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v

In the past several decades, a great deal has been learned about sleep, the state in which human 
beings spend about one third of their lives. It has become evident that sleep is crucial to the 
normal consolidation of memories, a function so vital that perhaps it is the long-sought reason 
that the phenomenon of sleep has weathered the challenges of evolution. Disordered breathing 
during sleep is now one of the most common medical problems diagnosed in people of all 
ages. Abnormal sleep is a major symptom of psychiatric disorders and may contribute to the 
cause of exacerbations of depression and anxiety. It is also related to weight control and vari-
ous endocrine functions. Unproductive sleep is a risk factor for an array of cardiac disorders, 
and it is a widely held hope that one might die peacefully in one’s sleep. If so, we would have 
the connection between sleep and the heart to thank. It is becoming clear that there is virtually 
no system that is not impacted by sleep.

What is the interface between the protean functions of the nervous system and sleep? 
Clearly, this is mainly the autonomic nervous system. The autonomic nervous system has also 
undergone intense study since its discovery just over 100 years ago. Yet, there has never been 
a single volume dedicated to the relationship of the autonomic nervous system and sleep, until 
now. In Autonomic Nervous System and Sleep: Order and Disorder, two distinguished 
experts, one in sleep and the other in the autonomic nervous system, collaborated to produce 
and edit an authoritative tome addressing virtually every important facet of the interface 
between these two interlocking, largely unconscious aspects of the function of the human ner-
vous system.

For the benefit of the newcomer, the book begins with the basics of the anatomy and physi-
ology of the autonomic nervous system, the sleep-wakefulness network, and the control over 
the cardiovascular system. Part II is a review of the most important laboratory testing proce-
dures used in the evaluation of patients suspected of harboring a disorder of sleep and/or the 
autonomic nervous system. The bulk of the book is in Part III, in which virtually every impor-
tant clinical syndrome is reviewed in an authoritative manner. The volume editors have chosen 
a cast of superstars, each with deep expertise in the various disorders of the sleep–autonomic 
interface. The chapters are both scientifically rigorous and clinically useful, such that the book 
can be used either as a reference volume or a handbook, rigorously edited by Professors 
Chokroverty and Cortelli, such that it will be a classic that will be procured and valued by 
students, residents, faculty, and experts.

Founding Chair Emeritus, Department of Neurology, Martin A. Samuels, MD
Brigham and Women’s Hospital, Miriam Sydney  
Joseph Distinguished Professor of Neurology,  
Harvard Medical School, 
Boston, MA, USA

Foreword
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Since its early discovery in the late nineteenth century, the autonomic nervous system (ANS), 
subserving a very important function of the human body along with its significance, remained 
largely neglected or poorly recognized by the clinicians for the next 75 years or so. It is now 
recognized that there is a dynamic coupling among the ANS, particularly the central auto-
nomic network (CAN), somatic central (CNS), peripheral nervous system, and sleep-wake 
neurons in the CNS. Traditional thinking has been centered on the role of ANS in wakefulness, 
but there are profound changes in the ANS during sleep (normal sleep is now considered a vital 
function of human health). There is not a single textbook available describing this significant 
interaction between the ANS and sleep, although there are journal articles and a few scattered 
chapters in textbooks. It is therefore now an opportune moment to bring out this dynamic bidi-
rectional relationship (anatomically and functionally), discussing its significance and clinical 
implications in a comprehensive (yet not encyclopedic) textbook. This close coupling between 
the ANS, sleep, and the CNS reflects a mind–body interaction during human sleep-wake states.

We, the editors, have succeeded in attracting some of the world’s leading experts in the 
fields of autonomic and sleep medicine to contribute to this volume, which bodes well and will 
enhance the stature of this textbook.

The volume is divided into three broad parts: I.  Basics, II.  Laboratory Evaluation, and 
III. Clinical Aspects, addressing the order and disorder of the interaction between the ANS and 
sleep and capturing many of the recent advances in 30 chapters. It should be useful not only to 
sleep specialists and senior trainees but also to general internists, pulmonary physicians, pedia-
tricians, family physicians, otolaryngologists, dentists , neurosurgeons, and neuroscientists 
interested in patients suffering from sleep and autonomic dysfunction as well as those para-
medical and ancillary staff with an interest in sleep and autonomic medicine ( e.g., nurses, 
technologists, and other healthcare workers). Finally, this book should be useful to both the 
beginners and those advanced in the field.

Edison, NJ, USA Sudhansu Chokroverty, MD
Bologna, Italy Pietro Cortelli, MD, PhD 
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Introduction

Sudhansu Chokroverty and Pietro Cortelli

The modern era of the autonomic nervous system (ANS) 
began with the demonstration by Gaskell of “craniosacral” 
and “thoracolumbar” outflows in 1886 [1], as well as intro-
duction of the term “the autonomic nervous system” by 
Langley in 1898 [2]. Despite an early recognition of the ANS, 
the topic has remained largely neglected in the fields of basic 
science, clinical neurology, and clinical medicine in general. 
Modern scientists have shown a dynamic interaction between 
the central autonomic network (CAN) and sleep- wake gener-
ating neurons [3–9] in the central nervous system (CNS). In 
1972, Lugaresi et  al. [10] clearly demonstrated by poly-
graphic recording during sleep in humans dynamic and coor-
dinated oscillations between cerebral activity (as documented 
by fluctuating and cyclic EEG changes, subsequently coined 
cyclic alternating pattern (CAP) by Terzano and co- 
investigators [11]) and many physiological characteristics, 
particularly cardiovascular and respiratory systems (as docu-
mented by periodic changes in blood pressure [BP]), heart 
rate (HR), and breathing. These oscillations reflect a compel-
ling coupling between somatic and the autonomic nervous 
systems during sleep. This coupling results from an interac-
tion between neuroanatomical substrates and neurophysio-
logical changes during sleep and wakefulness. These changes 
reflect mind–body (brain–body) interplay during human 
sleep-wake states. Most of our thinking processes and intel-
lectual efforts are directed at activities during wakefulness. 

However, there has been an increasing awareness about the 
importance of sleep and how its dysfunction impacts our life. 
Good sleep is now recognized as a vital sign of human health 
and increasing attention is being paid toward this topic which 
still remains a mystery to these scientists. Sleep has its own 
world with its own rhythms and rituals. Sleep commands all 
the vital functions of the human body (e.g., circulation, respi-
ration, endocrine secretion, gastrointestinal, and genitouri-
nary health) controlled by both the somatic and autonomic 
nervous systems working in unison to maintain not only our 
internal homeostasis but also how to respond to the external 
world [12]. The ANS through its anatomical and functional 
organization impacts every body system and organ and this 
fact is the key to maintaining internal homeostasis (“milieu”) 
in the human body. The close interrelationship of the ANS in 
terms of neural circuits [13], functions, neurotransmitters, 
and neuromodulators with sleep-wake states makes it impor-
tant to have a basic knowledge about the order and disorder of 
the ANS in sleep-wakefulness for understanding its impact on 
various diseases and for designing appropriate treatment. Our 
concept about the ANS has been evolving over the past half a 
century pointing to new directions in research in the field. In 
addition to nocturnal sleep, it is also important to consider 
napping (brief daytime sleep), as well as the relationship 
between nocturnal sleep and napping; the results, however, 
have been contradictory [14, 15]. The various studies [14, 16] 
only account for sleep duration but not sleep architecture 
(e.g., sleep stages). In addition, it is important to think about 
chronobiological, behavioral, and medical aspects of nap-
ping. Naps themselves, particularly short naps, may not have 
detrimental effects; on the other hand, naps may be conse-
quences (adverse effects of comorbid health issues or may be 
secondary to age-related brain and body changes). 
Furthermore, sleep regulates immune process and indirectly 
inflammation. Sleep and inflammation have a bidirectional 
relationship. On the one hand, sleep disorders (e.g., insomnia 
and sleep apnea) promote inflammation in a nonspecific man-
ner; on the other hand, the immune system  modulates sleep 
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and inflammation causing daytime sleepiness. Of note, there 
are different types of naps, for example, recovery, prophylac-
tic, appetitive, fulfillment, and essential naps [14]. For control 
of other body systems see Chaps. 2 and 3.

Before discussing the ANS changes in sleep including 
age-related changes it is essential to have a basic understand-
ing of sleep which has fascinated and intrigued mankind for 
centuries. During sleep there is suspension of environmental 
awareness but the internal awareness is dominated by a 
dream-like state. Bremer’s experimental sections in cats in 
1935 producing cerveau isolé [17] (intercollicular section) 
and encéphale isolé (medullospinal transection) introduced 
the concept of passive theory of sleep (see also Chap. 4). This 
was supported initially by the discovery of ascending reticu-
lar activating system (ARAS) by Moruzzi and Magoun in 
1949 (see Chap. 4) [18] introducing the concept of passive 
theory of sleep mechanism (deafferentation). However, this 
theory was challenged later by Batini et al.’s experiment [19] 
of midpontine trigeminal transection in cats in 1959 (see 
Chap. 4) that lies a few millimeters below the transection pro-
ducing cerveau isolé preparation strengthening the active 
theory of mechanism of sleep. Contemporary theory of sleep 
recognizes both “active” (e.g., activation of the ARAS includ-
ing aminergic, serotonergic, histaminergic, laterodorsal teg-
mental (LDT), and pedunculopontine tegmental (PPT) 
cholinergic nuclei, and glutamatergic neurons), and “passive” 
(e.g., withdrawal of afferent stimuli and deactivation of ARAs 
and other wake-promoting neurons) [20–22] mechanisms.

Non-traditionally, human existence may be divided into 
six states [12, 23; unpublished observation] (see also Chap.   
4): (i) active wakefulness (AW), (ii) relaxed wakefulness 
(RW), (iii) pre- dormitum (a term used by McDonald 
Critchley [24] to a stage between relaxed wakefulness and 
stage 1 of non-rapid eye movement (NREM) sleep), (iv) 
NREM or quiet sleep, (v) REM or active sleep, and (vi) post-
dormitum (sleep inertia or sleep drunkenness, a state between 
sleep and awakening first thing in the morning).

AW is characterized by EEG desynchronization, active 
waking eye movements (WEMs), prevalent skeletal muscle 
activity and dominance of sympathetic activity [23, 25]. 
During active W homeostatic mechanism is overshadowed 
by the catabolic state of intense muscle activity and is 
reflected in alterations of physiological variables (e.g., O2, 
CO2, H+) [12].

RW is characterized by a desynchronized EEG with well- 
organized and well-modulated posteriorly dominant alpha 
activity in the adults, persisting postural muscle tone and 
stable ANS with the slight sympathetic dominance [21, 23]. 
In contrast, synchronized EEG, slow eye movements (SEMs) 
mildly decreased postural muscle tone and parasympathetic 
dominance are the features of quiet or NREM sleep. Active 
or REM sleep, on the other hand, is characterized by (i) 
desynchronized EEG with sawtooth waves; (ii) postural 

muscle atonia or hypotonia (lowest muscle tone during 
sleep); (iii) variable sympathetic-parasympathetic activity 
(parasympathetic dominance with intermittent activation of 
sympathetic tone); (iv) rapid eye movements (REMs); and 
(v) myoclonic twitching and jerks (transient phasic muscle 
bursts) [25].

Thus, the two basic states (NREM and REM) differ con-
siderably in terms of physiological variables [23]. NREM is 
dominated by homeostatic regulation (relatively stable). In 
contrast, during REM sleep homeostasis is suspended and 
poikilostasis is dominant (may be termed poikilstatic) [12]. 
Homeostasis refers to the integrated physiological functions, 
whereas poikilostasis signifies disintegrated physiological 
functions [12]. Physiological events in these two states 
should be described in terms of the somatic nervous system 
(i.e., somatic behavior) and the ANS (i.e., autonomic behav-
ior) [12]. Proof of functional dichotomy between these two 
states of sleep may be exemplified by the effects of thermal 
load. Exposure to warm environment (37 °C) during NREM 
sleep will cause tachypnea but not in REM sleep. Exposure 
to cold environment (4 °C) is characterized by shivering as 
evidenced by increased neck muscle (EMG) activity in 
NREM sleep but there is absence of EMG activity in neck 
muscles during REM sleep [12].

To understand further the interaction between the ANS 
and sleep in terms of its impact on health and disease, it is 
essential to know the profound changes in the ANS during 
sleep [26]. Essentially there are two changes in the ANS dur-
ing sleep: The parasympathetic tone increases in NREM 
sleep with further increase in REM sleep; the sympathetic 
tone decreases in both NREM and REM sleep with intermit-
tent hyperactivation during REM, particularly in phasic 
REM sleep. Sleep onset (SO) is an unstable state, whereas 
the deepest stage of sleep (stage N3 or slow wave sleep 
[SWS]) is the most stable stage. Factors for stability in SWS 
include the following [12, 27]: (i) increased arousal thresh-
old in N3 compared with N1 or N2, preventing arousal- 
related instability; (ii) increased genioglossus single motor 
unit activity during this stage (possibly related to higher 
upper airway resistance; (iii) higher PaCO2 during N3; (iv) a 
theoretical possibility of increased central respiratory drive; 
(v) finally, stage N3 is seen mostly in non-CAP EEG stage 
(in terms of CAP- non-CAP EEG oscillations) instead of the 
unstable EEG CAP stage. Respiration is very unstable at SO 
and is most likely related to arousal fluctuations [26] and loss 
of wakefulness stimuli. At SO there are also changes in fre-
quency, tidal volume, and changes in blood gas tension. 
There may be a few periods of apnea at SO.

In addition to significant sleep-related changes in the 
ANS and the CNS, it is also important to be aware of age- 
related changes in these systems [28] to assess autonomic 
and other functions in diseased and healthy individuals. Loss 
or functional alterations (decrease) of wake-active 
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 (wake- promoting) neurons (e.g., orexinergic, cholinergic, 
histaminergic, noradrenergic, dopaminergic, and serotoner-
gic neurons) in the elderly seem to be due to age-related 
structural alterations in the brain. These changes may account 
for sleep disturbance in the aging and neurodegenerative dis-
eases. This reduction of neurons and neuronal circuits 
including synapses (structural or functional loss) [28] may 
be responsible for daytime sleepiness (napping). Similarly, 
there are age-related changes in the ANS [28] which may be 
responsible for sleep and autonomic function alterations in 
the elderly. Therefore, it is important to have age-matched 
controls for evaluation of autonomic function laboratory 
tests. One must consider these age-related changes in order 
to address the interaction between the ANS and sleep, and 
their impact on physiological changes in normal sleep and 
diseased states. Another important recent discovery is the 
presence of the glymphatic system in rats, mice, and guinea 
pigs [29] with indirect indications (from sophisticated mag-
netic resonance imaging [MRI] studies of the brain) of its 
presence even in human beings [30]. The brain has no lym-
phatic system, and this drainage system (named glymphatic 
system because of its close association with astrocytes and 
oligodendroglia) located in the brain’s perivascular spaces 
appears to expand during sleep for removing waste meta-
bolic products of the brain (e.g., amyloid). Sleep deprivation 
is therefore thought to be an important factor in the patho-
genesis of many neurodegenerative diseases (e.g., 
Alzheimer’s disease [AD] and Parkinson’s disease [PD]).

It is also important to understand significance of auto-
nomic function (AF) tests and the autonomic clinician must 
have a basic knowledge about the type of AF tests to per-
form both during wakefulness and sleep (see Chaps. 9 and 
12). Anatomical substrates for central autonomic control 
(see Chaps. 2 and 3) subserving a variety of integrative 
functions [6, 31] include the following structures: (i) spinal 
cord, (ii) brain stem, (iii) cerebellum; (iv) hypothalamus; (v) 
amygdala; and (vi) some parts of the cerebral cortex (see 
further on). The major control systems include cardiovascu-
lar, respiratory, gastrointestinal (including swallowing, gut 
motility, and secretions) and genitourinary systems (includ-
ing micturition and sexual functions). Cardiovascular func-
tions are controlled by both cortical and subcortical 
structures. Major cerebral cortical centers include insula, 
anterior cingulate gyrus, medial prefrontal cortex, and hypo-
thalamus (see Chap. 2). Main supraspinal centers comprise 
(see Chap. 2) neurons located in the locus coeruleus, the 
rostral ventrolateral medulla (RVLM), nucleus tractus soli-
tarius (NTS) and the brain stem parasympathetic premotor 
neurons in the dorsal motor nucleus (DMN) and the nucleus 
ambiguus (NAS) belonging to the vagus nerve. Sympathetic 
premotor neurons in the RVLM descend to the spinal sym-
pathetic preganglionic motor neurons in the intermediolat-
eral centers of T1–L2 spinal cord segments (see Chap. 3). 

BP, HR, cardiac contractility causing vasoconstriction or 
vasodilation are controlled by the two divisions (sympa-
thetic and parasympathetic) of the ANS. For control of other 
body systems see Chaps. 2 and 3.

An important dysautonomic sign is orthostatic hypoten-
sion (OH, see Chap. 3 for understanding mechanism of OH). 
Orthostatic hypotension can be brought on by a decrease in 
baroreceptor sensitivity (age-related), volume depletion, 
autonomic failure, neurological diseases, medical disorders, 
and iatrogenic causes (medications and surgical sympathec-
tomy) (see Chap. 12, Section “General and Specific Clinical 
Manifestations of Autonomic Dysfunction and Physiology 
of Orthostatic Blood Pressure Control”).

Autonomic control shows a wide variation in all three 
major sleep-wake states (W, NREM, and REM), and most 
variations in ANS control occur during REM sleep [12, 26]. 
In REM sleep ANS control functions through an “open 
loop,” that is, without any feedback between wakefulness 
and NREM sleep whereas the latter two states use a “closed 
loop” (i.e., receiving feedback). The specific neural factors 
responsible for autonomic control remain unknown. It is, 
however, important to know the factors controlling auto-
nomic regulation in order to understand normal and abnor-
mal human physiology in sleep and wakefulness. A number 
of sleep disorders (both primary and secondary) affect the 
ANS. A dynamic interaction among the sympathetic, para-
sympathetic, and enteric divisions of the ANS and the CNS 
confer profound hemodynamic and physiological changes in 
almost every system of the body causing significant clinical 
implications [3–5, 7].

Stage REM is a period of predominant vagal tone inter-
spersed with bursts of sympathetic hyperactivity [26], 
changes in the rate and rhythm of the heart beat as well as 
appearance of ectopic beats are noted in the electrocardio-
gram (EKG) of normal sleeping individuals. In addition to 
relative bradycardia in NREM sleep, brady- tachyarrhythmias 
in REM sleep there may be other relatively benign cardiac 
arrhythmias noted in REM sleep which include sinus pauses, 
and partial heart block as a result of heightened parasympa-
thetic tone [32–34]. Brodsky et  al. [35] documented sinus 
pauses in young male medical students. Ventricular prema-
ture beats decrease during sleep as a result of reduced sym-
pathetic activity [36–38]. Prolongation of QT interval may 
occur in normal man during sleep posing a risk factor for 
susceptible individuals with long QT syndrome [36–38].

The most susceptible time for myocardial infarction, 
stroke, and sudden cardiac death is in the morning between 
6 am and 11 am [39, 40]. The reason is not definitely known 
but is multifactorial and may include increased platelet 
aggregability, sympathetic surge during REM sleep in the 
early morning hours just before final wake up from sleep, 
alteration of endothelial function leading to vascular disease 
as well as increased morning plasma catecholamines [26, 27, 
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41, 42]. These factors are particularly serious in those with 
existing coronary arterial or other cardiovascular diseases. 
There is an overall reduction of 10–20% of BP compared to 
daytime waking level [27, 41, 42]. This is known as normal 
dipping. A failure of dipping, reverse dipping (e.g., increased 
BP) or extreme dipping (more than 20% reduction in BP dur-
ing sleep) are all risk factors for increased cardiovascular 
morbidity and mortality. There is also an increased coagula-
bility during sleep as a result of increased tissue plasminogen 
activator (tPA) inhibitor 1 (PAI-I) and a decrease in tPA [43]. 
Thus, increased platelet aggregation and coagulability, and 
endothelial dysfunction in the early morning hours play a 
major role in early morning increased incidence of cardio-
vascular catastrophes or sudden cardiac death [27, 40, 41, 
43].

In this single comprehensive text, we the editors and 
superb contributors (experts in the fields of the ANS and 
sleep) have been able to capture the interaction of the ANS 
with the CNS in almost all body systems and organs; this 
interaction is altered in sleep compared to wakefulness. In 
three broad sections (basic, laboratory, and clinical) the emi-
nent scientists and contributors have made a valiant effort to 
discuss how the ANS changes in sleep may impact human 
health and diseases including primary sleep disorders. The 
ANS and sleep show a bidirectional relationship: autonomic 
dysfunction may affect sleep and, in turn, sleep and its disor-
ders may affect ANS functions. In view of the fact that there 
is a forceful coupling among the CNS, the ANS, and various 
body systems and organs, it is understandable that the central 
autonomic network with its ascending and descending pro-
jections connecting the central and peripheral autonomic 
neurons and the somatic nervous system controls vital func-
tions of the body maintaining internal homeostasis. The fact 
the ANS plays a central role directing essential and funda-
mental functions of the body, particularly its role during 
sleep has not been sufficiently emphasized in various text-
books, book chapters, or journal articles. In this comprehen-
sive (but not encyclopedic) textbook we have addressed all 
the facts about the ANS and sleep interaction as well as the 
ANS alterations in sleep, and how these impact primary and 
comorbid (neurological and other medical-psychiatric disor-
ders) sleep dysfunction. This new knowledge about the 
sleep–ANS interaction will enhance our understanding of 
the pathophysiology of various disorders and help to intro-
duce new lines of therapy to improve morbidity, mortality, 
and prognosis of a variety of sleep and other medical- 
neurological diseases.

In conclusion, the ANS–CNS–sleep interaction explains 
mind–body (including brain–heart and other organs) inter-
play. This volume should be useful to sleep specialists, neu-
rologists, and internists (especially those specializing in 
pulmonary, cardiovascular, and gastrointestinal medicine) 

dealing with sleep and autonomic failure or hyperactivity, 
family physicians, psychiatrists, psychologists, pediatri-
cians, otolaryngologists, dentists, neurosurgeons, and neuro-
scientists interacting with patients suffering from sleep and 
autonomic dysfunction as well as those interested in under-
standing sleep and the ANS (e.g., technologists, nurses, and 
other healthcare professionals). This book should be useful 
to both beginners and those advanced in the field.
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Central Autonomic Network

Kamal Shouman and Eduardo E. Benarroch

 Overview

The central nervous system controls autonomic function via 
several interconnected areas distributed throughout the neur-
axis. Whereas these areas have been referred to as central 
autonomic network (CAN), they control many other func-
tions including arousal and respiration [1]. One major output 
of this integrated network is mediated by preganglionic sym-
pathetic and parasympathetic neurons. Central autonomic 
control areas are hierarchically organized. Areas in the 
medulla and lower pons relay interoceptive information to 
the forebrain and mediate cardiovascular, respiratory, gastro-
intestinal, and micturition reflexes. They include the nucleus 
of the solitary tract (NTS), reticular formation of the rostral 
ventrolateral medulla (VLM), rostral ventromedial medulla 
(RVMM) including the caudal raphe nuclei, medullary respi-
ratory groups, parabrachial nucleus (PB), and pelvic organ 
stimulating center (formerly known as pontine micturition 
center or Barrington nucleus). Areas in the upper pons and 
midbrain integrate autonomic control with pain modulation, 
responses to stress, behavioral arousal, and motor responses. 
They include the periaqueductal gray (PAG), the pedunculo-
pontine tegmental nucleus (PPT/PPN), and locus coeruleus 
(LC). The hypothalamus functions as a pattern generator of 
integrated autonomic, endocrine and behavioral responses to 
ensure bodily homeostasis and adaptation to the environ-
ment. The hypothalamic autonomic output originates pri-
marily from the paraventricular nucleus (PVH), dorsomedial 
nucleus (DMH), and lateral hypothalamic area, including the 
group of neurons that synthesize orexin (Orx, also known as 
hypocretin, Hcrt). The core telencephalon areas controlling 
autonomic function are the amygdala, insular cortex, and 
anterior and midcingulate cortex (Fig. 2.1). Many areas ini-
tially defined by their prominent role in controlling auto-

nomic function, such as the C1 area of the RVLM, are now 
recognized to have a major role in mechanisms of arousal, 
respiratory activation, and immune modulation [2]. Although 
the functional anatomy of the central control of autonomic 
function has been best characterized in experimental animals 
[3–11], several functional neuroimaging studies show that 
many of the same areas are activated during autonomic 
responses in humans [12–20].

 Neurotransmission and Effector Mechanisms 
of the Central Autonomic Control

 Inputs and Signaling in the Central Autonomic 
Network

Brain areas controlling autonomic function receive and inte-
grate inputs from four major sources: interoceptive, humoral, 
“limbic”, and circadian. Interoceptive inputs from visceral, 
pain, and thermal receptors are relayed by spinal afferents 
via ascending projections to lamina I of the dorsal horn or via 
cranial nerve afferents that relay in the NTS. Humoral sig-
nals from the blood (e.g., levels of glucose or cytokines) or 
cerebrospinal fluid (CSF, such as pH) can reach the central 
autonomic areas either directly or indirectly via sensory cir-
cumventricular organs [21]. These include the subfornical 
organ (SFO), organum vasculosum of the lamina terminalis 
(OVLT) and the area postrema. Forebrain “limbic” areas 
such as the amygdala and anterior cingulate cortex provide 
autonomic control signals in response to behaviorally rele-
vant stimuli that trigger emotion, such as pain or social cues. 
Circadian signals are provided by the suprachiasmatic 
nucleus [22].

