizures and the abundant activity of 
the EEG foci is common [35]. The onset of focal seizures is frequently preceded in 
early childhood by various developmental deficits, including speech dyspraxia and 
impairments in language, literacy, attention and behaviour. These neuropsychologi-
cal deficits cluster in families of BECTS patients, who do not have epilepsy them-
selves [35].

The prognosis is usually excellent, notwithstanding the abovementioned neuro-
psychological deficits. Neuroimaging studies have shown subtle cortical abnormali-
ties in the frontal-temporal, perisylvian and parietal region [36]. It seems that 
neuroimaging abnormalities precede BECTS onset and evolve over time as a marker 
of a more complex cerebral maturation problem, responsible for both seizures and 
learning disabilities [35]. These data suggest an association between BECTS and 
systemic brain disorganization with functional defects in Rolandic areas leading to 
neurocognitive impairments [37].

The atypical evolution of BECTS can result in:

	1.	 Atypical benign childhood focal epilepsy (ABCFE)
	2.	 Status epilepticus of BECTS (SEBECTS)

Fig. 11.2  A case of Panayiotopoulos syndrome, with excessive sweating during sleep, and dys-
lexia. Right centrotemporal sharp waves during sleep with a good response and reduction of spik-
ing with sulthiame, disappearing of sweating and improvement of reading
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	3.	 Landau-Kleffner syndrome (LKS)
	4.	 Epileptic encephalopathy with continuous spikes and waves during sleep (CSWS)

All of the above are considered part of a single spectrum of disorders [34]. 
Notwithstanding epileptic encephalopathies being within the spectrum of CSWS 
syndromes, ABFEC and SEBECTS have a favourable outcome when right thera-
peutic measures are taken. Prognosis of LKS and CSWSS syndrome instead is not 
so good in terms of full recovery [32].

Atypical features in BECTS comprise many clinical and electrophysiological 
findings: seizures only occur in the daytime, are associated to Todd’s paralysis or 
even present as status epilepticus. Besides hemifacial contraction, the seizures may 
present with dysfunctions of the lip, tongue and pharynx, including speech arrest, 
dysarthria, excessive drooling, oromotor dyspraxia and swallowing difficulties 
(pseudo-opercular syndrome), further including generalized tonic-clonic seizures, 
atypical absence, myoclonic seizures, atonic seizures and negative myoclonus at a 
later stage (pseudo Lennox-Gastaut). The associated seizures tend to be resistant to 
many antiepileptic drugs; however, they disappear before adolescence, along with 
the neuropsychological deficits. SEBECTS refers to status epilepticus that can be 
convulsive or non-convulsive and either generalized or focal. Although some 
patients remain mentally retarded even after the remission of the seizures, ultimate 
neurocognitive outcome appears good when the disorder is treated [34] (Fig. 11.3). 
The EEG usually shows a marked increase and a bilateral synchronization of epilep-
tiform discharges in the Rolandic area or otherwise ripples (80–250 Hz), superim-
posed on Rolandic spikes [38], which may become continuous during NREM sleep 
or may evolve in CSWS. Recently, two types of HFO have been distinguished: (a) 
ripples with slower frequency (80–160 Hz) as physiological activity and (b) fast 
ripples with higher frequency (200–500 Hz) as a pathological activity, associated 
with epilepsy [39]. Spike dipole was directed anteriorly in patients with good 

Fig. 11.3  Example of atypical benign epilepsy with centrotemporal spikes, attention deficit dis-
orders and obstructive sleep apnoea, with remission of attention disorders and improvement of 
epileptiform activities after treatment with ethosuximide and adenotonsillectomy
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outcome (seizure control), whereas dipole orientation headed posteriorly was 
observed in patients with poor seizure control or neurocognitive deficits [40].

LKS, known as acquired epileptic aphasia, is an epileptic encephalopathy char-
acterized by various types of seizures and insidious or sudden-onset acquired apha-
sia with verbal auditory agnosia. More than half of these children have problems 
with receptive language, auditory processing, auditory working memory and verbal 
memory, as well as learning difficulties and attentional and behavioural problems. 
Benign EEG patterns, like focal epileptiform discharges, may evolve into CSWS 
sleep in about half of children with LKS. Adequate and early medical intervention 
may avoid language and cognitive impairments. Acquired opercular epilepsy with 
oromotor dysfunction is a condition that is difficult to categorize because the clini-
cal features look similar to SEBECTS and LKS [34].

Epileptic encephalopathy with CSWS is a rare childhood epilepsy syndrome and 
may represent between 0.2% and 2% of the epilepsies. Tassinari et al. first intro-
duced these terms in 1977 [41]. CSWS is the extreme end of atypical BECTS. The 
onset of seizures varies, but the seizures tend to peak at about 5 years of age, before 
evolving into epileptic encephalopathy within 1–2 years. Seizure types are not spe-
cific. Linguistic, neurocognitive decline and neuropsychiatric features are com-
monly associated with this condition. It appears that the longer the duration of 
CSWS, the poorer the outcome is [34]. The EEG pattern at time of diagnosis shows 
almost continuous slow (typically 1.5–3 Hz) spikes and waves, seen in slow sleep. 
Some authors provide percentages of slow wave sleep that must be occupied by 
continuous spikes and waves, e.g., >50% or >85%. The Commission on Classification 
and Terminology of the International League Against Epilepsy (1989) does not 
require these criteria [42]. A recent review found that approximately 68% of the 
cases were diagnosed with CSWS epilepsy-aphasia spectrum when they had spike-
wave index >50% clearly activated during sleep [43]. The abnormal EEG activity 
interferes with sleep-related physiological functions and possibly neuroplasticity 
processes mediating higher cortical functions, such as learning and memory con-
solidation [44]. CSWS can concur with other syndromes like Rett syndrome, tuber-
ous sclerosis complex and autism spectrum disorder [43]. The underlying aetiology 
is unknown although brain malformations, immune disorders and genetic factors 
have been reported. Immunity disorders with evidence of onconeuronal antibodies 
have been reported [43]. The SCN2A gene encodes subunits of voltage-gated 
sodium channel, whereas KCNB1, KCNQ2 and KCNA2 genes encode for subunits 
of the potassium channel which is highly expressed in brain neurons. The GRIN2A 
gene encodes N-methyl-D-aspartate (NMDA) glutamate receptor α2 subunit. The 
NMDA receptor is a glutamate-activated ion channel permeable to sodium, potas-
sium and calcium and found at excitatory synapses throughout the brain. CNKSR2 
gene encodes connector enhancer of KSR2 which is a synaptic protein involved in 
Ras signalling-mediated neuronal proliferation, migration and differentiation. The 
SLC6A1 gene encodes voltage-dependent gamma-aminobutyric acid (GABA) 
transporter 1 (GAT-1), one of the main GABA transporters in the central nervous 
system. Several mutations (in terms of copy number variations) of these transporters 
have been found in CSWS epilepsy-aphasia spectrum. Therefore, channelopathy 
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may play a major role in pathogenesis of CSWS/epilepsy-aphasia spectrum [43, 
45]. The recommendation is to avoid the classic AEDs (phenobarbital, phenytoin 
and carbamazepine) and some of the new AEDs, such as oxcarbazepine, lamotrig-
ine, topiramate and levetiracetam and to start treatment with ethosuximide, benzo-
diazepines or sulthiame. In refractory cases, a ketogenic diet, corticosteroids such as 
methylprednisolone pulse therapy or dexamethasone, intravenous immunoglobulin 
and even surgical interventions are suggested [32, 34].

�Sleep Macrostructure

Epilepsy per se and/or the seizures themselves may promote sleep disruption and 
significantly affect the quality, quantity and the architecture of sleep [46]. Increased 
sleep fragmentation and higher percentage of wakefulness and light sleep, with a 
decrease in SWS and REM sleep, are common polysomnographic findings in indi-
viduals with epilepsy [47, 48]. When seizures occur during the nocturnal period, in 
addition to a decrease in the duration of REM sleep and increase in REM sleep 
latency, sleep efficiency and total sleep time drop, causing sleep fragmentation [49]. 
Generally, a good outcome and response to treatment is accompanied with a signifi-
cant amelioration of sleep quality, as it has been demonstrated in children with 
childhood absence epilepsy [50].

Few data are available on sleep macrostructure alterations related to specific epi-
leptic syndromes.

In a group of patients with SHE, a significant increase in wake after sleep onset, 
SWS duration and REM latency were found, whereas REM sleep duration was sig-
nificantly lower [51].

A systematic review and meta-analysis of the polysomnographic aspect of sleep 
in children with epilepsy with centrotemporal spikes showed a longer sleep latency 
as the strongest outcome associated to the epilepsy [52]. Some studies report that 
children affected by symptomatic partial epilepsy show permanent modifications in 
sleep architecture, including a significant decrease of slow wave sleep [53, 54, 55].

�Sleep Microstructure

During NREM sleep, phasic EEG events, such as K-complexes, vertex waves, delta 
wave bursts, and short-lasting arousals, show a peculiar time arrangement, indicated 
as ”cyclic alternating pattern” or CAP. CAP has been described as consisting of 
transient complexes (phase A) that periodically interrupt the tonic theta/delta activi-
ties of NREM sleep (phase B). Functionally, CAP is thought to translate a condition 
of sustained arousal instability oscillating between a greater arousal level (phase A) 
and a lesser arousal level (phase B). CAP oscillations are maximally expressed over 
the frontal areas [56] and may imply that epileptogenic foci could be more prone to 
be activated by these oscillatory mechanisms. CAP has been analysed in several 
forms of epilepsy. In genetic generalized epilepsy, a higher CAP rate is reported, 
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along with spikes occurring during phase A1, and similar findings have been 
reported in lesional temporal lobe epilepsy. In patients with SHE, a significant 
increase of CAP time, CAP rate, CAP cycles and mean duration of a CAP sequence 
has been reported, with a significant increase in the number of all CAP phase A 
subtypes and, in particular, of A1 subtype. The majority of the motor epileptic 
events are associated with the occurrence of phase A [51, 57], although the minor 
motor events, coupled to arousal and CAP A phases, have not been considered true 
epileptic manifestations [58].

In children with BECTS, CAP analysis showed reduced CAP instability due to 
the presence of spikes which replaced phase A1 and suggested that the centrotem-
poral spikes may disrupt the physiological synchronization mechanism [59], in con-
trast with children with drug-resistant epilepsy, in whom an increase of CAP rate 
was found [55, 60].

�Sleep Disorders, Co-morbidity, Differential Diagnosis 
and Consequences

Approximately one-third to one-half of patients with epilepsy will have a sleep-
related complaint. Co-morbid sleep disorders may aggravate the epileptic state, 
facilitating spikes as well as nocturnal seizures, increasing daytime sleepiness and 
reducing quality of life [61]. Studies regarding epilepsy and sleep disturbances fre-
quently lack descriptive and statistical analysis for specific sleep disorders (such as 
insomnia, parasomnia and sleep apnoea) and rather focus on sleep complaints and 
sleep quality more generally [62]. The most common sleep-wake complaint among 
adults with epilepsy is sleep maintenance insomnia, occurring with a prevalence of 
up to 79%, whereas the second sleep-wake complaint is excessive sleepiness [62]. 
Complaint of insomnia or sleepiness in adults with epilepsy warrants consideration 
of co-morbid depression, anxiety and suicidal ideation [61, 63]. Insomnia severity 
and poor sleep quality may be significantly related to the number of antiepileptic 
medications, and amelioration of insomnia is accompanied by remission of [61]. 
Specific evidence for the usefulness of cognitive behavioural therapy for insomnia 
(CBTi) in epilepsy is currently lacking. CBTi can be recommended as an initial 
treatment strategy although sleep restriction should be considered cautionary in epi-
leptic population [61].

Despite the increase in studies regarding sleep disorders in children with epi-
lepsy over the last decade, none evaluated insomnia as the primary endpoint, and 
few assessed risk factors and treatment outcomes related to sleep disturbances [62]. 
Insomnia symptoms were more common in children with epilepsy and developmen-
tal delay [62], mostly related to bedtime resistance and co-sleeping. Higher fre-
quency of co-sleeping and room sharing in epileptic children could be explained by 
parental concern, especially relating to nocturnal seizures [62]. Lower melatonin 
levels have been found in patients with refractory epilepsy compared with healthy 
controls [64], and melatonin has been demonstrated to be an optional treatment for 
insomnia [65]. In a randomized placebo-controlled study, melatonin improved sleep 
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with non-significant improvement in IEDs and seizure frequency [66]. However, 
negative effects have also been noted, including EEG abnormalities in patients with 
temporal lobe epilepsy and increased seizure activity in neurologically disabled 
children.

After the discussion of 26 papers reporting an association between melatonin 
and epilepsy or seizures, a recent review suggests that in view of conflicting results 
from earlier work, more large-scale, double-blind, randomized, placebo-controlled 
clinical trials were needed [67].

Recently, an anecdotal report demonstrated the efficacy of pitolisant, a drug used 
to treat refractory diurnal sleepiness, to suppress generalized IEDs for 4 hours, in 6 
patients out of 14 photosensitive adults [68].

Sleep-related breathing disorders may trigger paroxysmal events during sleep 
and may exacerbate pre-existing seizures. Sleepiness, a common complaint of 
patients with epilepsy that is frequently attributed to antiepileptic drugs, may be 
linked to undiagnosed sleep disorders such as restless legs syndrome or OSA [69]. 
Patients with epilepsy should be questioned about the presence of other sleep disor-
ders, such as OSA, restless legs syndrome (RLS), insomnia and disorders of hyper-
somnia, such as narcolepsy. Although it has not been validated in epilepsy patients, 
the Epworth Sleepiness Scale (ESS) can be used in the evaluation of EDS in epi-
lepsy patients for the presence of these sleep disorders [4].

�Co-morbid Sleep-Disordered Breathing in Epilepsy

Both obstructive sleep apnoea (OSA) and central sleep apnoea (CSA) have been 
reported in epilepsy patients, but CSA has received less attention [61]. At least mild 
severity OSA (AHI ≥5) was found in nearly 30% of patients, while moderate-to-
severe OSA (AHI ≥15) was seen in 10% of patients. Men were three times more 
likely to have OSA [70]. The prevalence of OSA did not significantly differ accord-
ing to seizure type (focal versus generalized seizures), epilepsy control (refractory 
versus controlled epilepsy) or number of antiepileptic drugs [70]. The sleepiness 
and cognitive dysfunction caused by OSA are usually ignored in epilepsy [65]. 
Patients with epilepsy and co-morbid OSA were more likely to experience seizures 
during sleep than patients without OSA; the onset of OSA symptoms may tempo-
rally coincide with a change in seizure control – either an increase in seizure fre-
quency or a new onset of seizures or status epilepticus [61]. PSG should be 
considered when a patient exhibits refractory sleep-related epilepsy [65]. According 
to a recent meta-analysis, epilepsy patients treated with continuous-positive airway 
pressure (C-PAP) were >5 times more likely to have a significant reduction in sei-
zure frequency and daytime sleepiness compared to untreated patients [70]. It has 
been recently described that a 50-year-old man with focal epilepsy controlled by 
AEDs during daytime underwent PSG for suspected OSA and daytime somnolence. 
The video PSG revealed many breathing events appearing immediately after falling 
asleep, suggesting a pattern of so-called sleep-onset central apnoea hypopneas 
(SOCA). Most of the breathing events ended with brief (2–8  s), stereotyped 
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paroxysmal motor episodes characterized by a ventral flexion of the head, eyes 
opening, dystonic upper limb extension and mild abduction. Bilateral frontal syn-
chronous bursts of spikes or 2-Hz spike-wave complexes started around 1 s before 
the onset of each event. Normalization of the respiratory pattern was obtained on 
adaptive servo-ventilation. The motor events also disappeared, and a striking 
improvement of sleep was achieved [71]. Interestingly, successful epilepsy surger-
ies improve OSA symptoms, apnoea hypopnea index and related sleep parameters 
[65]. Treatment with a compound containing carbonic anhydrase inhibitor proper-
ties such as topiramate, zonisamide and acetazolamide may improve both CSA and 
OSA and should be taken into consideration when a sleep respiratory disorder is 
co-morbid to epilepsy [65]. Treatment of excessive daytime sleepiness with 
modafinil is warranted in adults with epilepsy and OSA, which may have benefit 
also in seizure control, reducing the deleterious effect of drowsiness [65].

The relation between OSA and epilepsy is complex, especially in developmental 
age: OSA and epilepsy may be in co-morbidity, or recurrent hypoxia and sleep frag-
mentations may increase the risk to develop epilepsy, and finally OSA may be a mis-
leading diagnosis for epilepsy, and finally OSA as a misleading diagnosis for epilepsy. 
The prevalence of OSA is nearly 40% in children with refractory epilepsy [72, 73]. 
Children with neurodevelopmental disability and epilepsy, with or without specific 
syndromes (such as Angelman syndrome), have higher prevalence of co-morbid OSA 
(more than 30% of cases) and numerous periodic limb movements during sleep (more 
than 40% of cases) [74, 75]. As for adults, the precocious diagnosis and treatment of 
OSA (mostly adenotonsillectomy) may reduce seizure frequency [76].

Few reports showed activation of epilepsy by OSA in children without a previous 
history of epilepsy. A preliminary study showed IEDs during sleep in 18 of 127 
(14.2%) children with OSA.  IEDs during sleep are mostly represented by CTS, 
occipital in the younger and frontal on the older. Children with IEDs and OSA were 
older and had a longer OSAS duration of disease [77]. Considering that PSG record-
ings revealed an epileptiform activity during sleep in 1.45% of otherwise healthy 
children [78], OSA may represent an additional risk factor to develop epilepsy. 
Subjects with IEDs had a high occurrence of perinatal injuries, suggesting the pos-
sibility that a primary brain insult may predispose to both OSAS and the paroxys-
mal EEG activity [77]. Furthermore CAP analysis showed findings similar to 
BECTS: a lower CAP rate and A1 index during SWS and a lower A2 index during 
total NREM sleep, similar to CAP [77]. The same results were replicated in a popu-
lation of 298 children with OSA or snoring: 48 (16.1%) children were found to have 
IEDs, whereas 3 were also found to have nocturnal seizures (2 females diagnosed 
with Rolandic epilepsy and a male diagnosed with SHE). After 6 months, the IEDs 
had disappeared in those subjects who reported improvement of OSA, while it 
appeared or persisted in those without changes in OSA parameters [69]. These find-
ings suggest that the risk of developing IEDs, which may or may not be associated 
with nocturnal seizures, increases if sleep-disordered breathing persists. A similar 
finding was found in a cohort of Spanish children who underwent nap or standard 
PSG for suspected OSA: 6 of 25 met the criteria for sleep-disordered breathing and 
also had PA/IEDs and/or seizure [60]. Four of them (16% of all the samples) met the 

S. Miano



181

criteria for OSAS and epilepsy, with IEDs and seizures during sleep. In one patient, 
the video PSG showed many IEDs with minor motor events, mostly during SWS, 
and a diagnosis of SHE was established. The magnetic resonance imaging (MRI) 
showed signs of focal cortical dysplasia involving the right Sylvian fissure. A fur-
ther two cases met the criteria for BECTS, with partial motor seizures during sleep. 
The last case received a diagnosis of focal symptomatic epilepsy, and the MRI per-
formed after the PSG study revealed the presence of a malacic area on the left sub-
cortical white matter. These results suggest that children with SBD and neurological 
conditions may have an additional risk of developing IEDs and/or epilepsy [60]. 
Another study found higher apnoea hypopnea index in children with BECTS com-
pared to normal control, as well as a trend towards lower oxygen saturation and 
longer duration of apnoea [79].

A case report of an obese child with severe OSA in whom nocturnal frontal lobe 
seizures started within a week after he began nasal C-PAP therapy corroborated the 
hypothesis about a complex relationship between OSA and epilepsy. In this case, 
treatment caused a rebound of SWS, in particular, of slow wave activity, in terms of 
significant increase of A1 component of CAP, triggering motor seizure, which was 
masked by the sleep fragmentation caused by respiratory events. MRI disclosed 
signs of focal cortical dysplasia involving the right inferior frontal circumvolution. 
The diagnosis was NFLE, and antiepileptic treatment was started with topiramate 
(3 mg/kg per day). Topiramate induced a decrease of CAP rate and of arousal index 
(already decreased by ventilation therapy), suggesting that the control of the sei-
zures was mediated by decreasing SWS-CAP sleep instability [80].

Some symptoms of seizures (e.g., snoring and/or apnoea; vocalizations; cough-
ing; tachypnea; tachycardia; bruxism; salivation; and head, body or limb move-
ments during sleep) can mimic OSA, thus leading clinicians to mistake symptoms 
of epileptic seizures for obstructive sleep respiratory events [60, 81], especially in 
patients with SHE from frontal, temporal or insular origin [65]. PSG with extended 
EEG and video is the gold standard tool to evaluate patients with apnoea due to 
suspected seizures [69]. Epilepsy in children can be difficult to diagnose, when the 
only manifestation is central apnoea: in a case report, seizure was documented as 
the cause of apnoea and desaturation in an otherwise healthy 24-month-old child. 
The aetiology of the spells was partial seizures originating in the right anterior mid-
temporal region. In this case, the absence of associated bradycardia to central 
apnoea is a red flag for seizure [81]. Choking, air hunger and agitation, from SWS 
associated to desaturation, were the only symptoms of nocturnal seizure of SHE in 
a 4-year-old girl with a long history for episodes of choking, four to five times per 
night [82]. A similar case diagnosis was described in a 3-year-old girl referred for 
snoring and apnoea, who underwent a cardiorespiratory PSG revealing the presence 
of atypical obstructive sleep apnoea with stereotyped artefact. A following sleep 
EEG revealed a motor seizure with ictal discharge from frontal regions. For this 
reason, she performed a full PSG recording which showed several ictal obstructive 
apnoea before the onset of motor component of the seizures [83]. Parrino et  al. 
demonstrated that an unattended cardiorespiratory PSG showing repeated ictal 
polygraphic patterns may indicate the presence of seizures during the night [84]. A 
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video polysomnography should be performed to confirm the ictal nature of such 
patterns. After being referred for OSA and parasomnias at night, a paediatric 
Spanish cohort of 24 out of 190 children were diagnosed with SHE, because of 
repeated recorded motor seizures demonstrated by the attended PSG recording [85].

�Co-morbid Restless Legs Syndrome (RLS) in Epilepsy

RLS co-morbidity appears to be frequent, yet highly variable, in different epileptic 
patient cohorts, and diagnosis was based on symptoms, ranging from 10% to 30% 
of population investigated [61]. Very rarely, aura symptoms of focal seizures may 
mimic RLS symptoms, as reported in a single case of right posterior frontal focal 
cortical dysplasia that presented with nocturnal unilateral left leg paresthesias and 
cramps that preceded generalized tonic clonic seizures [86].

�Co-morbid Parasomnia in Epilepsy

The NREM parasomnia has been discussed in the differential diagnosis and com-
mon features of SHE. Co-morbidity with REM behaviour disorder (RBD) has been 
poorly described in epilepsy [61]. In one large Turkish outpatient epilepsy-clinic 
cohort [87], 12% of epilepsy patients had probable RBD in response to a survey-
based instrument, compared to only 6% of controls. RBD was relatively frequently 
seen (12.5%), especially in elderly epilepsy patients when systematically investi-
gated for concurrent parasomnias, with RBD prevailing in cryptogenic epilepsy 
[88]. Conversely, 26.6% of patients with idiopathic RBD had interictal epileptiform 
activity on EEG [89]. Rarely, autoimmune encephalitis, especially when paraneo-
plastic, may concomitantly give rise to RBD and focal epilepsy, accompanied by 
other syndromic cognitive, motor or autonomic features typical of limbic encepha-
litis. RBD may be treated with clonazepam or melatonin [61].

�Association of Sleep with Sudden Unexpected Death 
in Epilepsy (SUDEP)

SUDEP is a rare but tragic phenomenon, defined as death in people with epilepsy 
occurring in the absence of a known structural cause of death. The frequency of 
SUDEP is 1.2 per 1000 patient-years in people with epilepsy overall [90].

SUDEP risk factors have been identified, including a major association with 
uncontrolled tonic-clonic seizures, as well as medication non-compliance, male sex, 
epilepsy onset before 16 years and duration of epilepsy >15 years [90]. Patients at 
particularly high risk are those with developmental and epileptic encephalopathies 
due to sodium channel (SCN) gene mutations, such as Dravet syndrome. A recent 
systematic review and meta-analysis found that 69.3% of all reported SUDEP cases 
occurred during sleep and 30.7% of them occurred during wakefulness [91]. Patients 
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were 6.3 times more likely to die in the prone position during sleep than during 
wakefulness. These circumstances of SUDEP are remarkably similar to those of 
sudden infant death syndrome (SIDS) and suggest that sleep might be an important 
risk factor for SUDEP [91]. Nocturnal seizures are associated with more prominent 
autonomic dysfunction than are diurnal seizures. Generalized tonic-clonic seizures 
(GTCS) are the most important risk factor for SUDEP, as they have been observed 
in a vast majority of witnessed and monitored SUDEP cases. The low incidence of 
SUDEP in people with NFLE might reflect the low occurrence of GTCS [91]. In the 
MORTEMUS study, GTCS preceded all SUDEP cases. An expert panel discovered 
a consistent pattern of tachypnea (18–50 breaths per min) immediately after seizure 
termination, which was followed by a transient or terminal cardiorespiratory arrest 
within 3  min [92]. Postictal generalized EEG suppression (PGES) is associated 
commonly with GTCS, with impaired postictal arousal and with immobility, which 
may compromise the brainstem autoresuscitation mechanism [91].

�The Effect of Antiepileptic Drugs (AEDs) on Sleep

The effect of treatment is summarized on Table 11.1 [4]. The effect on sleep archi-
tecture may be mediated by the remission of epilepsy [6]. Ketogenic diet, successful 
epilepsy surgery and vagus nerve stimulator improved nocturnal sleep. The latter 
also improved daytime sleepiness, and it may increase the rise of OSA and central 
apnoeic patterns during sleep [93].

Table 11.1  The effect of antiepileptic treatment of sleep and sleep disorders

Sleep parameter/
disorder Reduction Increase
Sleep onset Benzodiazepines, phenytoin

Gabapentin, phenobarbital
Felbamate (rarely levetiracetam, 
lamotrigine, topiramate, 
zonisamide)

Stage 2 NREM Phenobarbital, benzodiazepines 
(with increase of spindle activity)

Slow wave sleep Benzodiazepines, ethosuximide
Levetiracetam

Gabapentin, pregabalin
Carbamazepine

REM sleep Benzodiazepines, phenytoin
Phenobarbital, carbamazepine

Gabapentin, ethosuximide

Arousals Phenytoin, gabapentin, carbamazepine Phenobarbital
Excessive 
daytime 
sleepiness

Vagus nerve stimulation Phenobarbital, acid valproic, 
levetiracetam

Sleep apnoea Topiramate, zonisamide (both decrease 
weight), acetazolamide (for central 
apnoea)

Benzodiazepines, pregabalin 
(increase weight), valproate 
(increase weight)
Vagus nerve stimulation

Restless legs 
syndrome

Lamotrigine Carbamazepine, gabapentin, 
pregabalin
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Medication selection can be tailored towards sleep complaints. Patients with 
difficulties sleeping at night may benefit from a higher dose of a sedating agent, 
and individuals with hypersomnia may benefit from alerting AEDs during the 
day [4]. If seizures tend to occur during the transition from wakefulness to sleep, 
immediate-release formulations can be more effective than extended-release 
ones, which would be more efficacious in seizures happening later at night or 
during sleep-wakefulness transition [94].