The primary neurotransmitter mediating excitatory inter-
actions among the different components of the central auto-
nomic control network is L-glutamate; the primary inhibitory 
transmitter is γ-aminobutyric acid (GABA). These are also 
the primary neurotransmitters (sometimes together with the 
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inhibitory amino acid glycine) of circuits controlling respira-
tion and the sleep-wake cycle. Autonomic, respiratory, and 
arousal circuits are modulated in a state-dependent function 
by cholinergic, monoaminergic, and peptidergic influences 
from the brainstem, basal forebrain, and hypothalamus and 
by local interactions mediated by nitric oxide (NO), purines, 
endocannabinoids, and other signals. There is increasing evi-
dence of a fundamental role of astrocytes in many of these 
interactions.

 Outputs of the Central Autonomic Network

The final effectors of the central control of autonomic func-
tion are the preganglionic sympathetic and parasympathetic 
neurons. These neurons are cholinergic and elicit fast excita-

tion of autonomic ganglia and enteric neurons via ganglion 
type nicotinic receptors.

The sympathetic preganglionic neurons are located in the 
thoracolumbar spinal cord at the T1 to L2 segments, primar-
ily in lamina VII forming the intermediolateral column 
(IML). These neurons form separate functional units that are 
activated in a selective manner in response to different stim-
uli. In normal conditions, the preganglionic sympathetic sub-
units are differentially recruited to mediate distinct patterns 
of sympathetic responses coordinated by descending inputs 
form the medulla and hypothalamus [23]. The sympathetic 
output is critical for maintenance of blood pressure, local 
regulation of blood flow, thermoregulation, and responses to 
exercise and internal or external stressors. The preganglionic 
sympathetic axons terminate on paravertebral, prevertebral, 
and terminal ganglia, as well as the adrenal medulla. The 
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Rostral ventrolateral medulla
and medullary raphe

Nucleus of the solitary tract
(caudal portion)

Caudal ventrolateral medulla

Dorsomedial
nucleus

Lateral
hypothalamic
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Fig. 2.1 Main structures 
within the central autonomic 
network. Telencephalic areas 
include the amygdala, insular 
cortex, and anterior and 
midcingulate cortex; these 
areas are involved in high 
level autonomic control in the 
setting of emotion and 
cognition. Hypothalamic 
areas include paraventricular 
nucleus, dorsomedial nucleus, 
and lateral hypothalamic area 
(including orexin neurons); 
these areas are involved in 
integrate control of 
autonomic, endocrine, and 
other response to internal 
stressors. Areas in the rostral 
brain stem include the 
periaqueductal gray, the 
pedunculopontine tegmental 
nucleus, and locus coeruleus; 
these areas participate in 
autonomic control in relation 
to arousal state and stress 
response. Areas in the lower 
brain stem include nucleus of 
the solitary tract, reticular 
formation of the rostral 
ventrolateral medulla 
including C1 area, and rostral 
ventromedial medulla 
including the caudal raphe 
nuclei; they participate in 
autonomic reflexes and are 
the final premotor autonomic 
regions innervating the 
preganglionic autonomic 
neurons
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primary neurotransmitter in sympathetic postganglionic neu-
rons is norepinephrine; the exception is sympathetic post-
ganglionic neurons innervating the sweat glands, which are 
cholinergic as well as vasodilator nerves in the muscles and 
coronary arteries.

The parasympathetic output can be subdivided from the 
functional standpoint into outputs to cranial effectors via cra-
nial nerves III, VII, and IX; outputs to the thoracic and 
abdominal viscera mediated by the vagus nerve (cranial 
nerve X); and outputs from pelvic organs (bladder, rectum, 
and sexual organs) originating from sacral preganglionic 
neurons. Parasympathetic output mediates organ-specific 
reflexes. The primary neurotransmitter of most parasympa-
thetic ganglion and enteric nervous system (ENS) neurons is 
acetylcholine; the parasympathetic output is also mediated 
by non-cholinergic neurons that release NO and vasoactive 
intestinal polypeptide (VIP).

Cranial parasympathetic reflexes mediate pupillary con-
striction and accommodation, lacrimal and salivary gland 
secretion, and cranial vasodilation. Vagal reflexes are critical 
for beat-to-beat control of the heart rate and activation of 
upper gastrointestinal motility. Vagal preganglionic neurons 
are located in the dorsal motor nucleus of the vagus (DMV) 
and ventrolateral portion of the nucleus ambiguus (NAmb) 
in the medulla [24]. The DMV mediates all vago-vagal 
reflexes controlling motility and secretion in the gastrointes-
tinal and respiratory tracts [25]. The ventrolateral portion of 
the NAmb provides vagal output to cardiac ganglion neurons 
controlling the sinus node [11, 24]. Sacral preganglionic 
nucleus controls micturition, defecation, and sexual function 
[10, 26].

 Segmental Control of Preganglionic Neurons

Preganglionic sympathetic and sacral parasympathetic neu-
rons in the spinal cord mediate segmental reflexes triggered 
by activation of primary afferents and involving local excit-
atory or inhibitory interneurons [23]. Typical examples are 
somatosympathetic reflexes triggered by pain or other 
somatic stimuli and storage reflexes triggered by bladder 
afferents during urinary stage. In normal conditions, this seg-
mental spinal preganglionic apparatus is incorporated into 
specific patterns of response under the influence of descend-
ing supraspinal pathways originating in the brainstem or spi-
nal cord. Interruption of these supraspinal descending 
pathways above the spinal T5 level results in massive, unpat-
terned reflex activation of sympathetic preganglionic neu-
rons in response to segmental inputs such as visceral 
distension or nociceptor stimulation. This constitutes auto-
nomic dysreflexia, manifested primarily with severe hyper-
tension [27].

 Lower Brainstem Areas Controlling 
Cardiovascular, Respiratory, 
and Gastrointestinal Functions

 Nucleus of the Solitary Tract

The NTS is the first relay station of visceral afferents that 
initiate medullary reflexes and relay visceral and taste 
information to rostral brain areas [28, 29]. The rostral por-
tion of the NTS receives input from taste receptors via 
facial, glossopharyngeal, and vagus nerve afferents; the 
intermediate portion receives gastrointestinal afferent input 
via the vagus nerve; and the caudal portion receives inputs 
from carotid baroreceptors and chemoreceptors via the 
glossopharyngeal afferents and inputs from cardiac, pul-
monary, and upper airway receptors via vagal afferents. 
The topographic organization of afferent inputs to the NTS 
has been confirmed with functional neuroimaging in 
humans [30]. In addition to cranial nerve afferents, the NTS 
receives a projection from spinal neurons of lamina I con-
veying inputs from nociceptors, muscle receptors, thermo-
receptors, and visceral receptors. The NTS also receives 
inputs from the area postrema, which lacks a blood–brain 
barrier and serves as a sensor of signal from the blood and 
CSF [31]. Virtually all afferents to the NTS are glutamater-
gic; some primary afferents also release substance P, ade-
nosine triphosphate (ATP), and NO.  Many of these 
cotransmitters presynaptically regulate glutamate release 
from primary afferents [28].

The NTS is the first relay station for gastrointestinal, car-
diovascular, and respiratory reflexes. NTS projections to the 
DMV mediate vago-vagal gastrointestinal reflexes [25]; pro-
jections to the nucleus ambiguus mediate baroreflex- 
triggered decrease in the heart rate [11]; projections to the 
caudal VLM mediate baroreflex-triggered indirect inhibition 
of sympathoexcitatory neurons of the rostral ventrolateral 
medulla (RVLM) [5, 32]; and direct projections from the 
NTS to the RVLM mediated chemoreflex-triggered sympa-
thoexcitation [33]. Inputs from the NTS to medullar and pon-
tine respiratory groups mediate reflexes that control 
ventilation [34]. The NTS contains a complex network of 
inhibitory GABAergic neurons that receive descending 
inputs from several sources and participate in modulation of 
cardiovascular, respiratory, and gastrointestinal reflexes in 
response to emotion, stress, and other behavioral states. 
Astrocytes may have an important role in regulation of trans-
mission in the NTS [35]. The second major function of the 
NTS is to provide ascending viscerosensory information to 
rostral areas, including the periaqueductal gray (PAG), hypo-
thalamus, thalamus, and amygdala. These ascending inputs 
reach these areas either directly or via a relay in the parabra-
chial (PB) nuclear complex [36].
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 Rostral Ventrolateral Medulla

The RVLM contains premotor sympathetic excitatory neu-
rons that project to the intermediolateral cell column [5]. 
These RVLM neurons are glutamatergic and include a subset 
that also synthesizes epinephrine (C1 group). Glutamatergic 
inputs from the RVLM activate preganglionic neurons that 
increase blood pressure and heart rate via input to noradren-
ergic sympathetic ganglion cells innervating muscle, 
splanchnic and renal vessels, and heart. The pathway from 
the RVLM to the preganglionic neurons is critical for tonic, 
reflex, and adaptive control of blood pressure [3]. The sym-
pathoexcitatory RVLM neurons are inhibited by inputs from 
NTS neurons activated by baroreceptor afferents; this effect 
is mediated by GABAergic neurons of the caudal VLM pro-
jecting to the RVLM [5, 32]. C1 neurons also innervate the 
hypothalamus and other brainstem areas involved in control 
of respiration, arousal, and stress. Studies in rodents using 
selective optogenetic activation or inactivation of C1 neurons 
showed that these cells mediate the sympathoexcitatory 
effects of internal stressors such as hypoxia [2, 8]. Stimulation 
of C1 neurons not only results in sympathoexcitation but 
also causes arousal from NREM sleep and increase in venti-
lation. All the effects of C1 neuron stimulation are pro-
foundly reduced during REM compared to NREM sleep and 
wakefulness [37]. Selective C1 neuron silencing resulted in 
only a small reduction of blood pressure in conscious ani-
mals under normoxic conditions but reduced sympathetic 
nerve activity and arterial blood pressure during anesthesia, 
prevented the sympathoexcitatory response to hypoxia, and 
abolished the increase in sympathetic activity resulting from 
baroreceptor denervation [38].

 Rostral Ventromedial Medulla and Medullary 
Raphe

The rostral ventromedial medulla (RVMM) and medullary 
raphe, including the serotonergic neurons of nucleus raphe 
pallidus (RPa), contain premotor sympathoexcitatory neu-
rons that are critical for thermoregulatory responses to cold 
[39]. These neurons receive inputs from thermosensitive 
neurons in the hypothalamus and project to preganglionic 
sympathetic neurons that activate noradrenergic output that 
elicit skin vasoconstriction and lipolysis in the brown fat. 
Whereas RVMM are not primarily involved in control of 
blood pressure and are not controlled by the baroreflex, they 
elicit tachycardia in response to external stressors [40]. Some 
neurons of the RPa and raphe obscurus are chemosensitive 
and respond to hypercapnia [41]. They innervate several 
components of the medullary respiratory network to promote 
ventilation [41].

 Medullary Respiratory Circuits

The respiratory central pattern generator is located in the 
lower brainstem and includes several rhythm-generating 
components that drive downstream premotor neurons inner-
vating spinal respiratory and cranial motoneurons [42]. 
These pattern generators respond to stimuli from central and 
peripheral chemoreceptors that interact to regulate the pat-
tern of respiration and trigger sympathoexcitatory and car-
diovagal responses to maintain optimal tissue oxygenation. 
The preBötzinger complex (preBötC) located in the ventro-
lateral medulla is the critical pattern generator of inspira-
tion. It contains glutamatergic excitatory neurons that 
project to all medullary and pontine premotor respiratory 
regions [43].

Studies in rodents indicate that the primary central che-
mosensitive zone is the retrotrapezoid nucleus (RTN) located 
in ventral medullary surface [44]. The RTN contains gluta-
matergic neurons and are activated by increased PCO2, both 
via intrinsic acid sensitive channels and by paracrine signals 
released from neighboring astrocytes. These neurons also 
receive input from peripheral chemoreceptors activated by 
hypoxia via a relay in the NTS and thus integrate central and 
peripheral chemosensitive signals. The RTN stimulates res-
piration via glutamatergic inputs to the preBötC and other 
brainstem respiratory groups. Respiratory chemosensitivity 
also involves serotonergic neurons of the medullary raphe, 
including the RPa and nucleus raphe obscurus [41]. The con-
trol of phrenic, intercostal, and abdominal motoneurons 
innervating inspiratory and expiratory muscles depends on 
descending inputs from premotor respiratory neurons located 
in a continuous column along the ventrolateral medullary 
reticular formation and referred to as the ventral respiratory 
column. These neurons of the ventral respiratory column 
receive input from the medullary and pontine respiratory pat-
tern generators, central chemoreceptive areas, and NTS and 
send direct projections to respiratory motoneurons of the spi-
nal cord. The respiratory network also controls the phasic 
activity of muscles that the control upper airway via inputs to 
the nucleus ambiguus, hypoglossal, trigeminal, and facial 
nuclei.

 Parabrachial Nuclear Complex

The parabrachial (PB) nuclear complex consists of three 
major subdivisions: lateral PB (LPB), medial PB, and the 
Kölliker–Fuse nucleus (KF) [36] and provides an interface 
between medullary reflexes and forebrain mechanisms regu-
lating cardiovascular, respiratory, and other homeostatic 
functions. The PB subnuclei also relay interoceptive inputs 
(pain, visceral, and temperature sensation) from lamina I of 
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the dorsal horn and NTS to the thalamus, hypothalamus, and 
amygdala. The PB nuclear complex receives topographically 
and functionally organized descending projections from the 
forebrain, including the anterior cingulate, prefrontal, and 
insular cortices; several areas of the hypothalamus; and cen-
tral nucleus of the amygdala [45].

The outputs from the PB complex subnuclei are mediated 
by glutamate and several neuropeptides. These outputs par-
ticipate in control of arousal, respiration, cardiovascular 
function, thermoregulation, and control of food and salt 
intake. For example, the medial PB contains glutamatergic 
neurons that are critical for cortical arousal via projections to 
the basal forebrain [46]. The LPB contains glutamatergic 
neurons that mediate arousal in response to hypercapnia; 
these neurons also express calcitonin-gene-related peptide 
(CGRP) [47]. Components of the PB nuclear complex, 
including the external LBP, lateral crescent, and KF, consti-
tute the so-called pontine respiratory group, which has a 
major role in phase-switching of respiratory activity [43, 48]. 
Glutamatergic neurons in this complex are activated by 
hypercapnia and project to the ventrolateral medullary pre-
motor respiratory column, the cranial nerve nuclei control-
ling the upper airway, and the phrenic nucleus in the spinal 
cord [49]. The LPB also participates in control of arterial 
blood pressure, as well as sodium and fluid homoeostasis 
[50]. It receives inputs from arterial baroreceptors and car-
diac receptors via the NTS and projects back to the NTS and 
to the RVLM, including the C1 group; via these projections, 
different portions of the lateral PB may exert either excit-
atory or inhibitory influences on baroreflex responses and 
sympathetic output [51, 52]. Neurons of the LPB receive 
inputs from lamina I neurons receiving inputs from skin ther-
moreceptors and convey these inputs to the hypothalamus 
[39]. LPB neurons expressing CGRP also relay satiety sig-
nals from the gut and nociceptive signals from lamina I to the 
amygdala and thalamus [53].

 Pelvic Organ Stimulating Center

The pelvic organ stimulating center is a recent term for a 
nucleus located in the dorsal pontine tegmental field and pre-
viously known as the Barrington nucleus or pontine micturi-
tion center [10]. This nucleus sends direct excitatory 
projections to all parasympathetic motoneurons in the sacral 
cord innervating the pelvic organs, including not only the 
bladder but also the distal colon, rectum, and internal genital 
organs. Collaterals of the pelvic organ stimulating center 
fibers have access to the inhibitory premotor interneurons in 
the sacral cord, innervating the nucleus of Onuf, so that con-
traction of the bladder, rectum, and uterus occurs together 
with relaxation of the pelvic floor striated muscles, which is 

important for micturition, defecation, and parturition [26]. A 
group of neurons in the pontine lateral tegmental field just 
caudal and ventrolateral to the pelvic organ stimulating cen-
ter and referred to as pelvic floor stimulating center projects 
directly to the somatic motoneurons in the nucleus of Onuf 
in the upper sacral cord innervating the striated muscles of 
the pelvic floor [10].

 Upper Brainstem and Behavioral State- 
Dependent Regulation of Autonomic Output

 Periaqueductal Gray

The periaqueductal gray (PAG) provides an anatomical and 
functional interface between the forebrain areas involved in 
cognitive and emotional processing and lower brainstem cir-
cuits mediating autonomic reflexes, pain modulation, and 
motor responses. The PAG has been subdivided into four col-
umns: dorsomedial, dorsolateral, lateral, and ventrolateral; 
each is characterized by specific inputs, outputs, and func-
tions [9]. The PAG receives afferents from the forebrain (pre-
dominantly orbitomedial prefrontal, anterior cingulate, and 
anterior insular cortex, amygdala, and hypothalamus), brain-
stem (including the NTS, PB complex, and monoaminergic 
groups), and sensory neurons of the dorsal horn and trigemi-
nal nucleus. The different columns of the PAG provide effer-
ents to the thalamus, hypothalamus, and brainstem. Via its 
descending projections, the PAG coordinates specific pat-
terns of cardiovascular, respiratory, motor and pain modula-
tory responses associated with stress and emotional arousal 
[9]. The dorsolateral PAG receives inputs from the amygdala 
and its stimulation generates increases in sympathetic activ-
ity and respiratory rate that resemble responses naturally 
evoked by psychological stressors. The lateral PAG receives 
inputs from somatic pain receptors and generates increases 
in sympathetic activity via direct descending projections to 
the RVLM, as well as analgesia and motor activation as part 
of a fight-or-flight response. The ventrolateral PAG contains 
different groups of neurons involved in several functions. 
Neurons that receive nociceptive inputs from visceral and 
deep receptors trigger sympathoinhibition, cardiovagal acti-
vation, opioid-mediated analgesia, and inhibition of motor 
activity as a part of the “playing death” response [9]. Other 
neurons receive inputs from bladder afferents and control the 
micturition reflex via projections to the pelvic organ stimu-
lating center [10]. The ventrolateral PAG also contains REM- 
off neurons that participate in reciprocal inhibitory 
interactions with pontine REM-on neurons in the subcoeru-
leus/sublaterodorsal nucleus of the pons [54]. The presence 
of dopaminergic neurons in this area participates in arousal 
maintenance [55].
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 Locus Coeruleus

The locus coeruleus (LC) contains norepinephrine- 
synthesizing neurons that send diffuse projections through-
out the central nervous system and have a major role in 
arousal, attention, and stress response [56]. In humans, the 
most extensive innervation targets somatosensory, motor, 
prefrontal, and parietal cortices. The LC also sends ascend-
ing projections to the amygdala, entorhinal cortex, hippo-
campal formation, thalamus, basal forebrain, and 
hypothalamus. Descending projections of the LC innervate 
autonomic areas such as the DMV, sacral preganglionic neu-
rons, and central gray as well as dorsal horn of the spinal 
cord. The LC receives a wide variety of afferent inputs from 
several sources, including the prefrontal and anterior cingu-
late cortices, central nucleus of the amygdala, posterior lat-
eral hypothalamus, PPN, and C1 neurons of the RVLM. The 
LC has a major role in attention, emotional memory, and 
response to stress. Noradrenergic neurons of the LC, like 
serotonergic neurons in the rostral raphe nuclei and hista-
minergic neurons of the tuberomammillary nucleus of the 
hypothalamus, have high firing rates during wakefulness, 
reduced firing during NREM sleep, and virtual cessation of 
firing during REM sleep. The LC, together with other cate-
cholaminergic cells groups, including area A7 and nucleus 
subcoeruleus region, provides polysynaptic collateral pro-
jections to both the IML and the ventral horn. These cate-
cholaminergic presympathetic-premotor neurons send 
polysynaptic collaterals to skeletal muscle and the adrenal 
gland, and have an important role in somatomotor–sympa-
thetic integration [57].

 Pedunculopontine Tegmental Nucleus

The pedunculopontine tegmental nucleus (PPT/PPN) con-
tains intermingled populations, of cholinergic, glutamater-
gic, and GABAergic neurons that differentially influence 
cortical activity and sleep-wake states via projections to the 
thalamus, hypothalamus, and brainstem. Cholinergic (as 
well as glutamatergic) PPN/PPT neurons promote arousal 
and REM sleep, reduce muscle tone necessary for locomo-
tion, and increase dopamine release from midbrain neurons 
in response to reward [58]. The PPT/PPN contains function-
ally distinct areas affecting respiration, cardiovascular func-
tion, and activity of upper airway muscles. The PPT/PPN 
sends excitatory cholinergic projections to the RVLM, 
including the C1 area [59]. Putative command neurons in the 
PPT/PPN are connected to both motor and autonomic areas 
and may integrate the somatomotor and sympathetic func-
tions during different behaviors, including arousal and loco-
motion [60].

 Hypothalamus: Pattern Generator for Basic 
Survival Functions

 Functional Organization

The hypothalamus functions as a pattern generator of 
responses mediated by neural circuits critical for basic vital 
functions, including energy metabolism, fluid and electrolyte 
balance, thermoregulation, wake-sleep cycle, responses to 
internal or environmental stressors, and reproduction [7]. 
The preoptic hypothalamus contains neuronal circuitry criti-
cal for circadian rhythms, thermoregulation, electrolyte- 
balance, wake-sleep regulation, and reproduction. The 
tuberal hypothalamus includes nuclei that participate in con-
trol of feeding, autonomic, and endocrine responses to stress, 
aggression, and sexual behavior. The posterior hypothalamus 
provides output to the arousal system. The hypothalamus 
incorporates information from sensory afferents, humoral 
signals, and emotional circuits, and compares these inputs to 
basic set-points for parameters such as blood temperature, 
sodium, glucose, and hormone levels. The hypothalamus 
then activates autonomic, endocrine, and behavioral 
responses to maintain homeostasis or overcome stressors.

 Autonomic Output

The autonomic output of the hypothalamus originates pri-
marily from the paraventricular nucleus (PVN), dorsomedial 
nucleus (DMH), and adjacent lateral hypothalamic area, 
including the orexin/hypocretin (Orx/Hcrt) group, with a 
small contribution from the arcuate (infundibular) nucleus. 
These nuclei contain neurons that project to preganglionic 
sympathetic or parasympathetic neurons either directly or, 
more commonly, via brainstem areas.

The PVN is critical for integrated responses to internal 
stressors, including hypoglycemia, hypovolemia, and circu-
lating cytokines in the setting of inflammation. Preautonomic 
autonomic neurons send direct projections to the IML, NTS, 
and RVLM, including the C1 group [61, 62]. There is topo-
graphic organization of PVN neurons controlling sympa-
thetic outflow to different target organs, such as the heart and 
the kidney. These receive information from visceral recep-
tors, including low pressure cardiac receptors relayed by the 
NTS and the A1 and A2 noradrenergic neurons in the 
medulla; signals such as plasma osmolarity and angiotensin 
II via the median preoptic nucleus, SFO, and OVLT; and sig-
nals such as levels of insulin and leptin controlling food 
intake via inputs from the arcuate nucleus. In general, PVN 
presympathetic neurons do not appear to have a major role in 
regulating sympathetic responses to short-term homeostatic 
changes but have a major role in responses to longer-term 
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challenges, such as sustained water deprivation or chronic 
intermittent hypoxia [62]. Whereas presympathetic PVN 
neurons are not primarily affected by the baroreflex, they can 
modify baroreflex gain during exercise or in response to psy-
chiatrical stressors via projections to the NTS [63].

The DMH has a major role in sympathoexcitatory and 
respiratory response to psychological stressors [40, 64] and 
also has a key role in sympathoexcitatory responses to expo-
sure to cold [65]. These responses are largely mediated by 
DMH projections to the RVMM, including the RPa. The RPa 
contains premotor sympathoexcitatory neurons that trigger 
stress-induced tachycardia and cold-induced skin vasocon-
striction and thermogenesis by the brown adipose tissue via 
direct projections to the IML [39]. The DMH also projects 
very heavily to other hypothalamic regions, the amygdala, 
medial prefrontal cortex, and PB complex.

The perifornical region is a major source of sympathetic 
vasomotor and respiratory drive during arousal or psycho-
logical stress via its direct projection to the RVMM and IML, 
dorsomedial medulla, and Kölliker–Fuse nucleus (reviewed 
by Dampney [40]). The Orx/Hcrt neurons located in the lat-
eral hypothalamus, DMH and perifornical region have a 
major role in maintenance of wake state and trigger auto-
nomic and respiratory responses associated to stress and 
reward. These neurons project to arousal-mediating cholin-
ergic and monoaminergic cell groups, PAG, RVLM, RVMM, 
PB/Kölliker–Fuse nuclei, and preBötC [66]. Orexin increases 
blood pressure, heart rate, sympathetic nerve activity, and 
respiration; these are components of arousal and are neces-
sary to allow the expression of motivated behaviors [67]. The 
firing rate of orexin neurons is altered greatly during a vari-
ety of behaviors, including the different phases of sleep, 
exercise, and psychological stress.