�Sleep and System Epilepsy: The Cognitive Impact

ADHD is the most prevalent neuropsychiatric co-morbidity in epileptic patients, 
especially in the refractory cases, presented in up to 60–70% of patients, worsening 
the psychosocial prognosis [95]. It is less difficult to explain cognitive deficits asso-
ciated with symptomatic epilepsies when they are the result of recognizable cere-
bral lesions rather than of epilepsy per se or inducing encephalopathic epilepsy. 
More difficult to explain is why the so-called idiopathic benign epilepsies are asso-
ciated with cognitive impairment starting at the onset of or during the natural course 
of epilepsy [96].

Over the last years, several new aspects have been elaborated contributing to 
understand better the activation of interictal and ictal epileptic phenomena by sleep: 
the interrelationship between the sleep-wake circuitry and the different epileptic 
networks, and the microstructure of sleep associated with epileptic activation, iden-
tified within the system of CAP [39].

In summary, IED seems to follow either sigma or delta power, depending on 
the type of epilepsy. IED rate (ISR) was correlated with sigma power in child-
hood epilepsy syndromes such as BECTS or CSWS whereas followed delta 
power in adults with structural temporal or frontal epilepsy (inducing decreasing 
or increasing of CAP instability, respectively). Recently, the classical dichotomy 
of partial and generalized epilepsy has been replaced by the unifying network 
concept. The so-called “generalized” epilepsies involve a bilaterally represented 
large cerebral system, namely, the thalamocortical system. “Focal” epilepsies 
involve more or less wide, sometimes bilateral regional circuitries [39]. Activation 
during sleep is related to the network properties of the particular epileptic syn-
dromes, with interference with cognitive process: (1) via the thalamocortical sys-
tem as main route and (2) other ways like (a) frontal epilepsy by epileptic 
transformation of the cholinergic arousal system in NREM sleep and (b) activa-
tion of temporal-limbic epilepsy by NREM and REM sleep via hippocampal 
changes during sleep [39].

In the idiopathic generalized epilepsy (IGE), several studies proved that during 
interictal spike-wave discharges, a transient cognitive impairment is detectable 
[97]. The working mode of the system by which the spike pattern develops is 
proved to be the same that works during NREM sleep opposed to waking and 
REM state [39]. There is a close relationship between vigilance level and 
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expression of spike-wave paroxysms. Spontaneous paroxysms are promoted by 
transitory decreases of vigilance level during awake state, after awakening, after 
lunch, in evening sleepiness, during a boring task and after sleep deprivation [39]. 
Both in deep NREM sleep and in absences the cortical activity is reduced in cer-
tain (mainly frontal) areas. The functional neuroimaging, neurophysiologic and 
clinical data point to the thalamocortical network as a common substrate of 
NREM sleep and IGE. Spike-wave discharges and sleep spindles can also be 
interpreted by the different degrees of GABAergic inhibition in the thalamus. 
According to the slogan of Steriade – “sleep and epilepsy are bedfellows” – spike-
wave discharges of IGE represent the epileptic exaggeration of the bursting mode 
of the thalamocortical system [39]. Association of generalized spike-wave pattern 
in IGE with sleep instability in NREM sleep can be measured by CAP rate, usu-
ally increased, proportional with sleep instability [98].

Heterogeneous cognitive deficits have been described since the 1990s in typi-
cal BECTS, affecting both non-verbal cognitive functions (visual, executive, 
fine motor execution, attention, memory and speed processing) and verbal func-
tions, during the active phase of the epilepsy. BECTS is associated with a high 
frequency of learning disorders (10–40%) and academic underachievement 
[32]. In a prospective study of 44 children with BECTS, the atypical group had 
significant lower full-scale IQ and verbal IQ [99]. Some patients, especially 
those in whom the epileptic process is localized around the perisylvian cortex, 
present with features of autistic spectrum disorder, but unlike primary autism, 
there is no loss of social interaction [100]. Functional magnetic resonance imag-
ing (fMRI) data support a functional deficit of the default mode network (DMN). 
This dysfunction is most apparent in the precuneus, a key region of the DMN. In 
particular, children with BECTS show reduced activation of the DMN during 
the rest condition and a deactivation during cognitive effort. In addition, reduced 
functional connectivity was demonstrated between the sensorimotor network 
and the left inferior frontal gyrus (Broca’s area) [32]. This functional decou-
pling might be a clue to understand language impairment in typical RE and is in 
line with the identified neuropsychological profile of anterior language dysfunc-
tion [101]. The nature and severity of interictal cognitive symptoms are closely 
related to localization within the network and amount of epileptic interictal dis-
charges during sleep [39]. The brain tissue responsible for the disorder is local-
ized around the Sylvian fissure and strongly correlated with speech function and 
cognition. Several authors have reported a higher incidence of nocturnal epilep-
tiform EEG discharges in children with specific language impairment, without 
epilepsy. The benefit of antiepileptic drug treatment remains questionable in 
this case [32].

In PS, a slightly different network is implicated. Autonomic symptoms are usu-
ally generated by activation or inhibition of parts of the central autonomic network 
that involves the insular cortex, medial prefrontal cortex, amygdala, hypothalamus 
and ventrolateral medulla. Thus, irrespective of the localization of their onset, ictal 
discharges may activate the lower threshold autonomic centres [32].
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In benign epilepsy during sleep, the amount and persistence time of interictal 
discharges seem to correlate with the degree of cognitive deficits, and there is a cor-
relation between the degree of spiking during sleep and the degree of cognitive defi-
cits across syndromes. The epileptic discharges are accompanied with a slow wave 
component, associated with cognitive deficits rather than frequent seizures. This 
characteristic situation has been called “cognitive epilepsy”. The slow wave compo-
nents of the discharges may protect against conventional sustained, depolarization-
based seizures but on the other hand interfere with normal cortical functioning. This 
assumption is strongly supported by several new results showing that sleep has a 
use-dependent homeostatic function, connected with sleep slow wave activity, 
needed for the plastic functions, impaired when abundant IEDs interfere. CSWS 
affects auditory discrimination and may have a long-lasting impact on cognitive 
function, whereas in typical children with BECTS with a lower degree of IEDs, 
plastic brain reorganization or the preservation of networks may prevent such diffi-
culty [102] or reduce the impact of cognitive deficits. Slow wave downscaling mea-
suring according to amount of slow wave activity, amplitude of slow waves, slope 
of waves and amount of multipeak waves during night sleep are impaired in CSWS 
patients [102, 103]. After remission of CSWS, the slope decreased significantly 
overnight. Analysis of slow waves might serve as a prognostic factor regarding cog-
nitive outcome [104].

Recently, the characteristic feature of NREM sleep in Lennox-Gastaut syndrome 
(LGS), namely, the runs of generalized paroxysmal fast activity (GPFA), has been 
demonstrated to be a distortion of physiological leading to giant pathological spin-
dles [39]. In Doose syndrome, where GPFA is not present, mental deterioration is 
less frequent and not as severe as in LGS. GPFA may have a special worsening 
effect on memory consolidation and can be considered a malignization marker of 
primary and secondary generalized epilepsies (also induced by benzodiazepine 
drugs and barbiturates) [39].

Temporo-limbic network epilepsy (TLNE) is the most frequent epilepsy type in 
adulthood. The main substrate of TLNE is held to be the hippocampus; however, 
more widespread temporal structural damage plays a role. Within NREM sleep, the 
activation of temporal spiking was found to be the highest during SWS. The char-
acteristic cognitive deficit conjoining TLNE is disturbance in declarative memory, 
due to hippocampal dysfunction which is in a certain extent side specific related to 
verbal memory in the dominant side and to visuospatial memory in subdominant 
side. There are only some lines of evidence for the role of IEDS during NREM 
sleep in the memory deficit interfering with hippocampal-cortical dialog during 
NREM sleep [39].

The role of the frontal lobe during memory process has gained attention in the 
last years: several studies showed that specific areas within the frontal cortex are 
involved in long-term memory, contrary to the traditional view that the frontal lobe 
role is limited to working memory [105]. A systematic neuropsychological study 
on a representative sample of patients affected by SHE showed neuropsychological 
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deficits in more than half of cases (53.33%), associated with mental disability in 
11.7% or a concomitant cognitive decline in 15% of them. A discrepancy strongly 
emerged between verbal and non-verbal IQ, irrespective of lateralization of seizure 
foci. A significant worse total IQ mean score was found in patients carrying muta-
tions in the known genes for SHE compared to patients without mutations, inde-
pendently of the specific gene involved [105]. Even among patients with normal 
intelligence, deficits involving memory, visuospatial abilities and selected execu-
tive functions (phonemic fluency, inhibitory control and working memory), with 
preserved shifting abilities and planning [105], were found. The finding of memory 
deficits can be readily explained by both the possible origin of hypermotor seizures 
from extrafrontal (temporal) networks and the main involvement of frontal areas 
[105]. In the SHE, similar to parasomnia, the ACh mutation within the frontal sys-
tem is mainly affected. The number of microarousal during NREM sleep is 
increased [51], but with opposite function compared to the IGE networks, since the 
cholinergic arousal system inhibits the thalamic reticular activity [39], inducing a 
frontal-temporal altered networking. One study reveals a different network struc-
ture and inter-area connectivity characterized by a higher connectivity in the occip-
itoparietal regions and lower values in the frontal areas [106]. Furthermore, an 
alteration of homeostatic process has been hypothesized in patients with SHE. It 
has been found that ictal events occur almost exclusively in SWS (72%), with a 
predominance in the first sleep cycle and decreasing in frequency together with the 
exponential decay of SWS across the night. In the first sleep period, the repetitive 
interruptions due to epileptic facilitation produce a sleep fragmentation with a sig-
nificant increase of REM latency and a homeostatic rebound of deep sleep in the 
second part of the night, resulting in an unexpected enhancement of SWS. No other 
untreated sleep disorders, including insomnia, share such a long REM latency with 
high amount of SWS [51].

Finally, in humans, only 1% of seizures occurred in REM sleep, and the rate of 
seizures, focal and generalized IEDs and focal high-frequency oscillations (HFOs) 
was all lowest in REM sleep. Cortical desynchronization in REM sleep suppresses 
seizure, IEDs and HFO distribution. Cortical desynchronization makes it harder 
for spontaneously occurring aberrant activity to organize into an IED and then 
harder still for IEDs to organize into seizures [107]. REM sleep has also been 
shown to selectively and persistently rebound after successful surgery of epilepsy. 
The absence of orexinergic activity in REM sleep, which is characterized by dif-
fuse cortical desynchronization, may be overall protective against IEDs and sei-
zures [107]. On the contrary, the presence of orexinergic activity in wakefulness, 
SWS and state transitions, which are characterized by a relatively greater degree 
of cortical synchronization, is overall less protective against IEDs and sei-
zures [107].

In Table 11.2, the different states of vigilance implicated in sleep-related epi-
lepsy, the NREM sleep instability related and the suggested appropriate treatment 
are summarized.
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Sleep in Headaches

Oliviero Bruni

�Introduction

The reciprocal relationship between headache and sleep has been documented in 
medical literature for over a century, and clinical texts highlight the importance of 
sleep as a headache precipitant. The precise nature and magnitude of the headache/
sleep association and underlying mechanisms remain, however, poorly understood [1].

Epidemiology, clinical characteristics, and comorbid disorders of migraine as 
well as the sleep patterns and the clinical manifestations of sleep disorders are 
related to age.

Different clinical evidence supports the existence of mutual relationships 
between sleep and pain, in general. It is well known that noxious stimuli and painful 
disorders interfere with sleep, however; sleep disturbances also affect pain percep-
tion. In fact, sleep deprivation may enhance the response to pain stimuli; moreover, 
sleep restriction is one of the most common triggers of migraine attacks [2]. 
Furthermore sleep represents a well-documented behavioral state related to the 
occurrence of some headache syndromes, and, on the other hand, sleep disorders are 
observed among all headache subgroups.

Both sleep disturbances and headache disorders are widespread health problems 
during childhood: migraine and tension headaches alone occur in approximately 
12% of the pediatric population, and 25% of children have experienced at least one 
type of sleep problem [3].

In the adults, a specific sleep disorder was found in 55% of subjects with onset 
of headache during the night [4], and a direct correlation between sleep disturbance 
and headache severity has been demonstrated [5].
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Sleep disorders are the most frequent comorbid disorders in children with 
migraine, followed by anxiety disorders and depression; further, 66% of migraine 
children with sleep disorders had enduring headache [6]. In younger children with 
immature language and cognitive abilities, migraine descriptors can be missed, or 
sleep disturbances may not be recognized as causative factors for migraine [7], and 
therefore some manifestations related to sleep can be missed or misdiagnosed.

Recent research suggests that infant colic may also fit into the category of child-
hood periodic syndromes like benign paroxysmal torticollis, benign paroxysmal 
vertigo, abdominal migraine, and cyclic vomiting syndrome [8]. These conditions 
are thought to represent early-life expression of migraine genes that later in life are 
expressed as migraine headache.

�Pathophysiological Considerations

The pathophysiological links between headache and sleep are mediated by different 
aspects: common anatomical pathways and genetic mechanisms, same neurotrans-
mitters, and similar chronobiological patterns; finally they might have a bidirec-
tional impact (Table 12.1).

Several neuroanatomical structures are involved in the control of the sleep-wake 
cycle and in the modulation of pain through the action of the serotonergic and dopa-
minergic systems: the trigeminal nucleus caudalis in the pons and midbrain, the 
hypothalamus, the pineal gland, the antinociceptive system represented by the ros-
tral ventromedial medulla oblongata, the serotonergic raphe nuclei, the noradrener-
gic locus coeruleus, and the periaqueductal gray (PAG) matter [9].

The serotonergic and dopaminergic system are involved in the regulation of sleep 
and in the headache pathogenesis.

Table 12.1  Relations 
between sleep and headache

Headache/sleep association
 � Intrinsic origin (modulation through the same 

neurotransmitters)
 � Extrinsic origin (i.e., fibromyalgia syndrome)
 � Reinforcement (bad sleep hygiene)
 � Sleep-related headache (during or after sleep)
 � Sleep stage relationship: REM sleep (migraine, 

cluster), slow-wave sleep (migraine)
 � Sleep as trigger or relieving factor for headache
 � Headache as cause of sleep disruption (e.g., 

attacks occurring during sleep)
 � Comorbidity with sleep disorders (parasomnias, 

restless legs syndrome)
Headache/sleep comorbidities
 � Insomnia
 � Restless legs syndrome and PLMS
 � Parasomnias
 � Narcolepsy
 � Sleep deprivation
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Serotonergic activation is needed in order to maintain the behavioral sleep and 
has a role in the inhibition of REM sleep and in triggering the head pain [10], while 
a dopaminergic receptor hypersensitivity or a dopaminergic imbalance is involved 
in the migraine pathogenesis and could account for awakenings and for the decrease 
in activity and cortical activation in migraine subjects [11]. An imbalance of the 
dopaminergic system is responsible for some premonitory symptoms of migraine, 
such as nausea, yawning, and dizziness [11]. Furthermore dopamine is involved in 
sleep disorders such as restless legs syndrome (RLS) and periodic leg movements 
of sleep (PLMS).

The relation of head pain attacks with events linked to chronobiological timing 
(seasonal, menstrual, and circadian) suggested a hypothalamic involvement and 
also a role of melatonin that resulted in decreased migraine subjects suggesting a 
chronobiological dysfunction in migraineurs with insomnia [12, 13]. Migraine 
attacks showed a circadian periodicity with a peak during the first hours of waking 
(between 4 and 9 AM), a menstrual periodicity with a peak after the onset of men-
ses, and a weak seasonal periodicity [14].

Headache might be a symptom of sleep disturbance and a side effect of sleep- or 
wake-modulating treatments [15, 16].

Sleep deprivation and sleep schedule changes are common headache triggers for 
both migraine and tension-type headache, and even in children, one of the most 
common self-perceived triggers of head pain was the lack of sleep [17]. On the other 
hand, sleep seems efficacious to relieve head pain or terminate the headache attack 
[18, 19]. Frequency of falling asleep during attacks is significantly more common in 
patients <8 years of age than in older children, and in these children, there is higher 
resolution of attacks with sleep [20].

Likewise in adults the most frequent precipitating factors were lack of sleep and 
fatigue but also food and/or drinks, menstruation, heat/cold/weather. Additionally 
sleep disturbances can be premonitory symptoms similar to mood changes and food 
cravings, which can occur many hours before the migraine attack [21].

From a physiological point of view, we could hypothesize that sleep could trig-
ger an autonomic reset that determined the head pain relief [22].

Furthermore, treating headache improves sleep (5-HT, serotoninergic drugs), 
and, conversely, treating sleep improves headache (CPAP treatment, sleep hygiene, 
dopaminergic agents for restless legs syndrome, stimulant for narcolepsy, fibromy-
algia treatment) [12].

�The Specific Links Between Headache and Sleep

The most common sleep complaints in children with headache are represented by 
reduced sleep duration, difficult bedtime settling, longer sleep latency, night awak-
enings, and nocturnal symptoms like nightmares, parasomnias, or restless sleep and 
daytime sleepiness [23–25].

Family history is a strong predictor of the presence of headache or migraine. 
Children with headache reported a higher prevalence of sleep disturbances in 

12  Sleep in Headaches



198

infancy, of colic, and an elevated level of familiarity for migraine or for sleep distur-
bances, showing the presence of a genetic link and of a common neurobiological 
substrate that might act from the beginning of life [26].

The interactions between sleep and headache are mediated by different quantita-
tive and qualitative factors (Table 12.2).

�Sleep Disturbances in Subjects with Headache

Infants with sleep problems have an increased probability for the development or 
persistence of headache. Sleep disorders in the first months of life were found to be 
present in 78% of children with enduring headache vs. 25% of children showing 
headache remission [27]. Furthermore it has been shown that sleep disruption at age 
3 predicted headaches at 6 years [28].

Surveys in large pediatric populations have confirmed the strong association 
between headache and different sleep disorders such as parasomnias, insomnia, 
sleep breathing disorders, and daytime sleepiness [26]. Frequency and duration of 
migraine attacks predicted specific sleep disturbances such as sleep anxiety, para-
somnias, and bedtime resistance [29].

In further support of this association, it has been demonstrated that the lack of 
sleep (69.6%) was the second disorder most commonly reported by children, 
preceded only by stress (75.5% of patients). Accordingly, in a large epidemio-
logic study on childhood migraine, we reported that “a bad sleep” was the pri-
mary predisposing or causative factor for headache attacks followed by emotional 
distress [30].

Following this line of research, infantile colic, which represents one of the earli-
est manifestations of pain and crying in healthy infants, has been identified as an 
early precursor of migraine, and there is an increased prevalence of infantile colic in 
migraine children [31, 32]. A positive history of colic was reported in 38.4% of 
subjects with migraine, significantly higher than in controls (26.9%) and in subjects 
with tension-type headache (TTH) (25.2%) [26] confirming the specificity of the 
association of colic only with migraine [28]. In one report, an infant with colic 
experienced improvement after starting antimigraine (cyproheptadine) therapy, 
reinforcing the relationships between the two conditions [33].

Headache sufferers reported bad sleep more frequently than controls and slept 
significantly shorter with a longer sleep latency [34].

Table 12.2  Mutual interactions between headache and sleep

(a) �Time of occurrence (headache occurs during sleep, after sleep, and in relationship with 
sleep stages)

(b) �Quantitative associations (excess, lack, bad quality, or short duration of sleep may trigger 
headache)

(c) �Reciprocal link with pain: noxious stimuli and painful disorders interfere with sleep, and 
sleep disturbances affect pain perception
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Seventy-five adult chronic headache patients compared to 50 healthy reported 
more difficulty at sleep onset, more awakenings, more nocturnal symptoms (hypna-
gogic startles, restless legs syndrome, pain, respiratory problems, sweating, brux-
ism), and more daytime symptoms like non-refreshing sleep, fatigue, and daytime 
somnolence [35]. In a large epidemiological study, about 15% of adults reported 
severe headaches in the past 3 months, and they were more likely to have insomnia, 
excessive sleepiness, recurrent pain, and depression or anxiety symptoms during the 
preceding 12 months [36].

A recent study explored headache-related factors that predict sleep disturbance 
and compared sleep complaints with other forms of headache-related disability 
among youth with migraines. Patients 10–18 years old with migraine or probable 
migraine and without daily sleep complaints completed a 90-day Internet-based 
headache and sleep diary. Headache intensity and timing of headache onset were 
predictive of sleep disturbances. Sleep disturbances correlated positively and sig-
nificantly with daily headache disability scores. These findings demonstrated that 
specific headache factors predict sleep disturbances among youth with primary 
headaches [37].

�Specific Sleep Disorders in Subjects with Headache

The most common sleep disturbances in children with headache are represented by 
insufficient sleep, difficulties falling asleep, anxiety related to sleep, restless sleep, 
night waking, nightmares, daytime sleepiness, and parasomnias [38–40].

An old report in 48 children with headache confirmed the association of primary 
headache with night wakings (41.7%), difficulty falling asleep (20.8%), pavor noc-
turnus and nightmares (14.6%), enuresis (8.3%), and somnambulism (6.3%) [41].

Our pioneer study on a large group of pediatric patients with headache high-
lighted the strong association between sleep disorders and both migraine and ten-
sion headache with an increased prevalence of nocturnal symptoms, such as sleep 
breathing disorders, restless sleep, and parasomnias and of daytime sleepiness in the 
migraine group [26].

While no significant differences were found between the migraine and headache 
groups, in respect to controls, children with migraine and TTH presented shorter 
sleep duration and longer sleep latency; a higher prevalence of difficulty falling 
asleep and night awakenings and of sleep talking and bruxism; and reports of fright-
ening dreams, whereas no differences were observed for sleepwalking, bed-wetting, 
or sleep terrors. Sleep breathing problems were more frequent in subjects with 
migraine, while restless sleep and daytime sleepiness occurred more frequently in 
subjects with migraine and tension headache vs. controls.

These findings were confirmed by several subsequent studies [29, 42, 43]. 
Another study correlated the duration and frequency of migraine with sleep distur-
bances showing that the frequency of migraine predicted parasomnias, whereas 
duration of migraine predicted sleep anxiety and bedtime resistance [29].
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A more recent report confirmed the presence of excessive daytime sleepiness, 
narcolepsy, and insomnia in children with headaches while failed to corroborate 
the higher prevalence of other symptoms like sleep apnea, restlessness, and para-
somnias [42].

�Insomnia

Several studies in adults highlighted the strict relation between headache and insom-
nia. In 50 insomniacs, 48% complained of headache, mostly migraine without aura 
(37.5%) or episodic tension-type headache (50%) [44].

In the USA, adults with headache were more likely than those without headache 
to report insomnia symptoms like difficulty initiating sleep, maintaining sleep, and 
waking up early and daytime fatigue [45].

In general, subjects with insomnia were significantly more likely, compared to 
those without insomnia, to suffer from headache and migraine and insomnia; fur-
thermore, among headache-free subjects at baseline, there was a significantly 
increased risk of headache 11 years later [46].

A Chinese study showed that the prevalence of DSM-IV insomnia was higher in 
women with headache than in those without headache (19.9% vs. 5.3%; p < 0.01). 
Furthermore, women with insomnia had a 4.0-fold increased risk of having head-
ache at least once per week [47].

�Non-rapid Eye Movement Sleep Parasomnias

NREM parasomnias have been frequently reported to be associated with headache 
in children. Sleepwalking has been firstly associated with migraine, mainly in 
adults: Barabas et al. [48] found history of at least two episodes of somnambulism 
in 30% of migraineurs vs. 4.8% of those with non-migraine headaches, 5% of those 
with learning disabilities/neurologic impairment, and 6.6% of epileptics; Pradalier 
et al. [49] found sleepwalking in 21.9% of migraine subjects vs. 6.6% of controls 
and Giroud et al. [50] in 29.4% of migraine subjects vs. 5.4% of non-migraine head-
ache subjects. Other disorders of arousal have been found to be associated with 
migraine: Dexter [51] found an incidence of 71% of pavor nocturnus (vs. 11% of 
controls), of 55% of somnambulism (vs. 16% of controls), and of 41% of enuresis 
(vs. 16% of controls).

Sleep terror history in childhood was found to be a predictive factor for the 
development of migraine in adolescence [52].

It has been hypothesized that somnambulism and migraine represented a differ-
ent age-related expression of a dysfunctional pathway of serotonin. The hypercap-
nic acidosis, secondary to sleep-disordered breathing, could stimulate the 
serotonergic neurons, resulting in increased excitability of motoneurons leading to 
the appearance of somnambulism. This evidence is supported by the fact that sleep-
walking and headache can be precipitated by sleep-disordered breathing [53, 54].

O. Bruni



201

A form of headache that could be linked to a disorder of arousal is the cluster 
headache (CH) with attacks during sleep, in which patients jump out of the bed 
before being fully awake, but it is still not clear if the disorder of arousal precedes 
or is the consequence of the pain attack [55].

�Sleep-Disordered Breathing

Different studies demonstrated a link between sleep-disordered breathing and head-
aches. The prevalence of headache in patients with OSAS ranged from 32.9% to 
58.5% [56–58].

The clinical presentation is a morning tension-type headache, mainly frontal, 
frontotemporal, or temporal (38.9%) in  location, tightening or pressing (78.9%), 
and mild to moderate (84.2%) [44]. Guilleminault et al. [59] reported a 36% inci-
dence of morning headaches in 50 patients with sleep apnea. Other studies reported 
the connection between chronic headache and OSAS when studied with polysom-
nography (PSG) [60, 61], and this association has been reported also for cluster 
headache [62]. Chronic headache was seven times more common among subjects 
with OSAS than in the general population, and treatment of sleep apnea (nCPAP) 
leads to headache improvement.

In a population-based cohort study, the incidence of migraine was significantly 
higher in the sleep-related breathing disorder (SBD) cohort than in the control 
cohort [63].

On the contrary, other studies reported that OSA’s prevalence is not higher than 
in general population and do not find a statistically significant relationship between 
headache and AHI or minimal oxygen saturation [64, 65].

It has been hypothesized that CH could be triggered by sleep-disordered breath-
ing and the treatment of the sleep apnea solved or greatly improved the head 
pain [66].