 Limbic Areas Involved in Emotion, Cognition, 
and Autonomic Control

The core telencephalic areas controlling autonomic outputs 
are the amygdala, insular and anterior cingulate cortex areas. 
These areas are consistently activated in humans during tasks 
associated with sympathetic or parasympathetic responses 
[12–20]. They are interconnected with each other and control 
autonomic outputs via projections to the hypothalamus and 
brainstem and are core components of the emotion or “ante-
rior limbic” system, which also includes the orbitofrontal 
cortex; nucleus accumbens and hypothalamus [68, 69]. 
Central autonomic commands to preganglionic neurons may 
be sent as predictive signals about the expected sensory con-
sequences resulting from activation of the target organs; 
these commands are also sent as a feedforward efference 
copy to viscerosensory areas that receive feedback informa-
tion resulting from the actual response of the target organ. 

The mismatch between feedforward commands and feed-
back signals generates an error prediction signal that is uti-
lized in the CNS to modify the autonomic commands and/or 
the sensory predictions [70].

 Amygdala

The amygdala provides automatic tagging of the valence 
(positive or negative) and intensity of innate or conditioned 
environmental stimuli and thereby their behavioral relevance 
[68]. The outputs of the amygdala to the hypothalamus and 
brainstem trigger automatic survival responses. Its outputs to 
the orbitofrontal cortex, hippocampus, and nucleus accum-
bens contribute to representation of value for reward 
(incentive)-based behavior, modulate episodic memory, and 
contribute to social cognition [71]. The amygdala is a nuclear 
complex subdivided into lateral, basal, and central nuclei; 
these nuclei participate in intrinsic circuits for encoding, 
retrieval, and extinction of emotional memories. Neurons in 
the lateral nucleus respond to concurrent neutral (condi-
tioned) inputs from cortical sensory association areas and 
emotionally relevant (positive or negative) unconditioned 
stimuli directly from the thalamus or PB nuclei; the lateral 
amygdala is thus the primary site for associative (Pavlovian) 
learning. Information from the lateral nucleus is then chan-
neled and processed via the basal nucleus to the central 
nucleus, which also receives direct input via the PB.  The 
medial portion of the central nucleus (CeM) and neighboring 
bed nucleus of the stria terminalis form a tightly intercon-
nected unit involved in organizing defensive responses to a 
wide range of threats [72]. The CeM projects to the hypo-
thalamus, PAG, PB complex, and medullary autonomic and 
motor areas. These outputs trigger sympathetic or parasym-
pathetic activation, adrenocortical hormone secretions, and 
motor responses such as vocalization, freezing, and startle 
[73].

 Insular Cortex

The insular cortex is involved in a wide range of sensory, 
cognitive, affective, and motor functions and receives inputs 
from multiple sources [74, 75]. The dorsal posterior insula is 
the primary interoceptive cortex and integrates visceral, pain, 
and temperature sensations conveyed to subnuclei in the ven-
tromedial portion of the thalamus that receive inputs path-
ways from lamina I, NTS, and PB nuclear complex. The 
anterior insula, via its interconnections with the amygdala, 
anterior cingulate, and orbitofrontal cortex, integrates these 
interoceptive signals with emotional and cognitive process-
ing to contribute to the conscious awareness of bodily sensa-
tion [74]. For example, functional magnetic resonance 
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(fMRI) studies showed increased activity of the anterior 
insula during tasks in which subjects attend to the timing of 
their heartbeats [76]. The insula is also a visceromotor area 
controlling both the sympathetic and parasympathetic out-
puts, primarily via a relay in the lateral hypothalamus [77]. 
Studies in rodents and effect of lesions in humans suggest 
that there may be a lateralization of insular control of cardio-
vascular function [77]. Consistent with this possibility, fMRI 
studies showed greater activation of the right than the left 
insular cortex in association with increase in heart rate in 
response to mental stress [77] or during baroreflex-mediated 
sympathoexcitation elicited by the Valsalva maneuver [78]. 
Normal subjects, who reacted with an increase in heart rate 
during mental stress, had larger activation of the right insular 
cortex and anterior shift in activity compared to subjects that 
did not react. This putative lateralization of autonomic con-
trol, with predominance of sympathetic activation from the 
right insula, has been linked to susceptibility to cardiac 
arrhythmias and other cardiovascular changes after stroke 
[79]. Functional imaging studies also showed that in response 
to emotional stressors associated with increased sympathetic 
activity, there is also asymmetric activation of the amygdala, 
PAG, and DMH [80]. As the DMH triggers sympathetically 
mediated increase in heart rate in response to emotional 
stressors via input to the RPa, this could predispose to stress- 
induced cardiac arrhythmias [80].

 Anterior and Midcingulate Cortices

The cingulate cortex is a complex structure that is subdivided 
into four main sectors, anterior cingulate (ACC), midcingu-
late (MCC), posterior cingulate, and retrosplenial cortex 
[81], that are involved in different aspects of emotional pro-
cessing. The ACC includes a subgenual and pregenual 
regions that are strongly interconnected with the orbitofron-
tal cortex and the amygdala and send strong projections to 
the lateral hypothalamus, PAG, PB, and medullary auto-
nomic areas. Stimulation of the pregenual ACC during pre-
surgical brain mapping in patients with epilepsy elicited 
emotional face expression, interoceptive sensations, and 
autonomic responses that included hot flushes in the face, 
cold sweats, and tachycardia; many patients explicitly inter-
preted these symptoms in terms of fear and anxiety [82]. In 
contrast, stimulation of the anterior MCC elicited goal- 
oriented behaviors but no autonomic responses. Together 
with the insular cortex, the pregenual ACC and anterior 
MCC are central nodes of the so-called salience network. 
Functional neuroimaging showed that the intrinsic connec-
tivity within this network correlates positively with resting 
muscle sympathetic nerve activity [83]. Previous studies also 
showed that measures of sympathetic activity, such as sym-
pathetic skin response, were coupled to enhanced activity in 

the anterior midcingulate (referred to as dorsal ACC in these 
studies) and insular cortices [84]. In contrast, sympathetic 
indices were negatively correlated with activity of the sub-
genual cingulate and adjacent ventromedial prefrontal cor-
tex, which are components of “default mode network” [84]. 
Activation of the subgenual ACC strongly correlates with 
indices of cardiovagal activity, such as heart rate variability 
[85].

 Summary

The CNS areas controlling autonomic functions are closely 
interconnected; integrate autonomic with respiratory, 
arousal, and other homeostatic responses. These areas par-
ticipate in state-dependent control of these functions not 
only during wakefulness but also across sleep states [86, 87], 
in response to emotion, and during attentional and other 
behavioral tasks [40]. Optogenetic studies in rodents and 
fMRI studies in humans have provided insight into the func-
tional organizations of these areas. Integration of the infor-
mation from animal and human studies will help in 
elucidating the mechanisms of abnormal autonomic control 
in CNS disorders, which are also typically associated with 
abnormalities in sleep.
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 Introduction

John Newport Langley, a Cambridge (England) physiologist, 
coined the term “autonomic nervous system (ANS)” in 1898, 
a term that included the thoracolumbar sympathetic and cra-
niosacral (later termed parasympathetic) outflows as well as 
the local nervous system of the gut (came to be known later 
as the enteric nervous system (ENS) [1–5]). It is notable that 
he also introduced the terms “pre-and postganglionic” fibers 
in 1895. Following the demonstration by W. H. Gaskell of 
the craniosacral and thoracolumbar outflows toward the end 
of the nineteenth century [6], Langley proposed the term 
parasympathetic for the craniosacral outflow in 1905 and 
sympathetic for the thoracolumbar outflow [1, 2]. For some 
incomprehensible reason, the ENS was only recognized 
decades later in 1970 [3] (see below). Despite this early rec-
ognition of the ANS, which permeates throughout entire 
body systems and organs subserving vital functions for liv-
ing beings, this important component of the nervous system 
has been a long neglected topic in the field until Shy and 
Drager [7] in 1960 directed our attention to a relentlessly 
progressive neurodegenerative disease initially involving the 
central autonomic neurons and later somatic nervous system 
(cerebellar-parkinsonian or parkinsonian-cerebellar syn-
drome). Since then there has been a surge of interest, particu-
larly among academic neurologists. (Many physicians, 

however, remain uncertain even now about how to deal with 
disorders of the ANS).

The ANS basically controls the body’s internal environ-
ment, maintaining the internal homeostasis (steady state) 
without conscious perception (involuntary) of almost all 
organs and systems in the body (e.g., cardiovascular, respira-
tory, gastrointestinal, and genitourinary systems, and endo-
crine functions as well as the Harvard physiologist Walter 
B. Cannon’s “fight-or-flight” response under stressful situa-
tions (1915)) [8]. In contrast, the somatic (voluntary) ner-
vous system is responsive to the external environment with 
conscious perception [8]. These two systems work in unison 
to control the body’s homeostasis, constantly adapting to in 
order to keep the vital functions stable. It is astonishing to 
think how the ANS has been neglected by clinicians for 
nearly a century after the introduction of the topic by Langley.

Traditionally, the ANS has been divided into two divi-
sions (the third division was reintroduced later): sympathetic 
and parasympathetic, and each division has central and 
peripheral components [9–15]. These are predominantly 
efferent fibers, but autonomic afferent fibers also exist, par-
ticipating in vital reflex and other functions (see below). The 
internal homeostasis is maintained by three divisions of the 
ANS (sympathetic nervous system [SNS], the parasympa-
thetic nervous system [PNS], and the enteric nervous system; 
see below), which are closely integrated and influenced by 
the central autonomic network [3, 15–17]) (see also Chap. 
2). For a detailed description, readers are referred to some 
excellent texts [4, 5, 15]. Figures 3.1, 3.2, and 3.3 schemati-
cally outline the traditional two extrinsic divisions of the 
ANS and their connections.

 The Sympathetic Efferent Organization

Anatomically the SNS is located at a central (spinal) level 
from C8-T1 to L1–L2 segments of the spinal cord and a 
peripheral level. The intermediolateral neurons in the 
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 thoracolumbar spinal segments provide preganglionic nerve 
fibers, which are thinly myelinated fibers (white rami com-
municantes) measuring 2–3  μm in diameter and leave the 
intermediolateral column neurons along the ventral roots 
from C8 or T1 to L2 segments of the spinal cord (see Fig. 3.3). 
These preganglionic fibers then leave the ventral roots and 
pass to the nearest paravertebral sympathetic chain (trunk) 
located bilaterally on two sides of the vertebral column con-
sisting of a series of ganglia connected with intervening 
nerves (see Figs. 3.1 and 3.2). The sympathetic chain extends 
from the base of the skull to the coccyx where the two trunks 
join in front of the coccyx to form a terminal ganglion called 
coccygeal or ganglion impar. There are three cervical ganglia 
(superior, middle, and inferior or stellate ganglia), 10–12 tho-
racic, four lumbar and four sacral ganglia, for a total of 22–23 
ganglia (see Fig. 3.1). The preganglionic sympathetic fibers 
passing to the sympathetic chain may pursue one or more of 

the following three routes [16]: 1. Immediately synapse at the 
same level with a ganglion to leave the trunk as postgangli-
onic fibers; 2. Ascend or descend in the sympathetic chain 
and leave the chain (trunk) as postganglionic fibers after syn-
apsing with the paravertebral ganglia; 3. Leave the thoracic 
paravertebral trunk as splanchnic nerves (the greater, lesser, 
and least splanchnic nerves) to synapse with the nearby pre-
vertebral ganglia (e.g., celiac, aorticorenal, superior, and infe-
rior mesenteric ganglia, including previsceral and terminal 
ganglia). The postganglionic nerve fibers emerge to innervate 
the abdominal and pelvic viscera [4, 5, 15]. Some pregangli-
onic fibers will pass through the chain to directly innervate 
the adrenal medulla. The preganglionic sympathetic fibers 
destined to innervate pupils of the eye and skin of the head 
and neck pass through the stellate and middle cervical ganglia 
without synapsing to the superior cervical ganglia where 
fibers synapse and postganglionic unmyelinated fibers (Gray 

THORACOLUMBAR OUTFLOW OF THE SYMPATHETIC NERVOUS SYSTEM
(Modified from pick and carpenter)

TRUNK TRUNK

Superior Cervical Ganglion

Middle Cervical Ganglion

Stellate Ganglion

Greater
Splanchnic

Nerve

Lesser
Splanchnic

Nerve

Vasomotr,
Pilomotor,
Sweating

C1
C2
C3
C4
C5
C6
C7
C8
T1
T2
T3
T4
T5
T6
T7
T8
T9

T10
T11
T12
L1
L2
L3
L4
L5
S1
S2
S3
S4
S5

Superior
Mesenteric
Ganglion

Inferior
Mesenteric
Ganglion

Celiac
Ganglion

Eye

Lacrimal and
Submandibular Glands

Parotid Gland

Heart

Respiratory Tract
and Lungs

Stomach

Small Intestine

Andrenal Medulla

Small intestine

Colon

Pelvic Colon and
Rectum

Genitourinary Tract

END
ORGANS

BRAINSTEM AND
SPINAL CORD

Fig. 3.1 Thoracolumbar outflow of the sympathetic nervous system shown schematically. (Modified from Pick [4] and Carpenter [11])
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rami communicantes) innervate pupils and other structures in 
the head and neck. Prevertebral ganglia are located in the 
midline, anterior to the vertebral column. Previsceral or ter-
minal ganglia are located close to the peripheral target struc-
tures. In the SNS, the preganglionic fibers are short but the 
postganglionic fibers are long. This lengthwise arrangement 
is reversed in the PNS, that is, the preganglionic fibers are 
long, whereas the postganglionic fibers are short. The post-
ganglionic sympathetic fibers, which are unmyelinated, travel 
as gray rami communicantes along the spinal and peripheral 
nerves to the blood vessels to control limb circulation (vaso-
motor), sweat glands (sudomotor), and arrectores pilorum 
muscles of the skin (pilomotor), as well as the blood vessels 
of the voluntary muscles and the bones of all four limbs.

The sympathetic fibers from T1-T4 spinal segments and 
the cervical ganglia form the cardiac plexus to control the 

rhythm and contraction of the heart. The respiratory system 
is innervated by T2-T7 segments through stellate ganglion 
and upper five thoracic ganglia forming the pulmonary 
plexus. The esophageal plexus is formed by the postgangli-
onic fibers from T2-T7 spinal cord segments with synapses 
at stellate and T2-T4 thoracic ganglia. Stomach, duodenum, 
and pancreas are controlled by T6-T10 segments through 
celiac ganglia. Celiac, aorticorenal, superior, and inferior 
mesenteric ganglia receiving innervation from T6-L2 seg-
ments control the rest of the small intestine and colon, 
including the rectum and anus. The genitourinary system is 
controlled by the hypogastric plexus receiving innervation 
from T10-L2 spinal cord segments. L1 and L2 spinal cord 
segments (through hypogastric plexus) control ejaculation in 
men. The T4-T9 segments control the upper trunk, whereas 
T10-L2 segments control the lower trunk below the umbili-

SYMPATHETIC OUTFLOW OF THE SPINAL CORD
(Modified from pick)
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cus. The rostral four thoracic segments innervate the upper 
limbs, while T12-L2 segments innervate the lower limbs. 
The ciliospinal center (of Budge) for pupillary dilatation is 
located in the C8-T1 segments. The splanchnic neurons from 
T4-L2 segments send impulses to the abdominal viscera.

 The Parasympathetic Efferent Organization

The efferent parasympathetic nervous system (PNS) consists 
of the cranial and sacral subdivisions. The parasympathetic 
preganglionic neurons are located within the nuclei of the 
third, seventh, ninth, and tenth cranial nerves. The tectal out-
flow arises from the Edinger–Westphal nucleus in the mid-
brain, which sends preganglionic fibers to the ciliary ganglion 
from which the postganglionic fibers innervate the ciliary 

muscle of accommodation and sphincter pupillae muscle for 
pupilloconstriction.

The salivatory nuclei are located in the reticular formation 
at the pontomedullary junction. The superior salivatory 
nucleus sends efferent secretomotor and vasodilator fibers 
through the chorda tympani branch of the seventh nerve to 
innervate the lacrimal, sublingual, submandibular, and 
mucosal glands in the nasal cavity and palate.

The inferior salivatory nucleus sends efferent preganglionic 
fibers through the ninth cranial nerve to the otic ganglion, and 
via the auriculotemporal nerve, a branch of the mandibular 
division of the trigeminal nerve, innervates the parotid gland.

The preganglionic fibers from the dorsal motor nucleus 
of the vagus and the nucleus ambiguus in the medulla travel 
to innervate the heart and the smooth muscles of the thora-
coabdominal viscera.

CRANIOSACRAL OUTFLOW OF THE PARASYMPATHETIC NERVOUS SYSTEM
(Modified from pick and carpenter)
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Fig. 3.3 Craniosacral outflow of the parasympathetic nervous system shown schematically. (Modified from Pick [4] and Carpenter [11])
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The preganglionic neurons of the sacral division of the 
parasympathetic system are located in the gray matter lateral 
to the central canal of the second, third and fourth sacral divi-
sions of the spinal cord, and travel in the ventral spinal roots. 
These fibers form the nervi erigentes or the pelvic nerves and 
terminate in the postganglionic cell bodies located in the pel-
vic plexus. The postganglionic fibers originating from the pel-
vic plexus terminate at the distal segment of the sigmoid colon, 
the rectum, the urinary bladder, and the reproductive system.

The urinary bladder, including the lower urinary tract, is 
controlled by three groups of neurons (the pelvic, hypogas-
tric, and pudendal nerves):

• The sacral parasympathetic (S2-S4 segments) forming 
the pelvic nerves

• The thoracolumbar SNS (T10-L2 segments of the spinal 
cord) fibers forming the hypogastric nerves

• The sacral somatic segments (S2-S4) forming the puden-
dal nerve

 The Enteric Nervous System

Although Langley in 1898 [2] alluded to the local nervous 
system of the gut, the enteric nervous system (ENS) has not 
been known to the medical community until recognized in 
1970 [3]. The ENS, derived from the word enteron (gut), also 
known as the “little brain” of the gut, plays an important role 
in the functional relationship with the “big brain” (brain–gut 
axis [17]). The ENS can function to an extent autonomously 
and semi-independently, but input from the traditional ANS 
and CNS (“big brain”) influences gastro-intestinal (G-I) 
function through modulation of the ENS [17–22]. The ENS 
contains three groups of neurons [19–22]: the intrinsic pri-
mary afferent neurons, interneurons, and enteric motor neu-
rons (efferent), forming networks to control alimentary 
behavior. The ENS subserves its functions by using two dis-
tinct intestinal plexuses: the myenteric plexus of Auerbach 
located between outer longitudinal and inner circular smooth 
muscles (involuntary) of the gut and the submucosal plexus 
of Meissner. The ENS, using several neuronal circuits, is 
involved in sensory-motor integration controlling intestinal 
motility, secretion, local blood flow, absorption, and to an 
extent these ENS circuits also modulate endocrine and 
immune functions [17–22]. The intestinal motility (motor 
pattern) basically consists of two types [20]: the propulsive 
stereotyped movements of peristalsis and spontaneous cycli-
cal migrating motor complex (MMC). The ENS system 
involved in these movements consists of the intrinsic afferent 
neurons, interneurons, and efferent motor neurons forming 

neural circuits. Both the inner circular and the outer longitu-
dinal smooth muscles of the gut are driven by the enteric 
neuronal circuits to initiate and propel these movements. The 
propulsive peristaltic movements are initiated by the sequen-
tial contractions of the circular smooth muscles beginning 
orally and propagating aborally. The enteric neuronal cir-
cuits also initiate the spontaneous cyclical MMC, propagat-
ing slowly aborally every 90 minutes, which has a circadian 
rhythm [23] with the lowest velocity during sleep without 
consistent relationship to the non-rapid eye movement 
(NREM) / REM sleep cycle [24]. The intrinsic ENS neurons 
directly control the gut motility and secretion, whereas the 
extrinsic parasympathetic and sympathetic divisions of the 
ANS originating from the CNS modulate the ENS neurons at 
the circuits. The central parasympathetic premotor neurons 
located in the dorsal motor nucleus (DMN) of the vagus 
nerve control (excitatory) most of the gut except the distal 
sigmoid colon and rectum, which are controlled by the para-
sympathetic outflow of the sacral (S2-S4) segments of the 
spinal cord. The premotor sympathetic neurons of the thora-
columbar outflow provide inhibitory control of the gut 
smooth muscles but exert excitatory control over the internal 
anal and vesical sphincters. In addition to these enteric motor 
neurons, there are primary enteric afferent neurons respond-
ing to both mechanical and chemical stimuli, and these affer-
ent projections from the gut integrate with the central 
autonomic network for appropriate motor response (see also 
Chap. 2). These intrinsic primary afferents from the enteric 
neurons transmit impulses to the CNS via nodose ganglion 
of the vagus nerve (tenth cranial) and terminate onto the 
NTS, which provides CNS stimuli for sending efferent mes-
sage mainly from the DMN of the vagus nerve to the effector 
organs. These are also somatic afferents projecting to the 
CNS via dorsal root ganglia. The ENS thus works in concert 
with the ANS and CNS to maintain the internal homeostasis 
and stability of the gastrointestinal tract. In addition, the 
interaction between the “little brain” and “big brain” main-
tains an awareness of what has been happening in the gut 
throughout 24 hours (brain–gut axis) [17].

 Autonomic Afferent Fibers

In contrast to the general misperception, the ANS contains 
not only motor or efferent neurons (consisting of two neuron 
chains: preganglionic and postganglionic motor neurons) but 
also afferent fibers [3–5, 9, 15, 16, 25] (sensory neurons) 
transmitting signals to the CAN with its ascending and 
descending projections to other central ANS structures in the 
CNS to maintain stability of the internal environment (see 
also Chap. 2) . The role of the intrinsic primary afferent 
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 originating from neurons of the ENS through brain–gut 
interaction is to maintain the stability of the internal milieu 
(“milieu intérieur,” the term coined by Claude Bernard in 
1854) of the alimentary tract (see description above).

An example of an important parasympathetic afferent 
includes the baroreceptor and chemoreceptor afferents aris-
ing from presso- and chemo-receptors located in the carotid 
sinus and aortic arch [9, 10, 13, 18]. The afferent fibers for 
these reflexes are mediated by the sinus nerve of Hering, a 
branch of the glossopharyngeal (ninth cranial) nerve and the 
aortic nerve of Cyon and Ludwig, a branch of the vagus 
(tenth cranial) nerve. These fibers send afferent impulses 
from the mechanoreceptors and chemoreceptors in the walls 
of the carotid artery, heart, and aorta to the CNS structures 
controlling circulation and respiration. The baroreceptor 
afferents terminate on the nucleus tractus solitarius (NTS) 
[9, 10, 18], an important relay station in the medulla receiv-
ing visceral afferents from the cardiovascular, respiratory, 
and gastrointestinal tracts, as well as taste fibers, and affer-
ents from the baroreceptors and chemoreceptors (see also 
Chap. 2) (Fig. 3.4). The NTS sends impulses to the medul-

lary reticular formation (ventrolateral medulla), which in 
turn sends descending bulbospinal projections for vasomo-
tor mediation to the intermediolateral column cells of the 
spinal cord. The latter through the thoracolumbar sympa-
thetic outflow exerts specific influences on the sympathetic 
nerves supplying the heart, blood vessels, and adrenal 
medulla but has no effect on non-cardiorespiratory sympa-
thetic nerves, for example, pupils, sweating, and piloerec-
tion. Sympathetic afferent fibers from the viscera traveling 
with the splanchnic nerves have been described, and other 
afferents join the somatic nerves on their way to the dorsal 
root ganglia. The afferents from the respiratory tract and 
pulmonary receptors terminate also on the NTS via the 
vagus (tenth cranial) nerve. Finally, general visceral affer-
ents from the gastrointestinal tract also project to the 
NTS. The efferents arising from the adjacent DMN influ-
ence gastrointestinal tract motility and secretion via the 
vagus nerve and the ENS.  The autonomic afferent fibers 
consist of viscerosensory (e.g., the enteric afferent fibers 
from cell bodies in the ENS, baroreceptors, and chemore-
ceptors), somatosensory (e.g., thermoreceptors and noci-

VISCERAL AFFERENTS TO AND EFFERENTS FROM
NUCLEUS TRACTUS SOLITARIUS

Baroreceptors

Respiratory Tract and
Pulmonary Afferents

Gastrointestinal
Afferents

To Expiratory
Motoneurons

To Inspiratory
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Gastrointestinal Tract

Ventral Medulla
(reticular Formation)

Nucleus Ambiguus
Nucleus Retroambigualis

Dorsal Vagal Nucleus

Nucleus Tractus Solitarius

Fig. 3.4 Visceral afferents to and efferents from nucleus tractus solitarius
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ceptors), and special sensory fibers (e.g., taste, salivation, 
and balance receptors in the inner ear) [15, 16, 25]. The 
afferent ANS fibers most likely participate in visceral sensa-
tion and autonomic reflexes, such as respiratory, visceroso-
matic, baroreceptor, and vasomotor reflexes.

 Pharmacology and Physiology of the ANS 
(See Also Chap. 5)

Two physiologists, Henry Dale (1914) [26] from London, 
England, and Otto Loewi (1921) [27] from Frankfurt, 
Germany, are responsible for discovering acetylcholine as 
the principal neurotransmitter for the ANS, for which they 
shared the 1936 Nobel Prize for Medicine [25].