Although several studies have been conducted to explain the pathogenesis of 
migraine in adult subjects with obstructive sleep apnea syndrome (OSAS), few data 
are available on the relationship between sleep apnea and headache or migraine in 
children.

A varied range of symptoms and signs are associated with OSAS in the pediatric 
population. In children and adolescents with OSAS, the most common clinical man-
ifestation reported is snoring but also obesity, excessive daytime sleepiness, heavy 
habitual snoring, and neuropsychological disturbances [57].

Guilleminault et al. first describing 50 OSA patients reported that 18 of them 
suffered from frontal or diffuse morning headache [67]. In adults, 33% of OSAS 
patients had headache [57] but this is not a specific symptom of sleep apnea [56]. 
Therefore it is plausible that migraine attacks are secondary to sleep disruption 
rather than to sleep apnea. Children with migraine reported a higher prevalence of 
sleep-disordered breathing (56.6%) in respect to nonspecific headache (54%) and 
chronic migraine (27%) [68].
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The association between headache and OSAS is probably based on a combina-
tion of factors: hypercarbia, hypoxemia, altered cerebral blood flow, increased intra-
cranial pressure, alterations in sympathetic nerve activity and increases in blood 
pressure secondary to multiple arousals, and brainstem dysfunction. However, it has 
been hypothesized that migraine attacks could be secondary to sleep disruption 
rather than to sleep apnea by itself [69].

Future studies may address the question if sleep apnea is the primary event lead-
ing to headache or if sleep disruption is the main pathogenetic factor for morning 
headache.

�Restless Legs Syndrome and Periodic Limb Movements (PLMS)

Restless legs syndrome (RLS) is characterized by an urge to move the legs, accom-
panied by unpleasant leg sensations, occurring at night, worsened by rest, and 
improved by movements. RLS is reported to be associated with migraine with a 
prevalence ranging from 8.7% to 39.0%, whereas migraine prevalence in RLS 
ranges from 15.1% to 62.6% [70, 71].

Another study suggested that RLS might affect migraine clinical presentation, 
being associated with chronic and highly disabling migraine [72].

Restless legs syndrome prevalence in migraine was higher than in controls 
(16.9% vs. 8.7%) and more severe [73]. Moreover, poorer sleep quality was inde-
pendently associated with RLS occurrence and RLS severity in migraine patients.

The hypotheses to explain the coexistence of RLS and migraine are based on a 
common genetic basis and brain structures involved, as well as cerebral dopamine 
imbalance and altered iron metabolism. Dopamine antagonists are effective in 
migraine attacks, and usually iron deficiency is associated with an increase in extra-
cellular dopamine levels and in the changes in dopamine levels with circadian 
rhythm that could explain the appearance of RLS symptoms at night and the rela-
tionship with migraine because of a dopaminergic hyperfunction reached during the 
day after lower trough levels [74]. On the other hand, sleep deprivation or sleep 
instabilities caused by RLS could trigger migraine [75].

The common pathophysiological substrate for migraine and RLS involved [76] a 
disturbance of iron metabolism and a dopaminergic dysfunction [77].

Dopaminergic premonitory symptoms like yawning, irritability, and mood 
changes, as well as nausea and vomiting, may be caused by dopamine and are pres-
ent in 47.6% of patients with RLS and migraine but only in 13.1% in those without 
RLS [78, 79].

Only 1 pediatric study on children and adolescents aged 5–18 years focused on 
RLS and headaches: 24 patients with migraine (21.6%), 4 (5%) headache-free con-
trols, and 9 (8.3%) healthy children met the diagnostic criteria for definite RLS. This 
study showed an approximately fourfold higher frequency of RLS in pediatric 
patients with migraine compared with headache-free controls [80].

In the only published study on PLMS and migraine in a pediatric group of 
patients, there was an increase of periodic limb movement index (PLMI) in 26.47% 
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of children with migraine that presented higher frequency, intensity, duration, and 
life impairment of migraine and lower efficacy of prophylactic and acute pharmaco-
logic treatment, with respect to children with migraine without aura and normal 
PLMI [81].

�Sleep Bruxism (SB)

SB, a sleep-related movement disorder characterized by teeth grinding and clench-
ing, is frequently associated with orofacial pain and headaches. Children with SB 
may report approximately three times as many headaches than non-SB subjects 
with an odds ratio of 4.3; on the other hand, children with migraine showed a high 
prevalence (29%) of SB [82].

�Narcolepsy

Few studies have been conducted to highlight the association between headache and 
narcolepsy.

Tension headache was found to be more prevalent in narcolepsy vs. controls 
(60.3% vs. 40.7%) [83], and migraine prevalence showed a twofold to fourfold 
increase in patients with narcolepsy, and the onset of narcolepsy symptoms was 
12.3  years before the onset of migraine symptoms. The increased prevalence of 
migraine was independent of the pharmacologic treatment of narcolepsy and of 
severity of narcolepsy symptoms [84].

On the contrary, the German Migraine and Headache Society Study Group 
reported a similar prevalence of migraine in narcoleptics (21.9%) and controls 
(19.8%) [85].

The only study on the relation between migraine in children and narcolepsy dem-
onstrated that migraine in children less than 18 years of age was associated with a 
5.30-fold increased risk of narcolepsy. This association was still present after con-
trolling for the effects of potential confounders such as demographic characteristics, 
comorbidities, and concurrent medication uptake. Furthermore, the elevated risk in 
migraine children was consistently detected in migraine with aura and migraine 
without aura subtypes, indicating that the study results were robust [86].

The relationship between narcolepsy and migraine might be mediated by the 
orexinergic neurons of the posterior hypothalamus that are involved both in inhibi-
tion of analgesia and in narcolepsy.

�Circadian Rhythm Disorders

It is evident that sleep disorders may precede the appearance of migraines and could 
act as trigger factors (TFs). A recent study showed that stress was the most fre-
quently reported TF (75.5%), followed by the lack of sleep (69.6%), warm climate 
(68.6%), and video games (64.7%) [87].
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These data were confirmed by another study on 749 children and adolescents 
with different pain disorders: weather conditions (33%), illness (30.7%), physical 
exertion (21.9%), and lack of sleep (16.2%) were the most frequent self-perceived 
triggers for pain noted by the respondents [17]. Similarly another research showed 
that the most frequent causative factors of the headache attack in children and ado-
lescents were represented by “bad sleep” and emotional distress [30].

The sleep-wake pattern of migraine analyzed with actigraphy in children showed 
that during the interictal period, sleep parameters of children suffering from 
migraine did not differ from those of controls, but in the night preceding the migraine 
attack, there was a decrease in nocturnal motor activity, indicating a decrease in 
cortical activation during the sleep period preceding migraine attacks [88].

�Objective Studies in Headaches

Some sleep disorders may present with headache and may be misdiagnosed: about 
50% of patients with migraine showed underlying sleep disorders like periodic limb 
movement of sleep, obstructive sleep apnea syndrome, and fibromyalgia syn-
drome [89].

Sleep architecture in headache patients is generally preserved, and no specific 
alterations have been found in the adult population. Some migraine attacks seem to 
be associated with a large amount of deep sleep, and some others are linked to REM 
stages [90, 91]; (b) cluster headache is triggered by REM and NREM sleep stage II 
[92]; and (c) chronic paroxysmal hemicrania is associated with a reduction of total 
sleep time and of REM phase, with an increase of awakenings during REM [93].

Even if considered linked to a disorder of arousal, the onset of the nocturnal 
attacks in cluster headache was either from REM sleep [90] or NREM sleep [91] 
and characterized by a marked fragmentation of sleep. The same fragmentation has 
been demonstrated in chronic paroxysmal hemicrania, characterized by frequent 
nocturnal arousals, that occurs mainly from REM sleep [93].

Another interesting finding is the decrease of cortical activation in adult 
migraineurs that showed, the day before the crisis, a decreased number of arousals 
and lower REM density and alpha power [94]. Accordingly, a decreased EEG com-
plexity was observed in the first two NREM cycles in patients with spontaneous 
nocturnal attacks [95].

Only 1 polysomnographic study has been published on 90 children with migraine 
(60), chronic migraine (11), tension headache (6), and nonspecific headache (13). 
Sleep-disordered breathing was more frequent among children with migraine 
(56.6%) and nonspecific headache (54%) vs. chronic migraine (27%), while tension 
headache was associated with bruxism (50%).

Severe migraine and chronic migraine were associated with shorter sleep time, 
longer sleep latency, and shorter rapid eye movement and slow-wave sleep [68].

Actigraphic studies show that children and adolescents with headache had a 
poorer sleep quality than controls, with excessive daytime sleepiness, less time 
spent in quiet motionless sleep, and waking significantly earlier in the morning [96]. 
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A previous study showed that during the interictal period, sleep parameters of chil-
dren suffering from migraine did not differ from those of controls, but in the night 
preceding the migraine attack, there was a decrease in nocturnal motor activity, 
indicating a decrease in cortical activation during the sleep period preceding 
migraine attacks [88].

�Hypnic Headache Syndrome

First described by Raskin in 1988, this is a rare recurrent, benign headache disor-
der occurring exclusively during sleep and in older subjects [97]. Few cases 
younger than age 40 years have been reported, including five pediatric cases [98]. 
The common symptom is regular awakening from nocturnal sleep caused by 
headache attacks lasting for 30–60 min. Polysomnographic studies of this syn-
drome showed a more consistent association with REM sleep, but later studies 
showed that the majority of hypnic headache attacks arise from non-REM sleep, 
mainly sleep stage N2 [99].

The apparent cyclicity, the similar duration, and response to lithium suggest a 
pathophysiologic connection with cluster headache linked to a hypothalamic dys-
function [100].

�Treatment for Both Migraine and Sleep

�Nonpharmacologic Treatment

The use of nonpharmacologic preventive measures in children with migraine 
includes lifestyle adjustments (dietary changes, sleep hygiene), reassurance, stress 
management, biofeedback, relaxation techniques, and other behavioral thera-
pies [101].

Educating patients about headache and its management, identifying and manag-
ing triggers (via diaries), modifying lifestyles, and understanding the importance of 
adopting and adhering to interventions (either pharmacologic or nonpharmacologic) 
are relevant to all persons with headache.

�Diet
Certain foods are anecdotally considered potential headache triggers, but many of 
these do not have strong evidence. The foods most likely to be triggers include 
monosodium glutamate (MSG), aspartame, nitrates, alcohol (particularly red wine), 
and caffeine in excess, with less evidence for tyramine and chocolate [102].

�Behavioral Interventions
Behavioral interventions have been recommended as first-line options for headache 
prevention and are often used to reduce frequency and severity of headaches and 
headache-related disability instructing the patient to manage their physiological and 
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psychological response to stressors. Cognitive-behavioral therapy (CBT) is effec-
tive for both migraine and TTH, with studies showing that 40–50% of individuals 
experience 50% or greater reduction in headache frequency [103].

�Biofeedback
Numerous researches reported that biofeedback is effective for both migraine and 
TTH, with studies showing on average 47–70% of individuals experiencing 50% or 
greater reduction in headache frequency [104].

�Complementary and Alternative Medicine (CAM) Interventions
Data on the efficacy of CAM treatments is limited by small sample sizes, poor study 
designs, and weak results. Outside of acupuncture, there is limited empirical evi-
dence supporting the efficacy of these treatments [105].

�Natural Treatments
Natural remedies have long been used in folk medicine to treat migraine and other 
headache disorders; some of these treatments are potentially beneficial, but there are 
limited evidence from controlled studies. An extract of the rhizome of the butterbur 
plant 100 mg or 150 mg daily seems to be effective in reducing the frequency of 
migraine headaches. Also vitamin B2 in doses of 200 mg twice daily and coenzyme 
Q10 are effective for the prevention of migraine [106].

�Nonpharmacologic Treatment in Children and Adolescents
A recent study applied a nonpharmacologic treatment for migraine in 32 preschool 
children, and 60 older school-age children were instructed to follow (a) sleep 
hygiene, (b) proper diet (refraining from food additives, with elimination of smoked 
lunch meats, smoked cheese, yellow cheese, chocolate and foods containing choco-
late, pizza, and foods containing monosodium glutamate), and (c) no direct sun 
exposure. The improvement of migraine was significantly higher in preschoolers 
demonstrating that they were more sensitive than older children to nonpharmaco-
logic treatment [107].

In a pioneering study, the simple application of sleep hygiene rules in 70 children 
and adolescents with migraine determined a reduction in the mean duration and 
frequency of migraine attacks, while the severity of the pain did not change. After 
6  months of follow-up, the sleep hygiene group reported lower mean headache 
duration and a reduced frequency of migraine attacks than the control group, sug-
gesting that better sleep quality led to altered migraine patterns [108].

Although this study represents an indirect measure of the effects that sleep dis-
turbances can have on migraine, it supports the direction of the relationship (i.e., 
sleep disturbance can exacerbate migraine).

A recent attempt to evaluate the feasibility and preliminary effectiveness of 
Internet CBT for adolescents with headache showed that it was well received by the 
youth and parents, but sleep patterns do not improve in response to specialized 
headache treatment alone or with adjunctive Internet CBT. Although specific inter-
ventions targeting sleep disturbance have been evaluated in adults with chronic pain 
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with promising results for both sleep and pain outcomes, similar work has not yet 
been conducted in adolescents with headache [109].

�Pharmacologic Treatment

Based on the similarities in pathophysiology, it is not surprising that the drugs used for 
prophylaxis or treatment of migraine can improve sleep and vice versa. The effect is 
mediated by the action on pain threshold or by modifying/improving sleep [110].

�Antihistaminics
The histaminergic system might have a role as a potent modulator of meningeal 
nociceptors’ activity in migraine. Activation of inhibitory H3 receptors has been 
suggested for migraine prophylaxis, and both H3R and H4R ligands may theoreti-
cally have prophylactic properties, but the lack of specificity and undesired side 
effects discouraged the potential exploratory studies [111].

Cyproheptadine, an antagonist at the 5-HT2, histamine H1, and muscarinic cholin-
ergic receptors, is widely used in the prophylactic treatment of migraine in children. 
The total dose ranges from 12 to 36 mg per day (given two to three times per day or at 
bedtime). Common adverse events are sedation and weight gain, while dry mouth, 
nausea, lightheadedness, ankle edema, aching legs, and diarrhea are less common. 
Cyproheptadine may inhibit growth in children and reverse the effects of SSRIs. A 
single class II study showed cyproheptadine (4 mg per day) was as effective as pro-
pranolol (80 mg per day) in reducing migraine frequency and severity [112].

We can assume, however, that the antihistaminics could act in migraine indi-
rectly through the improvement of sleep, and this effect could decrease the pain in 
migraine children.

�Melatonin
Melatonin is involved in the biological regulation of circadian rhythms, sleep, 
mood, and aging and in various headache syndromes. Contribution of melatonin in 
the pathophysiology of headache may be related to its anti-inflammatory effects 
(i.e., free radical scavenging and reduction of pro-inflammatory cytokines upregula-
tion), an increase of nitric oxide synthase activity, inhibition of dopamine and glu-
tamate release, membrane stabilization, potentiation of gamma aminobutyric acid 
(GABA)- and opiate-induced analgesia, protection from glutamate neurotoxicity, 
neurovascular regulation and serotoninergic modulation, and the similarity of its 
chemical structure to that of indomethacin [13, 113–115].

Different studies showed the effectiveness of melatonin in patients with head-
ache or migraine, and circadian rhythm disorders related also to the demonstration 
of a decrease of melatonin levels in these individuals [116, 117]. The efficacy of 
melatonin in these cases could be related to regularization of the sleep-wake pattern 
through its chronobiological and “sleep hygiene” effect [118].

Despite several studies demonstrating a decrease of melatonin levels in adults 
with migraine, a recent report showed no significant difference in urinary 
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6-sulfatoxymelatonin between the migraine children and control group, indicating 
that nocturnal production of melatonin is not reduced in children with migraine [119].

In adults, melatonin treatment decreased headache in 78.6% of 328 patients with 
circadian rhythm sleep disorders and headache [120], while in children with pri-
mary headache, melatonin 3  mg twice daily reduced the number (by more than 
50%), intensity, and duration of headache attacks, showing a better efficacy in 
migraine vs. tension headache form [121].

A study of melatonin in a single dose of 0.3 mg/kg for 3 months indicated that 
melatonin might be considered as an effective and safe drug in the prophylaxis of 
migraine in children showing a significant decrease in the frequency of attacks and 
in the severity and duration of headache [122].

However, all these studies were nonrandomized and conducted in small samples; 
therefore, there is still no definitive consensus about the therapeutic use of melato-
nin for headache in children.

�Serotonergic Drugs
It might be hypothesized that a congenital imbalance of serotonergic and dopami-
nergic pathways might predispose individuals to sleep disorders and to headache 
[123]. This common substrate might act since the early period of life leading to 
sleep disorders during infancy (i.e., colic, insomnia) and to the development of 
migraine or headache later in life [7].

Serotonin (5-HT) decrease may lower the threshold of pain perception but also 
might disrupt the sleep structure and predispose to headache [124, 125]. Further, a 
reduction in brain synthesis of 5-HT intensifies photophobia and other migrainous 
symptoms [126].

A double-blind crossover study of 27 migraine children aged 6–12 years treated 
with 5-hydroxytryptophan (5-HTP) (5 mg/kg body weight) vs. placebo showed that 
both L-5-HTP and placebo led to a significant reduction of the migraine index and 
frequency of migraine attacks with no differences on final efficacy [127]. On the 
other hand, another report on 48 elementary and junior high school students with 
primary headache associated with sleep disorders showed that treatment with L-5-
HTP in these patients determined the improvement of both conditions, headache 
and sleep disorders, in particular frequent awakenings and some parasomnias [41].

Tricyclic antidepressants are used for migraine prevention; however, only one 
tricyclic antidepressant (amitriptyline) has proven efficacy in migraine. A random-
ized, double-blind, placebo-controlled trial of amitriptyline (1 mg per kg of body 
weight per day), topiramate (2 mg per kg per day), and placebo in children and 
adolescents 8–17 years of age with migraine showed no significant between-group 
differences in the primary outcome (50% reduction of attacks), which occurred in 
52% of the patients in the amitriptyline group, 55% of those in the topiramate group, 
and 61% of those in the placebo group. There were also no significant between-
group differences in headache-related disability, headache days, or the percentage 
of patients who completed the 24-week treatment period. Amitriptyline adverse 
events were fatigue (30%) and dry mouth (25%), and three patients had serious 
adverse events of altered mood [128].
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�Conclusion

The high comorbidity between the migraine or headache and disturbed sleep indi-
cates that a common pathophysiological substrate is present and its knowledge 
could help in the management of the headache syndromes.

Several studies in the last years have demonstrated that the link between sleep 
and migraine is more complex and that sleep disturbances represent comorbid, pre-
disposing, predictive, or even prognostic factors for headache development or 
endurance.

Therefore, we should assume that screening for sleep disorders with the use of 
proper tests including PSG and referral to a sleep clinic, when appropriate, could be 
very helpful. Comorbid sleep conditions should always be screened in children with 
migraine in order to improve patient management and to choose the most appropri-
ate treatment.
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Sleep in Cerebral Palsy

Michelle Sobremonte-King

�Introduction

Cerebral palsy (CP) is a group of nonprogressive developmental disorders that 
affects the development of movement and posture [1]. It is the most common motor 
disability of childhood occurring at a rate of 1.5–4 per 1000 live births [2]. Children 
afflicted by CP often have muscle spasms, musculoskeletal pain, contractures, epi-
lepsy, antiepileptic medications, and behavioral abnormalities that predispose them 
to a wide range of sleep disorders (Table 13.1) [3]. The handful of studies looking 
at the prevalence of sleep disorders in children with CP use different criteria but 
collectively demonstrate a higher prevalence as compared to the typically develop-
ing pediatric population, with a prevalence ranging from 19% to 44% [3–6]. Sleep 
disorders in patients with CP can have a significant impact on a child’s physical, 
emotional, and cognitive development with far-reaching consequences that also 
affect caregivers and families who in turn also become sleep deprived [7]. Despite 
the substantial health consequences of sleep disorders in CP patients and their fami-
lies, there is a lack of both awareness and applied clinical research geared to 
CP-related sleep disorders [8]. In a study involving 286 children with mild to pro-
found intellectual delay (including patients with CP), only 19% of the parents of 
children with a current sleep problem received any advice about their child’s sleep 
disorder from a healthcare professional [9]. As the multidisciplinary care and lon-
gevity of children with CP improve, recognizing and addressing sleep disorders in 
these patients becomes an important component in improving and maintaining their 
quality of life.

M. Sobremonte-King (*) 
Department of Pediatric Pulmonary and Sleep Medicine, The Breathing Institute, Children’s 
Hospital Colorado, Aurora, CO, USA
e-mail: michelle.sobremonte-king@seattlechildrens.org

13

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-54359-4_13&domain=pdf
https://doi.org/10.1007/978-3-030-54359-4_13#DOI
mailto:michelle.sobremonte-king@seattlechildrens.org


216

�Spectrum of Sleep Disorders in Children with CP

An integrative review by Lelis et al. reported 21 factors associated with the develop-
ment of sleep disorders in children with CP [10]. These risk factors were divided into 
intrinsic and extrinsic risk factors. Intrinsic factors were related to physiological fea-
tures, and extrinsic factors were related to environmental issues. The succeeding sec-
tion will summarize (Table 13.2) and detail what we think are the most important 
factors according to the framework suggested by Lelis et al. Among the sleep disor-
ders described are sleep hyperhidrosis, disorders of arousal, sleep anxiety, difficult 
morning awakening, bruxism, insomnia, nightmares, parasomnias, difficulties in ini-
tiating and maintaining nighttime sleep, sleep-wake transition disorders, and sleep-
disordered breathing [5, 10]. In general, these can be grouped into six broad 
categories: sleep-related breathing disorder, insomnia, circadian rhythm disorders, 
parasomnias, hypersomnia, and sleep-related movement disorders.

Table 13.1  Common sleep disorders in cerebral palsy

Sleep disorder Specific disorder Possible etiologies Management
Insomnia Primary insomnia 

(inadequate sleep 
hygiene and behavioral 
insomnia of childhood)
Secondary insomnia 
(insomnia due to 
medical condition)

Pain
Abnormal muscle tone
Inability to reposition
Poor sleep hygiene and 
environment (i.e., 
bed-sharing, etc.)

Pain/spasticity control 
(i.e., baclofen pump)
Behavioral intervention 
(i.e., graduated 
extinction, faded 
bedtime, bedtime 
routines, etc.)
Melatonin

Sleep-related 
breathing 
disorder

Obstructive sleep 
apnea
Hypoventilation

Maxillofacial 
abnormalities (i.e., 
maxillary hypoplasia, 
palatal hypotonia, 
glossoptosis, retrognathia, 
etc.)
Abnormal neuromuscular 
control of upper airway
Kyphoscoliosis
Gastroesophageal reflux 
disease

Diagnostic 
polysomnogram
Tonsillectomy and 
adenoidectomy
Tongue base suspension
Noninvasive ventilation 
(CPAP)
Secretion management 
and airway clearance

Circadian 
rhythm 
disorder

Free-running circadian 
disorder
Delayed sleep phase

Visual impairment
Poor sleep hygiene (i.e., 
exposure to blue-spectrum 
light)

Melatonin
Light therapy
Sleep hygiene

Hypersomnia Hypersomnia due to a 
medical condition or 
drug effect

Epilepsy
Seizure medications (i.e., 
benzodiazepines, 
phenobarbital, phenytoin, 
valproic acid, etc.)

Seizure control
Avoiding sedating 
anticonvulsants
Avoiding 
anticonvulsants that 
disrupt sleep 
architecture

CPAP continuous positive airway pressure
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�Sleep-Related Breathing Disorders

Sleep-related breathing disorders (SRBD) are a group of respiratory disorders 
that are observed or become more severe during sleep and include obstructive 
sleep apnea (OSA), central apnea, and hypoventilation. These disorders occur 
more frequently in children with CP as compared to normally developing chil-
dren at a prevalence of 15–18% [5, 11]. In particular, children with CP are at 
increased risk for developing OSA. This occurs when pharyngeal dilator muscles 
are unable to maintain the patency of the airway against the subatmospheric pres-
sure generated during inspiration. Pathophysiologic mechanisms for the develop-
ment of OSA can be broadly divided into anatomic factors that reduce the caliber 
of the upper airway, such as craniofacial abnormalities, obesity, and adenotonsil-
lar hypertrophy, and factors that increase upper airway collapsibility, such as 
neurologically based alterations in upper airway muscle tone [12]. The latter are 
of particular concern in CP as these children have a wide range of structural and 
functional abnormalities that compromise upper airway muscle tone and predis-
pose to OSA. These include maxillary hypoplasia, palatal hypotonia, glossopto-
sis, retrognathia, laryngomalacia, and laryngeal dystonia [13–15]. They can also 
have abnormal neuromuscular control of their upper airways that further compli-
cate structural abnormalities [11]. Untreated OSA is associated with diminished 
quality of life and neurocognitive detriment and can also result in cardiorespira-
tory failure and death in severe cases [16–18]. Unfortunately, airway obstruction 
is underappreciated in children with CP, and the potential for OSA is often only 
identified from a lengthy history of snoring [10]. In a small retrospective case 
series of eight children with severe spastic quadriplegic CP presenting with upper 
airway obstruction, seven of the children required admission to the intensive care 
unit and two required placement of a tracheostomy. Interestingly, despite the 
relatively severe symptoms and presentation, only two of these children had pre-
viously been referred for sleep studies [15].

Identifying children with sleep disorders can be particularly challenging as 
they can present with a myriad of subtle symptoms that can be difficult to dis-
tinguish from symptoms related to other comorbidities. These symptoms can 
include behavioral changes, cognitive impairment, failure to thrive, decreased 

Table 13.2  Factors associated with the development of sleep disorders in patients with cere-
bral palsy

Intrinsic factors Extrinsic factors
Structural abnormalities
 � Airway obstruction
 � Obesity
 � Postural limitations/spasticity
Epilepsy
Visual disturbances
Cognitive impairment
Pain

Medications (antiepileptics)
Posturing devices
Sleep practices (bed-sharing)
Socioeconomic
 � Maternal unemployment
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appetite, and developmental delay [19]. As such, a structured evaluation with 
screening questionnaires can be an effective strategy to evaluate for OSA and 
other SRDBs in patients with CP. In a study by Garcia et al., the Pediatric Sleep 
Questionnaire (PSQ) and Gross Motor Function Classification System (GMFCS) 
were used to evaluate symptoms of OSA in 215 children, 18 of which had 
CP. The investigators found increased PSQ scores (indicating increased risk of 
OSA) for children with CP (58%) and CP with epilepsy (67%) as compared to 
normal controls (27%) [20]. Whether this risk for OSA increases with the sever-
ity of CP is unclear with some studies showing a relationship and others show-
ing no relationship [11, 20]. In a prospective study evaluating parent responses 
to the Sleep Disturbance Scale for Children (SDSC) in 173 patients with CP, 
Newman et al. reported that 14.5% of patients had a pathologic score for disor-
ders of sleep-related breathing on the SDSC [5]. These studies highlight the 
utility of a structured approach to screening children with CP for sleep-
disordered breathing.

For children with CP, an overnight polysomnogram (PSG) remains the gold stan-
dard for the diagnosis of OSA. The PSG can also reveal the underlying presence of 
seizure disorders and other movement disorders that can complicate SRBDs and 
compromise quality of sleep (Figs. 13.1 and 13.2). Although other diagnostic tech-
niques such as nocturnal pulse oximetry have promising utility in detecting 
moderate-to-severe OSA, this method has not been validated in patients with neuro-
developmental disorders [21].

Fig. 13.1  Polysomnogram epoch demonstrating myoclonic seizure associated with obstructive 
hypopnea in a 17-year-old with spastic quadriplegic cerebral palsy
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�Insomnia
Disorders of initiation and maintenance of sleep are common in children with CP. In 
a study of 100 children with CP divided into 2 groups (preschool group, 52 patients, 
and school-aged group, 48 patients), Elsayed et al. found that up to 46.2% of pre-
school children and 25% of school-aged children had evidence of early insomnia 
based on results from surveys with sleep questionnaires. Insomnia was also found 
to be more common in GMFSC grade IV and V [22]. In the study by Newman et al., 
disorders of initiation and maintenance of sleep were found mostly in patients with 
spastic quadriplegia and dyskinetic CP [5]. These findings support the concept that 
children with CP have problems with initiation and maintenance of sleep due pre-
dominantly to physical factors that stem from their primary neuromuscular disorder. 
Factors such as abnormal muscle tone and the inability to alter posture to alleviate 
pain make it difficult for the child with CP to initiate and maintain sleep. Ironically, 
caregivers can be distressed by observing these difficulties and decide to co-sleep 
with their child which in turn has the potential to exacerbate insomnia [5, 10].

�Circadian Rhythm Disorders
Establishing and maintaining normal sleep patterns for children with CP can be dif-
ficult. As will be evident in subsequent section, children with CP have a multitude 
of factors that can affect sleep quality and consistency, and addressing all or even 
some of these factors can be challenging. Perhaps the most significant factor con-
tributing to circadian rhythm disorders in patients with CP is visual deficits. Light is 
the central regulator of the circadian rhythm in humans via its stimulation of the 
retinal-hypothalamic tract and suppression of melatonin secretion. Cortical blind-
ness and other visual disturbances either nullify or diminish the ability of these 
patients to develop a circadian rhythm. In fact, patients with CP often have free-
running sleep-wake cycles. For patients who are not blind, neuromuscular 

Fig. 13.2  Myoclonic absence seizure, right posterior predominant shown in a 21-channel electro-
encephalogram (EEG) obtained during polysomnography in a 17-year-old with spastic quadriple-
gic cerebral palsy
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immobility can still play a role in children who are exposed to blue-spectrum light 
and poor sleep hygiene. Careful consideration frequency and timing of blue-spec-
trum light can be important in children with CP who may not have the same oppor-
tunities and abilities to participate in outdoor activities that provide sufficient 
daytime light exposure [7].

�Hypersomnias, Parasomnias, and Sleep-Related 
Movement Disorders
A study by Newman et al. showed that the principal factor associated with sleep 
disturbance was epilepsy, which was primarily associated with excessive daytime 
somnolence [5]. A similar observation was seen in a study of 293 children and 
adults with learning disabilities where the presence of active epilepsy was the stron-
gest independent predictor of excessive daytime sleepiness [23]. As such, hyper-
somnia appears to be more of a manifestation of an underlying disease process such 
as epilepsy, rather than being a primary sleep disorder. Further complicating matters 
is that some medications used to treat epilepsy can be sedating and cause hypersom-
nolence. In particular, benzodiazepines which can be used to treat either seizures or 
muscle spasms can be particularly sedating and can also increase the risk of devel-
oping SRBDs [24].

With regard to parasomnias and sleep-related movement disorders, Elsayed et al. 
observed the following frequencies in a cohort of 100 children with CP: sleepwalk-
ing in 30%, sleep bruxism in 38%, and periodic limb movement disorder/restless 
legs syndrome in 46% [22]. Although attribution of underlying factors to the devel-
opment of parasomnias and sleep-related movement disorders is difficult to specify, 
CP children with pain had a higher prevalence of parasomnias [7].

�Risk Factors Associated with the Development of Sleep 
Disorders in Children with CP

�Intrinsic Factors

�Structural Abnormalities
Children with CP have a wide range of structural and functional abnormalities that 
predispose them to a variety of sleep disorders. These abnormalities can be grouped 
anatomically and divided into abnormalities affecting the upper airway or the tho-
racic cage. Among the reported anatomic abnormalities that lead to dynamic airway 
obstruction during sleep are maxillary hypoplasia, palatal hypotonia, glossoptosis, 
retrognathia, and laryngomalacia [13–15]. In addition, there can be abnormal neu-
romuscular control of their upper airways that further complicates structural abnor-
malities [11]. For instance, in older children, laryngomalacia is thought to develop 
due to repetitive collapse of supraglottic structures into the airway due to poor 
supraglottic muscle tone. This results in reduction of the caliber of the airway and 
consequent stridor from airway compromise during inspiration [14, 15].
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With regard to thoracic abnormalities, kyphoscoliosis is common in children 
with CP occurring in as much as 39% [14]. It is generally thought that thoracic 
skeletal abnormalities such as kyphoscoliosis can affect sleep and exacerbate 
SRBDs by reducing the child’s ability to expectorate which contributes to recurrent 
aspiration, impaired mucociliary clearance, and lower airway obstruction and respi-
ratory failure [14]. Severe kyphoscoliosis has also been associated with hypoventi-
lation and hypoxemia during sleep assuming a supine position [10, 25].

Another anatomic, but also functional, abnormality that can contribute to pulmo-
nary disorders which can lead to sleep disorders is gastroesophageal reflux disease 
(GERD). Up to 80–90% of children with CP have a chronic gastrointestinal prob-
lem of which GERD is the most common [26]. GERD results from reflux of gastric 
acid into the esophagus through an either anatomically incompetent (hiatal hernia) 
or functionally incompetent gastroesophageal sphincter [27]. The presence of 
GERD in patients with CP puts them at significant risk for recurrent aspiration 
which leads to the development or exacerbation of SRBDs and chronic lung disease 
[5, 14]. This is particularly important for children with CP since abnormal tone and 
neuromuscular disorders prevent some children to optimally position themselves to 
prevent recurrent aspiration. In severe cases, anti-reflux surgery with Nissen fundo-
plication has been reported to improve symptoms with caregiver reported improve-
ment in sleep in 32% of patients [28].

�Epilepsy
The presence of an epilepsy in patients with CP is strongly associated with the pres-
ence of a sleep disorder. Epilepsy is present in approximately 20–40% of patients 
with CP and is most common in children with hemiplegic or quadriplegic CP [29]. 
Newman et  al. conducted one of the first studies to determine the prevalence of 
sleep disorders in CP patients and found that the presence of active epilepsy was 
associated with the presence of a sleep disorder (odds ratio [OR] = 17.1) [5]. Another 
equally large cohort of CP patients demonstrated a similar association where inves-
tigators found an abnormal SDSC total score in 34% of children with CP plus active 
epilepsy as compared to 18% in children with CP and controlled epilepsy and 15% 
in children with CP without epilepsy [3]. The similar rates of abnormal SDSC 
scores in patients with controlled epilepsy and normal control underscore the impor-
tance of effective antiepileptic treatment in treating sleep disorders in patients with 
CP. Although the precise nature of the relationship between epilepsy and sleep dis-
orders in patients with neurodevelopmental abnormalities is complex, it is generally 
viewed that uncontrolled seizure activity can perpetuate a vicious cycle of frag-
mented sleep architecture that results in sleep deprivation which in turn results in 
lowering of the seizure threshold [30]. A case-controlled study of 31 patients with 
drug-resistant epilepsy showed that compared to normal controls, these patients had 
a significant reduction of time in bed, total sleep time, rapid eye movement (REM) 
sleep, sleep stage N2, sleep efficiency, and a significant increase in wake after sleep 
onset [30]. Antiepileptic drugs add to the complexity as they themselves can influ-
ence sleep architecture and will be discussed later.

13  Sleep in Cerebral Palsy



222

�Visual Impairment
Between 20% and 50% of children with CP have cortical visual impairment which 
significantly increases the risk of developing sleep disorders through dysregulation 
of the circadian rhythm [8]. Bright light is the major stimulus for the human circa-
dian pacemaker located in the suprachiasmatic nuclei which regulates wakefulness 
by suppressing melatonin secretion by the pineal gland. Without light, melatonin 
secretion is disinhibited and the diurnal variation is lost. Consequently, the preva-
lence of sleep disorders in blind patients is considerably high, and one study showed 
that up to 83% of patients in a combined pediatric and adult cohort disclosed at least 
one sleep problem, as compared to 57% in the control population [31]. More spe-
cifically, 17% of these patients reported a free-running sleep-wake cycle which is a 
phenomenon that is described in children with congenital blindness [31, 32].

�Cognitive Disability
Cognitive impairment frequently occurs in children with CP and has been increas-
ingly reported to be associated with sleep disorders in children with CP [33]. Some 
studies demonstrate that the degree of cognitive impairment can be a predictor for 
the presence of an underlying sleep problem [3, 9]. In contrast, other studies do not 
find an association between the presence of cognitive impairment making the pre-
cise nature of the relationship yet to be fully determined [34, 35].

�Pain and Muscle Spasticity
Pain and discomfort during sleep is a common occurrence in children with physical 
disabilities and has been suggested by some to be the strongest contributing factor 
for sleep disorders to develop in these children [36, 37]. Pain is particularly com-
mon in children with CP and is reported in as high as 67–84% of patients [38]. 
Many factors such as skin breakdown, pressure ulcers, involuntary movements, 
abnormal postures, and abnormal muscle tone in the form of spasticity contribute to 
pain in children with CP and have the ability to decrease the quality of sleep [7]. In 
a study of 123 children with CP, patients who had pain also had significantly more 
sleep problems overall, more night awaking, parasomnia, sleep-disordered breath-
ing, and shorter sleep duration [39].

In particular, pain may be associated to the underlying disease-related mecha-
nisms in CP. Lesions in the motor areas of the brain and descending corticospinal 
tracts result in muscle spasticity, characterized by increased tone, hyperreflexia, clo-
nus, and resistance to stretching. The resulting musculoskeletal pain and primary 
motor impairment decrease the ability to change body position during the night and 
may contribute to sleep disturbances [5]. Intervention to decrease pain and discom-
fort from muscle spasticity has been demonstrated to improve sleep quality in chil-
dren with CP. A study evaluating the use of an intrathecal baclofen pump in 35 
children with bilateral cerebral palsy and severe spasticity improved sleep quality 
with a reduction in nighttime awakening within 6 months of implantation [40]. As 
such, pain and abnormal muscle tone are significant factors that interfere with sleep 
in children with CP and can be addressed with recognition and intervention. 
Unfortunately, although this area is a major contributor to sleep disorders, it is 
underappreciated and research activity is sparse [7].
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�Extrinsic Factors

�Antiepileptic Medications
Antiepileptic medications have been described to influence the sleep architecture 
and the sleep quality of patients who take them [41]. Since many patients with CP 
with epilepsy will need antiepileptic medications to control their seizure disorder, it 
is generally viewed that these medications can predispose them to have sleep disor-
ders. However, the interaction is complex since different types of antiepileptics have 
different effects on sleep, and some CP patients with epilepsy will be on multiple 
antiepileptic medications. For instance, drugs like phenobarbital, phenytoin, val-
proic acid, and higher-dose levetiracetam aggravate daytime sleepiness, whereas the 
antiepileptics topiramate and zonisamide do not [41, 42]. In contrast, drugs like 
gabapentin, pregabalin, tiagabine, clobazam, and carbamazepine were found to 
reduce sleep latency and/or actually improve sleep efficiency [42]. Alternatively, 
other antiepileptic drugs such as benzodiazepines not only affect sleep architecture 
but also promote somnolence and decrease upper airway muscle tone leading to 
aggravation of sleep-disordered breathing and OSA [10].

Despite the complexity of these interactions, clinicians should not lose track of 
the utility and benefits of these medications in controlling seizure activity which, as 
mentioned, is a stronger factor influencing sleep in patients with CP. It is clear that 
children with CP and uncontrolled seizures have a higher prevalence of sleep disor-
ders as compared to those who have their epilepsy controlled, regardless of the 
number of medications they may be on [3].

�Positioning and Posturing Devices
Preoccupation with nighttime positioning and the use of uncomfortable devices for 
improving postural problems in children with CP are common and generally viewed 
as having the potential to disrupt sleep [10]. Although the body of available data 
describing this interaction is sparse and varied, the general impression is that pos-
turing devices do not significantly disrupt sleep and may actually improve the qual-
ity of sleep. In one study, no significant differences in PSG sleep quality measures 
were seen in children wearing nighttime posturing equipment as compared to chil-
dren without [43]. Another study reached the same conclusion using GMFCS levels 
to evaluate sleep quality [35].

�Familial and Cultural Effects
A variety of familial factors including bed-sharing, being a single parent, maternal 
unemployment, and low socioeconomic status have been associated with an increase 
in sleep disorders in children with CP [5]. Of note, although several studies have 
reported an increase in sleep problems associated with the practice of bed-sharing, 
drawing inferences as to cause and effect can be tricky [44, 45]. Problems during 
sleep may be the reason for parents to co-sleep with their child, and, expectedly, this 
setting ideally places them to be able to observe a number of sleep-related events 
which would have otherwise remained unnoticed [5]. Consequently, parents who 
co-sleep with their child often report more sleep problems in their children as com-
pared to non-bed-sharing parents [10].
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�Behavioral Correlates

Behavioral and psychiatric problems are common in children with CP, and both 
can significantly impact sleep quality and exacerbate underlying sleep disorders 
[46]. A tool that is often used to evaluate behavioral problems in patients with 
neurodevelopmental disorders is the Child Behavior Checklist (CBCL), which 
can group scored syndromes into two “broad band” scales: internalizing prob-
lems (anxious/depressed, withdrawn-depressed, and somatic complaints scores) 
and externalizing problems (rule-breaking and aggressive behavior) [47]. Romeo 
et al. used the CBCL to estimate the incidence and patterns of behavioral prob-
lems and their association with sleep disorders in a prospective single-institution 
study of 165 children with CP.  They found that 24% of children reported an 
abnormal CBCL total score, with 27% showing internalizing and 9% with exter-
nalizing problems. In addition, behavioral problems were often associated with 
abnormal Sleep Disturbance Scale for Children (SDSC) total scores, as well as 
total and internalizing CBCL scores [3].

�Social Impact of Sleep Disorders on Children with Cerebral 
Palsy and Their Families

Unrecognized and untreated sleep disorders in patients with CP can have serious 
and far-reaching consequences that affect both the child and their families. It is well 
established that poor sleep quality in children with sleep disorders can result in 
negative effects on behavior and school performance [24, 48, 49]. In addition, the 
burden of caring for children with CP can be significant for family members espe-
cially for those with sleep disorders. Wayte et al. report that nearly 40% of children 
with CP required parental attention on at least one occasion every night, and 74% of 
parents reported that their own daytime functioning was affected by their child’s 
sleep disorder [50].

Some parents feel the need to co-sleep due to their child’s restlessness and the 
compulsion of needing to position them to address issues of pain related to 
abnormal tone. This in turn creates the potential for sleep disorders in the par-
ents, and many studies document that they do not get enough sleep themselves 
[5, 40]. In a study of 40 children with CP, 40% of mothers were found to have 
poor sleep quality of whom 44% had a depressed mood. In addition, child and 
maternal sleep disturbance were significantly correlated, and maternal sleep 
quality predicted 50% of the variance in maternal depression [50]. Other studies 
also report that parents of children with sleep problems feel more stressed and 
irritable and express that their child’s sleep problems interfere and negatively 
impact their own work and social lives [5, 34, 51]. As such, when placed in this 
broader context, it is clear that sleep disorders in children with CP need to be 
recognized as of being of wider concern because of the physical and psychologi-
cal toll that can result for the entire family [7].
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�Treatment of Sleep Disorders in Children with CP

The management of sleep disorders in children with CP can be particularly chal-
lenging due to the multitude and variety of contributing factors that often occur 
simultaneously. It often necessitates addressing the contributing intrinsic and extrin-
sic factors, many of which are social and behavioral. As such, Tremblay et al. rec-
ommend that the first step in treatment of insomnia in children with CP should 
always be behavioral interventions. Examples of behavioral interventions include 
graduated extinction, faded bedtime, parent education, and positive bedtime rou-
tines. These can be particularly effective in non-SRDB-related sleep disorders 
where several studies have demonstrated their efficacy [52, 53]. Modification of 
factors related to the environment, such as exposure to blue-spectrum light, sound, 
and wide swings in ambient temperature, has the potential to interfere with sleep is 
another noninvasive strategy that can be effective in improving sleep quality in 
patients with CP. For instance, excessive and untimely exposure of children to arti-
ficial blue-spectrum light, usually through electronic devices like television and 
smartphones, can alter the timing, duration, and amount of melatonin synthesis and, 
therefore, interfere with the circadian rhythm [54]. This becomes a particular issue 
considering that some parents and caregivers co-sleep with their children. 
Alternatively, bed-sharing is another modifiable factor that can be addressed to 
improve sleep quality in children [7].

Pharmacologic treatment may be indicated when behavioral measures and envi-
ronmental modification are ineffective or do not suffice. However, robust data on 
pharmacologic treatment strategies are lacking, much more so in children with CP 
or other neurodevelopmental abnormalities. Chloral hydrate is the only medication 
currently labeled by the US Food and Drug Administration for the treatment of 
insomnia in children but is not recommended by the American Academy of 
Pediatrics due to the risk of hepatotoxicity [55]. The use of other medication appears 
to be based largely on personal clinical experience and data extrapolated in the treat-
ment of adults [55]. A review by Owens and Mindell describes reports of antide-
pressants, anticonvulsants, antipsychotics, and alpha-agonists in the treatment of 
childhood insomnia, but data are mostly derived from small studies and case series 
and do not describe including patients with CP [55].

Exogenous administration of melatonin has been successfully used in typically 
developing children to treat circadian rhythm disorders and disorders of initiating 
and maintaining sleep. Of all the previously described medications, melatonin has 
received the most attention, and randomized data that includes patients with CP are 
available. A review of six randomized controlled trials (N = 82) of melatonin in 
children with intellectual disability suggests that melatonin can be effective in 
reducing sleep onset latency and increase total sleep time [56]. Wasdell et al. con-
ducted a randomized double-blind placebo-controlled crossover trial to evaluate the 
efficacy of controlled-release melatonin in the treatment of delayed sleep phase 
syndrome and impaired sleep maintenance in children with neurodevelopmental 
disabilities. The study enrolled 51 children ages 2–18 years (26 patients had CP) 
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who did not respond to sleep hygiene intervention. Fifty patients completed the 
crossover trial and 47 completed the open-label phase. The study reported a signifi-
cant improvement of total nighttime sleep and sleep latency by approximately 
30 minutes as documented by direct observation and by actigraph recordings [57]. 
Unfortunately, the authors of this study did not provide data or a detailed description 
of potential toxicities of melatonin during the trial. Potential toxicities that have 
been described include depression, enuresis, somnolence, and one report of increase 
in seizure activity [24, 58]. However, a study of melatonin in children with intrac-
table epilepsy did not report an increase in seizure activity [59].

Evidently, some sleep disorders in children with CP are structural and need to be 
addressed with more invasive measures. OSA is the primary example and is a com-
mon cause of sleep-disordered breathing in children with CP. The initial manage-
ment of OSA in children involves identifying adenotonsillar hypertrophy as a 
contributing factor and tonsillectomy as the primary treatment [17]. Of note, chil-
dren with CP are at an increased risk of postsurgical complications, and the need for 
postoperative monitoring cannot be understated [60].

Tongue base suspension (TBS) is another surgical technique that has been 
described to potentially benefit patients with OSA and CP in combination with 
other surgical techniques [61]. A study by Hartzell et al. described PSG data in CP 
children who received adenotonsillectomy and uvulopalatopharyngioplasty plus 
TBS vs. adenotonsillectomy and uvulopalatopharyngioplasty alone. Patients who 
received TBS had significant improvements in their arousal index leading the 
authors to conclude that children with CP and moderate to severe OSA may poten-
tially benefit from TBS [60].

In children in whom OSA persists despite tonsillectomy or in whom tonsillec-
tomy cannot be done, other measures such as nasopharyngeal airway devices, oxy-
gen supplementation, and continuous positive airway pressure (CPAP) are 
implemented. A CPAP machine works by delivering an intraluminal pressure that is 
above the critical closing pressure of the airway that effectively stents the airway 
open to overcome dynamic obstruction [62]. Unfortunately, compliance with non-
surgical techniques is a common problem, and treatment of OSA in patients with 
neurodevelopmental abnormalities like CP can be challenging. A guiding principle 
in managing OSA in patients with CP is recognizing that OSA is a multifactorial 
disorder and that treatment should be individualized based on the underlying neuro-
logic abnormality and site of obstruction [24].
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Sleep and Cerebrovascular Disease

Claude Nguyen

�Introduction

Stroke is the fifth leading cause of death and the leading cause of disability in the 
United States [1]. In the quest to identify contributors to cerebrovascular disease, 
sleep disorders have been found to increase the risk of stroke. Just as important, 
sleep disorders are a frequent manifestation of stroke and can affect stroke recovery 
and quality of life. Therefore, it is useful for the clinician to understand the relation-
ship between sleep and stroke, both to empower them to better manage their patients’ 
stroke risk, and to more effectively manage sleep disorders as a vital component of 
stroke recovery. This chapter aims to describe the relationship between sleep and 
stroke, exploring the contributions of sleep disorders to stroke risk and covering 
important clinical issues involving sleep disorders in the stroke patient.

�Sleep Disorders and Stroke Risk

�Sleep Duration and Its Effects on Stroke Risk Factors

Too little as well as too much sleep can adversely affect stroke risk. Overall, there is 
an abundance of evidence linking short sleep duration to elevated stroke risk [2]. This 
observation holds true even in patients with low risk of obstructive sleep apnea (OSA) 
and normal body mass index [3]. The bulk of this evidence is from animal studies, 
showing that sleep deprivation leads to impaired metabolism, including decreased 
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thyroid hormone output and reduced energy balance, in turn leading to decreased 
cerebral function [4].

Despite this, it should be noted that few studies have used objective testing to 
measure daytime sleepiness. One study used the multiple sleep latency test (MSLT), 
finding that stroke patients had more daytime sleepiness [5]; however, the control 
group was comprised of Parkinson’s and Alzheimer’s disease patients, thereby lim-
iting the generalizability of their findings.

Conversely, long sleep duration has been less consistently linked to stroke [3], 
although there has been a lack of laboratory or epidemiologic support to suggest a 
biological mechanism, suggesting that other factors such as presence of OSA or 
inflammatory markers could confound this relationship [6].

Laboratory studies involving gene expression have shown that sleep deprivation 
prior to stroke induces neuroprotective effects [7], altering cellular signaling response 
by inhibiting inflammatory response, cell cycle pathway, and neuroendocrine regula-
tion. Notably, experiments in rodents have shown upregulation in melanin-
concentrating hormone and hypocretin/orexin during the acute phase of stroke [8].

Interestingly, there has been some evidence demonstrating a link between long 
sleep duration and elevated risk of developing hemorrhagic stroke [9], although 
some have found this association to affect only women [10]. Regardless, further 
study in this area is needed.

Sleep duration has been found to have significant effects on traditional stroke 
risk factors. In terms of age, older persons often have decreased sleep duration and 
interrupted sleep. Advanced age is also associated with increased REM sleep with 
resulting decrease in slow-wave sleep [11]. There are other factors associated with 
increased age which lead to hypoventilation, including reduced ventilation, 
decreased lung elasticity, depressed respiratory regulation from autonomic dys-
function, or other comorbidities leading to decreased respiratory function. Overall, 
this results in an increase in oxygen demand, which, in turn, leads to increased 
stroke risk.

Linkages between sleep duration and hypertension have been well-described. The 
Sleep Heart Health Study demonstrated that those with less than 7 or more than 
8 hours of sleep had a higher risk of having hypertension [4]. Likewise, the Coronary 
Artery Risk Development in Young Adults Study showed a relation between short 
sleep duration and elevated systolic as well as diastolic blood pressure [4]. In those 
with excessive sleep, the root cause for these findings is thought to be a result of 
increased sympathetic nervous system activity, caused by an increase in excretion of 
post-sleep urinary norepinephrines. However, studies are inconsistent as to whether 
short duration among older persons leads to hypertension. To explain the link between 
short sleep duration and hypertension, during normal sleep, one’s blood pressure typi-
cally decreases. Short sleep duration has been linked to a lack of this decrease in 
nocturnal blood pressure, which has been linked to increased cardiovascular mortality 
[4]. Independent of OSA, those patients with medically refractory hypertension not 
only had shorter sleep periods compared to people who had normotension or con-
trolled hypertension but also spent less time in rapid eye movement (REM) sleep. 
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Conversely, prolonged sleep duration has been linked to elevated stroke risk, although 
it is unclear whether this could be explained by confounding variables such as SDB [6].

Diabetes is another traditional stroke risk factor that can be further impaired by 
impaired sleep duration. Sleep deprivation has been linked to derangements in 
metabolism. Both too much sleep and too little sleep have been associated with 
impaired glucose tolerance, and those with abnormal sleep duration who already 
have diabetes were shown to have more difficulty with glucose control [4]. Studies 
have shown that decreased sleep duration is associated with up to a 30% increase in 
risk of developing diabetes. Akinseye et  al. studied a cohort of 26,364 diabetic 
patients, finding that abnormal sleep duration was associated with increased risk of 
stroke, and even those with longer sleep duration had elevated stroke risk, although 
this relationship varied depending on sex and ethnicity [12]. It is believed that sleep 
deprivation causes increased sympathetic activity, which leads to decreased beta-cell 
responsiveness.

Obesity is another independent risk factor for stroke that can be exacerbated by 
changes in sleep. Sleep deprivation has been shown to lead to obesity. Decreased 
sleep leads to changes in metabolic state, stimulating a decrease in the hormone 
leptin, which controls satiety [4]. In turn, this stimulates appetite by increasing 
secretion of ghrelin. In addition, decreased sleep duration may lead to decreased 
physical activity and energy consumption, leading to increase in weight. 
Thermoregulatory mechanisms have also been proposed, as reduced sleep time has 
been associated with reduced body temperature.