Two chemical transmitters, acetylcholine and norepineph-
rine, help mediate autonomic functions [14, 25]. Acetylcholine 
is the neurotransmitter for the preganglionic neurons of both 
sympathetic and parasympathetic systems, while it is the neu-
rotransmitter for all parasympathetic postganglionic and 
sympathetic postganglionic fibers innervating sweat glands. 
For central autonomic regulation, cholinergic neurons play a 
significant role. There are two receptors for acetylcholine: 
muscarinic and nicotinic receptors.

Norepinephrine is the neurotransmitter for the sympa-
thetic nervous system. It is released at the postganglionic 
sympathetic nerve terminals. Two adrenergic receptors, α 
(alpha) receptors (α1 and α2) and β (beta) receptors (β1 and 
β2), are responsible for binding of norepinephrine released 
from the sympathetic nerve endings. The effects of alpha 
receptors in general are excitatory and those of beta recep-
tors are inhibitory except for the receptors in the heart where 
they are excitatory. The sympathetic vasodilator fibers to the 
skeletal muscles and coronary blood vessels may contain 
cholinergic or beta receptors.

The adrenal medulla, part of the adrenal gland, receives 
sympathetic preganglionic neurons, but in response to the 
neurotransmitter acetylcholine it secretes largely adrenaline 
(epinephrine) with a small amount of noradrenaline (norepi-
nephrine) [22, 25] and a very small amount of dopamine.

The principal neurotransmitter in the ENS, as in other 
parts of the ANS, is acetylcholine, which is excitatory. There 
are also inhibiting neurotransmitters like nitric oxide (NO) 
and vasoactive intestinal polypeptide (VIP). At least 30 neu-
rotransmitters have been identified [17–22] in the ENS, 
including serotonin, substance P, neuropeptide Y, GABA, 
and dopamine.

 Physiology

The Sherringtonian concept of “final common motor path-
way” can also be applied (as suggested by Janig in 1986) [25, 
28] to the peripheral autonomic nervous system calling it a 

“final common autonomic pathway” as the most important 
component of the ANS for ultimate control to maintain a 
stable internal milieu (homeostasis).

There is a general misconception of a functional universal 
antagonism between the SNS and the PNS. In fact, the two 
systems act synergistically to get the best possible autonomic 
function (e.g., the SNS governs ejaculation, and PNS erec-
tion in men to get an effective reproductive function, which 
does not imply opposite effect), although many appear to 
have reciprocal and opposing effects [9, 14, 25]. Physiological 
changes following stimulation of the sympathetic nervous 
system consist of the following responses: increase in heart 
rate and blood pressure, piloerection, sweating, pupillary 
dilation, bronchodilation, vasoconstriction, hyperglycemia, 
inhibition of the gastrointestinal motility, contraction of the 
internal anal and urinary bladder sphincters, release of renin 
and norepinephrine, and secretion of epinephrine (adrena-
line) from the adrenal medulla, ejaculation in men, glycoge-
nolysis, and neoglucogenesis.

Parasympathetic responses following activation of the 
system include the following: bradycardia, vasodilation, 
pupillary constriction, bronchoconstriction, increased gut 
motility and peristalsis, increased glandular secretions, con-
traction of the detrusor muscles in the urinary bladder, and 
penile erection in men.

There are striking physiological changes in the ANS dur-
ing sleep (see Chap. 5) [29, 30]. The fundamental changes 
are two: (1) there is an increased parasympathetic tone dur-
ing REM sleep and NREM sleep and (2) the sympathetic 
tone decreases in both stages with intermittent hyperactiva-
tion in REM sleep, particularly during phasic eye move-
ments. Because of these sleep-related physiological changes 
there is pupillary constriction during sleep as well as brady-
cardia and slight fall of blood pressure (BP); BP fall in sleep 
is known as “dipping.” Respiration is highly vulnerable dur-
ing sleep because of absence of participation of the volun-
tary breathing system (only the autonomic or metabolic 
system remains active), decreased firing rates with reduced 
participation of the central respiratory neurons in the 
medulla and pons, as well as impaired hypoxic and hyper-
capnic ventilatory responses, resulting in mild sleep-related 
hypoventilation.

 Clinico-Anatomical Correlation

From an account of the functional neuroanatomy of the auto-
nomic nervous system as described above, it will now be 
easy to understand the various clinical manifestations result-
ing from the autonomic deficits [9].

Pathogenesis of Orthostatic Hypotension An important 
feature of autonomic failure is orthostatic hypotension in the 
erect posture manifested clinically by orthostatic intolerance 

3 Functional Neuroanatomy of the Peripheral Autonomic Nervous System



26

symptoms (e.g., dizziness, syncope or presyncope, blurring 
of vision, nausea, and light headedness) resulting from cere-
bral hypoperfusion. To understand the mechanism of ortho-
static hypotension following lesions of the ANS (central or 
peripheral), it is important to understand the mechanism of 
maintenance of circulation and BP in the upright posture in a 
healthy individual [9, 13, 14]. On assuming an upright posi-
tion there is an intense gravitational stress on the circulation 
with a shift of blood from the upper to the lower body (about 
500–700 mL) and a decrease in central blood volume. This 
causes diminished venous return to the heart with diminished 
stroke volume and cardiac output, resulting in a transient 
postural hypotension with a decrease in blood flow through 
various organs, including the brain and the splanchnic region. 
Because of this transient postural fall of BP, immediate com-
pensatory measures are initiated using the neural mechanism 
through the baroreceptor reflex pathway. This is followed by 
delayed compensation of humoral and physical (see below) 
mechanisms.

The baroreceptors in the carotid sinus and aortic arch are 
immediately stimulated as a result of hypotension as part of 
body’s defense mechanism with transmission of afferent 
impulses to the nucleus tractus solitarius, an important struc-
ture for the baroreflex mechanism in the brainstem. This is 
followed by sympathetic stimulation from ventral medulla 
and vagal inhibition. As a result, within 30–45  seconds of 
assuming the upright position, peripheral resistance, venous 
return, and cardiac output are all increased, resulting in the 
restoration of BP to its baseline level in the supine position. 
The primary baroreceptor mechanism is helped by the 
humoral mechanism of release of plasma catecholamines, 
renin and aldosterone, and the physical factors of accumula-
tion of excess tissue fluid in the legs, “muscle pump,” and 
respiratory actions. The neural compensatory mechanism 
may fail as a result of lesion of the afferent arc, the medullary 
center, or the efferent arc of the baroreflex mechanism [9, 13, 
14]. The lesions in the central nervous system could be in the 
medulla, the supramedullary regions controlling the nucleus 
tractus solitaries, or in the pathways from the nucleus tractus 
solitarius to the ventral medulla, and from there to the inter-
mediolateral neurons of the spinal cord. Hence, diversely 
located lesions involving the brainstem, hypothalamus, other 
forebrain and limbic regions, as well as intermediolateral 
neurons of the spinal cord, sympathetic ganglia, and post-
ganglionic sympathetic fibers, and afferent fibers to NTS 
may cause orthostatic hypotension.

Extensive lesions of the lumbosacral spinal cord may 
involve the parasympathetic and sympathetic innervation of 
the urinary bladder, causing symptoms of urgency, hesita-
tion, and frequency of micturition, dribbling, incontinence, 
and retention of urine.

Lesions of the sacral parasympathetic neurons in the sec-
ond, third, and fourth sacral regions may cause erectile dys-
function in men; this is often an early manifestation of 
autonomic neuropathy. Sympathetic neuropathy affecting 
the urogenital system may cause retrograde ejaculation of 
semen into the urinary bladder or failure of ejaculation in 
men.

The sweat glands are innervated by the postganglionic 
sympathetic fibers, which receive innervation from the inter-
mediolateral neurons in the spinal cord. Involvement of these 
sympathetic fibers as well as those in the brainstem or the 
hypothalamus will cause impairment of sweating in the face, 
trunk, or the limbs, depending on the site of the lesions.

A perusal of the functional neuroanatomy would make it 
easily understandable why a lesion of the cervical sympa-
thetic fibers may cause. Horner syndrome or a lesion of the 
Edinger–Westphal nucleus, or its efferent parasympathetic 
outflow will cause impairment of pupillary response to light 
and accommodation. Similarly, lesions of the superior and 
inferior salivatory nuclei or their efferents will cause dimin-
ished lacrimation (dryness of the eyes) and dryness of the 
mouth.

The heart and circulation are under the control of the sym-
pathetic and parasympathetic nervous systems, and a lesion 
of the central autonomic network or involvement of its affer-
ent and efferent connections will cause cardiac autonomic 
denervation, resulting in either persistent tachycardia or 
other cardiac arrhythmias.

A consideration of the central respiratory mechanism and 
the close interrelationship among autonomic, respiratory, 
and hypnogenic neurons makes it plausible to think that 
lesions in the central brainstem or adjacent structures may 
cause a variety of respiratory changes in cases of autonomic 
failure. These changes are particularly notable during sleep 
in the most well-recognized central degenerative autonomic 
neuropathy, namely, the Shy–Drager syndrome [3, 14, 31] or 
multiple system atrophy with progressive autonomic failure. 
A variety of respiratory changes are noted in this condition 
[31] (see also Chap. 12).

Lesions of the dorsal vagal motor nucleus of the medulla 
and its efferent connections will cause difficulty in swallow-
ing and vomiting due to gastroesophageal atony. Other 
examples of intestinal motility disorders include achalasia, 
intestinal pseudo-obstruction, irritable bowel syndrome 
causing constipation or intermittent diarrhea (IBS-C or IBS- 
D), and urinary or fecal incontinence [22]. These gastrointes-
tinal motility disorders may be caused by an enteric 
neuropathy due to dysfunction of the myenteric plexus neu-
rons or secondary to an effect on the extrinsic ANS modulat-
ing the intrinsic ENS.

The following case example (adapted from Wilson- 
Pauwels et al., case study 1, [15]) illustrates the role of the 
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ANS in understanding the concept of “fright-fight-or-
flight,” the phrase introduced by Cannon [8].

During a short vacation in Maui, an island located in 
Hawaii, a 20-year-old woman decided to take a swim in the 
ocean. Suddenly she noticed that the tide was going out and 
she had difficulty in maintaining her orientation and began to 
drift farther and farther from the shore. She got frightened 
and started swimming back to the shore. Her breathing was 
becoming faster and faster, and she noticed that her heart had 
begun to pound. She was not particularly a good swimmer 
but realized that she was having superhuman strength, which 
enabled her muscles to act vigorously so that she was able to 
swim against the tide to the shore. On reaching the shore and 
arriving at the beach she noticed her breathing was rapid, her 
heart was racing, she was pale, and was having cold sweat in 
her extremities. She was resting flat, and in course of the next 
several minutes she began to feel normal; her respiration and 
heart rate returned to her normal baseline state.

Questions: 1. What is “fright- fight-or-flight” reaction?
2.  How do you explain her vigorous increase of 

strength?
3.  What are the mechanisms for her respiratory and 

heart rate changes?
4.  How do you explain her pallor and cold clammy 

sweaty limbs?

 Comments (Based on Clinico-Anatomo- 
Physiological Correlation)

Answer to Questions 1–3 As discussed previously, the 
phrase “fright-fight-or-flight” was coined by Cannon [8] to 
describe a physiologic response to a threat (“fright”), real or 
perceived, in order to defend from the threat (“fight”), to 
escape from it (“flight”), or both. These efforts require vigor-
ous energetic action and heavy use of the muscles. The chain 
of events occurs as follows (steps 1 to 4):

• Step 1: In response to a perceived threat the body through 
the senses (e.g., the eyes [vision] or ears [auditory percep-
tion]) sends signals to the amygdala, a part of the limbic 
system located in the medial temporal lobe bilaterally and 
responsible for emotional processing. The amygdala 
immediately sends distressed signals to the hypothala-
mus, the main ganglion of the autonomic nervous system 
(ANS), a sort of command center communicating with 
the rest of the body through the ANS, controlling all the 
vital organs (e.g., the heart, the lungs, gastrointestinal, 
genitourinary, and endocrine systems).

• Step 2: In this situation of “fright- fight-or-flight” reac-
tion the hypothalamus sends bursts of sympathetic 

activity (the sympathetic system is predominately 
located in the posterior hypothalamus). As a result of 
sympathetic hyperactivity, a cascade of events occur 
supporting “fight- or- flight” response in the body with a 
characteristic physiological manifestation as described 
in step 3.

• Step 3: Adrenaline is released from adrenal glands 
(through activation of hypothalamo–pituitary–adrenal 
[HPA] axis) [32], and adrenaline is secreted from the 
adrenal glands. Noradrenaline (norepinephrine) is 
released from the postganglionic sympathetic nerves, 
causing vasomotor changes with vasodilatation and 
increased blood flow to the muscles and coronary arteries, 
encouraging muscle activation, cardioexcitation, as well 
as vasoconstriction in the skin and splanchnic regions, 
and bronchiodilatation with increased oxygen inhalation. 
In addition, there is increased glycogenolysis (in the liver 
and muscles), making excess glucose available for extra 
energy as well as increased cortisol secretion through 
activation of the HPA axis.

• Step 4: The above changes provide excessive energy 
throughout the body. These physiological changes cause a 
characteristic clinical presentation that can be summa-
rized as follows: The subject manifests increased BP and 
heart rate (heart racing with palpitation), hyperventila-
tion, panting, cold, clammy (sweaty) extremities, pallor 
of the skin of the face and the limbs, piloerection (“goose 
bumps”), and pupillary dilatation. The sympathetic ner-
vous system uses two types of receptors to bring on the 
above physiological changes: α receptors (α1 and α2) and 
β receptors (β1 and β2)—α receptor activation causes 
vasoconstriction, relaxation of the gut muscles and pupil-
lary dilatation, whereas β receptor activation causes vaso-
dilatation of muscle vessels and coronary arteries, 
increased heart rate and cardiac contraction (increasing 
cardiac output), and bronchodilation (allowing increased 
airflow in and out of the lungs).

Answer to Question 4 How do you explain her cold 
clammy (sweaty) limbs with pallor of the skin?

Vasoconstriction in the cutaneous vessels caused pallor. 
Vasoconstriction in the splanchnic region made blood avail-
able to muscles and other regions, including the brain, and is 
responsible for increased peripheral resistance and BP.

Sweating was caused by intense sympathetic stimulation 
of the sweat glands, which helped dissipate heat generated 
by intense muscle activation.

It is notable that this description of “fight-or-flight” reac-
tion in the above subject supports the concept of an “auto-
nomic storm” (“autonomic dysreflexia and hyperactivity”).
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Functional Neuroanatomy 
and Mechanism of Sleep

Sudhansu Chokroverty

 Introduction and Historical Note

Before discussing functional neuroanatomy and mechanism 
of sleep, a brief historical note with some general comments 
is included in order to place the topic in proper perspective.

 General Comments

Traditionally, our existence on this planet is divided into 
three neurobehavioral states: wakefulness (W), non-rapid 
eye movement (NREM) and rapid eye movement (REM) 
sleep [1]. I should like to add three more making a total of six 
distinct behavioral and electrophysiological States (stages) 
with their own controls, functions, rhythms and rituals [2–4] 
(S. Chokroverty, unpublished observations):

 1. Active Wakefulness (AW)
 2. Relaxed Wakefulness (RW)
 3. Predormitum (a term introduced by McDonald Critchley 

[4]) to denote a stage between RW and stage 1 of NREM 
sleep

 4a. Stage 1 NREM sleep signifying pre-sleep behavior with 
generators in the brainstem separate from those for other 
stages of NREM and REM sleep [2]

 4b. Stage N2 (lighter stage of NREM sleep) with appearance 
of characteristic sleep spindles and K complexes accom-
panied by delta waves (0.5–2  Hz) occupying less than 
20% of each epoch

 4c. Slow wave sleep (SWS) or deeper stage of NREM sleep) 
with delta waves occupying 20% or more in each epoch

 5. REM sleep with its distinctive signatures of rapid eye 
movements (REMs), muscle atonia and low amplitude 
mixed frequency electroencephalogram (EEG) waves as 
well as sawtooth waves (STW)

 6. Post-dormitum (also known as sleep inertia or sleep 
drunkenness [5], a stage between the end of night’s sleep 
and full wakefulness in the morning). This is a transient 
physiological state characterized by hypovigilance, grog-
giness, confusion, and impaired cognitive and behavioral 
performance.

 Historical Note

It is notable that the great cataclysmic influenza pandemic 
(also known as the Spanish flu) in the early twentieth century 
(probably from 1915–1927) caused by an unknown influenza 
virus (this was identified later in 1933 after analyzing viral 
RNA sequences in the preserved postmortem tissues from the 
victims [6]) that killed 50–100 million people. This pandemic 
in many patients caused a dreadful neurologic illness termed 
“encephalitis lethargica.” The influenza pandemic devastated 
Northern Europe (probably beginning in Romania first), 
spreading later to the rest of the globe killing 50–100 million 
individuals [6]. This pandemic of the past causing brain dis-
ease taught us a great deal about sleep-wakefulness. An 
insightful young Austrian neurologist, Constantin von 
Economo, made careful observations of these patients during 
their illness and then participated in postmortem pathological 
study of those unfortunate victims who later died. He made 
the following astute clinicopathological observations: Those 
who had extensive lesions in the posterior hypothalamus had 
suffered from excessive and irresistible sleepiness, and an 
inability to maintain wakefulness (comprising about 50–60% 
of the patients) whereas those whose lesions were in the ante-
rior hypothalamus complained of severe insomnia when they 
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were alive (about 10% of von Economo’s  encephalitis). Based 
on these observations he made two memorable predictions:

 1. Sleep-wake-generating neurons are located in the hypo-
thalamus; its anterior region is responsible for regulating 
sleep and posterior region for wakefulness

 2. His second prediction was even more profound and pro-
phetic: The cause of this disease (narcolepsy) named 
after Gélineau (1880) and earlier (1877) alluded to by 
Westphal is located in the lateral-posterior hypothala-
mus. These observations were published between 1917 
and 1931 [7–9]

The sleep community had to wait for about 70 years to 
scientifically prove von Economo’s two predictions (see fur-
ther on).

von Economo’s concept about localization of sleep-wake- 
generating neurons in the diencephalon was overshadowed 
by two experimental preparations in the cats by the Belgian 
physiologist, Frederick Bremer, in 1935 producing cerveau 
isolé after intercollicular transection in the midbrain causing 
sleepiness, and encéphale isolé after transection at the junc-
tion of medulla and spinal cord in cats resulting in wakeful-
ness [10]. Bremer thus postulated a passive theory of sleep as 
a result of withdrawal of all environmental afferent stimuli. 
This experiment and subsequent discovery of the brainstem 
reticular activating system in 1949 (see below) also shifted 
the focus of the research from diencephalon to the brainstem 
region [2]. An ascending reticular activating system (ARAS) 
was identified by Moruzzi and Magoun in 1949 in the central 
part of the brainstem stimulation of which caused arousal 
and wakefulness, whereas lesion caused stupor, and disfa-
cilitation with withdrawal of afferent stimuli at sleep onset 
[11]. The passive theory of Bremer was forcefully challenged 
by a group of Italian physiologists led by Battini in 1959 [12] 
by producing (pretrigeminal midpontine transaction) in the 
cats which is located a few millimeters below ‘Cerveau isolé’  
preparation causing wakefulness which implied that between 
these two sections (intercollicular in the mesencephalon and 
pretrigeminal pontine cats) there are wake- promoting neu-
rons. We know that laterodorsal tegmental (LDT) and pedun-
culopontine tegmental (PPT) cholinergic neurons are located 
in the pontomesencephalic junction which are active during 
wakefulness and REM sleep but inactive during NREM 
sleep [13].

The role of the thalamus in sleep-wake generation 
remained neglected for a long time until the discovery of 
“Fatal Familial Insomnia (FFI)” in 1986 by Lugaresi and 
coworkers from Bologna, Italy [14]. Although Hess, a Swiss 
physiologist, using electrical stimulation in cats initially 
thought that the anterior hypothalamus contained deactivat-
ing structures thus confirming von Economo’s observation, 
he subsequently concluded that true sleep occurred only on 
stimulating the thalamus [15]. This observation, however, 

did not get a strong support from the world sleep research 
community, particularly after strong criticism about the tech-
nical procedure by Bremer [16, 17]. It is notable that as early 
as 1923 Tromner [18] provided reason for localization of the 
sleep center in the thalamus and later [19] suggested in dis-
agreement with von Economo’s prediction [7] that the ante-
rior hypothalamic sleep center simply exerted pressure on 
the thalamus for generating sleep. Lugaresi and collaborators 
[14], however, clearly documented the important role played 
by the thalamus in sleep regulation after clinicopathological 
observation in FFI of degeneration of mediodorsal and 
anteroventral nuclei of the thalamus associated with severe 
insomnia. This observation was subsequently strengthened 
by electrophysiological documentation by Steriade and col-
laborators [20] of a significant role played by the thalamus in 
NREM sleep generation. Their study demonstrated that the 
thalamus is the first relay station at which reduction of affer-
ent signals takes place at sleep onset. Their research also 
showed that sleep spindles are generated in the thalamic 
reticular nucleus, and delta oscillation of NREM sleep has 
two generators: one in the thalamus and the other in the cere-
bral cortex.

It is notable that von Economo’s first prediction was 
proven correct by the scientific community about 70 years 
after von Economo’s remarkable prediction about the exis-
tence of sleep-wake neurons in hypothalamus. We have now 
clear evidence about the role of ventrolateral preoptic 
(VLPO) and median preoptic (MnPO) neurons in the control 
of onset and maintenance of NREM sleep (mainly) and pos-
terior hypothalamic tuberomammillary histaminergic (TMH) 
neurons in promoting wakefulness. The contemporary the-
ory for sleep-wake regulation [21] lends strong support to 
what von Economo postulated in the beginning of the last 
century.

Following this brief historical note and some general 
comments about sleep-wakefulness I shall now summarize 
the contemporary concept and mechanism of wake-sleep 
states. But before I begin my discussion in the next section, I 
must mention why I am devoting this much space to func-
tional neuroanatomy and mechanism of sleep-wake states in 
a book on sleep and the autonomic nervous system (ANS). 
This is because there is a dynamic interaction between the 
ANS, particularly the central autonomic network (CAN) 
with its reciprocal ascending and descending projections, 
and sleep-wake-generating neurons located in the brainstem, 
the diencephalon, and the cerebral cortex including the lim-
bic system [22] (see also Chap. 2). Besides this close inter-
relationship (anatomically and physiologically) between the 
CAN and sleep-wake neurons and circuits, it is important to 
understand the significance of this dynamic coupling with 
profound bidirectional changes among these neurons which 
has implications in various somatic and autonomic disorders 
including primary and secondary (comorbid) sleep disor-
ders. There has been a remarkable progress in the last  century 
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in uncovering our understanding of the molecular mecha-
nism and functional neuroanatomy of sleep-wakefulness.

In the literature there has been an undue emphasis on the 
mechanism of NREM and REM sleep but we should really 
focus on the question of “How do we remain awake” (as sug-
gested by Kleitman in the 1930s [23]). Kleitman in his book 
mentioned “without wakefulness sleep cannot be said to 
exist” [23]. Human beings remain asleep during develop-
mental stage inside the mother’s womb and wake up for the 
first time when born [23]. Even in the newborn, sleep occu-
pies 16 hours a day. I shall first outline the functional neuro-
anatomy and mechanism of wakefulness, NREM and REM 
sleep. The concluding paragraphs will summarize some con-
ceptual mechanism of sleep-wake states as well as cycling of 
NREM-REM throughout the night.

 Neuroanatomical Substrates and Control 
of Wake-Sleep States

There is not a single wake or sleep center but the neurons 
responsible for these states are located in separate parts of 
the CNS as interconnecting circuits and systems rather than 
as discrete centers. These conclusions are based on the fol-
lowing experimental methods to characterize wake-sleep 
neuroanatomical substrates or generators (Box 4.1): i. 
Discrete lesions; ii. Stimulation including optogenetic stimu-
lation; iii. Transection; iv. Ablation; v. Chemical injections 
into discrete neuronal substrates; vi. Intracellular recordings; 
vii. c-fos (immediate early genes immunoreactivity [c-fos, a 
protein released in response to activation of certain neuronal 
structures]); and vii. Neuroimaging including positron emis-
sion tomographic (PET) and single photon emission tomo-
graphic (SPECT) scans as well as brain functional magnetic 
resonance imaging (fMRI) for mapping the brain networks.