Sleep duration can have profound effects on hyperlipidemia. Several studies 
have shown that women who have either short or long sleep duration tend to have 
lower levels of serum HDL and increased LDL, total cholesterol, and triglyceride 
levels; this effect was not observed in men [4]. Sleep deprivation is thought to stim-
ulate appetite especially for fatty foods. Less REM sleep has been found to be asso-
ciated with an increased desire for fat consumption [4].

Atrial fibrillation is another major risk factor for stroke. In a systematic review, 
one group found evidence linking frequent awakening and insomnia to atrial fibril-
lation [13]. Decreased sleep duration has been linked to prolonged P-wave duration 
and P-wave dispersion, which could portend a diagnosis of atrial fibrillation [4]. 
Decreased REM sleep has been linked to an increase in the presence of atrial fibril-
lation as well [4]. Although a direct relationship between sleep duration and atrial 
fibrillation is unclear, this evidence raises concern that sleep duration should con-
tinue to be studied.

�Sleep-Disordered Breathing and Risk of Stroke
Sleep-disordered breathing (SDB) includes obstructive sleep apnea (OSA), central 
sleep apnea (CSA), and Cheyne-Stokes breathing (CSB). Sleep apnea is defined by 
a cessation or reduction of airflow during sleep. OSA is the disruption of airflow 
caused by compromise of the upper airway. In contrast, CSA can occur as a result 
of central nervous system pathology, resulting in a cyclical breathing pattern of 
increased and depressed respiratory drive. Not only is OSA a significant 
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independent risk factor for stroke, there is correlation between the severity of OSA 
and stroke risk [14, 15].

SDB is thought to cause stroke by promoting paradoxical emboli [16]: SDB 
causes hypoxemia and retention of carbon dioxide, which causes an increase in 
pulmonary vascular resistance. In turn, right ventricular afterload and right atrial 
pressure are increased, causing transient elevation in right-to-left pressure, promot-
ing shunting of emboli through a patent foramen ovale (PFO).

While cerebral blood flow (CBF) undergoes various changes based on the stage 
of sleep, in OSA, brain perfusion is altered: CBF is decreased, and intermittent 
surges in CBF velocity and blood pressure are observed [17]. Some evidence sug-
gests that sympathetic activity is a strong contributor protecting the brain against 
excessive changes in cerebral perfusion pressure and cerebral blood flow during 
REM sleep. It is postulated that the increased sympathetic activity works to protect 
the brain from a decreased blood flow seen in OSA. Various physiologic pathways 
are involved in this response affecting CBF, including peripheral and central chemo-
receptors, PO2 and PCO2 levels, pH level, and regional brain activity [18].

In terms of localization, various studies have shown an association between SDB 
and brainstem strokes [19]. CSA and CSB were first described in patients with bilat-
eral strokes who have altered consciousness or heart failure; however, more recent 
studies have shown CSB in unilateral strokes without these associations. Since then, 
CSA/CSB has been shown to be associated with heart failure.

Stroke patients with OSA have also been found to have more cognitive and func-
tional impairment on comprehensive neuropsychological testing than those without 
OSA [20]. Specifically, these patients may have deficits in memory, attention, vigi-
lance, executive functioning, visuospatial perception, and motor function. Overall, 
it is clear that SDB is associated not only with increased risk of stroke but with 
increased post-stroke morbidity.

�Sleep Disorders as a Consequence of Stroke

�Insomnia

Up to half of post-stroke patients experience insomnia in the first few months of 
recovery [19]. Post-stroke insomnia is exacerbated by comorbidities commonly found 
in stroke patients, including depression, SDB, and pain. The busy hospital environ-
ment, set up to closely monitor stroke patients and provide frequent neurological 
checks by necessity, ironically exacerbates the problem of insomnia. Although rare, 
insomnia can also be caused by structural injury from stroke, notably in the pontomes-
encephalic, paramedian thalamic, and left dorsomedial prefrontal cortical regions [19].

�Hypersomnia/Excessive Daytime Sleepiness

Hypersomnia, or excessive daytime sleepiness (EDS), was found in over 20% 
of stroke patients in one study [21], with a decrease in REM sleep being 
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associated with the development of significant EDS.  Those with EDS have 
worse clinical outcomes, since presumably SDB is a cause of EDS.  In the 
Northern Manhattan Study, a large, multiethnic population-based, urban cohort, 
a modified version of the Epworth Sleepiness Scale, was used to assess for 
daytime sleepiness. Those with EDS had increased risk of stroke and other 
vascular events, and notably, the risk was different between ethnic groups, 
likely due to socioeconomic differences [22].

Hypersomnia has been associated with subcortical and pontomesencephalic 
strokes [19]. In the subacute recovery period, there can be improvement in 
hypersomnia, though it is common for fatigue to be a chronic problem. The 
most severe form of hypersomnia results from paramedian thalamic stroke, 
which can result in up to 20  hours per day of sleep-like behavior, including 
impairment in memory, attention, and cognition. Post-stroke insomnia can last 
months, although symptoms in some cases, particularly bilateral stroke, can 
last years.

�Restless Leg Syndrome/Periodic Limb Movements of Sleep

Restless leg syndrome (RLS) is a disorder causing an increased urge to move, which 
typically improves with activity and worsens at night with rest. It is frequently 
accompanied by periodic limb movements of sleep (PLMS), which typically occur 
during non-REM sleep. Approximately 12–13% of post-stroke patients have RLS, 
with two-thirds having bilateral symptoms [19]. One study showed a correlation 
between stroke severity and severity of PLMS [23]; as increased sympathetic activ-
ity has been implicated in PLMS, it is thought to be related to cardiovascular com-
plications. In a small cohort of stroke patients, those with RLS had greater neck 
circumference, worse sleep quality, and higher rates of diabetes compared to those 
without RLS [24].

Woo et al. found that RLS developed sooner than PLMS in stroke patients, but 
attributed this to the uncomfortable symptoms of RLS that could prompt an earlier 
discovery of these symptoms [25]. They found that RLS and PLMS were caused by 
either lesions in the pons or the corona radiata had either unilateral or bilateral RLS 
while those with bilateral RLS had larger lesions involving the corona radiata and 
the basal ganglia. This suggests that the basal ganglia are responsible for bilaterality 
of symptoms.

�REM Sleep Behavior Disorder

During REM sleep behavior disorder (RBD), patients act out their dreams. It is 
thought to affect approximately 11% of stroke patients [19]. RBD is thought to be 
linked to lesions in the brainstem [26], potentially caused by degeneration of the 
glutamatergic neurons in the pons and GABAergic neurons in the medulla. In the 
Kailuan Study cohort, Ma et al. found that those with probable RBD had higher risk 
of developing both ischemic and hemorrhagic strokes [27].
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�Circadian Variation

Previous studies have demonstrated stroke occurrence to exhibit a circadian pattern, 
with stroke onset peaking during morning hours, independent of stroke subtype or 
vascular risk factors [28]. As such, sleep’s effects on circadian rhythm have been 
implicated in stroke risk. In non-REM sleep, sympathetic activity decreases and 
parasympathetic activity increases, leading to increased heart rate, blood pressure, 
cardiac output, peripheral vascular resistance, and respiratory rate. Conversely, in 
REM sleep, periodic oscillations in sympathetic and parasympathetic activity occur, 
resulting in overall reduced parasympathetic and decreased sympathetic tone. This 
results in an overall surge of sympathetic activity during the morning hours of awak-
ening, which has been postulated to cause the displacement of vulnerable plaques 
resulting in stroke. Sheppard et al. found that increasing levels of morning blood 
pressure surge when measured as a continuous variable and not with a predefined 
threshold could be associated with increased stroke risk [29]. Interestingly, altera-
tion in sleep schedule and resulting disruption of circadian rhythm in night shift 
workers has been found to be an independent risk factor for stroke and heart dis-
ease [30].

�Diagnosis of Sleep-Disordered Breathing in Stroke Patients

The American Academy of Sleep Medicine task force group recommends screening 
for SDB in those with signs and symptoms suggesting an increased risk of moderate 
or severe OSA [31]. In the latest edition of their acute stroke treatment guidelines, 
the American Heart Association/American Stroke Association acknowledged the 
relationship between OSA and stroke, recognizing the increased morbidity and 
mortality carried by an OSA diagnosis; however, they listed routine screening for 
OSA in stroke patients as a level III recommendation, suggesting no benefit for 
screening, as some randomized controlled trials did not show benefit with treatment 
of moderate to severe OSA in preventing cardiovascular events [32].

The lack of demonstrated benefit of treatment in OSA patients, at least as far as 
those with stroke are concerned, could be due to inherent differences in these 
patients. Sacchetti et al. postulate that this could be a result of stroke patients being 
affected by a combination of OSA and CSA.  They propose categorizing stroke 
patients with SDB into four different groups [18]. The first group consists of those 
who terminate their apneic spells when they arouse from sleep, who have pure OSA, 
with upper airway obstruction either preceding or as a result of their stroke. A sec-
ond group consists of those who alternate between OSA and CSA without arousal 
from sleep. These patients exhibit decreased oxygen and increased carbon dioxide 
levels as a result of their OSA, leading to compensatory hyperventilation, which 
then leads to decreased carbon dioxide levels causing a high loop gain environment 
that promotes inhibition of central respiratory drive, or CSA. A third group consists 
of those who suffered impairment of their cyclic alternating patterns of sleep caused 
directly by the stroke. These patients can exhibit OSA, impaired chemosensation, 
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increased arousability, and a reduction in levels of REM sleep. The last group con-
sists of those whose stroke has caused damage to central structures resulting in 
pure CSA.

Even though evidence of secondary benefit for treatment of OSA in stroke 
patients is lacking as noted above, it is clear that treatment of OSA can have other 
benefits, including improved restfulness and mood. Unfortunately, a survey given to 
a group of 112 physicians caring for stroke patients found that most do not routinely 
screen their patients for SDB [33]. The study found that among those who screened 
for SDB, the most common screening tool was the Epworth Sleepiness Scale (ESS), 
followed by the Body Sensation Questionnaire (BSQ) and the STOP-BANG. Though 
STOP-Bang has not been validated in stroke patients, it has been shown in one 
cohort to have a high sensitivity for OSA [34], which may make it an ideal screen-
ing tool. Another study found that the 4-Variable screening tool and the STOP-BAG 
(STOP-BANG without the neck circumference measurement) were most effective 
in detecting OSA among stroke patients, although only moderately predictive [35].

�Wake-Up Strokes

Stroke is a time-sensitive disease, with every passing minute resulting in the loss of 
1.9 million neurons [36]. Acute stroke treatments include intravenous tissue-
plasminogen activator (IV t-PA) and endovascular thrombectomy or clot retrieval. 
Treatment with IV t-PA is limited to a maximum of 4.5 hours from the onset of 
symptoms, depending on the stroke patient.

Patients with wake-up strokes (WUS), whose symptoms are observed at the time 
of awakening from sleep, comprise approximately 25% of all strokes [37, 38] and 
are associated with worse short-term functional outcomes. In the SLEEP TIGHT 
study, an observational study of minor ischemic stroke, those with WUS are more 
likely to have severe OSA, more frequent oxygen desaturation events, and higher 
LDL cholesterol levels, with these findings more prominent among men [39]. As 
explained above, paradoxical emboli through a PFO are thought to be the culprit in 
WUS. One cross-sectional study found that those with WUS were much more likely 
than those with non-WUS to have both OSA and a PFO [40].

WUS patients are a source of frustration for stroke neurologists, as the exact 
time of stroke onset is not known; as a result, these patients present a unique chal-
lenge for treatment. The treating physician often must use the time at which the 
patients were last known to be normal (often the time that they went to sleep), 
which often excludes them from eligibility for IV t-PA. Yet, ongoing efforts to 
expand treatment options in acute stroke have raised the prospects that patients 
with WUS can be eligible for treatment. There is prospective evidence to suggest 
that administration of IV t-PA is safe in patients with WUS [41]. In addition, sev-
eral ongoing studies are focusing on the WUS population, with some employing 
perfusion neuroimaging to help select patients for thrombolytic therapy [42]. For 
patients whose stroke is caused by a large vessel occlusion (LVO), recent research 
suggests that select patients may benefit from endovascular therapy up to 24 hours 
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from stroke onset [43, 44]. However, it is important to note that even though 
patients with LVO comprise the majority of those afflicted with disability, depen-
dence, and death, they only represent approximately one-third of stroke 
patients [45].

�Stroke Recovery

It is increasingly clear that sleep is integral in its reorganizing and restorative effects 
on the brain and regulating synaptic plasticity. It is postulated that sleep promotes a 
general homeostatic rescaling of synaptic function. During sleep, brain regions 
areas that underwent learning or stimulation were shown to have increased slow-
wave activity, while immobilization led to a decrease in slow-wave activity during 
sleep [46].

One study found stroke patients to have a 0.5% lower baseline and mean oxygen 
saturation compared to age- and sex-matched controls [47]. Despite this small dif-
ference, it is postulated that lower oxygen levels could lead to decreased activity 
during hours of wakefulness, thereby interfering with rehabilitation regimens.

A systematic review and meta-analysis of studies involving 410 post-stroke sleep 
polysomnogram characteristics performed ranging from the time of admission to 
several months after stroke showed that stroke patients have shorter total sleep time, 
and more time spent in stage 1 sleep, with less time spent in stage 2 sleep [48]. They 
also found stroke patients to have lower percentage of slow-wave sleep compared to 
hospitalized controls, with no differences in REM sleep.

Other studies have noted decreased levels of REM sleep in stroke survivors [49], 
leading to sleep disturbances that in turn impair stroke rehabilitation potential. 
Impaired sleep architecture in stroke patients leads to non-dipping arterial blood 
pressure, impaired nocturnal heart rate variability, and baroreflex sensitivity in 
OSA, which all adversely affect stroke outcomes [50]. Cavalcanti et al. assessed the 
sleep quality of stroke patients with actigraphy, finding that stroke patients had 
increased sleep duration, latency, and fragmentation, which also results in decreased 
activity during waking hours. They found that sleep efficiency had the highest cor-
relation with quality of life. As a result, the group also recommended an emphasis 
on increased exposure to natural light to aid with circadian synchronization, restric-
tion of daytime sleep to improve nighttime sleep quality.

Modification of sleep stages may improve outcomes in stroke patients. It should 
be noted that over-the-counter sleep medications, not prescription sleep medica-
tions, have been implicated as an independent risk factor for stroke [51]. Acupuncture 
has been shown to be a promising alternative to medications for the treatment of 
insomnia, although further study is required [52].

Sleep is often neglected as far as rehabilitation is concerned. However, address-
ing sleep quality is promising for both short-term and long-term benefits in stroke 
survivors. It is established that deep sleep is known to promote neural plasticity, 
learning, and memory consolidation [48]. Furthermore, post-stroke patients are 
more susceptible to behavioral changes, especially depression [53]. As previously 
discussed, stroke patients can have sleep disorders as a secondary symptom of their 
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stroke or as a primary sleep disorder. Baglioni et al. proposed a conceptual model 
describing the relationship between stroke and sleep on stroke outcomes [48]. In 
their model, stroke causes psychological and physiological changes that adversely 
affect sleep. In turn, poor sleep affects mental and physiological health, daytime 
function, and memory, which all contribute to stroke outcome.

It appears as though attention to improving sleep quality would have a poten-
tially high yield toward patient outcomes, even in the absence of firm evidence. 
Regardless, further studies are needed to review the effects of improving sleep on 
outcomes of stroke survivors.
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Sleep in Amyotrophic Lateral Sclerosis

Swapan Dholakia and Saiprakash B. Venkateshiah

�Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder 
affecting the motor neurons. Upper motor neurons (UMN) are located within the 
brain and lower motor neurons (LMN) within the brainstem and spinal cord. Clinical 
findings of UMN involvement are spasticity, hyperreflexia, and pathologic reflexes, 
whereas those of LMN involvement include weakness, atrophy, and fasciculation 
(Table 15.1). A combination of UMN and LMN findings raises the suspicion for 
ALS. In most cases, ALS is a relentlessly progressive disease, culminating in death 
from respiratory failure. However, a population-based study found that 11.8% 
patients survived more than 10 years and younger age at onset, male gender, and 
spinal onset were associated with longer survival [1].

According to the National ALS Registry, the prevalence of ALS in the United 
States is 5 per 100,000, which is more common in whites, males, and those in the 
age range of 60–69 years [2]. Both genetic and environmental factors play a role in 
this disease. About 5–10% of cases are familial, and the remainder are sporadic [3]. 
Mutations in the gene encoding for the Cu/Zn superoxide dismutase 1 (SOD1) 
metalloenzyme have been reported in cases of familial ALS [4]. Advances in genet-
ics have identified several other gene mutations and are updated in an ALS online 
database [5]. The demonstration of ubiquitin-positive neuronal inclusions contain-
ing the protein TDP-43 in both ALS and frontotemporal dementia shows that these 
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neurodegenerative disorders are linked [6]. 50% of patients with ALS have cogni-
tive impairment, while 15% meet the criteria for frontotemporal dementia [7].

The El Escorial criteria were developed in 1994 for the diagnosis of ALS. To 
improve its sensitivity with the use of electrodiagnostic testing, these criteria were 
revised in 2000 [8]. The revised El Escorial criteria have four categories. Clinical 
evidence of UMN and LMN dysfunction is sought in four body regions (bulbar/
brainstem, cervical, thoracic, and lumbosacral spinal segments). Clinically definite 
ALS is defined based on clinical findings of UMN and LMN in the bulbar region 
plus two spinal regions, or presence of UMN and LMN signs in three spinal regions. 
Clinically probable ALS is defined by clinical evidence of UMN and LMN signs in 
two regions with some UMN signs rostral to LMN signs. Clinically probable 
laboratory-supported ALS is defined by UMN and LMN signs in one region or 
UMN signs in one region and LMN signs on EMG testing in two regions. When 
these criteria are not met, clinically possible ALS applies to UMN and LMN signs 
present in one region, UMN signs alone in two regions or more, or LMN signs pres-
ent rostral to UMN signs. Other causes should be ruled out by appropriate neuroim-
aging and laboratory studies.

This chapter will discuss the sleep disorders found in patients with ALS, their 
pathophysiology (Table 15.2), diagnosis, and treatment options.

�Restless Legs Syndrome and Periodic Limb Movements 
in Sleep

Restless legs syndrome (RLS) and periodic limb movements during sleep (PLMS) 
have been reported to occur more frequently in patients with ALS than in the gen-
eral population. A study on 69 ALS patients in a French cohort found a higher fre-
quency of RLS in patients with ALS (20.8%) who were older than 64 years than in 
the general French population (8.6%) of the same age group [9]. Another study 
comparing 76 ALS patients (mean age 58.7 ± 12.8 years) with 100 control subjects 

Table 15.1  Clinical 
features of ALS

Upper motor neuron features Lower motor neuron features
Spasticity Weakness
Hyperreflexia Atrophy
Pathologic reflexes Fasciculations

Table 15.2  Causes of sleep disturbance in ALS

Sleep disorder in ALS Pathophysiology
Sleep-disordered breathing Respiratory weakness and hypoventilation
Insomnia Muscle cramps, impaired mobility, excessive secretions, 

dysphagia, and fasciculations
Restless legs syndrome Depression and anxiety
Hypersomnia
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found a higher frequency of RLS in patients with ALS (25% vs. 8%) and that the 
duration of RLS symptoms was shorter but the frequency of symptoms was higher 
in ALS patients. In addition, patients with ALS and RLS had more functional 
impairment and sleep complaints than ALS patients without RLS [10]. A polysom-
nography study on 41 patients with ALS showed a high PLMS index of more than 
15/hour in 53.6% of patients [11].

�Parasomnias

REM sleep without atonia has been observed in polysomnographic studies in 
patients with ALS and correlates with worsening motor function. However, it is not 
clear if this represents a risk factor for REM sleep behavior disorder or is an isolated 
finding [12]. REM sleep behavior disorder has been described in patients with 
familial ALS [13].

�Insomnia

Several disease-specific factors may play a role in impairing sleep onset or sleep 
continuity. These factors include excessive secretions, dysphagia, impaired mobil-
ity, spasticity, muscle cramps, and difficulty with communication. Addressing these 
and providing symptomatic treatment is an important aspect in the overall manage-
ment of patients [14]. Patients with ALS have a significantly poor quality of sleep 
which correlates with daytime sleepiness as well as severity of ALS [15]. Behavioral 
changes, reduced motivation, depression, and apathy are seen frequently in patients 
with ALS [16] and may play a role in the development of insomnia. In addition to 
neuropsychiatric symptoms, sleep disturbances are seen in about 30% of patients 
with dementia (including frontotemporal dementia) [17]. Thus, ALS patients with 
frontotemporal dementia and cognitive impairment may exhibit sleep disturbances 
as a part of the neurocognitive disorder. Polysomnography has revealed increase in 
awake time and reduced deep and REM sleep in patients with ALS (Table 15.3) 
[18]. Fragmentation of slow-wave sleep has been described with the development of 
complete locked-in syndrome in an ALS patient [19].

Table 15.3  Polysomnography 
findings in ALS PSG finding

Percent patients 
affected

Reduced sleep efficiency 55%
Reduced deep sleep
Reduced REM sleep
Hypoventilation and hypercapnia 40%
Obstructive and central sleep apnea 45%
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�Circadian Rhythm Disorders

In addition to reduced sleep efficiency and total sleep time, possibility of a circadian 
phase delay has been noted (increased activity at night and reduced activity in the 
morning on actigraphy and sleep diary data) in patients with FTD [20]. Additionally, 
a reduction in REM sleep has been observed in FTD [21]. The morning plasma 
cortisol level is elevated in patients with ALS (particularly the spinal form of the 
disease), and chronic stress may play a role in dysfunction of the hypothalamic-
pituitary-adrenal axis [22]. Loss of circadian rhythmicity in cortisol release, with 
high cortisol levels in the evening, lack of the expected rise in cortisol levels in 
response to stress [23], and blunting of the normal rise in cortisol level upon awak-
ening [24] have been observed in ALS. Interestingly, a study on ALS mice showed 
that exposure to stress was associated with higher rate of progression of the disease 
and reduced survival [25].

�Hypersomnia and Fatigue

A common symptom seen in patients with ALS is fatigue [26]. Patients with fatigue 
have nocturnal complaints such as muscle cramps and nocturia and report more dif-
ficulties in staying asleep. They are also more disabled [27]. Modafinil has been 
shown to have beneficial effects in terms of reducing symptoms of fatigue as well as 
daytime sleepiness in patients with ALS. A study on 15 ALS patients showed a 
significant improvement in daytime sleepiness as measured by Epworth Sleepiness 
Scale (mean score reduction from 8.2 to 4.5) as well as in fatigue as measured by 
the Fatigue Severity Scale (mean score reduction from 51.3 to 42.8) [28]. There is 
limited data on the presence of hypersomnias of central origin in ALS. The hypocre-
tin (orexin) neurotransmission system does not seem to be involved in ALS [29].

�Sleep-Related Breathing Disorder in ALS

Breathing is controlled by columns of respiratory neurons in the pons and the 
medulla. The dorsal respiratory group (mainly inspiratory neurons) and the ventral 
respiratory group (consisting of both inspiratory and expiratory neurons) are located 
in the medulla [30]. The pontine center is thought to interact with the medullary 
neurons and play a role in controlling transitions of respiratory phase as well as 
respiratory reflexes [31]. Neurons from these centers project to the spinal motor 
neurons which then innervate the inspiratory and expiratory muscles of respiration. 
During NREM sleep, the activation of GABAergic neurons in the VLPO nucleus of 
the hypothalamus, with its widespread projections to brainstem arousal systems, 
results in hypoventilation seen during sleep [32]. During REM sleep, the descend-
ing brainstem signals to the spinal motor neurons result in the characteristic muscle 
atonia [33], leading to a further reduction in ventilation. The diaphragm, which 
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receives its innervation from the C3 to C5 cervical segments via the phrenic nerve, 
is spared from the motor inhibition in REM sleep. Due to these reasons, neuromus-
cular disorders such as ALS which result in denervation and weakness of the respi-
ratory muscles manifest with hypoventilation first seen during sleep, particularly in 
REM sleep. Nocturnal hypoxia may be seen in the absence of significant respiratory 
weakness or diaphragm denervation and is explained by dysfunction of the central 
control of breathing [34] due to degeneration of the pre-Botzinger complex (inspira-
tory rhythm generator neurons in the ventral respiratory group in the medulla) [35].

A high prevalence of obstructive sleep apnea has been noted in patients with ALS 
(Table 15.3). A polysomnography study on 250 ALS patients found that 45.6% had 
an AHI >/= 5 and 40% had nocturnal hypoventilation as measured by transcutane-
ous capnometry [36]. Patients with bulbar symptoms have a higher than predicted 
prevalence of obstructive events, whereas those without evidence of bulbar signs 
have a higher prevalence of central events [37]. The presence of obstructive sleep 
apnea at the onset of ALS has been suggested to play a prognostic role. ALS patients 
with OSA (AHI >/= 5) had a significantly shorter mean survival as compared to 
patients without OSA [38]. However, the degree of respiratory muscle weakness 
relates to quality of life (QoL) and functional status, and not the AHI [39]. 
Sometimes, ALS may present with unexplained respiratory failure or sleep distur-
bance, in the absence of significant limb or bulbar symptoms [40].

Symptoms of respiratory muscle weakness and nocturnal hypoventilation are 
orthopnea, frequent arousals, morning headaches, daytime sleepiness, and cognitive 
problems. Pulmonary function tests to evaluate for hypoventilation include forced 
vital capacity (FVC), maximum inspiratory pressure (MIP), nocturnal oximetry, 
and sniff nasal pressure (SNP). Measuring FVC in the supine position was better at 
detecting weakness of the diaphragm as compared to measurement in the upright 
position [41]. MIP and nocturnal oximetry are more sensitive at detecting initial 
stages of respiratory weakness in comparison with FVC [42]. SNP measured early 
in the disease was a predictor of mortality or tracheostomy at 1-year follow-up [43]. 
There may not be a correlation between sleep-disordered breathing and daytime 
respiratory testing, making the case for nocturnal assessment (with a sleep study or 
oximetry) of respiratory function as a part of the overall evaluation of patients with 
ALS [44]. Another study showed that the presence of sleep-disordered breathing 
correlated with daytime symptoms such as excessive sleepiness, but not with forced 
vital capacity, again emphasizing the importance of polysomnography when there is 
a suspicion of a sleep breathing disorder [45]. Nocturnal hypoxia in ALS is associ-
ated with cognitive dysfunction on neuropsychological testing [46].

Non-invasive ventilation (NIV) is indicated when PaCO2  >  45  mmHg, 
MIP <60 cm H2O, FVC < 50% predicted, or SaO2 ≤ 88% for at least 5 continuous 
minutes (Table 15.4) [47]. The American Academy of Neurology (AAN) practice 
parameter update also recommends NIV when SNP <40 cm H2O or there is pres-
ence of orthopnea [48]. NIV has been shown to improve survival in patients without 
severe bulbar dysfunction, with a median survival benefit of 205 days [49]. It also 
positively improves objective sleep architecture (increases slow-wave sleep and 
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rapid eye movement sleep) and improves oxygen saturation and nocturnal ventila-
tion (reduction in carbon dioxide levels) [50, 51]. In addition to treating hypoventi-
lation, treatment of obstructive events is also important to confer maximum survival 
benefit [52].

Early use of NIV is recommended as it improves compliance and results in 
slower decline in respiratory function [53]. Lower compliance to NIV has been 
observed in patients with frontotemporal dementia and those with bulbar involve-
ment [48]. Patients with bulbar weakness may be prone to higher mouth leaks and 
this may affect tolerance to NIV. Early use of non-invasive ventilation is also sup-
ported by animal studies. A study on ALS mice showed that intermittent hypoxia 
led to a more rapid deterioration of motor neurons leading to worsening weakness. 
It was also associated with a decline in cognitive function [54]. The ability to 
remotely monitor NIV and make corrective changes reduces the need for office and 
emergency room visits as well as hospital admissions [55]. While NIV improves 
QoL of patients with ALS, it does not have a negative impact on the caregivers’ QoL 
or burden [56].

Devices used for NIV include bilevel positive airway pressure therapy (with or 
without backup rate), portable ventilators, and more advanced volume-targeted 
devices such as average volume-assured pressure support (AVAPS). A potential 
advantage of AVAPS in individuals with ALS is that as respiratory function declines 
and hypoventilation worsens over time, the device can automatically adjust the tidal 
volume as it is able to increase the pressure support to meet the desired tidal volume 
[57]. With progression of the disease, inability to clear upper airway secretions may 
interfere with adequate ventilation. Use of cough assist and suction devices should 
be considered in such patients.

Both adherence to therapy and the efficacy of NIV in terms of reducing nocturnal 
hypoxia play a key role in prognosis [58]. Respiratory weakness predisposes to 
pulmonary infections, with pneumonia being the most common cause of death in 
ALS [59]. In patients without nocturnal hypoxia, reduced variability in heart rate 
(possibly due to autonomic dysfunction) is associated with sudden death [60].

�Treatment of ALS

There is no effective treatment for ALS and median survival ranges from 20 to 
48 months [61]. Treatment is largely symptomatic, and an approach that involves 
multidisciplinary clinic referral is recommended [48]. Factors associated with 

Table 15.4  Indications for initiation of non-invasive ventilation in ALS

Symptom and physical findings Orthopnea
Oximetry SaO2 ≤ 88% for at least 5 continuous minutes on 

nocturnal oximetry
Pulmonary function tests FVC < 50% of predicted

MIP < 60 cm H2O
SNP < 40 cm H2O

Blood gases PaCO2 > 45 mmHg
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reduced survival in ALS include older age, bulbar onset of symptoms, presence of 
frontotemporal syndrome [62], as well as the rate of progression of symptoms. 
Riluzole is an antiglutamate agent that has shown to prolong median survival by 
2–3 months. It is dosed at 100 mg per day and can lead to mild elevations in amino-
transferase levels [63, 64]. Even though symptomatic treatment is the mainstay to 
improve and maintain QoL in patients with ALS, this is highly underused, espe-
cially with symptoms such as fatigue [65]. A survey of neurologists treating ALS 
patients found little consensus on the treatment of individual symptoms [66]. There 
is paucity of data in terms of clinical trials for symptomatic treatments in ALS. A 
number of symptoms can interfere with sleep in patients with ALS and must be 
addressed and treated (Table 15.5). Amitriptyline, atropine eye drops, and glycopyr-
rolate are used to treat sialorrhea. If these are not effective, based on the AAN prac-
tice guidelines, botulinum toxin or salivary gland irradiation can be used. Baclofen 
and tizanidine may be used for spasticity. Stretching exercises may help. In indi-
viduals with limited mobility, an alternating pressure air mattress or a hospital bed 
may be used to improve comfort [67].

�Invasive Ventilation

Invasive ventilation should be offered when long-term survival is the goal. In view 
of the incurable and progressive nature of the illness, invasive ventilation via a tra-
cheostomy poses ethically difficult concerns. Invasive ventilation impairs commu-
nication and the patient’s autonomy. Use of the method implies increasing 
dependence on caring personnel and/or the next of kin. The patient and family 
should be fully informed of the risks and benefits of this treatment, and they should 
be provided the option to stop the ventilation at any time. Patients with ALS who 
choose invasive ventilation are fewer than 10%. Unfortunately, in most patients, the 
demands of invasive ventilation are difficult or impossible to manage at home, and 
nursing home placement results. In individuals who choose to stop invasive ventila-
tion, symptoms of dyspnea, anxiety, and distress should be palliated.

Table 15.5  Treatment of symptoms interfering with sleep in ALS

Spasticity Stretching exercises, baclofen, tizanidine
Sialorrhea Amitriptyline, atropine drops, botulinum toxin injection, salivary gland 

irradiation
Immobility Use of air mattress or hospital bed
Dyspnea Non-invasive ventilation
Dysarthria Communication via writing, electronic devices
Dysphagia Speech pathology evaluation, enteral nutrition
Depression and 
anxiety

Antidepressants
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�Introduction

The most recent consensus definition of traumatic brain injury (TBI) is that pro-
posed by Menon et al. [1] on behalf of the Demographic and Clinical Assessment 
Working Group of the International and Interagency Initiative toward Common 
Data Elements for Research on Traumatic Brain Injury and Psychological Health. 
They define TBI as “an alteration in brain function, or other evidence of brain 
pathology, caused by an external force.” As well specified by Menon et al. [1] in 
their special communication about TBI, alteration in brain function is defined as 
one of the following clinical signs: (1) any period of loss of or a decreased level of 
consciousness; (2) any loss of memory for events immediately before (retrograde 
amnesia) or after the injury (PTA); and (3) neurologic deficits (weakened, loss of 
balance, change in vision, dyspraxia paresis/plegia [paralysis], sensory loss, apha-
sia, etc.). Other evidence of brain pathology may include visual, neuroradiologic, 
or laboratory confirmation of damage to the brain. Caused by an external force may 
include any of the following events: the head being struck by an object, the head 
striking an object, the brain undergoing an acceleration/deceleration movement 
without direct external trauma to the head, a foreign body penetrating the brain, 
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forces generated from events such as a blast or explosion, and other force yet to be 
defined [1].

TBI is an important cause of death and disability at all ages around the world, 
and it is the leading cause of disability in young adults worldwide [2, 3].

�Pathophysiology of TBI

It is important to distinguish between penetrating brain and closed injuries, because 
neurobiological and neurobehavioral consequences may be different [4]. In fact, in 
cases of penetrating brain lesions, the brain damage is related to the displacement or 
destruction of brain tissue consequent to the introduction into the skull of external 
objects or bone fragments or potential infectious material. The clinical conse-
quences of a penetrating lesion are directly correlated with the location, the trajec-
tory, and the size of the object involved, and these characteristics may largely predict 
them. Non-penetrating or closed injuries are explained by the complex interaction 
between the biomechanical forces causing the trauma and the material properties of 
the brain and its relationship with skull bones. Not rarely, injuries may be due to a 
combination of these two types [4]. Closed TBI may be due to contact forces or 
inertial forces. Contact injuries occur when the brain moves inside the skull striking 
its inner surface. Movements of the brain against some ridges and bone protuber-
ances, especially in the anterior and middle fossae, may be very dangerous to tem-
poral and frontal poles and frontotemporal cortices. Inertial forces are characterized 
by linear and rotational forces that, producing angular acceleration/deceleration, 
may cause straining, shearing, and compression of brain tissue. The areas more 
subject to this type of forces are the junction between the gray and white matter and 
the rostral brainstem [4].

Furthermore, the brain tissue damage, as well as the spinal cord tissue damage, 
is the result of the interactions between the primary mechanical injury and the sec-
ondary neurodegeneration process. The primary injury is the initial traumatic insult 
to the brain, the immediate consequences of which are disruption of neuronal and 
glial cells, vascular damage, and axon shearing. Immediate clinical manifestations 
of TBI are loss of consciousness, seizure, respiratory depression, ischemia, hypoxia, 
parenchymal inflammation, and production of nitric oxide. The secondary neurode-
generation process may continue for hours, days, and weeks after the initial trauma. 
In fact, secondary nonmechanical degeneration is characterized by a complex cas-
cade of biochemical, molecular, metabolic, and cellular events which worsen the 
initial damage through the activation of the oxidative stress; production of reactive 
oxygen species (ROS), free radicals, and reactive nitrogen species (RNS); activation 
of pro-inflammatory cytokines, which in turn may cause mitochondrial dysfunction; 
neurotransmitter accumulation; blood-brain barrier disruption; activation of inflam-
matory and immune processes; vascular events; damage to protein and DNA struc-
ture and of cell membrane; and excitotoxic damage and consequent apoptosis, 
which plays an important role in worsening the initial injury (Fig. 16.1) [5, 6].
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The cells of the central nervous system have a low capacity to contrast the effects 
of oxidative stress, and are highly sensitive to it, which is strongly correlated with 
the pathogenesis of brain tissue damage due to several brain injuries, including TBI 
and stroke.

Therefore, the outcome of brain and spinal cord injury strongly depends on the 
secondary damage, and this seems to be the eligible phase during which to intervene 
with specific therapies, in order to minimize the effects of TBI.

After TBI, depending on the site of damage and preexisting physical and mental 
health conditions, regardless of the severity of the trauma, several symptoms and 
signs may occur, including behavioral alterations; balance disturbances; altered 
cognition; headache; dizziness; confusion; nausea; difficulties in memory, attention, 
and concentration; altered mood; and altered sleep. Table  16.1 summarizes the 
pathophysiological mechanisms underlying sleep disorders after TBI.

Penetrating brain injury:
• Displacement of brain tissue
• Destruction of brain tissue
• Introduction of external objects
or bone fragments into the
skull, potentially infected

Closed brain injury:
• Contact injuries (the brain
  moves inside the skull and
  strikes its inner surface)
• Inertial damage (angular
  acceleration/deceleration)

Traumatic brain injury

Primary
injury

Secondary neurodegenerative process:
• Reactive oxygen species
• Reactive nitrogen species
• Free radicals
• Proinflammatory cytokines
• Neurotransmitter accumulation
• Mitochondrial dysfunction
• Activation of inflammatory and immune
  processes
• Damage of DNA and proteins
• Vascular damage
• Excitotoxic damage
• Apoptosys

worsening

Fig. 16.1  Interactions between the primary mechanical injury and the secondary neurodegenera-
tion process

Table 16.1   
Pathophysiological mecha-
nisms underlying sleep 
disorders after TBI

Pre-TBI mechanisms Post-TBI mechanisms
Genetics Hypothalamic damage 

(decreased hypocretin-1)
Age Decreased/delayed melatonin
Sex Lesions in brainstem areas 

involved in wake regulation
Sleep-wake habits Pain (e.g., headache)
Sleep disorders Comorbidities
Psychiatric disorders New drugs
Cognitive disturbances Changes in habits
Medical comorbidities Altered light-dark exposure
Drugs Hospitalization
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�Sleep After TBI

�Sleep and Sleep-Wake Cycle Are Often Altered After TBI

The most frequently reported sleep disorders after TBI are insomnia with difficul-
ties in falling or staying asleep, excessive daytime sleepiness and increased need of 
sleep with consequent intrusion of sleep during wakefulness, hypersomnia, and 
alteration of sleep-wake rhythms. Sleep disorders may be present despite the mild 
severity of the trauma, and they may arise immediately after the traumatic event, 
during the hospitalization or during the rehabilitation, and can last for years 
after TBI.

�Pathophysiology of Sleep-Wake Disorders After TBI

The pathophysiological mechanism underlying the sleep-wake disorders after TBI 
is not completely known, and it is thought that several mechanisms may contribute 
together.

In particular, a clear relationship between specific brain areas and sleep distur-
bances has not been established, but several studies have identified hypothalamic 
dysfunction as a potential cause of sleep-wake alteration [7–9]. Baumann et al. [8, 
9] described a decreased secretion of hypocretin-1 following TBI, which returned to 
normal levels after 6 months after the trauma, but with persistent lower levels in 
subjects with excessive daytime sleepiness (EDS).

Moreover, Grima et al. [10] and Shekleton et al. [11] debated that TBI is associ-
ated with attenuated and delayed melatonin profiles, with reduced evening and over-
night melatonin production. Melatonin is a hormone involved in the circadian 
control of the sleep-wake cycle, and alteration in its profile may contribute to the 
development of sleep-wake problems following TBI. Moreover, Grima et al. [12] 
found that melatonin supplementation for a 4-week period is effective and safe in 
improving subjective sleep quality after TBI.

Besides hypocretin-1 levels, other risk factors for the development of sleep-wake 
disorders in patients after TBI are pain (especially chronic headache) and its inad-
equate management; hospitalization with changes in sleep-wake rhythms; psychiat-
ric disorders such as depression, anxiety, and post-traumatic stress disorder; 
cognitive disturbances; and some drugs. Ouellet et al. [13, 14] proposed a model 
based on potentially overlapping factors affecting the sleep-wake pattern after TBI, 
including pre-injury factors, acute factors, and post-acute factors. Pre-injury factors 
include genetic predisposition, sleep-wake habits, sleep disturbances, health, age, 
and sex. Acute factors are the brain lesions, hospitalization, changes in habits, drugs, 
pain, and anxiety. Post-acute factors include pain, health, sleep-related behaviors, 
drugs, and psychopathology. Ouellet [13] proposed that preexisting factors might 
contribute to the development of post-acute sleep-wake disturbances; moreover, in 
the acute phase, lesions of brain areas involved in sleep-wake regulation, 
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psychological distress, changes in behavior, the complaint of pain, and some drugs 
might contribute to the development of sleep disturbances all together. In the long 
term, changes of habits, possible neurological and general health complications, 
and some drugs might interact to perpetuate the sleep-wake disorders.

The brain regions involved in sleep-wake regulation are very vulnerable to 
trauma, and the prevalence of sleep disorders after TBI is very high, but they are 
often overlooked; it is estimated that nearly half of subjects with TBI develop some 
sleep problems early after the traumatic event [2, 15]. Disordered sleep in these 
patients may be due not only to brain injury itself but also to mood depression, anxi-
ety, irritability, pain, long hospitalization, and cognitive and functional impairment.

�Sleep-Wake Disturbances After TBI

Disordered sleep and sleep-wake disturbances are among the most frequent acute 
and chronic consequences of traumatic brain injury [12, 15–17], often lasting for 
months to years after the event [7, 13, 18, 19], but their real extent of persistence is 
not completely clear [15]. In a meta-analysis of 21 clinical studies assessing sleep 
and sleep disorders following TBI, Mathias and Alvaro [20] showed that about 50% 
of TBI patients suffered from post-traumatic sleep-wake disturbances and 25–29% 
had been diagnosed with a sleep disorder such as insomnia (29% vs. 10% in con-
trols), hypersomnia (28% vs. 10%), obstructive sleep apnea (25% vs. 2%), periodic 
limb movements (8% vs. 4%), and narcolepsy (4% vs. 0.047%), revealing a higher 
prevalence with respect to the general population. Moreover, these patients had a 
two- to four-time higher risk to complain specific sleep problems [20], namely, 
snoring (60% vs. 42%), insomnia (50% vs. 31%), poor sleep efficiency (49% vs. 
27%), delayed sleep onset (36% vs. 27%), nightmares (27% vs. 8%), excessive 
daytime sleepiness (27% vs. 9%), early awakenings (38% vs. 18%), and sleepwalk-
ing (9% vs. 2%).

Sleep architecture after TBI is not well explored yet. Polysomnographic record-
ings in subjects after TBI have been shown to correspond to subjective complaints, 
confirming that after TBI, the quality of sleep is altered, with increased awakenings 
and poor sleep efficiency. In particular, PSG studies showed an increased amount of 
NREM N1 and N2 sleep stages, decreased REM sleep, and shortened REM sleep 
latency. A few reports have shown an increase in slow-wave sleep, which may 
reflect its involvement in recovery mechanisms by promoting neurological pro-
cesses, namely, axonal sprouting and synaptic remodeling [13, 21].

Sleep disorders and their diurnal consequences may have a negative impact on 
daily activities, and may negatively affect the outcome of rehabilitation, prolonging 
the duration of hospitalization and delaying the recovery of patients with TBI [20, 
22]. Moreover, sleep disorders, especially when they are associated with EDS, are 
significant risk factors for motor vehicle accidents and can increase the risk of repet-
itive TBI [17].

We will describe the most frequent sleep disorders following TBI.
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�Insomnia

Insomnia is defined by the American Academy of Sleep Medicine in the International 
Classification of Sleep Disorders-Third Edition (ICSD-3) [23] as “a persistent dif-
ficulty with sleep initiation, duration, consolidation, or quality that occurs despite 
adequate opportunity and circumstances of sleep, and results in some form of day-
time impairment.” Insomnia is reported in 30–60% of individuals after TBI of all 
degrees of severity [13, 14, 20, 24–26], although it seems to be more frequent fol-
lowing mild injuries, in the presence of pain or depression, maybe because these 
patients are more aware of their clinical conditions with respect to the more severe 
cases [3, 13, 24]. Moreover, multiple TBIs are associated with higher risk to develop 
more severe insomnia and sleep disturbances as shown in veterans [27]. Cognitive-
behavioral therapy (CBT) and sleep hygiene strategies seem to determine improve-
ment of insomnia symptoms also in patients suffering from insomnia due to TBI, 
providing a long-lasting positive effect [13, 14].

�Excessive Daytime Sleepiness, Increased Need for Sleep, 
and Hypersomnia

EDS is reported in a very high percentage of subjects after TBI. EDS is defined as a 
score >10 at the Epworth Sleepiness Scale (ESS) [28–30] and as an average sleep 
latency of <10 min at the Multiple Sleep Latency Test (MSLT) [31]. It is character-
ized by a diurnal increased pressure to fall asleep with sleepiness occurring mostly 
during sedentary activities and episodes of difficult-to-control need to sleep or unin-
tentional and undesired naps.

Many studies have reported that EDS and increased need of sleep following TBI 
are very frequent [13, 14, 32, 33]. Subjective complaint of daytime sleepiness is 
reported in 50–85% of individuals following TBI [16, 18, 34]. Usually EDS remits; 
however, it may persist in 10–53% of cases [16], and it may be present 6 months 
after the initial trauma as shown by Imbach et al. [7] and Baumann et al. [9] who 
evaluated EDS with MSLT and, also years later, as shown by Kempf et al. [19].

Narcolepsy occurs less frequently than the other sleep disorders, but with fre-
quency higher than in the general population (4% vs. 0.47%). Some case reports of 
narcolepsy after TBI have been described in 1941 [35], but at that time it was impos-
sible to distinguish narcolepsy from other sleep disturbances with hypersomno-
lence. Moreover, it is not always simple to understand if narcolepsy could have 
preceded or contributed to the trauma and, in some cases, TBI might have been the 
trigger event in subjects already at risk to develop narcolepsy [17].

The pathophysiology of EDS and hypersomnia after TBI remains unclear, 
although damage to hypothalamic neurons and other wake-promoting neuronal 
population might be associated with EDS, as reported above [8, 36]. Furthermore, 
short REM latency has been reported following TBI, leading to a narcoleptic-like 
condition due to other conditions, such as sleep deprivation, withdrawal from REM-
suppressing drugs, and changes in sleep-wake schedule [13].
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Recently, we have described [37] the case of a 48-year-old healthy woman who 
had a head trauma with cerebral commotion followed by a 4-month coma. Since the 
first days after the coma resolution, she reported EDS, with prolonged diurnal non-
restorative naps, anterograde and retrograde amnesia, and fronto-bitemporal head-
ache with phonofobia and photophobia, sometimes associated with nausea and 
vomit. At the time of the visit at our outpatient sleep service, 3  years after the 
trauma, she complained severe sleep disturbances, such as incoercible daytime 
sleepiness, not refreshing prolonged naps, prolonged nighttime sleep with snoring, 
and sleep inertia. EDS was confirmed by PSG and MSLT. A brain MRI with gado-
linium and diffusion tensor imaging (DTI) was performed that showed no cerebral 
lesions, but DTI tractography highlighted reduced neuronal fibers in the thalamo-
forebrain circuit; moreover, tractography showed loss of white matter tracts in the 
left frontal region (Fig. 16.2). Finally, perfusion MRI showed loss of cortical blood 
flow in the left frontal region due to axonal post-traumatic damage. These findings 
did suggest us that in this case, EDS and hypersomnia could be explained as results 
of decreased activity in the cortical wake activation pathways.

�Circadian Rhythm Sleep Disorders

There are only few studies assessing the prevalence of circadian rhythm disorders 
following TBI.  Some case reports of post-traumatic delayed phase syndrome 

Fig. 16.2  Quantitative 
assessment using 
comparative region-of-
interest values showing 
reduced fractional 
anisotropy in the left 
frontal region due to 
relevant left white matter 
damage (red arrow). The 
same reduction is evident 
at the thalamic level 
(red arrow)
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[38–40] and one case of hypernyctohemeral syndrome [41] have been described. 
Ayalon et al. [40] reported that 36% of patients who were referred for an evaluation 
of insomnia after a minor TBI were diagnosed also with a circadian rhythm disor-
der, namely, delayed sleep phase syndrome (52%) and irregular sleep-wake pattern, 
which were associated with distinct profiles of melatonin and temperature circadian 
rhythms.

Duclos et al. [40] assessed the rest-activity cycle in 16 hospitalized patients after 
a moderate/severe TBI by means of a 10-day actigraphy performed 10 days after the 
injury, and they found that these patients had an altered rest-activity cycle, maybe 
due to severe sleep fragmentation and wake episodes, with improvement over time. 
Moreover, a faster return to a normal cycle might predict enhanced brain recovery.

In summary, the real prevalence of circadian rhythm disorder following TBI is 
poorly studied and needs additional investigation.

�Sleep-Breathing Disorders

Both obstructive sleep apnea (OSA) and central sleep apnea (CSA) are reported 
more frequently in patients after TBI than in the general population. Many studies 
report a prevalence of 25–35% for OSA following TBI [17, 22]. OSA is the most 
frequent sleep-disordered breathing (SDB) after TBI.  The relationship between 
SDB and TBI is complex. In fact, preexisting untreated or not-well-treated SDB 
may cause EDS, predisposing to motor vehicle accidents and consequent TBI. On 
the other hand, traumas involving the upper airways, associated with TBI, may lead 
to post-traumatic SDB.  Moreover, hospitalization and poor mobility may cause 
weight gain that is a risk factor for OSA; supine position, loss of muscle tone, and 
drugs are additional risk factor for SDB [17, 18].

�Management of Sleep and Sleep-Wake Disorders After TBI

Although sleep disorders are very frequent following TBI, often they are overlooked 
and patients drag on EDS without receiving a correct diagnosis and treatment. In 
fact, there are no guidelines for the management of sleep-wake alterations after TBI.

Diagnosis  Because of the high prevalence of disturbed sleep and sleep disorders 
following TBI, and the fact that they may contribute to worsen clinical condition 
and outcome, patients after TBI should undergo a careful evaluation of their sleep-
wake cycle using sleep questionnaires and sleep logs, also with the help of relatives 
and caregivers. Other more complex diagnostic procedures, such as actigraphy, car-
diorespiratory monitoring, or polysomnographic recording, should be obtained 
when necessary to define the clinical picture and reach a definite sleep diagnosis 
[17]. Figure 16.3 shows the schematic representation of the diagnostic process for 
sleep and sleep-wake disorders in patients after TBI.
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Treatment Options  Treatment of sleep disorders strongly depends on which kind of 
sleep disorders presented by the patients. To our knowledge there are no studies evalu-
ating the safety and efficacy of pharmacological or non-pharmacological treatments 
in patients suffering from sleep disorders after TBI, except for some studies on the 
role of melatonin supplementation and the role of CBT and sleep hygiene [6, 12, 42].

There are meta-analyses evaluating the pharmacological treatment of sleep dis-
orders in TBI; clinicians need to refer to evidence from other categories of patients 
with sleep disorders, paying attention to possible side and adverse effects related to 
TBI and other concomitant medications.

In all patients, however, regardless of the presence or not of any sleep distur-
bance, it is fundamental to promote adequate sleep hygiene, with the primary aim to 
prevent and avoid the development of sleep-wake disorders.

�The Role of Sleep in Recovery After TBI

Sleep is an active neurophysiological process characterized by the cyclic succession 
of complex events. During sleep some cerebral areas are less active than during 
wakefulness, while others are more active, depending from the sleep stage (light or 
deep NREM sleep or REM sleep), and the regular alternation and cyclicity of sleep 
stages are fundamental for the restorative role of sleep. Moreover, sleep is 

Sleep-wake hygiene, especially:
• Adequate light-dark exposure
• Regular sleep-wake schedule

Complete history:
• Sleep before and after TBI
• Drugs before and after TBI
• Comorbidities before and after TBI

no

noyes

Treatment

yes Suspected
sleep

disorder

Sleep
disorder
confimed

• Sleep questionnaires
• Sleep log
• Actigraphy

If not sufficient
(OSA, EDS, etc.):
• Cardiorespiratory
  monitoring
• Polysomnography

Traumatic brain injury
All inpatients and outpatients with any

severity (mild to severe)

Fig. 16.3  Schematic representation of the diagnostic process for sleep and sleep-wake disorders 
in patients after TBI
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homeostatically regulated; hence, acute sleep deprivation leads to a subsequent 
compensatory increased amount of sleep (sleep rebound), but chronic sleep depriva-
tion is associated with daytime symptoms and signs such as EDS, fatigue, memory, 
and concentration dysfunction and often with naps during daytime activities.

Despite the fact that we spend one third of our life sleeping, sleep functions are 
not completely understood yet, although a solid evidence suggests that sleep has 
several different functions [43, 44], including resting and restoring brain and the 
whole body, energy balance [45–47], thermoregulation [48], memory consolidation 
[49], regulation of metabolism and endocrine, immune and anti-oxidant systems 
[50–52], and in removing toxic waste substances accumulated through the day, act-
ing as a neuroprotective process [44]. Clinical observations suggest that sleep may 
be involved also in the modulation of neuronal recovery process and neuroplasticity 
in brain after an injury [53]. Concerning the neuroprotective role of sleep after a 
brain injury, Cam et al. [54] demonstrated that in rats with induced stroke, the sleep 
rebound after pre-stroke sleep deprivation reduces brain damage, while post-stroke 
sleep deprivation aggravates stroke, confirming the positive effect of sleep, and 
sleep rebound, on brain tissue damage.