 Neuroanatomical Substrates and Control 
of Wakefulness

Box 4.2 lists the neuroanatomical substrates of wakefulness. 
The most important structure is the ascending reticular acti-
vating system (ARAS), a part of the reticular formation 
(RF) of the brainstem [24]. The existence of RF has been 
known since the late nineteenth century as a group of loosely 
scattered neurons with interconnecting fibers in the center 
of the brainstem but its function has not been definitely 
known. There were scant reports dealing with wakefulness 
and arousal until the serendipitous discovery by Moruzzi 
and Magoun in 1949 of the ascending reticular activating 
system (ARAS) in the central core of the upper pons and 
mesencephalon receiving collaterals from the specific affer-
ent sensory systems in the lateral part of the brainstem trans-
mitting environmental stimuli to the thalamus and sensory 
cerebral cortex. The RF has an ascending projection (two 
branches) to the thalamus, the forebrain, and the cerebral 
cortex and a descending projection to the lower brainstem 
and spinal cord utilizing tegmentoreticular (TRT) and spin-
oreticular (SRT) tracts. The ventral branch arises from the 
cholinergic laterodorsal tegmental (LDT) and pedunculo-
pontine tegmental (PPT) nuclei and activates the cerebral 
cortex through its projection to the intralaminar, relay and 
reticular nuclei of the thalamus and diffuse thalamocortical 
projections (prominent in the frontal cortex). There is also a 

Box 4.1 Methods to Characterize Anatomical Substrates 
and Generators for Sleep-Wakefulness

Discrete lesions
Stimulation including optogenetic stimulation
Transection
Ablation
Chemical injections into discrete substrates
Intracellular recordings
c-fos (immediate early genes) immunoreactivity (c-fos, a 
protein released in response to activation of certain neuronal 
structures)
Neuroimaging including positron emission tomographic 
(PET) and single photon emission tomographic (SPECT) 
scans as well as brain functional magnetic resonance imaging 
(fMRI) for mapping brain networks

Box 4.2 Neuroanatomical Substrates of Wakefulness

Reticular formation (RF), particularly the ascending 
reticular activating system (ARAS)
Diffuse thalamocortical projections (DTCP)
Cholinergic projections to the thalamus from the laterodorsal 
tegmental (LDT) and pedunculopontine (PPT) nuclei
Ascending arousal system originating from locus ceruleus 
(LC) noradrenergic and dorsal raphe (DR) serotonergic 
neurons through the basal forebrain
Lateral hypothalamic orexin/hypocretin neurons with their 
diffuse ascending and descending projections covering the 
entire central nervous system (CNS) and the autonomic 
nervous system (ANS)
Posterior hypothalamic tuberomammillary histaminergic 
projection through the forebrain
Cholinergic projections from the basal forebrain nucleus 
basalis of Meynert diffusely to the cerebral cortex
Glutamatergic projection from preceruleus—from dorsal 
part of sublaterodorsal (SLD) tegmental nuclei through 
parabrachial area (PBA) and through the basal forebrain 
diffusely to the cerebral cortex
Dopaminergic neurons from ventrolateral periaqueductal 
gray (VLPAG), ventral tegmental area (VTA) and substantia 
nigra (SN) pars compacta projecting widely
Parts of prosencephalon (forebrain), particularly frontal, 
temporal, parietal and limbic cortices
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glutamatergic projection from the parabrachial nucleus 
through basal forebrain (BF) taking part in this activation 
[25]. The dorsal projection (second branch of ARAS) uses 
an extrathalamic route through the lateral and posterior 
hypothalamus to the basal forebrain and cerebral hemi-
spheres. This projection arises from the noradrenergic locus 
ceruleus (LC), serotonergic dorsal raphe (DR), dopaminer-
gic (DA), ventrolateral periaqueductal gray (VLPAG), ven-

tral tegmental area (VTA), substantia nigra (SN), and 
histaminergic tuberomammillary nucleus (TMN) in the pos-
terior hypothalamus as well as the orexin/hypocretin neu-
rons in the lateral hypothalamus/perifornical region and 
cholinergic neurons in the nucleus basalis Meynert of the 
basal forebrain. This second branch through the extratha-
lamic route projects diffusely to the cerebral cortex includ-
ing the limbic system. The ascending arousal system 
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(ARAS) has two branches (Fig. 4.1): ventral and dorsal [26, 
27]. The Orexin/Hypocretin system consisting of only about 
70,000 neurons has widespread ascending and descending 
connections to the entire CNS and ANS (Fig.  4.2) [28]. 
Thus, the ARAS through its diffuse projections to the thala-
mus and the cortex activates the cerebral cortex and is 
responsible for maintaining wakefulness, arousal and aware-
ness. The descending projection of RF is responsible for 
motor control and maintenance of muscle tone. Therefore, 
the principal neuroanatomical substrate responsible for 
wakefulness, arousal and vigilance is the ARAS (see Box 
4.2 for all neuroanatomical substrates for wakefulness) 
transmitting environmental stimuli to the cerebral cortex 
including the limbic system to control awareness, con-

Box 4.3 Neurotransmitters and Neuromodulators 
Involved in Arousal and Wakefulness

Acetylcholine
Noradrenaline
Orexin/hypocretin
Serotonin (5-hydroxytryptamine)
Histamine
Dopamine
Glutamate

  Intermingled within the ARAS and are 
released maximally during wakefulness
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hypothalamic area (LHA) of the orexin/hypocretin throughout the cen-
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sciousness and emotion assisted by neurostimulators and 
neuromodulators (Box 4.3). In addition, corticofugal pro-
jection to the ARAS creates cortical-subcortical as well as 
subcortical- cortical control system to maintain a balance in 
preventing hyperactivation. A breakdown in this intricate 
balance will result in sleep-wake disturbance causing either 
insomnia (hyperarousal) or excessive daytime sleepiness 
(EDS) as a result of disruption of wake-promoting 
neurons.

Other neuroanatomical structures besides the ARAS par-
ticipating in maintaining wakefulness include the suprachi-
asmatic nucleus (SCM) of the hypothalamus through its 
anatomical connection to the wake-sleep- promoting neurons 
besides its principal function of regulating circadian rhythm. 
Animal experiments by Moruzzi, Magoun and others have 
clearly shown that stimulation of ARAS will activate the 
cerebral cortex producing desynchronized EEG and wakeful 
behavior, whereas lesion in the ARAS, particularly the por-
tion in the midbrain, will result in sleep, stupor or coma 
depending on the extent and severity of the lesion. The wake-
promoting neurons including LDT, PPT, LC, DR, TM or DA 
and orexin fire maximally during wakefulness and are disfa-
cilitated during sleep. The LDT and PPT also fire maximally 
during REM sleep, whereas LC, DR, TM or DA fall silent in 
REM sleep and show weak firing intensity in NREM sleep. 
Excitatory amino acids, glutamic and aspartic acids inter-
mingle within the ARAS and are released maximally during 
wakefulness.

 Neuroanatomical Substrates of NREM Sleep

i. Hypothalamus NREM sleep-generating neurons are 
mainly located in the ventrolateral preoptic (VLPO) and the 
median preoptic (MnPO) nuclei of the anterior hypothala-
mus as suggested by von Economo in the first quarter of the 
last century [7–9] and later supported by experimental stud-
ies first by Dikshit from the All India Institute of Medical 
Sciences in New Delhi, India, in 1934 [29] followed by those 
of Nauta in 1946 [30] and McGinty and Sterman in 1968 
[31] and finally by the contemporary investigators led by 
Saper as well as Sherin and co-investigators [21, 32] in the 
1990s. Additionally, melanin-concentrating hormone 
(MCH)/gamma-aminobutyric acid-(GABA)ergic neurons 
located near wake-promoting Orexin/Hypocretin neurons in 
the lateral hypothalamus also contribute to a lesser extent in 
the generation of SWS.  These hypnogenic neurons show 
increased firing rates at sleep onset as evidenced by intracel-
lular recordings and increased expression of c-fos immuno-
reactivity as well as by optogenetic stimulation of MCH 
neurons. The VLPO and MnPO neurons (both use the inhibi-
tory neurotransmitter and neuromodulator GABA and 

galanin) actively participate in NREM sleep onset (MnPO) 
and maintenance as well as consolidation (VLPO).

ii. Brainstem Nucleus tractus solitarius (NTS) and parafa-
cial zone (Pz), a node of sleep active rostral medullary neu-
rons identified in rats, play a minor role in NREM sleep 
generation [26]. This node located in the upper medulla dor-
sal to the facial nerve projects to the wake-promoting para-
brachial nucleus (PBN) in the pons [26]. The medial PBN 
expresses c-fos positive immunoreactivity (i.e., active neu-
rons) after sleep but not after wakefulness, and hence these 
are sleep active neurons. Pz lesion causes increased wakeful-
ness but reduced SWS. More than 50% of Pz sleep-active 
neurons use inhibitory transmitter/modulator GABA/
glycine.

iii. Role of Thalamus The active role of the thalamus in 
NREM sleep function (sleep spindles and slow oscillations) 
has been revived by Lugaresi et al. (see Section I above) after 
discovery of FFI (originally suggested by Hess in 1944 [15] 
but remained neglected).

iv. Role of Suprachiasmatic Nucleus The SCM located in 
the anterior hypothalamic region primarily controls the cir-
cadian rhythm but also plays a minor role in sleep-wake 
regulation as evidenced by its anatomical connection to both 
wake-promoting ARAS and sleep-promoting VLPO-MnPO 
neurons of the anterior hypothalamus. Therefore, SCM in 
addition to its role in controlling sleep timing (circadian), 
particularly during REM sleep and NREM-REM cycling, 
also participates in the homeostatic regulation (minor role) 
of NREM sleep state. Box 4.4 lists neuroanatomical sub-
strates and Box 4.5 lists neurotransmitters and neuromodula-
tors participating in NREM sleep.

Box 4.5 Neurotransmitters and Neuromodulators 
Involved in NREM Sleep Generation

Gamma-aminobutyric acid (GABA): inhibitory
Galanin: inhibitory
Melanin-concentrating hormone (MCH/GABA)
Adenosine

Box 4.4 Neuroanatomical Substrates of NREM Sleep

Ventrolateral preoptic (VLPO) (clustered) and median 
preoptic (MnPO) nuclei of the anterior hypothalamus
Nucleus tractus solitarius (NTS) and parafacial zone (Pz) in 
the medullary region (minor role)
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 Neuroanatomical Substrates of REM Sleep

The neuroanatomical substrates for REM sleep are outlined 
in Box 4.6. Neurotransmitters and neuromodulators actively 
participating in REM sleep generation are listed in Box 4.7. 
The dorsal pons is the primary region for the control of REM 
sleep as clearly shown by Jouvet [33] in his transection of the 
brainstem of cats (Fig. 4.3) [28, 34, 35]. For instance, a tran-

section at pontomesencephalic junction disclosed all the 
REM-generating neurons below the transection whereas sec-
tion at pontomedullary junction revealed the REM-generating 
neurons above the cut. The crucial experiment was a transec-
tion at the pontomesencephalic and pontomedullary junc-
tions leaving an isolated pons showing all the signs of REM 
sleep-generating neurons. The pons is thus shown to be nec-
essary and sufficient for generating REM sleep. To under-
stand REM sleep-generating mechanism we need to explain 
about the essential physiological components of REM sleep 
and then introduce three main animal models available try-
ing to explain mechanism of REM sleep. The REM sleep’s 
key components are listed in Box 4.8 and discussed further 
while outlining the three REM sleep animal models.

 Animal Models

i. McCarley–Hobson [13] reciprocal interaction (or activa-
tion synthesis) model based on reciprocal interaction of 
“REM-on” cholinergic LDT-PPT neurons at pontomesence-
phalic junction and “REM-off” LC noradrenergic and DR 
serotonergic neurons is the earliest and most well-known for 
REM generation and maintenance (Fig. 4.4) [28, 36]. This 
self-excitatory and negative self-inhibitory feedback model 
is analogous to the mathematical Lotka–Volterra predator–
prey equations. The role of GABAergic neurons (both local 
and distal) in the REM sleep generation has been empha-
sized in the last modification of the reciprocal interaction 
model by McCarley [36].

ii. Lu and Co-workers from the Saper Group [37] intro-
duced a “flip-flop” switch interaction model in rats to explain 

Spinal
cord

Medulla

(c) (b) (a)

Pons Midbrain Forebrain

Fig. 4.3 Schematic sagittal section of the cat brain stem. (a) 
Pontomesencephalic junction; (b) Pontomedullary junction; (c) 
Medullospinal cord junction. (From Chokroverty and Provini [28], © 
2017, with permission Springer Science+Business Media) (From 
Chokroverty and Provini [28], with permission Springer Nature)

Box 4.8 Essential Components of Physiological REM 
Sleep

Rapid eye movements (REMs): “phasic” REM
Desynchronized electroencephalogram (EEG) (tonic REMs) 
and sawtooth waves (phasic REM)
Electromyographic features:
  Muscle atonia or marked hypotonia (tonic REM)
  Transient myoclonic bursts or twitchings (phasic REM)
Others (partial list of phasic bursts during phasic REM):
  Middle ear muscle activity (MEMA)
  Periorbital integrated potentials (PIPS)
  Phasic tongue movements
  Hippocampal theta rhythm (animal EEG)
  Up and down swings of blood pressure, heart rate and 

respiration
  Ponto-geniculo-occipital (PGO) waves (mostly described 

during animal experiments, but also found in some human 
cases during depth recording

Box 4.7 Neurotransmitters and Neuromodulators 
Involved in REM Sleep

Acetylcholine (excitatory)
Gamma-aminobutyric acid (GABA) (inhibitory)
Glycine (inhibitory)
Melanin-concentrating hormone (MCH)/GABA
GABA/galanin—extended ventrolateral preoptic (VLPO) and 
median preoptic (MnPO)

Box 4.6 Neuroanatomical Substrates of REM Sleep

Pontine sublaterodorsal (SLD) tegmental nucleus in rats 
(equivalent to perilocus ceruleus alpha in cats and 
subcoeruleus nucleus in humans): glutamatergic
Laterodorsal tegmental (LDT) and pedunculopontine  
tegmental (PPT) nuclei at pontomesencephalic junction: 
cholinergic
Lateral hypothalamic melanin-concentrating hormone (MCH) 
/GABAergic neurons next to orexin/hypocretin
Anterior hypothalamic extended (diffuse) ventrolateral 
preoptic (VLPO) neurons
Anterior hypothalamic suprachiasmatic nuclei
Part of limbic cortex including amygdala, hippocampus, 
anterior cingulate gyrus, bed nucleus of stria terminalis.

4 Functional Neuroanatomy and Mechanism of Sleep
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REM sleep mechanism (Fig.  4.5) [28] switching between 
GABAergic “REM-off” neurons in the deep mesencephalon, 
ventral periaqueductal gray (VLPAG) and lateral pontine 
tegmentum (LPT), and GABAergic “REM-on” neurons in 
the sublaterodorsal tegmental nucleus (SLD) in the dorsolat-
eral pons (equivalent to peri-locus ceruleus alpha in the cat 
and subceruleus in humans). The ascending glutamatergic 
projections from the dorsal extension of SLD, named pre-
coeruleus neurons to medial septum, are responsible for hip-
pocampal theta and other EEG rhythms during REM sleep. 
REM muscle atonia is related to descending glutamatergic 

projections from ventral SLD directly to spinal interneurons 
without any apparent relay in the ventromedial medulla 
(VMM) inhibiting (hyperpolarizing) spinal ventral horn cells 
by both GABAergic and glycinergic mechanisms (inhibi-
tory). Cholinergic and aminergic neurons do not form part of 
the “flip-flop” switch and play a modulatory role. Since the 
original description these workers made some modifications 
[38]. Based on recent studies [38], investigators concluded in 
agreement with Luppi’s group (Fig. 4.6) [28, 39] that gluta-
matergic neurons play a significant role in REM sleep gen-
eration. Ventral SLD descending glutamatergic neurons may 
cause muscle atonia by activating GABA/glycinergic premo-
tor neurons in the VMM (indirect projection) as well as to the 
spinal cord interneurons (direct projections). VLPAG and the 
adjacent LPT in the reticular formation containing GABA 
are the “REM-off” neurons which are silent during REM 
sleep and exert tonic inhibitory control over glutamatergic 
“REM-on” or REM executive neuron in SLD during NREM 
sleep and wakefulness. These “REM-off” neurons thus 
“gate” the appearance of REM sleep. The extended VLPO 
region (GABAergic) projections to VLPAG and LPT 
 (REM- off) to cause increased firing of the cells thus indi-
rectly supporting REM sleep generation. MCH neurons have 
projections to both SLD as well as VLPAG and LPT for con-
trolling REM sleep. The latest suggestion from this group 
[38] regarding cortical activation during REM sleep is note-
worthy: The SLD dorsal preceruleus glutamatergic neurons 
project to the basal forebrain through a relay in pontine para-

REM-on neurons

LDT/PPT
cholinergic neurons

LC/DR
aminergic neurons

GABAergic
local and distant

intemeurons

Pontine
reticular formation
effector neurons

REM-off neurons

Fig. 4.4 McCarley–Hobson REM sleep model of reciprocal interac-
tion between cholinergic REM-on and aminergic REM-off neurons. 
LDT Laterodorsal tegmental nucleus, PPT Pedunculopontine tegmental 
nucleus, LC Locus ceruleus, DR Dorsal raphe, GABA Gamma- 
aminobutyric acid. (From Chokroverty and Provini [28], © 2017, with 
permission Springer Science+Business Media)
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Fig. 4.5 “Flip-flop” switch 
original model of Saper’s 
group schematically shown to 
explain REM sleep 
mechanism. SLD 
Sublaterodorsal nucleus, 
GABA Gamma-aminobutyric 
acid, GLUT Glutamatergic 
neurons, GLYC Glycinergic 
neurons, PC Preceruleus, 
LDT Laterodorsal tegmental 
nucleus, PPT 
Pedunculopontine tegmental 
nucleus, LC Locus ceruleus, 
DRN Dorsal raphe nucleus. 
(From Chokroverty and 
Provini [28], © 2017, with 
permission Springer 
Science+Business Media)
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brachial nucleus; thus, this pathway (septo-hippocampal) 
may generate hippocampal theta and other REM EEG 
rhythms.

iii. The Model Proposed by Luppi’s Group [40] stated 
that at REM sleep onset there is an activation of “REM-on” 
glutamatergic neurons in the SLD. These REM-generating 
neurons would be inhibited (hyperpolarized) during wake-
fulness and NREM sleep by tonic GABAergic input from 
REM-off neurons located in the deep mesencephalic, 
VLPAG and LPT regions and a few GABAergic neurons in 
the SLD as well as by active firing of monoaminergic 
“REM-off” neurons. Muscle atonia would be caused by 
both indirect and direct projections utilizing glycinergic and 
GABAergic premotor neurons in the magnocellular and par-
vocellular reticular nuclei in the VMM as well as in the 
interneurons in the spinal cord and causing hyperpolariza-
tion of the motor neurons. Ascending dorsal SLD glutama-
tergic neurons are responsible for cerebral cortical activation 
and REM EEG pattern through projections to the thalamus 
and thalamocortical pathways along with cholinergic neu-
rons from LDT/PPT to the reticular thalamic nuclei and 
basal forebrain regions. In this model also cholinergic neu-
rons do not play a significant role but a modulating and per-
missible influence. In their latest experiment Luppi et  al. 
suggested that SLD neurons are mainly involved in REM 
muscle atonia only but not for other components of REM 

sleep, thus creating certain contradictions in hypothesis for 
REM sleep regulation [38]. It is important to note that the 
conclusion of Luppi and co- investigators regarding SLD 
glutamatergic neurons is based on solid experimental evi-
dence. Following REM sleep deprivation studies in rats they 
noted that during REM recovery sleep, c-fos activated SLD 
neurons were not cholinergic (i.e., there was no increase of 
choline acetyltransferase, the enzyme synthesizing acetyl-
choline); also the enzyme synthesizing GABA, glutamic 
acid decarboxylase (GAD) did not increase in the majority 
of the SLD neurons, and hence most of them were not 
GABAergic. But most of the SLD neurons expressed vesic-
ular glutamate transporter 2 (vGLUT2), a specific marker of 
glutamatergic neurons.

 Essential Physiological Components of REM 
Sleep

Box 4.8 lists the core physiological components of REM 
sleep.

i. REM Motor Atonia Most of the muscles show atonia or 
marked hypotonia during REM sleep (lowest muscle tone 
compared with that in all other sleep stages and wake state 
except oculomotor muscles, middle ear and diaphragmatic 
muscles. What is the mechanism of REM muscle atonia?

Thalamoeortical

Schematic: LUPPI Model

DPGR

GABA

Aminergic-REM-Off

LC-DRN

GLUT-REM-On

SLD

GABA-REM-Off

Spinal
Motoneorons

MCRF

GLYC

PCRF

GABA-REM-Off

Vi-PAG
Dp MES

HYPO

VLPO

Fig. 4.6 Luppi’s original model schematically shown to explain REM 
sleep mechanism in rats. GLUT Glutamatergic neurons, GABA 
Gamma-aminobutyric acid, LC Locus ceruleus, DRN Dorsal raphe 
nucleus, GLYC Glycinergic neurons, VLPO Ventrolateral preoptic 
nuclei of anterior hypothalamus, VLPAG Ventrolateral periaqueductal 

Grey region, DpMES Deep mesencephalic reticular neurons, MCRF- 
PCRF Magnocellular and parvocellular reticular formation, eVLPO 
Hypothalamic extended VLPO nuclei, HYPO Lateral hypothalamic 
orexin/hypocretin. (From Chokroverty and Provini [28], © 2017, with 
permission Springer Science+Business Media)
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This has been briefly mentioned above. In 1979 Sakai 
and co-investigators suggested an anatomical pathway 
(Fig. 4.7) [41], which is activated during REM hypotonia 
[42]: inhibitory post-synaptic potentials generated by inter-
neurons in the region of peri-LC alpha ventral to LC are 
transmitted by the lateral tegmento reticular tract (TRT) to 
the VMM (the inhibitory zone of Magoun and Rhines) in 
and around the nucleus magnocellularis and gigantocellu-
laris in the paramedianus. Reticulospinal tract (RST) from 
this region projects to the spinal cord ventral horn cells 
causing hyperpolarization (documented by Chase and 
Morales [43]) and muscle hypotonia or atonia. Experimental 
lesions in the peri-LC alpha region by Jouvet and Delorme 
in 1965 [44] and in the VMM by Lai and Siegel in 1988 
[45] producing REM sleep without atonia can be cited in 
support of this hypothesis by Sakai et  al. Incidentally, 
Jouvet’s group first described in 1959 [46] REM muscle 
atonia in cats and Berger [47] described such atonia in 
human intrinsic laryngeal muscles in 1961.

ii. Rapid Eye Movements (REMs) The second most char-
acteristic finding during normal REM sleep is the presence 
of phasic REMs with characteristic morphological features 
associated with presence of muscle atonia except in the ocu-
lomotor and diaphragmatic muscles. These REMs are sac-
cadic eye movements preceded immediately by 
pontogeniculo-occipital (PGO) waves in animal EEGs [48] 
and later also shown to be present in human depth recordings 
[49]. Periorbital integrated potentials (PIPs) (Fig. 4.8) [28] 
recorded in human electro-oculograms (EOGs) [50, 51] are 
thought to be equivalent to PGO waves. Why there is an 
absence of muscle atonia in the oculomotor muscles remains 
undetermined and conjectural. It may be hypothesized that 
the inhibitory drive to the oculomotor muscles is too weak 
(or remaining below threshold) and easily overcome by 
excitatory drive (it is notable that excitatory drive breaks 
through inhibitory drive in the skeletal muscles as mani-
fested by transient myoclonic phasic bursts seen in these 
muscles during overnight polysomnography recording). The 
other suggestion is that the hypothetical atonia pathway (see 
above) does not project to connect with the oculomotor 
nuclei in the pontomesencephalic region.

iii. REM Sleep EEG This is manifested by desynchronized 
EEG with low amplitude mixed frequency waves (predomi-
nantly alpha and beta frequency with some theta rhythms) 
resembling waking EEG as well as sawtooth waves (2–7 Hz 
with characteristic morphological appearance seen best in 
frontocentral derivation) appearing just before phasic eye 
movements of REM sleep (see Fig. 4.8). The mechanism of 
generation of REM sleep EEG has been described above.

iv. Central Pattern Generators (CPGs) or the 
Mesencephalic and Spinal Locomotor Generators The 
existence of CPGs is well known in animals but scantily 
described in humans [52]. These are inhibited during normal 
REM sleep but postulated to be activated [52] during REM 
sleep behavior disorder (RBD), most likely in conjunction 
with activation of descending glutamatergic corticospinal and 
corticobulbar tracts to spinal ventral motor and cranial motor 
neurons, respectively, apparently bypassing the basal ganglia. 
These projections from activated CPGs and central motor 
cortex appear to be responsible for generating abnormal, 
mostly violent movements of RBD. The mechanism of inhi-
bition and activation of CPGs remains to be documented.

 Summary of Mechanisms of Sleep

In this last section, I will limit my discussion to some general 
comments and concentrate mostly on NREM sleep rather 
than REM sleep mechanism as the latter has been described 
under the heading of animal models.

TRT

RST

GC

MC

SPINAL CORD

Spinal motor neurons

MEDULLA

PONS

LC

Peri-LC

Fig. 4.7 REM muscle atonia pathway schematically shown. LC Locus 
ceruleus, Peri-LC Perilocus ceruleus alpha, TRT Tegmentoreticular 
tract, RST Reticulospinal tract, GC Gigantocellularis of medullary 
reticular formation, MC Magnocellularis of medullary reticular forma-
tion.(From Chokroverty and Provini [28], © 2017, with permission 
Springer Science+Business Media) 
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Simply put spontaneous sleep results from a disruption of 
a dynamic equilibrium between the mutually antagonistic 
arousal and hypnogenic systems [16, 17]. Spontaneous sleep 
represents the final outcome of a chain of disinhibition and 
inhibition resulting in deactivation (i.e., inhibition) of the 
brainstem ARAS [16, 17, 26]. The main stimulus for this 
mechanism includes decrement of tonic activity in the ARAS 
resulting from various factors (e.g., blocking of environmen-
tal sensory afferent stimuli and a cascade of disfacilitation). 
Bremer [16, 17] suggested that a functional inhibition of the 
reticular formation would release suppression in many 
regions in the forebrain thus reinforcing disinhibition (i.e., 
excitation) of hypnogenic neurons. Of note, at sleep onset 
there is an increase of recurrent inhibition at the thalamocorti-
cal levels [53]. It is also known that relative immobility and 
closure of the eyelids block the activating sensory inflow [54]. 
It is important to remember that corticofugal projections pro-
vide excitation in the brainstem ARAS in case of functional 
or otherwise suppression of the ARAS tone [55, 56].