After TBI patients often present a marked alteration of sleep and sleep-wake 
cycle, which seem to be closely associated with recovery outcomes, both in the 
acute and post-acute phases of rehabilitation. Often, soon after TBI, patients have 
a difficulty in staying awake or they miss clinical appointment, showing cognitive 
alterations [14, 55, 56]. Moreover, the severity of the sleep-wake alteration might 
predict the duration of post-traumatic amnesia and of hospitalization [57]. 
Urakami [58] showed, by means of combined EEG-MEG study, a parallel 
improvement of abnormalities in sleep spindle activity, consciousness, and cogni-
tion. In the post-acute phase, sleep problems might contribute to the chronicity of 
other debilitating symptoms, such as pain (e.g., headache), depressive symptoms, 
and irritability [13, 59].

As explained above, sleep plays an important role in neurorecovery mechanisms.
In fact, it has been demonstrated in animal models that sleep is involved in the 

modulation of neural repair mechanisms and, according to it, there is evidence that 
neurorecovery is slowed or decreased following sleep deprivation [60]. Zunzunegui 
et al. [53] demonstrated in a rat model of focal ischemic stroke that sleep disorders 
had detrimental effects on functional and morphological/structural outcomes after 
stroke, suggesting a role for sleep in the modulation of the recovery process and 
neuroplasticity. The autopsy of the rats demonstrated that sleep-deprived animals 
had lower amounts of brain repair indices, such as axonal sprouting, synaptogene-
sis, and vasogenesis. In another study Xie et al. [61] showed that sleep deprivation 
facilitated the accumulation of beta-amyloid proteins and other neurotoxins that are 
associated with neurodegenerative disorders, concluding that the restorative func-
tion of sleep may be due to the enhanced removal of neurotoxic products accumu-
lated during awake in the central nervous system.

Clinical observations suggest that sleep may be involved also in the modulation of 
the recovery process and neuroplasticity in the brain after an injury, such as stroke [53].
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Only a few studies have been performed in patients with sleep disorders follow-
ing TBI in order to assess recovery and long-term complications, and it has been 
shown that subjects with sleep disorders/deprivation may have deficits in memory 
and executive function, as well as depression, pain, and anxiety, and early treatment 
may improve the outcome in these patients [62–64].

�Conclusions

Disordered sleep and sleep-wake disorders are very frequent acute and chronic con-
sequences of TBI. They are associated with a negative impact on recovery and on 
long-term outcomes, regardless of the severity of the initial trauma, also because of 
the important role that sleep plays in neuroplasticity and neurorecovery after a brain 
injury, indicating that adequate sleep is fundamental after TBI in order to improve 
the outcome.

Because of the negative impact of sleep disorders and sleep-wake disturbances in 
subjects after TBI, such as slow recovery, prolonged hospitalization, risk of chronic-
ity, and long-term complications, and its role in improving recovery, the assessment 
of the sleep-wake cycle, also by means of instrumental tools such as PSG recordings 
and/or actigraphy, should be considered in all patients after TBI, regardless of its 
initial severity, in order to detect early and properly treat any sleep-wake disorder. 
But first, since the early days after TBI, during the hospitalization, sleep quality and 
quantity should be carefully sought, and all disturbing factors (e.g., noise, altered 
light-dark exposure, inversion of sleep-wake rhythm) that might favor sleep-wake 
alterations should be avoided, as much as possible.

Future studies are needed in order to assess the prevalence and the duration of 
sleep problems following TBI and to establish clear guidelines for their manage-
ment for both diagnosis and treatment options.
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Disorders of Sleep and Wakefulness 
in Parkinson’s Disease and Other 
Movement Disorders

John C. Carter and Vishesh K. Kapur

�Introduction

The term “movement disorders” refers to a large group of neurological conditions 
characterized by abnormal voluntary or involuntary movements. These include a 
number of different conditions such as Parkinson’s disease and the parkinsonian 
spectrum, restless legs syndrome, essential tremor, Tourette syndrome, dystonia, 
Huntington’s disease, ataxia, etc. These diseases can have very different pathophys-
iologic underpinnings and, for this reason, may manifest with different sleep prob-
lems. Sleep complaints are common in patients with movement disorders, ranging 
from fatigue and sleepiness to sleep attacks, insomnia, and motor activity during 
sleep. A variety of sleep disorders may underlie these complaints including obstruc-
tive sleep apnea (OSA), circadian dysrhythmias, and rapid eye movement sleep 
(REM) behavior disorder. Sleep issues often significantly impact quality of life and 
thus represent an important focus for clinical care. Some sleep and movement dis-
orders share common pathogenetic mechanisms, particularly via dopaminergic neu-
rotransmission. In this chapter we review the disorders of sleep and wakefulness 
that commonly occur in patients with movement disorders, with an emphasis on 
Parkinson’s disease.
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�Parkinson’s Disease

Parkinson’s disease (PD), which affects roughly 300 per 100,000 people, is charac-
terized by motor symptoms (tremor, rigidity, and bradykinesia) and non-motor 
symptoms such as neuropsychiatric impairment, depression, autonomic instability, 
and sleep disruption. Though non-motor symptoms may have a greater impact on 
patients’ quality of life [1–3], recognition of and directed therapies for these symp-
toms are relatively recent developments [4].

Sleep problems, among the most common non-motor symptoms in PD, were 
recognized by Parkinson in his original 1817 manuscript [5]. Sleep disturbances 
such as insomnia, nocturia, frequent awakenings, restless legs syndrome (RLS), 
REM sleep behavior disorder (RBD), OSA, and excessive daytime sleepiness 
(including sleep attacks) affect up to 90% of PD patients and may occur concur-
rently [6–9]. Sleep problems are important to recognize, evaluate, and manage as 
they can cause significant impairment to quality of life.

�Insomnia in Parkinson’s Disease

Insomnia, including difficulty falling asleep and maintaining sleep, is the most com-
mon sleep complaint in PD, with sleep maintenance problems (frequent or pro-
longed awakenings) being the most frequent manifestation [7]. Both disease-specific 
and non-disease-specific factors contribute to the development of insomnia in 
PD. In addition to insomnia related to poor sleep hygiene or psychophysiologic fac-
tors (non-disease-specific factors), individuals with PD experience sleep disruption 
secondary to their disease. For example, motor symptoms may be triggered by an 
arousal from sleep [10], leading to prolonged awakenings and difficulty returning to 
sleep, particularly when dopaminergic medications are at low serum levels. Nocturia 
(present in 80% of PD patients) [6] may also result in frequent nighttime awaken-
ings and tends to worsen as PD severity progresses. Nocturia may be secondary to 
autonomic dysfunction in PD but can also be caused by non-disease-specific factors 
such as obstructive sleep apnea. Additionally, sleep-associated hallucinations, 
reported by 15–20% of PD patients, have been associated with difficulty falling 
asleep and prolonged sleep latency [11]. Both daytime and sleep-related hallucina-
tions may be exacerbated by dopaminergic medications.

Depression may be related to sleep onset and maintenance insomnia in PD, 
although the direction of causation is unclear. In one study, depression severity 
(Zung scores) positively correlated with severity of sleep initiation and maintenance 
complaints in PD [12]. Depression may arise from or be exacerbated by sleep dis-
ruption, though sleep disruption can also be a consequence of neurophysiologic 
changes in depression [13]. Both directions of causation are likely relevant, and the 
neurodegenerative processes in PD may represent a common underlying pathophys-
iology of sleep disruption and depression in some patients [14].

Insomnia in PD is best addressed through a combined approach of treating PD as 
well as the insomnia directly using pharmacologic [15] and non-pharmacologic 
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(behavioral and psychological) [16] methods. Long-acting L-dopa at night [17, 18], 
catechol-O-methyl transferase (COMT) inhibitors [19], and cabergoline have been 
shown to increase sleep efficiency and amount of deep (slow-wave) sleep as well as 
subjective sleep quality [20]. Symptomatic treatment of insomnia may be accom-
plished using non-benzodiazepine agonists of the benzodiazepine receptor (e.g., 
eszopiclone 2 or 3 mg, associated with improved subjective sleep quality but not 
total sleep time) [21], melatonin (3 mg, associated with improved Pittsburg Sleep 
Quality Index and subjective sleep quality but not polysomnogram-derived mea-
sures of sleep or motor function in one large randomized controlled trial) [22], or 
doxepin (10  mg, associated with improved Insomnia Severity Index scores and 
Scales for Outcomes in PD scores) [23]. Cognitive behavioral therapy for insomnia 
(CBTI) improves Insomnia Severity Index scores compared to placebo, although in 
one large study of CBTI in PD, there was no demonstrable improvement in quality 
of life measures [23].

�REM Behavior Disorder in Parkinson’s Disease

REM behavior disorder (RBD) is seen in 15–60% of PD cases [24–26], in contrast 
to an overall prevalence of 0.5% in the general population [27, 28]. RBD results 
from a lack of normal skeletal muscle atonia in REM sleep (see Fig. 17.1), leading 
to dream-enactment behavior [28, 29]. Typical behaviors include kicking, punching, 
jumping, talking, screaming, laughing, and singing [30]. Some such behaviors may 

Fig. 17.1  Polysomnographic morphology of REM sleep in the normal case (a.) and in a patient 
with RBD (b.). In the normal case, note flat chin and leg electromyogram (EMG) tone, which 
typify skeletal muscle atonia seen in normal REM. The patient shown in part B. is a 75-year-old 
man with parkinsonism and dream enactment behavior. Note high chin and leg EMG tone
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result in self-injury or injury to bedpartners. Dream content frequently involves a 
sense of being pursued or defending oneself. The diagnosis of RBD requires a con-
sistent clinical history and evidence of REM without atonia on polysomnography 
[28]. Polysomnography is also helpful to differentiate RBD from parasomnias aris-
ing from non-REM sleep or arousals in REM due to sleep apnea (termed 
pseudo-RBD).

In about 20% of patients, RBD precedes the onset of motor symptoms in PD by 
years or decades [30, 31]. In patients diagnosed with idiopathic RBD, the 5-year 
risk of developing PD or another neurodegenerative disorder (typically another 
synucleinopathy or Alzheimer’s disease) is 18%; the 10-year risk is 40% and the 
12-year risk is 52% [32]. Thus, in patients diagnosed with idiopathic RBD, it is 
incumbent upon the diagnosing provider to carefully screen for signs of a neurode-
generative disease, maintain vigilant follow-up, and have a frank discussion with 
patients about the likelihood of developing a neurodegenerative condition. In 
patients with PD and RBD, the RBD symptoms tend to subside as PD severity pro-
gresses [33].

The typical time course of RBD symptoms predating onset of motor symptoms 
of PD may be explained by early involvement of the lower brainstem followed by 
extension of the synucleinopathy to the upper pons [34], ultimately affecting the 
locus subcoeruleus and pedunculopontine regions and cholinergic, serotonergic, 
and noradrenergic neurons [35, 36] (see Fig. 17.2). However, there is preliminary 
evidence that patients who develop RBD prior to onset of PD tend to have milder 
symptoms and take lower doses of dopaminergic medications compared to those 
who develop RBD concomitantly with PD or after onset of PD [37].

The pathophysiologic mechanisms underlying RBD in PD and other neuro-
degenerative conditions have not been fully elucidated. However, recently a 
“dual pathway” hypothesis was proposed, wherein involvement of the dorsal 
midbrain leads to REM sleep without atonia and involvement of the pons is 
responsible for generating complex locomotor patterns [38]. Further investiga-
tion is likely to lead to a better understanding of the neuropathology of RBD and 
its associated conditions.

Management of RBD consists first and foremost of environmental safety mea-
sures to minimize the risk of injury to the patient and bedpartners. Consider 
removing sharp and breakable objects from the bedroom, covering sharp corners, 
or placing the mattress on the floor in case of falls [33]. Unlike somnambulism, 
RBD rarely involves significant displacement from the bed. A careful review of 
medications is also indicated, as RBD may be precipitated by the use of certain 
tricyclic antidepressants and selective serotonin reuptake inhibitors [39], as well 
as withdrawal from alcohol and barbiturates. Pharmacologic treatment of RBD 
includes administration of clonazepam used at doses of 0.25–1 mg [40] and/or 
melatonin (often at high doses up to 10–15 mg) [41]. Generally, clonazepam is 
quite effective but should be considered carefully in patients with dementia, gait/
balance issues, or obstructive sleep apnea. Evidence for the use of dopamine ago-
nists is contradictory [42], and likewise there is limited evidence for rivastigmine 
[43] and donepezil [44].
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�Restless Legs Syndrome in Parkinson’s Disease

Restless legs syndrome (RLS) is characterized by a bothersome urge to move the 
limbs (usually legs), typically occurring in the evening or before bed, worsened by 
inactivity or suggested immobility, and temporarily relieved with movement [28]. 
RLS is common in the general population (prevalence of 2.5–10%) and in PD 
patients (prevalence of 8–50%) [6, 45–49]. The reported prevalence of RLS in PD 
may be confounded by symptoms of dystonia, akathisia, painful neuropathy, and 
biphasic dyskinesia seen in PD patients, and an increased prevalence of RLS in PD 
has not been clearly demonstrated [50].
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Fig. 17.2  Theoretical pathophysiology of REM behavior disorder. The REM-off region is repre-
sented by the vlPAG and LPT in red, and the REM-on region is represented by the PC and SLD in 
green. The “direct pathway” of skeletal muscle tone inhibition in REM is represented by the pro-
jection of the SLD onto spinal interneurons. Cell death in the SLD or lesions to the SLD result in 
decreased activation of spinal interneurons, resulting in decreased inhibition of spinal motoneu-
rons and thus increased muscle activity and EMG tone. The “indirect pathway,” denoted by the 
dashed line between the SLD and MCRF and then to the spinal interneurons, is thought to also 
contribute to REM-related skeletal muscle atonia. Decreased signaling from the SLD to the MCRF 
results in loss of inhibition from the MCRF onto spinal motoneurons, again resulting in increased 
muscle activity and EMG tone. EMG electromyographic, eVLPO extended part of the ventrolateral 
preoptic nucleus, LC locus coeruleus, LDTN laterodorsal tegmental nucleus, LPT lateral pontine 
tegmentum, MCRF magnocellular reticular formation, PC pre-coeruleus, PPN pedunculopontine 
nucleus, REM rapid eye movement, RN raphe nucleus, SLD sublaterodorsal nucleus, vlPAG ven-
trolateral part of the periaqueductal grey matter. (Adapted from Boeve BF, Silber MH, Saper CB, 
Ferman TJ, Dickson DW, Parisi JE, et al. [38])
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Further, the exact relationship between RLS and PD is not established. In one cross-
sectional study, men with RLS had a threefold higher rate of PD compared to the gen-
eral population [51], while in a prospective study of 22,999 health professionals, men 
with RLS were more likely to develop PD than men without RLS (adjusted relative risk 
of 1.47) [52]. Although hypofunction of dopaminergic pathways underlies both PD and 
RLS, RLS is not generally considered an early manifestation of PD (unlike RBD), and 
the upstream mechanisms of dopaminergic dysfunction appear to differ in the two con-
ditions. Neurodegeneration is seen in the substantia nigra in PD but not in RLS [53], 
and normal substantia nigra iron deposition is observed in PD but not RLS [54, 55]. 
Similarly, neuroimaging via dopamine transporter single-photon emission computer-
ized tomography (DaT-SPECT or DaT-Scan) shows striatal dopamine transporter lev-
els are abnormal in PD [56], with mixed results in RLS [57–59]. Further, there are no 
reports that the disease-specific genetic loci of one disease are associated with those of 
the other [60, 61]. In summary, the association between PD and RLS is uncertain, and 
most patients with RLS are not prone to develop PD during their lifetime.

Management of RLS should include a review of medications and substances known 
to exacerbate these conditions, including nighttime use of selective serotonin reuptake 
inhibitors, tricyclic antidepressants, antihistamines, alcohol, and nicotine. Importantly, 
akathisia, which is common in PD, should be differentiated from RLS – the diurnal pat-
tern of RLS and the subjective sensory complaints in RLS are useful distinguishers [62]. 
Screening for and correcting deficiencies in iron (goal ferritin levels above 50–75 ng/mL) 
[63] and vitamin D (goal levels not definitively established but generally recommended 
to correct deficiency and insufficiency) [64] can be helpful. Pharmacologic treatment 
with levodopa or dopamine agonists, gabapentin enacarbil [65], or opioids [64] should be 
considered if symptoms are problematic. Notably, levodopa and dopamine agonists can 
be associated with augmentation of RLS symptoms over time, and close monitoring for 
augmentation is recommended, with discontinuation of the dopaminergic agent (if pos-
sible) when augmentation is noted [66]. This phenomenon has not been well studied in 
the PD population, in which doses of dopaminergic agents tend to increase over time.

Periodic limb movements in sleep (PLMS) are frequently present in RLS patients 
but may occur independently of subjective leg discomfort. PLMS are characterized 
by repetitive involuntary limb movements during sleep which occur periodically 
and may result in cortical arousal. PLMS are common in PD, with prevalence 
reports of 30–80% [67], and may be more common in more advanced PD [68, 69]. 
The clinical significance of PLMS (occurring independently of RLS) has not been 
established, though there is epidemiologic evidence to suggest that sleep disruption 
from PLMD and RLS may be associated with hypertension, cardiovascular disease, 
and cognitive decline [70, 71]. Evidence supporting the benefits of pharmacologic 
therapy for PLMS outside the context of RLS is lacking.

�Sleep Apnea in Parkinson’s Disease

OSA is characterized by repetitive narrowing or collapse of the upper airway during 
sleep, leading to sleep disruption and/or oxyhemoglobin desaturations. The association 
of OSA with PD has not been adequately evaluated, as reflected by the significant 
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limitations of studies in this area including single-center design, small sample sizes, 
use of patients clinically referred for polysomnography and/or use of inadequate con-
trol groups, as well as the contradictory findings reported. While some studies report a 
rate at least equivalent to the general population (estimates range from 6% to 17% and 
increase with age) [72], others suggest an increased prevalence of OSA in PD [73, 74]. 
At least one study showed a lower prevalence of OSA in PD compared to age-matched 
hospitalized non-PD patients with suspected venous thromboembolism, with no differ-
ence in daytime sleepiness between PD patients with OSA and those without [75]. 
Factors associated with PD that may predispose to OSA include open mouth associated 
with advanced-stage disease that results in oral breathing, jaw movement dysfunction, 
orofacial sensory-motor function deficit, and mandibular dystonia [76].

There is some evidence that OSA may promote the development of PD. A recent 
large longitudinal population study suggested an increased risk of developing PD in 
individuals with OSA compared to those without (this relationship was driven pri-
marily by men and older individuals >60  years) [77]. If this association is con-
firmed, one conceivable mechanism is via oxidative stress from chronic intermittent 
hypoxemia [78], which can promote neurodegeneration and accumulation of alpha-
synuclein plaques [79, 80]. An important unanswered question is whether treatment 
of OSA would reduce the incidence of PD and other neurodegenerative conditions.

OSA is most effectively treated with continuous positive airway pressure (CPAP), 
which stabilizes the upper airway and prevents repetitive narrowing and collapse. An 
abundance of evidence supports the use of CPAP in treating OSA, although CPAP has 
not been extensively studied in the context of PD specifically, where its use may be 
challenging in terms of compliance and tolerance [81]. At least one randomized con-
trolled trial showed benefit of CPAP in improving excessive daytime sleepiness in PD 
[82]. Cognition and neuropsychiatric function are worse in patients with PD and con-
comitant OSA, but CPAP therapy has not been shown to definitively improve these 
domains [83]. Inadequate adherence to CPAP therapy is an important factor compli-
cating such studies. In other neurodegenerative conditions such as Alzheimer’s dis-
ease [84], there is evidence that consistent usage of CPAP for OSA can improve 
cognitive function. Alternative treatments for OSA, such as dental appliances for 
mandibular advancement, positional therapy (avoidance of supine sleep), and surgical 
procedures, have not been systematically evaluated in PD.

Central sleep apnea, characterized by repetitive cessation of respiratory effort in 
the presence of a patent upper airway, is uncommon in PD and the general popula-
tion. Very limited data suggest that the distribution of apneas in patients with idio-
pathic RBD referred for PSG skewed toward a greater proportion of central and 
mixed events than in age-, gender-, and AHI-matched sleep controls [85], perhaps 
related to the autonomic instability seen in advanced PD.

�Circadian Rhythm Disturbances in Parkinson’s Disease

The timing and variation of sleepiness and wakefulness during a 24-hour period are 
governed in large part by the circadian rhythm, disruption of which is associated 
with deficits in sleep quality, daytime alertness, and neurocognitive function [86, 87]. 
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Circadian rhythmicity is manifested in a multitude of physiologic parameters, 
including heart rate, blood pressure, immune function, and gene expression. 
Changes to the circadian rhythm are seen with normal aging, including decreased 
circadian amplitude and stability of rest-activity cycles [88, 89]. In PD, fluctuations 
in symptoms throughout the day are characteristic, including motor symptoms [90], 
autonomic function [91], sleep-wake schedules [10, 92, 93], and responsiveness to 
treatment [90, 93]. PD patients tend to have lower peak activity levels during the 
day [10] and increased nighttime activity [92], as well as more fragmented patterns 
of rest-activity [94] compared to healthy older adults. Continuous blood pressure 
monitoring in PD patients shows reversal of the typical day-night pattern of blood 
pressure (with the blood pressure nadir occurring at night) and increased diurnal 
blood pressure variability [95]. Similarly, loss of morning peak sympathetic tone 
has been described in PD [96].

Taken together, these findings suggest a dysregulation of circadian rhythmicity 
in PD, though the etiology of this dysregulation in unclear. Small studies implicate 
blunted secretion of melatonin in PD [97], as well as downregulation of melatonin 
receptors in relevant brain regions including the substantia nigra and amygdala [98]. 
It is not well understood whether structural or functional changes in the suprachias-
matic nucleus (the hypothalamic region mainly responsible for circadian regulation) 
or a downstream signaling pathway is responsible for the circadian dysregulation 
seen in PD, but dopaminergic neurons in the hypothalamus do not appear to be 
affected in PD [99].

Treatment of circadian dysrhythmia in PD has not been rigorously evaluated, 
though two important influencers of the circadian rhythm, melatonin and light, have 
been studied with respect to their effect on sleep and other symptoms in PD. Use of 
melatonin at bedtime is associated with improvement in subjective sleep quality, but 
not polysomnographic measures of sleep [22], and no improvement in PD motor 
symptoms has been associated with melatonin. Importantly, studies of melatonin in 
PD typically evaluate relatively large doses of melatonin administered at bedtime 
(3–6 mg), as opposed to lower doses (0.5–1 mg) timed to shift the circadian rhythm 
forward or backwards. Morning bright light therapy has been successfully used to 
improve depression and core motor symptoms in PD [100], although evening light 
therapy has also been noted to improve primary and secondary features of PD, 
including significant improvement in motor symptoms to the point of reducing 
required doses of levodopa [101]. It remains unclear whether and how modifying 
the circadian rhythm in PD affects core features of the disorder and by what mecha-
nisms agents such as melatonin and light therapy exert a therapeutic benefit.

�Excessive Daytime Sleepiness and Sleep Attacks 
in Parkinson’s Disease

Excessive daytime sleepiness (EDS), defined as an increased tendency to fall asleep 
during the typical wakeful period, is very common in PD, both as a primary feature 
and as a result of medications. Though it is uncommon in newly diagnosed patients 
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[102], EDS tends to emerge or worsen with dopaminergic treatment [103] and with 
disease progression. Interestingly, data do not show a clear link between nocturnal 
symptoms (awakenings, perceived sleep quality) and severity of EDS in PD [73, 
104, 105], but severity of PD tends to be associated with worse EDS. Sleep attacks 
are rarer but more concerning sudden overwhelming bouts of sleepiness that were 
first described in patients with PD taking pramipexole and ropinirole and occur with 
most dopamine agonists [106]. EDS affects as many as 50% of PD patients, and 
prevalence estimates of sleep attacks range from <5% to 43% [107], with one large 
study of 2952 patients with PD reporting a 6% prevalence [108]. In another study of 
638 patients with relatively mild PD, 3.8% had sleep attacks while driving [109].

The etiology of EDS in PD is likely multifactorial. Despite the relatively low rate 
of EDS in newly diagnosed PD patients [102], at least one population study demon-
strated a threefold increased risk of developing PD in men with EDS [110], and 
another large study showed a correlation between EDS and subsequent diagnosis of 
PD, but no effect of pre-diagnosis total sleep time [111]. Thus, EDS may represent 
more than a core non-motor feature of PD and may be an important precursor to the 
onset of motor symptoms. Loss of hypothalamic neurons that secrete the 
wakefulness-promoting neuropeptide hypocretin and lower levels of hypocretin in 
CSF have been noted in PD patients [112, 113]. Autopsy studies indicate that loss 
of hypocretin-secreting neurons seems to parallel PD disease progression [113, 
114]. Dopaminergic medications also play a significant role in EDS in PD. Major 
clinical trials first indicated a 13–36% rate of EDS with use of dopaminergic medi-
cations [115] and a lower but significant rate of sleep attacks. The incidence of EDS 
appears to be highest with levodopa plus a dopamine agonist and lowest for levodopa 
monotherapy [108, 115].

Management of EDS begins with ensuring an adequate sleep duration of 
7–9 hours per 24-hour period, a review of soporific medications, and screening for 
sleep disorders. Identification of EDS can be accomplished using any of a number 
of validated instruments, including the Epworth Sleepiness Scale (ESS), which is 
validated in PD patients. Interestingly, many patients with elevated ESS scores do 
not recognize that they are sleepy [116]. The Parkinson’s Disease Sleep Scale [117] 
and its revised version [118] have been validated and may be useful for screening 
for sleep problems in PD, and the SCOPA-SLEEP is designed specifically for PD 
and correlates well with ESS and PSQI [119]. The ESS is the most commonly used 
of these scales in clinical practice but is limited to one manifestation of subjective 
sleepiness (the tendency to doze) and does not capture other valid complaints such 
as feeling tired or fatigued. Although evaluation for concomitant sleep disorders, 
namely, obstructive sleep apnea, via polysomnography is advisable in PD patients 
with symptoms, daytime testing via the multiple sleep latency test (MSLT) is not 
recommended as a routine test [119].

Evidence supports the treatment of EDS in PD using wakefulness-promoting 
agents, melatonin, and reduction of soporific medications. Modafinil at doses of 
100–200 mg demonstrated improved EDS in PD in RCTs [120, 121], though at least 
one trial failed to show a benefit in improving subjective EDS [122]. A double-blind 
crossover trial showed benefit of melatonin over placebo in total sleep time and 
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subjective sleep quality and daytime alertness with melatonin doses as low as 5 mg 
[123]. Reduction of soporific medications to their minimum effective dose and opti-
mizing timing of medications to limit their effect on daytime alertness are also rec-
ommended. In patients with residual sleepiness and especially those with sleep 
attacks, avoidance of driving and other situations in which loss of alertness could be 
catastrophic should be recommended.

�Sleep in Other Movement Disorders

Although the majority of research on sleep in movement disorders has focused on 
sleep disorders in PD, there is some literature regarding sleep problems in other 
movement disorders. As with sleep problems in PD, identifying and addressing 
sleep concerns in other movement disorders may lead to improved quality of life.