Both active and passive theories govern the generation of 
NREM sleep. The contemporary theory for the mechanism 
of sleep is cleverly explained by Saper’s group [21, 37, 38] 
as a “flip-flop” switch (borrowing an engineering term as 
follows [of note, similar term applies to both NREM and 
REM sleep]): At sleep onset VLPO and MnPO (“Sleep-on” 
neurons) fire rapidly inhibiting brain stem waking and hypo-
thalamic orexinergic and histaminergic waking neurons; at 
the same time there is reciprocal disinhibition of VLPO and 
MnPO neurons thus further exciting the “sleep-on” neurons. 
(Fig. 4.9) [21]. Orexin/hypocretin is thought to stabilize the 
switch. At wake onset wake active neurons fire rapidly and 
reciprocally inhibiting “sleep-on” neurons, and simultane-
ously reinforcing disinhibition of wave promoting neurons. 
Thus, interlinked excitation and inhibition [25] (reciprocal 
interaction) [16, 17, 21, 25, 38, 57] similar to that described 
above for REM sleep mechanism) results in mutually self-
reinforcing or self-sustaining mechanism. There is accelera-
tion of one group of neurons (e.g., “sleep-on”) and 

a

b

Fig. 4.8 A 60-second epoch of a polysomnography segment showing 
periorbital integrated potentials (PIPS, Horizontal rectangular bars in 
both a and b) (vertical boxes, sawtooth waves) The blue in ‘a’: REMs 
without PIPS. The green diamond in ‘a’: no REMs and no PIPS. In ‘b’ 
in the left hand column note: part of central apnea (no effort and no 

flow, and absence of Intercostal EMG  bursts); in the right hand col-
umn: portion of obstructIve apnea (no flow but presence of effort along 
with Intercostal [inspiratory] EMG bursts). Chokroverty et  al. [41], 
with permission Elsevier

4 Functional Neuroanatomy and Mechanism of Sleep



40

deceleration of the other contrasting group (e.g., “wake-
on”) and vice versa fulfilling the principle of reciprocal 
interaction [16, 17, 25]. Disruption of one end of the switch 
will destabilize the entire switch causing instability [21, 57]. 
Similar activation but to a smaller extent also occurs at sleep 
onset of the NTS and Pz in the lower brainstem with recip-
rocal interaction of the upper brainstem ARAS independent 
of the hypothalamic brainstem switch described above. 
MCH neurons in the lateral hypothalamus next to orexin 
neurons play a minor role in NREM sleep but play a major 
role (master generator) in REM sleep and REM-NREM 
cycling.

What causes firing of VLPO and MnPO neurons at sleep 
onset? This is somewhat controversial. It is thought to be 
due to a progressive accumulation of adenosine (assumed 
to be a physiological sleep factor) in the basal forebrain 
during prior wakefulness acting through adenosine A1 and 
A2A receptors [58]. The role of other sleep factors (e.g., 
prostaglandin D2, the cytokine interleukin- IB (IL-IB), 
growth hormone releasing factor (GHRF) and muramyl 
peptides) remains undetermined. It is noteworthy that as 
early as 1909 Ishimori [59] from Japan as well as Legendre 
and Pieron [60] from France in 1913 observed sleep-pro-
moting substances in the cerebrospinal fluid of animals 
during prolonged wakefulness.

What causes the sleep-wake and NREM-REM cycles? 
These are controlled by a population of neurons that are dis-
persed and intermingled in an intricate and widespread 
 network of neurons distributed throughout the reticular core 

extending from the caudal brainstem to the thalamus, the 
hypothalamus and the basal forebrain [2, 20, 21, 25, 37, 38, 
56] (the network includes the brainstem, diencephalon, basal 
forebrain and cerebral hemispheres including limbic cortex). 
As stated above, acceleration in one group of cells can lead 
to deceleration in another group [16, 17, 26]. Thus, recipro-
cal oscillations of activity generate cyclic changes in cortical 
activity and behavior-promoting sleep-wake as well as 
NREM-REM cycling during sleep at night [16, 17, 26]. Both 
the homeostatic and circadian processes take part in these 
biological phenomena.

In conclusion, neurophysiological investigations in the 
last 80–90 years have shown that inhibition and disinhibition 
(i.e., facilitation) play the most significant role in sleep-wake 
generation illustrating (as so aptly expressed by Bremer 
[17]) the visionary concept of Sherrington.
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 Autonomic Function and Behavioral States

A behavioral state can be defined as the set of values that 
describe the level of activity of the physiological variables at 
a given point in time [1, 2]. Accordingly, each behavioral 
state is characterized by a specific pattern of autonomic ner-
vous system (ANS) activity. The ANS, working together 
with the somatomotor and the neuroendocrine system, allows 
the body to maintain its internal homeostasis, as well as to 
optimize the interaction between the organism and the exter-
nal environment. Since wakefulness and sleep are behaviors 
characterized by different levels of activity and interaction 
with the external environment, it is unsurprising that a con-
sistent remodulation of ANS activity occurs during the tran-
sition from wakefulness to sleep [3]. Furthermore, sleep 
itself is a state showing an intrinsic heterogeneity. In fact, in 
non-rapid eye-movement sleep (NREMS), as well as during 
quiet wakefulness, physiological adjustments work effec-
tively to maintain stable internal conditions (i.e., mainte-
nance of body homeostasis); in contrast, during rapid 
eye-movement sleep (REMS) the regulatory control of phys-
iological variables follows an apparently “non-homeostatic” 
modality that has been defined as “poikilostatic” [1, 2]. The 
ANS regulates the majority of the body’s internal processes 
(e.g., blood pressure, cardiac activity, breathing, and body 
temperature) via afferent visceral and efferent sympathetic 
and parasympathetic pathways [4]. Given the functional 
dichotomy in terms of control theory between NREMS and 
REMS [5], the ANS activity changes dramatically even 
across sleep stages.

Sleep-dependent changes in autonomic control may be 
evaluated using different techniques: either indirectly, 
through photoplethysmographic-type methods; or invasively, 

through microneurographic recording of sympathetic nerve 
activity (SNA). Currently, the analysis of the spontaneous 
oscillations of heart period (HP, i.e. the reciprocal of heart 
rate, HR) and blood pressure (BP) provides information on 
sympathetic and parasympathetic activity to the heart and 
blood vessels and is more frequently utilized [6]. Altogether 
these different approaches indicate that, compared to previ-
ous wakefulness, during NREMS the contribution of the 
parasympathetic section increases, while that of the sympa-
thetic section decreases, in accordance with the reduced 
metabolic and somatic activity of this sleep stage. During 
REMS, sympathetic activity shows great variability, and 
parasympathetic discharge displays phasic changes, reflect-
ing the apparently non-homeostatic regulatory modality of 
this state. Moreover, both in humans and in laboratory ani-
mals, during REMS sympathetic vasomotor activity shows a 
heterogeneity of activation on a regional basis, with a 
decreased outflow in splanchnic and renal nerves, and an 
increased activity in muscle nerves.

The ANS and other regulatory systems that allow the 
body to cope with changes in the environment (external and 
internal) and to maintain homeostasis also operate in a pre-
dictive manner, allowing the organism to anticipate the 
occurrence of environmental stimuli that recur regularly, by 
promoting the appropriate corrective responses in advance 
[7]. This sophisticated predictive regulatory mechanism is 
controlled by circadian clocks, which are coordinated by the 
suprachiasmatic nucleus (SCN) in the anterior hypothala-
mus. The SCN acts as a pacemaker, generating and maintain-
ing biological rhythms of around 24 hours in synchronization 
with the light-dark cycle. Neurons in the SCN project to the 
paraventricular nucleus (PVN) of the hypothalamus and 
other hypothalamic nuclei involved in the control of auto-
nomic activity, as well as projecting to the hypothalamic 
neurons associated with the promotion of sleep (ventrolat-
eral preoptic area, VLPO) (Fig.  5.1). Thus, wake-sleep 
changes that occur in autonomic activity based on changes in 
behavioral- dependent body’s requirements are inscribed on 
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the circadian modulation of physiological functions. 
Therefore, the hypothalamic integrative control allows the 
suitable autonomic (and endocrine) profile for wakefulness, 
NREMS and REMS to be anticipatorily established.

The aim of this chapter is to describe the functional 
changes in the ANS, which characterize the transitions from 

quiet wakefulness, through NREMS, to REMS.  Emphasis 
will be placed on the autonomic regulation of respiratory and 
cardiovascular activity, and on the role of the ANS in the 
control of body temperature and energy expenditure.

 Sleep, Autonomic Function, and Respiratory 
Regulation

Even if brainstem respiratory neurons make inspiratory skel-
etal muscles contract by activating somatic motor neurons, 
ventilation is strongly affected by ANS activity. Respiratory 
function is under the control of the same central autonomic 
network that controls other visceral functions [8], and the 
activity of the medullary respiratory neurons of the dorsal 
respiratory group (DRG, which includes the neurons of the 
solitary tract nucleus, NTS) is directly modulated by the vagal 
afferents coming from the lungs, and by the afferents coming 
from chemoreceptors and baroreceptors (see Fig.  5.1). 
Different hypothalamic regions, such as PVN, the periforni-
cal area (PFA), the dorsomedial hypothalamus (DMH), the 
lateral hypothalamic area (LHA), and the posterior hypothal-
amus, were identified as the primary nuclei for respiratory 
control [9]. PVN neurons are connected with various brain-
stem and spinal cord regions involved in respiratory control 
[10], such as the parabrachial nucleus, retrotrapezoid nucleus, 
and NTS. Of note, vasopressin and oxytocin- containing PVN 
neurons project to the pre-Bötzinger complex (preBötC, the 
major putative respiratory pacemaker) and directly to the 
phrenic nucleus in the cervical spinal cord [11]. PVN plays a 
role in driving baseline respiration, but it is mainly involved 
in the mediation of the respiratory response to hypoxia. PFA 
is a region for mediation of respiration, arousal and other 
autonomic regulation as well. It is extensively interconnected 
with the DMH [12, 13], and DMH neurons likely regulate 
autonomic and respiratory activity via projections to the 
PFA. Finally, LHA, which represents a central chemorecep-
tion site [14] directly connected with preBötC neurons [15], 
plays a role in the maintenance of baseline respiration together 
with the posterior hypothalamus. PFA, DMH, and LHA all 
contain orexinergic neurons [16], projecting to the autonomic 
and respiratory centers in the brainstem, but their role in mod-
ulation of breathing is still unclear [9]. The central circuits 
that control respiratory activity are in close connection and in 
part overlap with those that control cardiocirculatory activity 
[8] (see Fig.  5.1); for example, medullary parasympathetic 
preganglionic neurons that control the cardiac sinoatrial node 
are subjected to a direct modulation by the central respiratory 
drive [18] besides integrating inputs from baroreceptors, che-
moreceptors, and trigeminal receptors [17]. This represents 
the principal mechanism responsible for respiratory sinus 
arrhythmia [19].

Fig. 5.1 The central autonomic network (CAN) is a neural system con-
trolling autonomic activity, which in integration with neuroendocrine 
and behavioral responses operates for the maintenance of homeostasis 
and for the survival of the individual and of the species. It includes the 
limbic cortical and subcortical regions, as well as the hypothalamus and 
different brainstem nuclei; these are reciprocally interconnected and 
receive viscerosensory inputs, mainly through the nucleus of the tractus 
solitarius (NTS). In the CAN, nuclei involved in respiratory, cardiovas-
cular, and thermoregulatory/metabolic regulation are largely over-
lapped. Their integrated activity generates specific patterns of 
visceromotor commands. CAN activity is regulated according to the 
behavioral states, including the wake-sleep cycle. Reciprocally, afferent 
visceral sensory information activating the CAN may produce a modu-
latory effect on the centers for wake-sleep state control. Moreover, 
wake-sleep dependent changes in autonomic activity are modulated by 
circadian clocks, which are coordinated by the suprachiasmatic nucleus 
in the anterior hypothalamus. This allows anticipating the occurrence of 
environmental stimuli that recur regularly, by promoting appropriate 
physiological responses in advance
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It is worth noting that not only the control of breathing 
activity by the ANS in a sleep-dependent manner, but also 
changes in breathing such as those seen when transitioning 
from wakefulness to sleep [20], also modulate the ANS [4]; 
they can act both directly, through central circuits, and 
reflexively, since the reduction of the tidal volume during 
sleep produces a change in the response of the pulmonary 
afferents [21].

Several changes occur in respiratory function during 
sleep, due to the loss or the reduction of different control 
mechanisms working during wakefulness. During sleep, the 
main input controlling breathing is represented by chemical 
signals, coming from peripheral and central chemoreceptors. 
However, chemo-responsiveness is reduced during sleep: 
ventilatory responses to hypoxia are decreased in NREMS 
and REMS, and even if CO2 remains the main regulator for 
breathing, ventilatory response to hypercapnia is also 
reduced, and tolerance to high levels of CO2 increases. As a 
result, a reduction of minute ventilation is accompanied by 
an increase in arterial pCO2 of 3–8  mmHg. During sleep, 
apnea threshold is reached (and breathing stops) when arte-
rial pCO2 falls 2–6 mm Hg below the normal stable value for 
sleep, a value that broadly corresponds to normal arterial 
pCO2 in wakefulness [22]. While at sleep onset respiratory 
instability may appear, with increases and decreases in 
breathing amplitude, during stable NREMS ventilation is 
regular, the indices of its variability are very low and minute 
ventilation progressively drops. During REMS, minute ven-
tilation decreases further, breathing becomes irregular, dis-
playing phasic changes in respiratory amplitude and 
frequency that parallel the occurrence of REMS and may 
include central apneas [23]. REMS are also associated with 
inhibition of upper airway dilator muscles, favoring the 
occurrence of obstructive apneas [24]. The irregular respira-
tory pattern of REMS is a very robust phenomenon, and it is 
not affected by hypoxia, hypercapnia, chemodenervation, or 
vagotomy [24].

 Sleep, Autonomic Function, 
and Cardiovascular Regulation

Autonomic regulation of cardiac and circulatory functions 
significantly differs across the wake-sleep cycle, to maintain 
peripheral blood supply matching the appropriate metabolic 
requirements of various organs. During NREMS, parasym-
pathetic control of the heart increases, while cardiac and 
 vascular sympathetic activity decreases compared to wake-
fulness. Accordingly, HR and BP decrease, as well as muscle 
sympathetic nerve activity (MSNA) (in addition to splanch-
nic and renal sympathetic nerve activity, as shown in labora-
tory animals); LF component of BP variability decreases, 
while HF component of RR variability increases, with a 

reduction of LF/HF ratio [6, 25]. The mechanisms underly-
ing HR and BP changes in NREMS are not yet fully under-
stood; in mice BP decrease during NREMS is mainly due to 
a decrease in sympathetic vasoconstriction, while HR reduc-
tion is obtained by balancing cardiac parasympathetic activa-
tion and sympathetic withdrawal [26]. Changes in 
sympathetic and parasympathetic activity on heart and ves-
sels are a consequence of central command that both directly 
control autonomic premotor neurons and modulate barore-
flexes [27] (see Fig. 5.1). While the effects of sleep on baro-
reflex sensitivity (BRS) are inconsistent and insubstantial 
[28], during NREMS a reset of the baroreflex toward lower 
values of BP and HR compared with wakefulness has been 
described [29]. The overall reduction of the sympathetic tone 
during NREMS may be interrupted by sympathetic neural 
surges generated by external or internal stimuli. Causing 
transit arousal, autonomic activation accompanies arousal 
from sleep, but it can also be generated in the absence of 
EEG modifications (autonomic activation) or with EEG 
modifications other than those characteristic of the arousal 
(subcortical arousal) [30]. During NREMS stage N2 EEG 
K-complex are associated with bursts of MSNA and phasic 
increases in BP [31]. Leg movements during sleep also entail 
substantial sympathetic activation [32]. Disturbances and fre-
quent arousals during the night, as in the context of sleep- 
disordered breathing, may thus represent a stressful condition 
for the cardiovascular system [33]. In particular, while in nor-
mal subjects BP and SNA decline significantly during NREMS, 
they both reach very high levels during sleep in patients with 
obstructive sleep apnea, in which sympathetic nerve discharge 
remains very high even when they are awake [34].

REMS is characterized by phasic changes in sympathetic 
and parasympathetic activity, leading to accelerations and 
decelerations in heart rhythm, respectively, associated with 
bursts of phasic rapid eye movements, PGO waves, myo-
clonic twitches, and breathing irregularities, which produces 
large fluctuations of cardiovascular variables. In particular, 
due to increased sympathetic activity to the heart and blood 
vessels during REMS [26] mean values of BP and HR are 
higher than during NREMS, even if the values remain lower 
than those recorded during wakefulness [28]. Accordingly, 
during REMS, the LF component of the HR variability and 
LF/HF ratio increase compared to NREMS [3]. Different 
evidences suggest that the hemodynamic pattern of REMS is 
mainly produced by the activation of central commands con-
trolling premotor autonomic neurons, and it is only modu-
lated by sinoaortic reflexes [28]. The prevalence of central 
commands on baroreflex regulation of cardiac function dur-
ing REMS is confirmed by studies assessing the spontaneous 
fluctuations in heart period (HP, that is, the reciprocal of HR) 
and BP in the time domain during the different wake-sleep 
states [35]. In particular, cross-correlation analysis of HP 
and BP shows that during NREMS the values of HP are 
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 positively correlated with previous values of BP, showing a 
spontaneous increase in blood pressure, which leads to a 
baroreflex-mediated decrease in HR.  In contrast, during 
REMS, the central autonomic commands to the heart and the 
vessels produce hypertension and tachycardia.

In REMS, autonomic vascular control acts differentially 
on a regional basis. While MSNA increases on passing 
from NREMS to REMS [31], sympathetic activity decreases 
in visceral nerves [36, 37]. Accordingly, mesenteric and 
renal vasodilation is accompanied by muscular vasocon-
striction [38]. Moreover, during phasic REMS, an inhibi-
tion of the MSNA occurs together with muscle twitches 
and phasic BP surges [31]. Simultaneous recording of sym-
pathetic vascular activity in different peripheral districts 
was obtained by Futuro-Neto and Coote [39]. These authors 
showed that in mid-collicular decerebrate cats, during 
REMS-like periods, the activity of sympathetic vasocon-
strictor fibers to muscle increases, whereas it decreases in 
the kidney, gastrointestinal tract, and pelvic viscera. It is 
notable that the integrated pattern of vasomotor sympa-
thetic activity resulting from thermal stimulation is entirely 
preserved during NREMS, while it is abolished in 
REMS. During exposure to both low and high ambient tem-
peratures, peripheral vasomotor changes on transitioning 
from NREMS to REMS are incompatible with thermoregu-
latory homeostasis [40] (see further on). During REMS, the 
loss of muscle tone that normally favors the maintenance of 
upper airway patency promotes the occurrence of obstructive 
sleep apneas (OSAs) which have a deep impact on cardio-
vascular regulation. Patients with OSAs show an increase in 
MSNA and BP variability even during wakefulness. During 
an apneic episode, there is a progressive increase in SNA due 
to the activation of chemoreceptors, which disappears at the 
onset of breathing. BP peaks at time of resumption of respi-
ratory activity, often associated with an arousal [34]. 
Recurrent nocturnal episodes of hypoxia may produce oxi-
dative stress and inflammation, with an increase in vascular 
sympathetic activity and BP [33].

Sleep-dependent changes in autonomic activity are modu-
lated by circadian influences (see Fig.  5.1). In addition to 
circadian modulation of vigilance state, the hypothalamic 
SCN influences the cardiovascular system mainly via projec-
tions to pre-autonomic neurons (those projecting to pregan-
glionic neurons) of PVN. Evident circadian rhythms of BP 
and HR, not dependent on sleep occurrence and on locomo-
tory activity, have been described in mice [41, 42]. In 
humans, a circadian vagal influence on the heart has been 
reported [43, 44], while data on circadian sympathetic 
changes are not fully consistent [45, 46]. Even if the ampli-
tudes of the circadian fluctuations of HR and BP are much 
smaller than those linked to the wake-sleep cycle, beside an 
alteration in the quantity and quality of sleep, a dysregulation 
of circadian rhythms can also promote an alteration of BP 

values. In this context, it is worth mentioning that an increase 
in the mean values of BP at nighttime is a major predictor of 
cardiovascular mortality [47].

Finally, it should be kept in mind that the relationship 
between behavioral state and autonomic regulation of car-
diovascular function is a two-way relationship (see Fig. 5.1). 
While the state of the wake-sleep cycle modulates the level 
of activity of the sympathetic and parasympathetic nervous 
system (through changes in the baroreflex set point), the acti-
vation of the autonomic afferents can in turn modulate the 
behavioral state [30]. Mild baroreceptor stimulation may 
favor cortical synchronization [48], while strong changes in 
baroreflex activation can produce arousal in animal models 
[49] and human subjects [50]. NTS and parabrachial nuclei 
are strong candidates to be important mediators of this bidi-
rectional interaction between autonomic control and 
 vigilance state [30].

 Sleep, Autonomic Function, 
and the Regulation of Body Temperature 
and Energy Expenditure

A strong interaction between sleep and the regulation of 
body temperature and energy expenditure has been shown 
and extensively reviewed in the last 50 years [51–54]. The 
basis of this interaction resides in the fact that, on a circadian 
basis, the most appropriate moment for sleep to occur is dur-
ing the rest phase of the rest-activity cycle, when a centrally 
driven decrease of body temperature and energy expenditure 
is observed and the animal largely reduces interaction with 
the external environment. The relationship between sleep 
and thermoregulation appears to be reciprocal (see Fig. 5.1), 
since not only is it the case that thermoregulation is affected 
by the different sleep states, but also that thermoregulatory 
activation due to thermal challenges largely affects sleep 
occurrence [51, 52].

Overall, human adult body energy expenditure decreases 
during sleep. Although such a decrease is apparently modest 
compared to quiet wakefulness, it may be relevant for better 
energy conservation in infants or small mammals, which 
present an unfavorable surface to volume ratio [54]. Whole- 
body indirect calorimetry in humans has shown that energy 
expenditure progressively decreases in the first half of the 
night (up to a 35% decrease), and then remains almost stable 
until morning awakening [55]. Also, energy expenditure is a 
bit larger (2–4%) during REMS compared to NREMS. This 
effect is probably due to the relatively large size of the brain 
in humans, since brain energy metabolism, which decreases 
during NREMS, returns to levels around those of wakeful-
ness during REMS. In fact, in small mammals, in which the 
size of the brain is rather modest, the decrease in energy 
expenditure due to REMS atonia is larger than the increase in 
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brain metabolism and an overall decrease occurs on passing 
from NREMS to REMS.

Generally, thermoregulatory responses to thermal chal-
lenges can be either behavioral (posture and motor activity 
aimed at thermal comfort) or autonomic/physiological (pilo-
erection, vasomotion, shivering, metabolic heat production, 
panting, and sweating). Although only the latter will be taken 
into account in this chapter, it is noteworthy that while dur-
ing NREMS posture can be changed according to the ther-
mal needs, during REMS this is no longer possible due to 
complete muscle atonia.

The use of constant routine protocols in humans brought 
evidence of the relevance of circadian-driven changes in 
body heat production and heat loss in the promotion of sleep 
onset [54]. In particular, in the hours preceding lights off, a 
decrease in metabolic heat production, which is accompa-
nied by a decrease in heart rate, is followed by a vasodilation 
at the extremities, leading to an increase in heat loss and to a 
progressive decrease in core body temperature. Both effects 
are consequent to a decrease in sympathetic activity. Recent 
data point to a possible role of melatonin in the induction of 
peripheral vasodilation, but whether this occurs through its 
direct action on blood vessels or by means of a modulation of 
sympathetic activity remains unclear [56]. In the first hours 
after sleep onset, the constant heat transfer from the core to 
the shell of the body leads to a further decrease in body tem-
perature. These processes are reversed in the morning during 
the transition to wakefulness. The mild warming of the 
extremities has been shown to shorten sleep latency in sleep 
onset insomniacs [57]. The hypothesis that this effect may be 
due to the thermal input from the skin to the centers where 
thermoregulation and sleep regulation overlap is supported 
by a recent study in mice [58], which showed that the selec-
tive activation of warm-sensitive glutamatergic/nitrergic 
neurons at the level of the median and medial preoptic areas 
promotes both NREMS onset and body cooling. Similar 
effects have been obtained in mice through the selective 
stimulation of galanin neurons in the VLPO [59].

Thus, the activity of the thermoregulatory system during 
the different wake-sleep states has been studied in conditions 
in which the subject has been thermally challenged through 
either the delivery of internal stimuli or the exposure to an 
ambient temperature far beyond the thermoneutral range. 
During quiet wakefulness, stimuli leading to central cooling 
increase body metabolism, induce shivering and cutaneous 
vasoconstriction, and promote heat-seeking behavior [60–
65], while those leading to central warming induce groom-
ing, panting and cutaneous vasodilation, and promote body 
relaxation [62–64, 66, 67]. Many studies have shown that 
while the autonomic/physiological responses are substan-
tially maintained during NREMS, they are suppressed in ani-

mals and depressed in humans during REMS [52, 68]. Thus, 
as already introduced in the first paragraph, the regulatory 
modality of the preoptic-hypothalamic centers apparently 
shifts from a closed-loop to an open-loop one [1, 68].

In particular, during REMS, in animals kept at low Ta, 
peripheral vasoconstriction is replaced by a vasodilation 
[40, 67, 69–71] and shivering is suppressed [72]. The 
absence of shivering has also been observed in cats follow-
ing a pontine lesion leading to the maintenance of muscle 
tone during REMS [73], showing that shivering suppression 
is not the mere consequence of muscle atonia. Reciprocally, 
in a warm environment peripheral vasoconstriction was 
observed on passing from NREMS to REMS [67, 69, 71] 
and thermal tachypnea is suppressed in cats [72]. In humans, 
sweating is suppressed at the beginning of the REMS epi-
sode, but a slow normalization of sweat production occurs 
in the course of the episode [74]. Recently, Tupone and 
coworkers [75] have proposed that at least part of this appar-
ent reversal of the autonomic responses during REMS may 
be due to the activation of a central pathway which leads to 
inverted (i.e., positive instead of negative retroaction) ther-
moregulatory responses.

In small rodents, the direct preoptic-hypothalamic cool-
ing during REMS is unable to increase oxygen consumption 
and body metabolism as it occurs in wakefulness and 
NREMS [65], and is not followed by the expected release of 
thyroid stimulating hormone (TSH) [76]. Likewise, direct 
preoptic-hypothalamic warming does not induce either ther-
mal tachypnea [77], or cutaneous vasodilation in cats [67]. 
During REM sleep, thermal responsiveness of cold-sensitive 
neurons at the preoptic level is largely reduced, while incon-
sistent results come from studies on warm-sensitive neurons 
[78–80]. Because of such thermoregulatory impairment, dur-
ing REMS body temperature slowly shifts toward that of the 
external environment [81].

The interaction between sleep and thermoregulatory pro-
cess clearly emerges from studies in which the impact of 
thermoregulatory engagement on sleep occurrence has been 
studied [51, 52]. The activation of thermogenesis, driven by 
the sympathetic nervous system, appears to be incompatible 
with REMS occurrence, since, in different species, REMS is 
depressed in proportion to the environmental thermal load 
[82–84]. Likewise, REMS occurrence is largely depressed 
when animals are kept at a warm Ta well beyond the upper 
limit of thermoneutrality [85]. In rats kept at a very low Ta, 
NREMS-REMS cyclicity is also affected, and sleep is made 
just by a sequence of unsuccessful transitions from NREMS 
to REMS followed by a brief awakening [86]. In the pres-
ence of a mild environmental thermal load, a long-term met-
abolic and endocrine adaptation process may lead to a 
normalization of the wake-sleep cycle [87].
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 Sleep and Autonomic Function Within 
the Frame of Physiological Regulation

The sleep-dependent changes in autonomic function in dif-
ferent wake-sleep states may be better interpreted when dis-
cussed within the wider frame of the state-dependent changes 
in physiological regulation (i.e., the integrated neural control 
mechanisms underlying somatic and visceral activity or the 
behavior of the animal) [1, 2]. The integration of the activi-
ties of the somatic, autonomic and endocrine motor systems 
occurs at the hypothalamic level according to the needs of 
the different behaviors [13]. During wakefulness, different 
behaviors occur according to the homeostatic needs of the 
animal or to its motivation, for example, to flee from a dan-
ger, to fight to survive or to mate for species perpetuation. In 
this respect, it has recently been shown that thermogenesis is 
activated on ultradian basis as a part of a central program 
regulating the basic rest-activity cycle (BRAC), leading to a 
periodic increase in brain temperature that supports active 
waking [88]. This activation is always followed in few min-
utes by the ingestion of a meal, apparently independently 
from any specific homeostatic drive to food consumption.

During active wakefulness, the value of “instrumental” 
physiological variables (e.g., HR, stroke volume, cardiac 
output, BP, ventilation, muscle force and power) is continu-
ously modulated in order to shape the behavior and to allow 
someone to reach its goal. In the meantime, the level of “pri-
mary” homeostatically regulated physiological variables 
(e.g., temperature, pH, O2, CO2, nutrients, water volume, 
osmolality) may fluctuate even over or below the normal 
physiological range but is promptly returned within this 
range during the following period of quiet wakefulness. 
Thus, during active wakefulness physiological regulation 
works to shape different behaviors and support their needs 
and goals. But quiet wakefulness is set to maintain the “pri-
mary” variables within their normal physiological range [1].

During NREMS, physiological regulation clearly operates 
according to the “homeostatic” modality. The ANS drives the 
“instrumental” variables toward lower limit of the physiologi-
cal range in order to cope with the low somatic activity and 
reduced metabolic needs of this sleep state. Consequently, “pri-
mary” variables are kept near to their fixed value by well oper-
ant baroceptive, chemoceptive and thermoregulatory reflexes. 
Moreover, somatic activity allows the animal to find a proper 
posture to minimize any possible thermal discomfort.

On the contrary, REMS displays great variability in sym-
pathetic activity associated with phasic changes in parasym-
pathetic discharge, producing the appearance of BP surges, 
frequent irregularities in heart and breathing rhythmicity and 
thermoregulatory impairment. A phasic central nervous 
command has been shown to be able to drive the cardiovas-
cular variables beyond the normal control of the baroceptive 
reflex [28]. Furthermore, muscle atonia does not allow the 
animal to adjust its posture according to different needs.

This operative modality of physiological regulation during 
REM sleep has been called “poikilostatic,” since it is not vis-
ibly oriented to any goal or to maintenance of the stability of 
“primary” physiological variables, apparently allowing them 
to float as it occurs for body temperature in poikilothermic 
animals [1, 2, 68]. However, the finding that osmoregulation, 
a regulation that is physiologically more ancient than thermo-
regulation, is apparently preserved during REMS [89] and 
that a strong osmotic challenge does not substantially inter-
fere with REMS occurrence [90] leads to the hypothesis that 
the loss of the integrative capacity at the hypothalamic level is 
substantially related to thermoregulation. Thus, at least part 
of the variability and instability of “instrumental” cardiovas-
cular physiological variables during REMS may be due to the 
loss of the thermoregulatory control of such variables.

In conclusion, the changes in the ANS activity observed 
during sleep should be considered part of the integrated 
somatomotor, autonomic and neuroendocrine functional pat-
tern, which defines any different state of waking and sleep-
ing. This pattern appears to be clear and coherent for NREM 
sleep, but it is hardly explainable for REM sleep. While 
NREM sleep is regarded as a state that favors energy saving, 
recently it has been proposed that REMS represents a tran-
sient heterothermic state which allows endotherm animals to 
satisfy specific needs of their brain activity that cannot be 
fulfilled when thermoregulation is active [92]. This view 
appears to be in line with the remark that REMS and endo-
thermy appeared concomitantly during evolution and some-
how coevolved [91]. Such an evolutionary constraint may 
explain why the regulation of these two functions overlaps at 
the level of several brain areas (e.g., the medial and median 
preoptic area, the LH, and the periaqueductal gray), conse-
quently leading to the mutual exclusivity in the occurrence of 
thermoregulation and REMS.
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Brain–Heart Interaction: Cardiovascular 
Reflexes

Alessandro Silvani

 Introduction

This chapter aims to provide readers with a succinct and 
updated overview of whether and how sleep entails changes 
in the properties of the arterial baroreceptor reflex (ABR), 
the cardiovascular reflex that is known to have a major 
impact on cardiovascular control during wakefulness. This 
question essentially addresses the nature and extent of the 
modulation of the ABR by central autonomic circuits, which 
is a core aspect of brain–heart interactions. Accordingly, 
sleep critically involves changes in brain activity, being, as it 
has been suggested [1], “of the brain, by the brain, and for 
the brain.” This is not to disregard the long standing assump-
tion that sleep is a phenomenon of the integral organism [2]. 
Sleep results in changes in body posture and a reduction in 
physical activity, both of which have deep impact on the car-
diovascular system.

The discussion in this chapter shall focus on the ABR, 
which is arguably the most important and most amply stud-
ied cardiovascular reflex. For the sake of conciseness and 
clarity, this chapter shall not deal with other autonomic car-
diovascular reflexes, whose involvement during sleep is still 
much less understood; these other reflexes include the car-
diopulmonary baroreceptor reflex, the exercise pressor 
reflex, and the autonomic cardiovascular reflexes elicited by 
the arterial chemoreceptor afferents and by slowly adapting 
pulmonary receptors. Moreover, the chapter shall focus on 
data on healthy human subjects in physiological conditions, 
but evidence on experimental animal models shall also be 
discussed for greater mechanistic and causal insight.

 Sleep and Cardiovascular Control: A Matter 
of Time Scales

 The Time Scale of Minutes: Sleep 
Macrostructure

Sleep is a widely heterogeneous behavior. Sleep in human 
subjects is classified with a time resolution of 30 s as stages 
N1, N2, N3, and R [3]. Collectively, the stages N1–N3 cor-
respond to non-rapid-eye-movement (NREM) sleep in 
human subjects. The stages N2 and N3 translate to NREM 
sleep in experimental models, such as laboratory rodents. 
The stage R sleep corresponds to REM sleep both in human 
subjects and experimental mammalian models. With the 30-s 
time resolution of standard scoring, the alternation of epi-
sodes of wakefulness, NREM sleep, and REM sleep occurs 
at a time scale of minutes and may be referred to as sleep 
macrostructure.

Different aspects of the physiological cardiovascular 
changes associated with sleep macrostructure have been 
reviewed in recent years [4–8], and the interested reader is 
referred to these publications for full detail. In summary, 
compared to wakefulness, NREM sleep entails decreases in 
the mean values of arterial blood pressure, heart rate, and 
sympathetic nerve activity to the skeletal muscle, kidney, and 
skin of the extremities (hands/feet in humans, tail in rodents), 
which most likely targets the blood vessels of these tissues. 
During REM sleep, arterial blood pressure, heart rate, and 
sympathetic nerve activity to the skeletal muscles return to at 
or above their respective levels during wakefulness, whereas 
sympathetic nerve activity to the kidneys and the intestine 
decreases further below the level attained during NREM 
sleep. Recent evidence indicates that at least in mice, the 
modulation of sympathetic nerve activity to blood vessels is 
the critical mechanism for the occurrence of sleep-related 
changes in arterial blood pressure at the time scale of sleep 
macrostructure [9].
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 The Time Scale of Seconds: Sleep 
Microstructure

As remarked above, sleep is conventionally scored with a 
time resolution of 30 s [3]. Nonetheless, sleep is character-
ized by a well-known heterogeneity at a shorter time scale of 
few seconds. This heterogeneity is associated with a range of 
events including arousals, body movements, and apneas, 
which collectively constitute the so-called microstructure of 
sleep [4, 10]. In particular, a prominent cardiovascular vari-
ability has long been known to be associated with REM sleep 
at a time scale of seconds [11]. Arousals may occur during 
NREM sleep and REM sleep, causing concomitant increases 
in arterial blood pressure and heart rate in human subjects 
[12, 13]. The magnitude of the cardiovascular changes asso-
ciated with arousals is similar in NREM sleep and REM 
sleep [14, 15]. Among the different types of arousal, phases 
of transitory activation including movements entail larger 
peak increases in heart rate than delta-bursts, kappa-bursts, 
and microarousals, which also show a later heart rate 
decrease [14]. The concomitance of increases in arterial 
blood pressure and heart rate also characterizes periodic leg 
movements during sleep (PLMS) in human subjects, at least 
during NREM sleep [16–19]. The association between 
PLMS and microarousals results in larger peak increases in 
arterial blood pressure and heart rate, and suppresses the 
delayed decrease in heart rate, which follows the heart rate 
peak in PLMS without microarousals [16, 18].

The available data thus point to a stereotyped sequence of 
cardiovascular events associated with arousals and PLMS: 
first, arterial blood pressure and heart rate increase; then, 
arterial blood pressure reaches a peak; then, heart rate returns 
to at or below baseline level; finally, arterial blood pressure 
also returns to baseline level [7]. The fundamental nature of 
this cardiovascular pattern is supported by its occurrence in 
temporal association with spontaneous increases in arterial 
blood pressure in wakefulness, NREM sleep, and REM 
sleep, regardless of the accompanying neurophysiological 
features, such as arousals or PLMS, in species as diverse as 
human subjects [20], rats [21, 22], mice [23–27], and sheep 
[28]. Notably, the magnitude of the peak increase in arterial 
blood pressure associated with arousals [13] and PLMS [16, 
18] in human subjects is approximately 20 mm Hg, which is 
close to the modal decrease in arterial blood pressure from 
daytime wakefulness to nighttime sleep in human subjects 
[29]. Thus, the peak increase in arterial blood pressure asso-
ciated with arousals and PLMS in human subjects essentially 
nullifies the physiological decrease in arterial blood pressure 
from wakefulness to NREM sleep.

Marked changes in arterial blood pressure and heart rate 
also characterize obstructive apneas during sleep in human 
subjects [30]. Airway obstruction entails relatively low val-
ues of heart rate and high values of sympathetic nerve activ-

ity to skeletal muscle blood vessels. Upon resumption of 
breathing, particularly in the case of arousal, sympathetic 
nerve activity to skeletal muscles shows a further transient 
increase, followed by a long-lasting suppression. At the same 
time, arterial blood pressure and heart rate undergo a tran-
sient dramatic rise [30]. Central sleep apneas may also be 
associated with increases in sympathetic nerve activity to 
skeletal muscles [31] and with increases in arterial blood 
pressure and heart rate, at least in children and in association 
with body movements during sleep [32].

 The Time Scale of Hours: Circadian Sleep 
Rhythm

Sleep has a distinct 24-h distribution determined by a circa-
dian rhythm, which is generally entrained to the daily light–
dark cycle and is driven by a master body clock in the 
hypothalamic suprachiasmatic nuclei (SCN) [33]. The circa-
dian control of sleep is effective on NREM sleep and on 
REM sleep, contributing to increasing the propensity to 
REM sleep at the end of the subjective rest period [34, 35].

Circadian rhythms of arterial blood pressure and heart 
rate, with peak values at a circadian time corresponding to the 
subjective activity period, have been demonstrated in human 
subjects even in the absence of sleep and other potential con-
founding factors [36], that is, under the so-called unmasking 
conditions [37]. Nonetheless, the amplitudes of the circadian 
rhythms of arterial blood pressure and heart rate under 
unmasking conditions in the absence of sleep appear small 
compared to those of the corresponding rhythms measured in 
usual living conditions that include sleep [29, 38]. The differ-
ence is particularly striking for arterial blood pressure, whose 
circadian rhythm under unmasking conditions has a peak–
trough difference of 4–6  mm Hg [36], whereas the modal 
day–night arterial blood pressure difference in normal sleep 
conditions is approximately 20 mm Hg [29].

These results are consistent with the hypothesis that the cir-
cadian rhythm of arterial blood pressure and heart rate 
enhances the decreases in these variables during nighttime 
sleep compared to daytime wakefulness. Accordingly, circa-
dian misalignment with mismatched behavioral and environ-
mental cycles for three days significantly blunts the fall in 
arterial blood pressure and heart rate during daily sleep oppor-
tunities [39]. This conclusion is also supported by data on 
mice, which demonstrate the occurrence of circadian rhythms 
of arterial blood pressure during wakefulness, NREM sleep, 
and REM sleep [40]. The amplitude of the circadian rhythm of 
arterial blood pressure computed by averaging values during 
time periods when the mouse is spontaneously awake is sig-
nificantly lower than the amplitude of the overall arterial blood 
pressure rhythm, computed by averaging over time regardless 
of the wake-sleep state. The same conclusion holds for the 
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amplitude of the circadian rhythm of arterial blood pressure 
computed by averaging values during all time periods when 
the mouse is spontaneously sleeping in either NREM sleep or 
REM sleep. This overall arterial blood pressure rhythm in 
mice peaks during the subjective period of higher activity, 
similarly to what occurs in humans [40].

 The Role of the ABR in the Hierarchic 
Organization of Cardiovascular Control

 The ABR and Other Cardiovascular Reflexes 
Constitute the Intermediate Level 
of Cardiovascular Control

The ABR is triggered by the activity of mechanosensitive affer-
ent neural fibers in the walls of the aortic arch and the carotid 
sinuses. These vessels are strategically located at the gates of the 
systemic and cerebral circulations. The relative contribution of 
carotid and aortic baroreceptor afferents to ABR functioning is 
still a matter of debate [41]. Nevertheless, bilateral denervation 
even of the sole carotid sinuses, as a consequence of carotid 
body tumor resection, is sufficient to prevent compensation of 
the hemodynamic consequences of upright posture, and leads to 
transient orthostatic hypotension even one year after denerva-
tion in human subjects [42]. This lack of redundancy demon-
strates that the ABR is the most important of a set of neural and 
endocrine reflex mechanisms that allow for system-level inte-
grated control of the cardiovascular system.

In response to decreases in aortic and carotid baroreceptor 
firing, the ABR increases heart rate and contractility and sys-
temic vascular resistance. Increases in baroreceptor firing 
elicit the opposing effects [43]. The ABR control of the heart 
involves opposing changes in cardiac parasympathetic and 
sympathetic nerve activity [44], whereas that of vascular 
resistance involves the mesenteric, renal, skin, and particu-
larly the skeletal muscle vascular beds [43, 45]. There is also 
evidence that decreases in arterial baroreceptor firing 
increase the secretion of arginine vasopressin [46] and renin, 
the latter by increasing sympathetic nerve activity to the kid-
ney [46, 47]. The control of vascular resistance is the main 
mechanism by which the ABR controls arterial blood pres-
sure at rest, and is thought to be the sole mechanism at stake 
during physical exercise [48]. Nevertheless, each of the neu-
ral and endocrine changes elicited by the ABR is direction-
ally consistent with offsetting  the change in baroreceptor 
firing that triggered the reflex. The ABR can thus be envis-
aged as a delayed closed-loop negative feedback control 
mechanism. The ABR tends to maintain the stretch of baro-
receptor afferent fibers constant, with delays and time con-
stants that depend on cardiac and vascular effector responses, 
on neural transmission, and on  central integration. As the 
arterial baroreceptor stretch substantially depends on arterial 

blood pressure by Laplace’s law, the ABR acts as a powerful 
mechanism that controls arterial blood pressure.

The ABR properties at steady state can be quantified with 
sigmoidal logistic functions of the form:

 
Y A A X A A� �� ��� ��� ��1 2 3 41/ / exp  

where X is the independent variable that indexes ABR 
input, such as arterial blood pressure within the carotid sinus; 
Y is the output variable controlled by the ABR, namely arte-
rial blood pressure, or one of the instrumental output vari-
ables of the ABR, such as heart rate or sympathetic nerve 
activity to a specific vascular bed. The parameter A1 indicates 
the responding range, which corresponds to the maximum to 
minimum change in Y. The operating range is, instead, the 
difference between the values of X at the threshold and satu-
ration of the ABR.  At rest, the operating point (the pre- 
stimulus value of X) and the centering point (the value of 
parameter A3) are positioned together. The parameter A2 is 
the gain coefficient. The maximal ABR gain or sensitivity is 
calculated as the gain value at A3. Finally, the parameter A4 
indicates the minimum value of Y [43, 49].

 The ABR Modulates Tissue-Specific Local 
Mechanisms That Constitute the Lowest Level 
of Cardiovascular Control

The local control of capillary blood flow by arteriolar resis-
tance mainly consists of blood flow autoregulation, flow- 
metabolism coupling, and the local vascular effects of O2 and 
CO2. The local control of the heart mainly consists of the 
dependency of cardiac performance on cardiac filling, known 
as the Frank–Starling law of the heart. All these local mecha-
nisms do not require long-range neural or endocrine transmis-
sion, and for this reason they can afford but a piecemeal control 
of the cardiovascular system. The ABR may modulate cardiac 
performance by affecting contractility, and may modulate 
blood flow regulation in the mesenteric, renal, skin, and skel-
etal muscle vascular beds by affecting vascular resistance.

In essence, blood flow autoregulation refers to the rela-
tive constancy of capillary blood flow despite changes in 
arterial blood pressure, as long as these changes are not 
excessively large [50]. For blood flow to remain relatively 
constant in the face of changes in arterial blood pressure, 
arteriolar vascular resistance needs to vary in the same 
direction as arterial blood pressure, so that arterioles con-
strict when arterial blood pressure increases and dilate when 
arterial blood pressure decreases. By Laplace’s law, this 
implies the relative constancy of arteriolar wall stress, 
defined as the product of transmural pressure and vessel 
radius divided by vessel wall thickness [51]. These changes 
in arteriolar smooth muscle activity are the end result of 
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myogenic and metabolic mechanisms, which add up with 
the effects of shear-stress and vascular compliance [50]. 
Myogenic mechanisms transduce changes in arteriolar wall 
stress into changes in the plasma membrane potential of 
arteriolar smooth muscle cells, whereas metabolic mecha-
nisms involve paracrine signals that modulate vascular 
smooth muscle tone based on the mismatch between capil-
lary blood flow and tissue metabolic rate. The nature of 
these signals is still the subject of debate. Supply-
consumption mismatch signals as well as feed- forward sig-
nals directly associated with the rate of energy metabolism 
are thought to play a role [51]. These signals also mediate 
the correlation (flow-metabolism coupling) between local 
capillary blood flow and tissue energy metabolism, which is 
particularly strong in the cerebral [52] and the coronary [51] 
circulations. Hypoxia and hypercapnia are vasodilator stim-
uli for these circulations and in general for systemic vascu-
lar beds, with hypercapnia acting through changes in 
interstitial pH [51, 53]. The vascular effects of O2 and, pos-
sibly, also those of CO2 on systemic vascular beds thus 
bridge flow-metabolism coupling, when they result from 
mismatches between blood supply and energy needs, with 
the hemodynamic consequences of breathing alterations, 
such as respiratory insufficiency, apneas, and hypobaric 
hypoxia. Conversely, the pulmonary vascular reactivity to 
O2 and CO2 levels in the alveoli is in the opposing direction 
(i.e., with local hypoxia and hypercapnia eliciting vasocon-
striction), which significantly contributes to ventilation–
perfusion matching in the healthy human lung [54].

Local mechanisms also increase the systolic performance 
of cardiac ventricles in response to increases in preload and 
afterload. This is achieved by sarcomere length-induced 
changes in cardiac contractile protein responsiveness to acti-
vating calcium ions, which require the giant protein titin [55]. 
In general, the ventricular end-systolic pressure and volume 
depend on the combination of preload, afterload, and contrac-
tility [56]. This last term refers to the maximum ventricular 
systolic pressure attained at a given set of values of preload, 
afterload, and heart rate. In conditions of relatively low pre-
load and high afterload, contractility is essentially the only 
determinant of the ventricular end-systolic pressure–volume 
relationship [56]. This implies that for a given level of contrac-
tility, stroke volume is essentially proportional to diastolic fill-
ing, and can be maintained in the face of increased aortic 
blood pressure simply by increasing diastolic filling [57].

 Central Autonomic Commands Represent 
the Highest Level of Cardiovascular Control 
and Modulate the ABR

One limitation of the ABR is that it does not prevent pertur-
bations in arterial blood pressure. These perturbations are 

needed to trigger the ABR and are not resolved instanta-
neously by the ABR once they occur. Another limitation of 
the ABR is that it is unable, in and by itself, to modify the 
arterial blood pressure baseline value to match the require-
ments associated with different behaviors. The main mecha-
nism that overcomes these limitations of the ABR is 
represented by central autonomic commands, which are pro-
active open-loop mechanisms that control the cardiovascular 
system in anticipation of behavior.

Central autonomic commands are perhaps the least known 
of the cardiovascular control mechanisms [58]. The concept 
of central autonomic commands is linked to that of central 
motor patterns, which has long been employed to investigate 
the neural circuits that underlie locomotion [59]. Motor pat-
terns are produced by hierarchical networks of interneurons 
called central pattern generators [60]. Central pattern con-
trollers set the endogenous probability of manifestation of 
the motor patterns by controlling top-level pattern generators 
or pattern initiators [61].

The original concept of central motor pattern, which 
involved only somatic motor neurons targeting skeletal mus-
cles, may be generalized to autonomic [62] and mixed auto-
nomic and somatic motor patterns. This generalization fits 
well with the standard use of the central autonomic com-
mand construct, which refers to the cardiovascular correlates 
of physical exercise that cannot be explained by either reflex 
or local control mechanisms [63]. The central autonomic 
commands are thought to increase arterial blood pressure at 
the onset and at the steady state of exercise, at least in part by 
increasing sympathetic nerve activity to skeletal muscles and 
skin. The central autonomic commands of physical exercise 
also increase heart rate, due to parasympathetic withdrawal 
and possibly also to sympathetic activation [64–66]. These 
effects of the central autonomic commands help prevent 
hypotension due to local vasodilation associated with flow- 
metabolism coupling in exercising skeletal muscles.

 The ABR During Sleep

 Insights from the Relationship Between 
Controlled and Instrumental Variables 
of the ABR During Sleep at Different Time 
Scales

The relative contribution of the control of heart rate versus 
vascular resistance to the ABR control of arterial blood 
 pressure is unclear during NREM sleep and REM sleep. As 
mentioned in the section “The ABR and Other Cardiovascular 
Reflexes Constitute the Intermediate Level of Cardiovascular 
Control,” the ABR control of arterial blood pressure depends 
more on the control of vascular resistance than on that of 
heart rate during restful wakefulness [48]. It may be fair to 
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assume as a working hypothesis that a similar conclusion 
holds during sleep.