�Essential Tremor

Despite the significant prevalence of essential tremor (ET), there are relatively few 
studies examining comorbid sleep disorders in this condition. Patients with ET 
report decreased subjective sleep quality compared to controls [124], and RLS may 
be more common in ET [125], but sleep disorders such as RBD which are common 
in PD are observed at equal frequencies in essential tremor and the general popula-
tion [126]. One polysomnographic study of PD versus ET found RBD and REM 
without atonia were less common in ET than PD, even after adjusting for use of 
antidepressant medications, although a small number of the ET patients did have 
REM without atonia (which is classically seen in RBD) [127]. In this study, patients 
with ET occupied a “middle ground” between PD and controls with regard to sub-
jective sleepiness and sleep disruption, as assessed by the Epworth Sleepiness Scale 
and Pittsburgh Sleep Quality Index. However, there was no significant difference 
with respect to clinical insomnia, polysomnogram-based arousals from sleep, RLS/
PLMS, or OSA in PD versus ET.

�Tourette Syndrome

Children and adolescents with Tourette syndrome (TS) commonly report difficulty 
with sleep initiation and maintenance [128], with up to 75% of those with Tourette 
syndrome plus attention deficit hyperactivity disorder reporting significant insom-
nia [129]. Insomnia prevalence appears to be lower in children not treated with 
stimulant medications. Polysomnographic studies show prolonged sleep latency 
and decreased sleep efficiency with increased awake time after sleep onset in 
patients with Tourette syndrome, though sleep architecture, distribution of NREM 
and REM sleep, and sleep state transitions do not significantly differ between TS 
and healthy age-matched controls [130, 131]. Periodic limb movements in TS [131] 
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can be difficult to differentiate from motor tics, and there is discordant evidence 
regarding their prevalence. Although classically tics diminish during sleep, some 
may persist, especially during arousals and sleep state transitions [132], suggesting 
that inappropriate activation of central motor pattern generators may play a role in 
the pathogenesis of tics.

�Dystonia

Sleep problems in patients with dystonia are poorly understood. Patients with focal 
cervical dystonia report poor sleep quality, though they do not report more daytime 
somnolence than controls [133]. Polysomnographic evidence suggests that patients 
with focal cervical dystonia have longer sleep latency and lower sleep efficiency 
than controls, along with more subjective complaints about sleep quality [134]. One 
study of primary dystonia found that dystonic symptoms during sleep were uncom-
mon at baseline [135] and though motor symptoms improved after treatment with 
botulinum toxin injection, subjective sleep problems remained unchanged. Patients 
with dopa-responsive dystonia also tend to report more subjective sleep complaints 
(particularly reduced sleep quality) than controls, but small polysomnographic stud-
ies of dopa-responsive dystonia have not revealed differences in sleep onset latency, 
total sleep time, sleep architecture, or number of arousals [135, 136].

�Huntington’s Disease

In addition to its well-recognized motor, cognitive, and psychiatric symptoms, 
Huntington’s disease (HD) is also frequently complicated by circadian rhythm and 
sleep disturbances. Nearly 90% of HD patients or their caregivers reported sleep 
problems, which were rated as important over 60% of the time [137]. As with PD, 
sleep symptoms often predate the development of motor and psychiatric symptoms 
in HD [138], raising the question of whether sleep disturbance is part of the HD 
gene-related pathology. Typical sleep problems in HD include prolonged sleep 
latency and insomnia, advanced sleep phase, excessive daytime sleepiness, and 
lower CSF hypocretin levels [139, 140], but not frank narcolepsy [141]. 
Polysomnography and actigraphy studies in small groups of HD patients are notable 
for reduced sleep efficiency, delayed and reduced REM sleep, frequent arousals, 
and increased periodic limb movements [141–143]. Circadian dysregulation, irreg-
ular sleep-wake patterns, and day-night reversal appear to be fairly common in 
advanced HD and particularly problematic for caregivers [144, 145]. Sleep-
disordered breathing does not appear to be significantly more frequent in HD com-
pared to the general population [146]. Interventions aimed at improving sleep 
quality in HD have not been systematically evaluated, though melatonin and mela-
tonin receptor agonists are commonly used in clinical practice. Further, there is 
increasing scientific interest in the antiapoptotic role of melatonin for neuroprotec-
tion in neurodegenerative disorders [147].
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�Cerebellar Ataxias

As with other movement disorders, there is growing awareness of sleep disruption 
in the cerebellar ataxias. In the autosomal dominant cerebellar ataxias, RLS is com-
mon, with prevalence estimates ranging between 20% and 55% [148, 149]. The 
most robust data exist for spinocerebellar ataxia type 3 (SCA3; Machado-Joseph 
disease), in which insomnia, RLS, and RBD appear to be fairly common. RBD is 
present in up to 50% of cases of SCA3, suggesting a common pathway linked to 
dysfunction of pontine noradrenergic and midbrain cholinergic function. Like RBD 
in PD, onset of RBD symptoms may predate motor symptoms/ataxia in SCA3 by up 
to a decade [150]. Obstructive sleep apnea is reported at rates of 20–25% in SCA3 
[151], though affected individuals tend to be older and with more advanced disease. 
EDS is reported in nearly 50% of SCA3 patients [152], though it is not clear whether 
this is due to comorbid sleep disorders or a fundamental feature of the neurodegen-
erative process.

In the recessive cerebellar ataxias, disordered nocturnal breathing appears to be 
the predominant sleep finding, though data are generally limited to small case series. 
Both obstructive and central sleep apnea have been described in Friedrich’s ataxia 
[153]. A polysomnographic case series of 12 adolescent patients with ataxia telan-
giectasia showed that 8 (67%) had OSA and 2 (16%) had borderline or mild noctur-
nal hypoventilation [154]. In Joubert syndrome, the well-described daytime 
respiratory abnormalities can also extend into sleep, manifesting mainly as isolated 
tachypnea or repetitive tachypnea followed by central apneas [155]. Although 
robust data are lacking, patients with recessive cerebellar ataxias should be screened 
for symptoms of sleep-disordered breathing and referred for polysomnography if 
symptoms are present.

�Conclusion

Sleep complaints are common in patients with movement disorders and signifi-
cantly impact quality of life. Some sleep and movement disorders may share patho-
physiologic mechanisms, offering insight into the pathogenesis of these conditions. 
Polysomnographic evaluation should be considered for patients with frequent awak-
enings, dream enactment behavior, and symptoms of sleep-disordered breathing. In 
many cases, sleep symptoms may precede the onset of core motor symptoms. 
Treatment of sleep disorders can lead to improved quality of life and may benefit 
core symptoms of movement disorders.
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Sleep in Elderly Adults and in Subjects 
with Dementia
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�Introduction

Sleep is a circadian behavior that is regulated autonomously. The normal 24-hour 
rhythm in adult humans is characterized by a stable change between daytime wake-
fulness and sleep at night. Sufficient and refreshing sleep is an important factor for 
well-being, self-management, and quality of life. Disturbed sleep compromises the 
individual affected, his relatives, and caregivers. However, the diagnosis and man-
agement of sleep disorders are challenges in an aging society with a large percent-
age of subjects exhibiting multimorbidity, need of care, nursing home residency, 
and dementia. Approximately half of elderly subjects are dissatisfied with their 
sleep, complaining of early morning awakenings, problems with initiating or main-
taining sleep, frequent nocturnal awakenings, non-restorative sleep, or daytime 
sleepiness [1]. Despite their high prevalence and relevance, sleep disturbances in 
elderly people are hardly taken into account. Up to now, sleep disorders are not 
routinely assessed in geriatric medicine [2].

�Regulation of Sleep and Wakefulness

Sleep and wakefulness are regulated by widespread neuronal networks involving 
multiple brain regions. The most important brain structures are the ventrolateral 
preoptic nucleus (VLPO) in the anterior hypothalamus, the lateral and posterior 
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hypothalamus, raphe nuclei, and the locus coeruleus (LC) in the pons. The VLPO 
contains inhibitory galaninergic and GABAergic neurons that are active during 
sleep [3]. Lesions of the VLPO result in disrupted sleep [4]. Hypocretinergic neu-
rons in the lateral hypothalamus send excitatory projections to multiple nuclei and 
promote wakefulness [5]. Monoaminergic and noradrenergic neurons in the poste-
rior hypothalamus, raphe nuclei, and locus coeruleus promote wakefulness via 
ascending arousal systems. Sleep-promoting systems in the VLPO and wakefulness-
promoting systems in the lateral and posterior hypothalamus, raphe nuclei, and 
locus coeruleus mutually inhibit each other and control the transition between sleep 
and wakefulness [6, 7].

The suprachiasmatic nucleus (SCN) is the central pacemaker of the mammalian 
circadian system, and circadian rhythm is mainly determined by the genotype [8]. 
The interaction between the abovementioned nuclei that regulate the sleep-wake 
rhythm is complex and polysynaptic [9]. Furthermore, the SCN is connected to the 
retina. This connection enables the entrainment of endogenous rhythms to the peri-
odic change of day and night. Blindness interrupts this connection. Therefore, blind 
people are prone to be no longer entrained in circadian rhythms.

The role of the SCN can be demonstrated experimentally in animal models, in 
which the abolition of the SCN leads to a disruption of the circadian rhythm [10] 
(Fig. 18.1).

awake
stimulation of appetite

Orexin
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Fig. 18.1  Simplified scheme of the neuronal centers involved in the regulation of sleep and wake-
fulness. SCN suprachiasmatic nucleus, VLPO ventrolateral preoptic nucleus, LH lateral hypothala-
mus, DMH dorsomedial hypothalamus
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In view of the involvement of multiple neuronal systems and neurotransmitters 
in the regulation of sleep and wakefulness, sleep is susceptible to neurodegenerative 
diseases and to the impact of many drugs. The initiation and maintenance of sleep 
may be a desired effect of drugs in patients suffering from insomnia (these drugs are 
then called hypnotics) or an undesired side effect that induces sleepiness (antihista-
minics are a typical example). However, the sleep induced by drugs (hypnotics) 
differs substantially from normal sleep with a negative impact on the restorative 
function of sleep [11].

�The Functions of Sleep

Sleep has well-known restorative functions. After a good night sleep, we feel awake, 
fresh, and alert. When a full night sleep is not achieved, the sleep deficit may induce 
micro-sleep during the day. In addition, cognition, alertness, verbal fluency, atten-
tion, and memory are impaired [12–15]. Restricting sleep even to 5 hours a night 
over several nights has a cumulative negative effect on cognitive performance in a 
dose-dependent fashion [16]. Since these decrements are state dependent, sufficient 
sleep will remove these impairments. In particular, slow-wave sleep is a require-
ment for memory consolidation [17, 18].

�Sleep in the Healthy Elderly

Aging has an impact on sleep timing, sleep duration, and sleep consolidation. In 
healthy older adults, the duration of sleep – which is also genetically influenced 
[19] – decreases by about 10 minutes per decade from the fourth to the seventh 
decade and hardly changes afterwards. In a large population-based study, deep non-
REM sleep (N3) decreased by about 2% and sleeping efficiency by about 3% per 
decade. From the age of 30 years to the age of 70 years, wake-after sleep onset 
(WASO) time increases for about 10 minutes per decade and hardly changed after-
wards. Less clear changes were seen by the onset of sleep and the proportion of 
sleep stages N1 and N2. The sleep latency of 20-year-old subjects was about 5% 
shorter than that of over 70-year-old subjects [20]. Overall sleep in the elderly 
decreases and is more disrupted compared to younger people [21–23].

Anatomical and physiological studies have shown that age-related changes occur 
within the suprachiasmatic nucleus (SCN) [24], which is the circadian pacemaker in 
the human brain that becomes progressively disturbed during aging [25, 26]. 
Additionally, several biological rhythms are affected by aging. There are a reduction 
in nocturnal melatonin and pineal N-acetyltransferase rhythm, a decline in body 
temperature, and a reduction in the amplitude of light-induced phase response curve 
[27]. With age hypocretin receptor expression declines [28] and projections of these 
neurons degrade [29]. There is a link between the functional impairment of the 
master clock (SCN) and observed circadian patterns [30].
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As a clinical consequence of these morphological changes, alternations in circa-
dian patterns are observed in older subjects. These alternations encompass a reduc-
tion in the amplitude of rhythms and disorganization of their temporal order, loss of 
entrainment stability and responsiveness to zeitgebers, and changes in clock period 
length and stability [31, 32]. Furthermore, at the macro level of sleep, older persons 
show an advanced sleep timing, with earlier bedtimes and earlier risetimes; a longer 
sleep onset latency; a shorter overall sleep time during the night; increased sleep 
fragmentation with less consolidation; more awakenings, or transitions to lighter 
sleep, and a more fragile sleep; a reduced amount of deeper sleep; and an increased 
time spent awake during the night [33, 34].

However, there is a huge variability in the degree of sleep disruption. Some older 
subjects have little sleep changes, whereas others show dramatic alterations despite 
being in the same chronological age. Of note, disrupted sleep is correlated with 
cognitive performance [35]. Since aging is associated with changes in the brain, it 
is difficult to estimate the specific effects of sleep disturbance to cognitive perfor-
mance and circadian rhythmicity.

�Polysomnographic Measurement of Sleep

Human sleep can be characterized by three polysomnographic measures, electroen-
cephalography (EEG), electrooculography (EOG), and electromyography (EMG) 
[36]. Based on these measures, sleep is classified into rapid-eye-movement (REM) 
sleep and non-REM sleep [37]. Non-REM sleep is further subdivided into three 
stages of progressively deeper sleep, which are called N1, N2, and N3. Although the 
functions of the different sleep stages remain unknown, both REM sleep and non-
REM sleep are involved in memory consolidation [17].

During the night REM sleep and non-REM sleep alternate within cycles with a 
duration of about 90 minutes. Such a cycle begins typically with the non-REM sleep 
stage N1, progresses further to stages N2 and N3, and ends with a REM sleep 
period. A whole night’s sleep encompasses three to four of such cycles.

During the first part of the night, deep non-REM sleep (N3) predominates and 
decreases as the night progresses. Conversely, the amount of REM sleep is rela-
tively small at the beginning of the night and increases during the night. The average 
proportions of sleep stages in healthy young adults are 2–5% for stage N1, 45–55% 
for stage N2, 30–50% for stage N3, and 25% for REM sleep. Furthermore, non-
REM stage N2 is characterized by K-complexes and so-called sleep spindles in the 
EEG [38].

In normal adults sleep is a nocturnal event. Sleep initiation – although regulated 
autonomously – occurs at a relatively predictable time, and sleep usually continues 
through the night with minimal interruption. The total time of sleep needed is rela-
tively constant in older adults and encompasses about 6–8 hours. Very few subjects 
need less sleep to be refreshed, and about 15% of the population usually needs more 
sleep. The amount of sleep needed to be refreshed is genetically determined [2]. 
Therefore, each person should know about the individual need of sleep. The main 
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parameter to evaluate sufficient sleep is the subjective feeling during the day. 
Subjects with a sufficient amount of sleep usually feel refreshed with vigor and 
without tiredness or sleepiness during the day.

�Sleep in Subjects with Dementia

The sensitivity and vulnerability of sleep are of utmost importance for understand-
ing the changes in sleep, cognition, and behavior in subjects with dementia. 
Dementia is associated with sleep and circadian disturbances. More than 50% of 
patients with dementia are estimated to have some kind of sleep disturbances 
[39–41].

Sleep disturbances are attributed to morphological changes in the brain that 
occur with a predictable pattern [42]. Neuronal degeneration correlates clinically 
with disruption of sleep and circadian rhythms, and sleep disturbances increase with 
the severity of dementia [43–47]. The loss of neurons in the SCN in subjects with 
Alzheimer’s disease correlates with circadian rhythm and motor activity in these 
patients [48]. Unlike the typical advance in circadian phase with aging, subjects 
with Alzheimer’s disease demonstrate a delay in circadian phase [49].

Sleep disturbances can have a debilitating impact on cognition, vigilance, and 
functional status. Disturbed sleep is one of the main reasons for nursing home place-
ment in subjects with dementia [50].

Sleep studies with polysomnography have been conducted also in patients with 
dementia. The majority of sleep architecture changes that occur in dementia are 
more pronounced than changes seen in an elderly population without dementia. But 
there are some important differences between subjects with dementia and non-
demented older persons. For example, the reduction in slow-wave sleep that accom-
panies the aging process is more intense in dementia [51]. Conversely, sleep 
spindles, indicative of sleep state N2 and associated with memory consolidation, are 
reduced in subjects with dementia [22]. REM sleep – which depends on acetylcho-
line – duration and latency are shorter in subjects with dementia compared to non-
demented older persons [52].

Of note, since there is an overlap of diseases in older people with and without 
dementia (multimorbidity), it is difficult to determine in many patients how much of 
sleep disturbance can be attributed to the neurodegenerative process per se. Yet, 
there is no doubt that neurodegenerative diseases affect the complex brain networks 
responsible for sleep and circadian rhythm regulation [53–57].

In addition, the different types of dementia differ in the patterns of sleep distur-
bances they present [39]. To evaluate the prevalence of specific sleep disorders in 
subjects with different types of dementia, 431 community-dwelling older subjects 
with mild to moderate dementia or mild cognitive impairment were evaluated exten-
sively via questionnaires [39]. The main result of that pivotal study was a high 
prevalence of any sleep disorder in demented patients, ranging from 65% in subjects 
with mild cognitive impairment to 90% in subjects with Lewy body dementia 
(LBD). Furthermore, most individuals had more than two different sleep disorders 
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at the same time. Only 10% of participants showed isolated insomnia and only 8% 
had isolated daytime sleepiness. Furthermore, frequencies of specific sleep disor-
ders differed between the types of dementia. Compared to patients with Alzheimer’s 
dementia, subjects with LBD had a 2.6 times higher frequency of REM sleep-
behavior disorders (RBDs), and subjects with vascular dementia had a 2.4 times 
higher frequency of insomnia and a 2.5 times higher frequency of sleep-disordered 
breathing [39]. This study underscores the need for a careful and comprehensive 
evaluation of sleep and sleep disorders in subjects with dementia.

However, correlation does not prove causality, and it does not clarify the direc-
tion of the causative link in individual patients. The structural injury to neuronal 
circuits controlling sleep and circadian rhythms makes a role of neurodegenerative 
diseases in the manifestation of sleep disturbances likely. Is there any evidence in 
the opposite direction that sleep disturbances may promote neurodegeneration 
processes?

�Sleep Disturbances and Risk of Dementia

The relationship between sleep and cognitive symptoms is mutual in dementia. On 
the one hand, neuronal degeneration affects the systems responsible for sleep regu-
lation, and on the other hand, disturbed sleep causes symptoms that superimpose 
and possibly exacerbate the dementia-related cognitive deficits. For example, sleep 
disturbances strongly impair memory consolidation, since it depends on continued 
non-REM sleep. Therefore, sleep disturbance may aggravate cognitive dysfunction 
in subjects with dementia [11].

But might sleep disruption also directly induce dementia? This is an important 
question since there could be the unique opportunity to prevent or even slow down 
the development of dementia by treatment of sleep disorders.

The main hypothesis in the pathology of Alzheimer’s disease is the accumulation 
of β-amyloid that destroys neurons. Even in non-demented persons, β-amyloid 
deposition in the brain impacts sleep architecture [58]. Diurnal variation of 
β-amyloid levels suggests that this may be cleared from the brain during sleep. 
Since normal sleep promotes the clearance of brain β-amyloid, disturbed sleep pre-
disposes to accumulation of β-amyloid. Indeed, cerebrospinal fluid (CSF) β-amyloid 
levels correlate inversely with the amount of sleep [59]. Sleep deprivation leads to a 
significant elevation of interstitial fluid levels of β-amyloid [60, 61]. Chronic sleep 
restriction increased cerebral β-amyloid plaque formation in amyloid precursor pro-
tein transgenic mice, whereas enhancing sleep with an orexin receptor antagonist 
reduced β-amyloid deposition [60] (Fig. 18.2).

In a recent meta-analysis that included 27 studies, sleep problems including short 
and long sleep duration, poor sleep quality, circadian rhythm abnormalities, insom-
nia, and obstructive sleep apnea were associated with a significantly increased rela-
tive risk (RR) for the combined outcome of cognitive impairment or Alzheimer’s 
disease (RR, 1.68; 95% CI, 1.51–1.87) [11].
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In a subgroup analysis, untreated obstructive sleep apnea had the highest impact 
with a RR of 2.37 (95% CI: 1.82–3.08). But other sleep disturbances like sleep 
quantity (RR, 1.86; 95% CI, 1.34–2.57), bad sleep quality (RR, 1.62; 95% CI, 
1.34–1.97), and insomnia (RR, 1.38; 95% CI, 1.13–1.67) were significantly associ-
ated with an increased dementia risk. The calculated population attributable risk 
(PAR) percentage suggested that about 15% of Alzheimer’s disease may be caused 
by sleep problems. And obstructive sleep apnea appeared to be a strong and modifi-
able risk factor [11].

Results of the population-based Rotterdam study revealed that elimination of 
risk factors for dementia like overweight, hypertension, diabetes mellitus, choles-
terol, smoking, stroke, coronary heart disease, heart failure, and atrial fibrillation 
would lead to a 30% reduction in dementia incidence [62]. However, sleep and sleep 
disturbances were not evaluated in this study.

Two population-based studies specifically evaluated the effect of sleep apnea on 
the development of cognitive impairment in elderly subjects. In a cohort of 298 
women with a mean age of 82 years, which were followed up over 4.7 years, the 
presence of sleep apnea (SA), which was detected in 105 subjects, promoted the 
incidence of mild cognitive impairment or dementia [63]. In a multivariable regres-
sion, which was adjusted for age, education, race, vascular risk factors, and pre-
scription of psychotropic drugs, a high percentage of sleep exhibiting apneas or 
hypopneas elevated the risk of mild cognitive impairment or dementia with an odds 
ratio (OR) of 2.04 (95% CI: 1.10–3.78) [63]. This finding was replicated in a second 
cohort of 1414 subjects with SA and 7070 nested controls, which is matched control 
subjects without SA obtained from the same population-based study: The presence 
of SA again increased the risk of dementia in a multivariable regression analysis 
which was adjusted for age, sex, social status, vascular risk factors, and history of 
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 -ROS ↑
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Fig. 18.2  Mutual relationship between sleep disturbances and neurodegeneration processes
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stroke events, over a follow-up period of 5 years with a hazard ratio [HR] of 1.70 
(95% CI: 1.26–2.31) [64].

A single prospective controlled randomized study evaluated the effect of con-
tinuous positive airway pressure (CPAP) therapy on sleep and cognitive perfor-
mance in patients with dementia. In 52 patients with mild or moderate dementia and 
a mean age of 78 years, which were randomized for CPAP therapy for 6 weeks or 
sham-CPAP therapy for 3 weeks followed by CPAP therapy for 3 weeks, CPAP 
therapy reduced SA-associated sleepiness [65], improved sleep architecture [66], 
and increased cognitive performance evaluated by a neuropsychological composite 
score [67]. Improvements in cognitive performance particularly affected the neuro-
psychological domains verbal learning and cognitive flexibility [67]. These data 
were corroborated by an open observation study in 23 patients with mild or moder-
ate dementia (mean age 75 years), which were followed up over 3.3 years. In this 
cohort, the adherence to CPAP therapy in 14 patients was associated with a signifi-
cantly enhanced course of cognitive performance, evaluated by the Mini-Mental-
State Examination (MMSE) score, when compared with 9 patients not tolerating 
CPAP therapy [65]. Larger randomized studies, including multicenter trials, evalu-
ating the effect of CPAP therapy on the development and course of mild cognitive 
impairment and dementia are urgently needed. In view of the failure of disease-
modifying pharmacological treatments in randomized trials, the detection of signifi-
cant beneficial effects of CPAP therapy in the aforementioned two studies is an 
impressive, possibly ground-shaking finding, which, in case of replication in larger 
studies, might open fascinating perspectives for dementia care.

�Treatment of Sleep Disorders in Subjects with Dementia

Patients with dementia show an overlap of behavior disorders affecting sleep and 
circadian rhythms and primary sleep disorders [39].

Given the substantial impact of disturbances of sleep and circadian rhythm in 
subjects with dementia, there is a huge interest in identifying effective treatments. 
The aims of treatments are reducing the caregiver burden, improvement of patient’s 
quality of life, postponing institutionalization, and slowing cognitive decline [68].

The first step in treating sleep disturbances even in subjects with dementia is to 
identify and treat primary sleep disorders. SA affects more than half of subjects with 
dementia [69, 70]. SA has a detrimental impact on cognition and increases the risk 
of incident dementia [63]. Based on a controlled randomized study [67], treatment 
of SA with CPAP therapy is indicated and effective even in dementia patients.

Restless legs syndrome (RLS) is common in subjects with α-synucleinopathies 
like Lewy body dementia and Parkinson’s disease. The treatment of RLS is the 
same as in idiopathic RLS [71].

REM sleep-behavior disorders (RBDs) are often seen in subjects with 
α-synucleinopathies like Parkinson syndrome and Lewy body dementia. RBD can 
precede the clinical manifestation of these diseases for years [72]. Clonazepam and 
melatonin have been shown to be effective [73].
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�Non-pharmacological Treatment

The basic treatment for any sleep disorder is sleep hygiene [74]. In a small study in 
subjects with dementia, sleep hygiene resulted in a longer total sleep time as com-
pared to controls [75]. However, sleep hygiene as a single intervention is often not 
sufficient [74].

Increased social and physical activities during the day have a moderate positive 
impact on daytime alertness and nighttime sleep [76]. Of note, up to now there are 
no formal or standard recommendations for frequency, quantity, or quality of such 
interventions [68]. But, with the intention to minimize harm, such an intervention 
should be applied to demented patients prior to any pharmacological treatment.

Bright light therapy is applied to treat circadian disorders. Light therapy yields a 
benefit for sleep onset latency, total sleep time, time in bed, and sleep efficiency [77].

Aromatherapy with lavender, but not with melissa, was effective as an adjunct 
therapy in alleviating agitation in patients with dementia [78]. Music therapy 
reduced agitation [79] and anxiety [80]. Therapeutic touch therapy with sessions 
two times daily of 5- to 7-minute duration and for 3 days reduced behavioral symp-
toms compared to a group without any touch intervention [81].

�Summary

This brief review emphasizes the importance of sleep disturbances both as a conse-
quence and as an additional risk factor for dementia. Consequently, sleep history 
should be taken in any subject, and obvious sleep disturbances – especially sleep 
apnea – should be managed stringently. Future studies on the incidence and man-
agement of dementia should more systematically take into account sleep and sleep 
disturbances. Some important future research questions are how to diagnose and 
treat sleep disturbances in subjects with dementia, how such a treatment of sleep 
disturbances may influence the course of the disease, and whether prevention of 
sleep disorders may reduce the incidence of dementia. Further studies are warranted 
and necessary.
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