The ABR control of heart rate may thus be largely redun-
dant with the control of vascular resistance during sleep. 
Nevertheless, the study of the changes in heart rate as a func-
tion of those in arterial blood pressure during sleep may be of 
great value as a telltale sign of ABR function. As previously 
remarked, the ABR decreases heart rate in response to an 
increase in arterial blood pressure [43]. Heart rate can be 
measured noninvasively, unobtrusively, and relatively 
cheaply by electrocardiography. The parasympathetic con-
trol of heart rate is fast [44], being generally observed in one 
cardiac beat. The latency of the earliest cardiac ABR response 
is thus shorter than 1 s [67]. Taken together, these consider-
ations indicate that changes in arterial blood pressure and 
heart rate which occur in the same direction are either unre-
lated to the ABR or driven by a change in ABR properties. 
While this argument also holds concerning the directional 
correspondence between changes in arterial blood pressure 
and sympathetic nerve activity, the availability of sympa-
thetic nerve activity recordings during sleep is very limited 
due to the invasiveness of microneurography. As detailed 
above, sleep is associated with changes in arterial blood 
pressure and heart rate in the same direction at the time 
scales of minutes (sleep macrostructure), seconds (sleep 
microstructure), and hours (circadian sleep rhythms). At the 
time scale of sleep macrostructure, there is also evidence that 
NREM sleep is associated with changes in arterial blood 
pressure in the same direction as those in sympathetic nerve 
activity to skeletal muscles [68] and kidneys [69] compared 
to wakefulness.

The relationship between changes in arterial blood pres-
sure and those in heart rate can be quantified mathematically 
by a range of techniques including linear cross-correlation 
functions (CCF). This approach has been mostly applied 
during sleep at the microstructural time scale, investigating 
the relationship between systolic arterial blood pressure and 
heart period, which is the reciprocal of heart rate. There is 
evidence that heart period varies linearly with the frequency 
of cardiac sympathetic and parasympathetic nerve activity, 
whereas this is not the case for heart rate [70]. The CCF 
between arterial blood pressure and heart period yields the 
linear correlation coefficient between these variables as a 
function of their time shift. The sign of the correlation coef-
ficient indicates the direction of the linear relationship 
between the variables, which may be direct (e.g., increases in 
arterial blood pressure associated with increases in heart 
period) or inverse (e.g., increases in arterial blood pressure 
associated with decreases in heart period). The absolute 
value of the correlation coefficient indicates the strength of 
the linear relationship between arterial blood pressure and 
heart period and is bounded between 0 (i.e., no linear rela-
tionship) and 1 (i.e., perfect linear relationship).

Being a delayed negative feedback control, the ABR is 
expected to lengthen heart period after an increase in arterial 
blood pressure, thereby causing a positive correlation 
between heart period and the previous values of arterial 
blood pressure. This CCF pattern shall hereafter be called 
CCF pattern I for ease of reference. Experimental work on 
spontaneous cardiovascular fluctuations at the time scale of 
seconds (sleep microstructure) has demonstrated that CCF 
pattern I is stronger during NREM sleep than either during 
quiet wakefulness or during REM sleep in species as diverse 
as sheep [28], rats [22, 71], and mice [23–27]. Conversely, a 
different CCF pattern of negative correlation between arte-
rial blood pressure and heart period, which shall hereafter be 
called CCF pattern II for simplicity, was found to prevail 
during REM sleep in rats [22, 71] and in mice, albeit only at 
thermoneutrality in this latter species [23–27]. In humans, 
CCF pattern II prevails during wakefulness in the lying posi-
tion, whereas CCF pattern I prevails during sitting, NREM 
sleep, and standing, and is the strongest in the latter posture 
[20, 72, 73].

 Sleep Modifies the Integration Between 
the ABR and Central Autonomic Commands 
at Different Time Scales

The occurrence of changes in arterial blood pressure in the 
same direction as those in heart rate or sympathetic nerve 
activity cannot be explained based on the local mechanisms 
of cardiovascular regulation, which, as detailed above, do not 
involve these variables. As discussed previously, these 
changes cannot be readily attributed to the ABR, either, at 
least under the assumption that the ABR properties remain 
constant. An explanation may be represented by hemody-
namic mechanisms, whereby increases in heart rate or sym-
pathetic nerve activity raise arterial blood pressure by 
increasing cardiac output or vascular resistance, respectively. 
However, this explanation would leave unexplained the regu-
latory mechanisms underlying the increases in heart rate and 
sympathetic nerve activity in the first place.

I have previously proposed that the construct of central 
autonomic commands is apt to also describe the open-loop 
proactive control of the cardiovascular system associated 
with sleep at different time scales [4, 6, 7]. The mechanisms 
of anticipatory autonomic regulation that manifest as circa-
dian rhythms, those that characterize the macrostructure of 
each wake–sleep state, and those that  are associated with 
arousals and other transient sleep events, may all be qualified 
as central autonomic commands. Together, these mecha-
nisms  may  contribute to matching cardiovascular system 
activity to a continuum of somatic motor activity at multiple 
time scales. The traditional concept of central autonomic 
commands associated with physical exercise during wake-
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fulness would then lie at one of the extremes of this contin-
uum at the time scale of minutes.

At least for what concerns the time scale of sleep micro-
structure, this hypothesis is quantitatively coherent with the 
available evidence, as demonstrated with mathematical mod-
eling of the cardiovascular system [74]. A simple linear sum-
mation of central autonomic commands and ABR on 
parasympathetic and sympathetic nerve activity to the heart 
proved sufficient to simulate the biphasic sequential 
increases/decreases in heart rate which characterize transient 
sleep events such as microarousals and PLMS [74]. This 
suggests that central autonomic commands may transiently 
override the ABR control at the onset of microarousals or 
PLMS. The central autonomic commands would then fade 
away, but the return of arterial blood pressure to baseline lev-
els would lag behind due to the relative sluggishness of arte-
rial blood pressure response to sympathetic nerve activity 
[75]. The ABR response to elevated arterial blood pressure, 
consisting of reduced heart rate, would then manifest. In this 
scenario, longer-lasting central autonomic commands may 
mask the decrease in heart rate driven by the ABR, poten-
tially explaining its lack after phases of transitory activation 
or PLMS associated with microarousals (cf. The Time Scale 
of Seconds: Sleep Microstructure).

Mathematical modeling also suggested that a simple sum-
mation of the effects of central autonomic commands and 
ABR on the heart may explain the peculiar features of the 
coupling between spontaneous fluctuations in arterial blood 
pressure and heart period [74], which have been uncovered 
with CCF analyses during sleep. Simulations indicated that 
CCF pattern I (cf. “The ABR During Sleep”) ensues as a 
result of ABR buffering of the arterial blood pressure fluctua-
tions generated by changes in vascular resistance irrespec-
tive of their cause. Conversely, CCF pattern II requires 
central autonomic commands to the heart. Thus, the preva-
lence of CCF pattern I versus II depends on the balance 
between the cardiac ABR response to changes in arterial 
blood pressure caused by changes in vascular resistance, on 
one hand, and the central autonomic commands to the heart, 
on the other hand. In this light, the empirical results pre-
sented in “The ABR During Sleep” indicate that NREM 
sleep entails a prevalence of ABR control of the heart over 
central autonomic commands, which is strikingly robust 
across species. The ABR contribution to cardiac control 
decreases from NREM sleep to REM sleep in all species 
studied and may become negligible in rodents. This interpre-
tation agrees with the conclusions obtained with a linear 
model of the ABR applied to the empirical data obtained dur-
ing sleep in rats [76]. The ABR contribution to cardiac con-
trol also decreases from NREM sleep to quiet wakefulness in 
the lying position in all species studied. Recent evidence 
indicates that the enhanced ABR coupling between arterial 
blood pressure and heart period in humans in the upright 

position is not triggered by decreased central venous pres-
sure, but rather reflects buffering of enhanced fluctuations of 
vascular resistance [72]. Conversely, the enhancement of 
CCF pattern I during NREM sleep compared to wakefulness 
in the supine position is accompanied by a significant 
decrease in the low-frequency variability of arterial blood 
pressure. The occurrence of enhanced CCF pattern I in sub-
jects lying supine during NREM sleep compared to wakeful-
ness may, therefore, be related to weaker central autonomic 
commands to the heart associated with the lack of active 
engagement with the external environment [72].

 Central Autonomic Commands Change ABR 
Properties During Sleep

Another hypothesis to explain the observed relationship 
between arterial blood pressure and heart period during sleep 
at different time scales is that central autonomic commands 
act on the cardiovascular system indirectly by modulating 
ABR properties. One possibility to differentiate direct car-
diovascular effects of central autonomic commands during 
sleep from effects mediated by changes in ABR properties 
would be to analyze sleep-related cardiovascular changes 
after an experimental surgical lesion of the arterial barore-
ceptors. Unfortunately, as previously reviewed [4], the 
experiments that performed sinoaortic denervation in animal 
models [77–80] did not yield consistent results on sleep- 
related cardiovascular control at the time scale of sleep mac-
rostructure; these findings are possibly due to the arterial 
blood pressure instability after denervation and to the con-
founding effects of the concomitant deafferentation of the 
arterial chemoreceptors. The development of more refined 
surgical techniques for selective baroreceptor and chemore-
ceptor denervation may open the way to clarification of this 
issue [81]. Information is also missing on whether modula-
tion of the ABR by central autonomic commands is neces-
sary for the occurrence of sleep-related cardiovascular 
changes at the sleep microstructure time scale. On the other 
hand, limited available evidence obtained with sinoaortic 
denervation in rats suggests that the sleep-related changes in 
arterial blood pressure at the circadian time scale require 
modulation of ABR properties, whereas those in heart rate 
do not [82]. The sleep-related changes in heart rate at the 
circadian time scale may therefore result from central auto-
nomic commands that do not modulate the ABR. To sum-
marize, the central autonomic commands during sleep may 
act on the cardiovascular system at different time scales both 
directly, without changing ABR properties, and indirectly, by 
modulating ABR properties.

A resetting of the ABR by central autonomic commands 
has long been recognized to occur during physical exercise. 
With reference to the ABR sigmoid function curves men-

A. Silvani



57

tioned in the section “The ABR and Other Cardiovascular 
Reflexes Constitute the Intermediate Level of Cardiovascular 
Control”, this resetting essentially involves an upward shift 
of the curves along the Y variable axis, where Y correspons 
to the output variable controlled by the ABR, and a rightward 
shift to higher operating values of X, where X is the indepen-
dent variable that indexes ABR input, such as arterial blood 
pressure within the carotid sinus. For what concerns heart 
rate as the Y variable, the rightward shift of the ABR sigmoid 
functions exceeds that of the operating point, which corre-
sponds to the pre-stimulus value of X. As a result, the operat-
ing point shifts leftward away from the centering point, ie, 
from the the value of parameter A3 of the baroreflex sigmoi-
dal logistic function, and closer to the ABR threshold, to a 
location of reduced gain, whereas the ABR gain around the 
centering point varies little [49]. The decreased gain of the 
ABR control of heart rate around the operating point is asso-
ciated with decreased ABR gain as assessed with the analysis 
of spontaneous cardiovascular fluctuations, and reflects exer-
cise intensity-related decreases in cardiac parasympathetic 
tone and modulation [49, 64].

The available evidence on shifts of ABR sigmoid function 
curves associated with sleep is restricted to the sleep macro-
structure time scale in rat models, likely due to the prohibi-
tive technical difficulties involved in these experiments. The 
sigmoid functions relating arterial blood pressure to ABR- 
driven changes in heart rate and renal sympathetic nerve 
activity during NREM sleep in rats were found shifted down-
ward and leftward compared to those during grooming, a 
form of spontaneously active wakefulness [83]. For what 
concerns the ABR control of heart rate, NREM sleep entailed 
a significant increase in parameter A1 and significant 
decreases in parameters A2, A3, and A4 (cf. section above), 
indicating significant decreases in maximum heart rate 
response, arterial blood pressure threshold, and gain at the 
centering point, and a significant increase in the ABR operat-
ing range. Significant decreases in parameters A3 and A4 also 
occurred during NREM sleep compared to grooming for the 
ABR control of renal sympathetic nerve activity, indicating 
significant decreases in maximum sympathetic nerve activity 
response, arterial blood pressure threshold, and arterial blood 
pressure saturation. During REM sleep, the sigmoid function 
corresponding to the ABR control of heart rate was virtually 
superimposed to that during NREM sleep. The sigmoid 
function corresponding to the ABR control of sympathetic 
nerve activity during REM sleep had significantly lower val-
ues of parameter A1 compared to NREM sleep, correspond-
ing to a significantly lower maximum response. Finally, the 
operating point was located to the left of the centering point 
for heart rate control during grooming, NREM sleep, and 
REM sleep. Conversely, the ABR operating point was located 
near the centering point of the curve for the ABR control of 
sympathetic nerve activity during grooming and NREM 

sleep, and was shifted rightward of the centering point dur-
ing REM sleep [83].

These detailed findings on rats [83] would predict the lack 
of substantial differences in the ABR gain computed with the 
analysis of spontaneous cardiovascular fluctuations during 
either NREM sleep or REM sleep compared to wakefulness. 
Accordingly, a review of the evidence on human subjects and 
animal models published before 2008 concluded that the 
reported effects of sleep on the gain of the ABR control of 
heart rate and sympathetic nerve activity were inconsistent 
and/or insubstantial [4]. This conclusion essentially still 
holds also  for more recent studies that explicitly analyzed 
differences in the gain of the ABR control of heart rate 
between wake–sleep states. In particular, one study pub-
lished in 2008 employing the sequence technique on healthy 
adult human subjects reported no significant differences in 
the ABR gain between either NREM sleep or REM sleep and 
quiet wakefulness [73]. Another study published in 2009 
with the sequence technique on normotensive adults reported 
increases in ABR gain during sleep compared to wakefulness 
[84]. However, the significance of these changes depended 
on sleep macrostructural and circadian factors (first vs. last 
sleep episodes during the night, wakefulness pre-sleep vs. 
post-sleep) and on the direction of the triggering changes in 
arterial blood pressure [84]. A study on human infants pub-
lished in 2011 employing spectral analysis and the sequence 
technique reported that the ABR  gain was higher in quiet 
sleep than in active sleep in infants aged five to six months 
sleeping in the supine position, whereas this was not the case 
for infants of that age sleeping in the prone position, nor for 
younger infants aged two weeks to three months [85]. 
Concerning experimental animal models, a study published 
in 2012 employing the sequence technique on wild-type 
mice reported a higher ABR gain during NREM sleep than 
either during quiet wakefulness or REM sleep [25]. A study 
published in 2010 employing the sequence technique on 
wild-type rats found increased ABR gain during sleep com-
pared to wakefulness, but the significance of the differences 
was limited to REM sleep and to decreases in arterial blood 
pressure as ABR triggers [86].

 The Functional Neuroanatomy of the ABR 
and Central Autonomic Commands 
in Different Wake–Sleep States

 Functional Neuroanatomy of the ABR 
and Central Autonomic Commands During 
Wakefulness

The ABR control of parasympathetic nerve activity to the 
heart involves excitatory projections from sinoaortic barore-
ceptor afferents to the nucleus of the solitary tract (NTS) in 
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the medulla, and from the NTS to parasympathetic pregan-
glionic neurons in the nucleus ambiguus of the medulla [44]. 
On the other hand, the ABR control of sympathetic nerve 
activity involves an excitatory projection from the NTS to 
the caudal ventrolateral medulla (CVLM), and an inhibitory 
projection from the CVLM to neurons in the rostral ventro-
lateral medulla (RVLM). These pre-sympathetic neurons, 
which send monosynaptic projections to sympathetic pre-
ganglionic neurons in the spinal cord, are mainly adrenergic 
neurons of the C1 group, and likely constitute different sub-
groups controlling sympathetic nerve activity to the heart 
and different vascular beds [44, 87].

The central neural pathways of the central commands 
associated with physical exercise during wakefulness are 
still unclear [58]. These are thought to include not only corti-
cal areas, such as the anterior cingulate cortex [88], but also 
a vast array of other diencephalic and brainstem structures of 
the central autonomic network [44, 64, 89].

 Functional Neuroanatomy of the Direct 
Cardiovascular Effects of Sleep-Related Central 
Autonomic Commands

A parsimonious hypothesis for the neural pathways associ-
ated with the sleep-related central autonomic commands at 
the time scale of sleep circadian rhythms is that they origi-
nate directly from the master circadian clock in the SCN. The 
SCN controls separate populations of pre-sympathetic and 
pre-parasympathetic neurons in the hypothalamic paraven-
tricular nucleus (PVN) [8, 90].

On the other hand, direct experimental evidence demon-
strating the neural pathways of central autonomic commands 
associated with the macro- and microstructural features of 
NREM sleep is still lacking. Based on the available neuro-
anatomical and electrophysiological evidence, these path-
ways may include at least four targets of projections from 
neurons of the hypothalamic ventrolateral preoptic nucleus 
(VLPO) that are active during NREM sleep. One of these 
targets is the median preoptic nucleus (MnPO) of the hypo-
thalamus. The MnPO modulates the thermoregulatory path-
ways for heat generation and retention, which control 
sympathetic nerve activity to the skin and critically include 
the medullary raphe pallidus and dorsomedial nucleus of the 
hypothalamus. Another VLPO target is the hypothalamic 
PVN, a master switch of the autonomic and endocrine sys-
tems, which may bridge sleep-dependent central autonomic 
commands at time scales from minutes to hours. The third 
VLPO target is the pedunculopontine nucleus (PPT) between 
the caudal midbrain and rostral pons, which is associated 
with the central locomotor region, and may underlie the con-

tinuum between sleep-related and exercise-related central 
autonomic commands. The fourth VLPO target is the para-
brachial nucleus (PBN) of the pons. As detailed below, this 
pathway may play a key role in the interactions between 
sleep-related central autonomic commands and the ABR.

The peculiar features of cardiovascular control during 
REM sleep at the time scale of sleep macrostructure (sum-
marized in “The Time Scale of Minutes: Sleep 
Macrostructure”) suggest that their underlying central 
autonomic commands operate with an original regulatory 
modality extraneous to the rest-activity continuum that 
apparently spans from NREM sleep to physical exercise. 
Remarkable examples of these peculiarities of REM sleep 
include the mismatch between a brain metabolic rate sim-
ilar to that during wakefulness [52, 91] and behavioral 
inactivity with skeletal muscle atonia [3], and the mis-
match between increases in sympathetic nerve activity to 
skeletal muscles [68] and, probably, to the heart [9], and 
decreases in sympathetic nerve activity to the kidneys and 
intestine [4].

A working hypothesis of the central neural pathways 
underlying central autonomic commands during REM sleep 
has been formulated based on a review of the available evi-
dence [7]. In particular, the increases in sympathetic nerve 
activity to skeletal muscle and the heart during REM sleep 
may result from direct excitatory projections from REM 
sleep-promoting brain circuits, including the pontine sublat-
erodorsal nucleus (SLD), to the RVLM, the PPT, and 
PBN.  As it was previously remarked concerning NREM 
sleep, this last pathway may be key for the modulation of the 
ABR by central autonomic commands. The disparate 
changes in sympathetic nerve activity to different vascular 
beds, such as that of skeletal muscles versus kidney, may 
reflect modulation of the activity of the medullary raphe 
obscurus and the ventrolateral and lateral regions of the mid-
brain periaqueductal gray (PAG) by REM sleep-promoting 
brain circuits. Both the raphe obscurus and the PAG include 
neurons that excite and others that inhibit sympathetic nerve 
activity [7]. The enhanced cardiovascular variability, typical 
of REM sleep at the time scale of sleep microstructure [4, 
11], may result from the activity of the medial and inferior 
vestibular nuclei of the medulla [7]. These nuclei may receive 
REM sleep-related inputs from the hypothalamic VLPO and 
modulate autonomic cardiovascular activity through the 
same pathways that include the PPT and PBN neurons (see 
above). This arrangement would explain why the transient 
cardiovascular activations during REM sleep follow the 
same stereotyped sequence of changes in arterial blood pres-
sure and heart rate as noted during arousals and body move-
ments during NREM sleep (see The Time Scale of Seconds: 
Sleep Microstructure).
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 Functional Neuroanatomy of the Modulation 
of ABR Properties by the Central Autonomic 
Commands During Sleep

A testable hypothesis for the neural circuits responsible for 
modulation of the ABR properties during NREM sleep has 
been proposed [7]. This hypothesis is based on evidence that 
neurons within the PBN, including its Koelliker-Fuse (KF) 
subnucleus, are capable of modulating the ABR, the most 
prominent effect being inhibition (see “Functional 
Neuroanatomy of Direct Cardiovascular Effects of Sleep- 
Related Central Autonomic Commands”). This modulation 
may be achieved by direct projections from the PBN and KF 
to the NTS, which is the first relay for baroreceptor afferents. 
Through this pathway, decreases in PBN activity during 
NREM sleep, possibly due to inhibition by the VLPO, may 
disinhibit the ABR at the sleep macrostructure time scale. 
Conversely, the loss of this VLPO-driven decrease in PBN 
activity may inhibit the ABR during REM sleep compared to 
NREM sleep at this time scale. Transient increases in PBN 
activity during arousals in NREM sleep or during the phasic 
neurophysiological events of REM sleep (the latter possibly 
through projections from the medial vestibular nucleus) may 
also inhibit the ABR transiently at the sleep microstructure 
time scale. The pathways that mediate the ABR modulation 
at the circadian time scale are less clear, and might include 
projections from the SCN to the PVN [90], and, thence, to 
the NTS [92].

Based on a recent conceptual model of ABR resetting 
[93], the changes in ABR sigmoid functions observed during 
sleep in rats [83] suggest that sleep-related central autonomic 
commands act in parallel on the NTS and on other central 
autonomic network structures (see section “The Functional 
Neuroanatomy of the ABR and Central Autonomic 
Commands in Different Wake–Sleep States”). In particular, 
the leftward shift of ABR function curves observed during 
sleep compared to grooming [83] may be driven by decreased 
inhibitory inputs to second-order barosensitive neurons in 
the NTS [93]. The decrease in the maximum gain of the ABR 
control of heart rate observed during sleep compared to 
grooming [83] may be due to a decrease in facilitatory inputs 
to CVLM neurons that indirectly control sympathetic nerve 
activity to the heart [93] and to decreased modulation of neu-
rons in the nucleus ambiguus. The decreases in maximum 
ABR responses of heart rate and sympathetic nerve activity 
noted during sleep [83] may be attributed to decreases in the 
activation of RVLM pre-sympathetic neurons and spinal 
sympathetic preganglionic neurons [93] and to the activation 
of parasympathetic preganglionic neurons in the nucleus 
ambiguus.

It is worth mentioning that neural pathways that involve 
the NTS, PBN, and RVLM may mediate not only the effects 
of sleep on the ABR, but also effects of the ABR on sleep. As 
recently reviewed [10], arterial baroreceptor stimulation, if 
very mild or performed under anesthesia, may inhibit corti-
cal arousal, whereas substantial increases or decreases in 
arterial baroreceptor stimulation cause arousal in animal 
models and human subjects in physiological conditions. 
These interactions may constitute a positive feedback loop 
that facilitates coordinated brain state transitions upon awak-
ening, with the arterial blood pressure increase caused by 
central autonomic commands stabilizing arousal by loading 
baroreceptors [5, 10]. Based on the available neuroanatomi-
cal and neurophysiological evidence, it has been hypothe-
sized that baroreceptor unloading in conscious conditions 
may promote arousal by a circuitry involving decreased NTS 
activity, disinhibition of adrenergic C1 neurons of the RVLM, 
and activation of noradrenergic neurons in the pontine locus 
coeruleus. On the other hand, arterial baroreceptor loading in 
conscious conditions may promote arousal by a circuitry 
which involves increased activity of the NTS, the PBN, the 
basal forebrain, and intralaminar nuclei of the thalamus [10].
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Sleep is an active process. Although it is mainly referred to 
and defined as a central nervous system (CNS) phenomenon, 
i.e., a state of brain activation, the entire organism undergoes 
profound changes during sleep, from a molecular to a system 
level. Phasic and tonic changes in autonomic nervous system 
(ANS) activity during sleep are critical. In fact, the ANS acts 
in regulating most of our bodily functions, exerting control 
over the cardiovascular (CV) system, via afferent and effer-
ent sympathetic and parasympathetic pathways, guarantee-
ing system homeostasis.

During sleep, the brain dynamically communicates bidi-
rectionally with most of bodily systems, resulting in a coor-
dinated cascade of central and peripheral events, following 
their specific temporal dynamics [1]. The communication 
(coupling) between cortical and ANS rhythms during sleep is 
among the most studied [1], due to the key role of cortical 
and ANS function during sleep, their temporal resolution, 
their closed anatomy and physiology, and accessibility.

Sleep is under control of homeostatic and circadian pro-
cesses that respectively dictate the “need for sleep” and 
“when to sleep.” Polysomnography (PSG) is the gold stan-
dard to measure sleep in the laboratory and consists of the 
evaluation of cortical electroencephalographic (EEG), elec-
trooculographic (EOG), and electromyographic (EMG) 
activities. This information is used to visually score wake 
and sleep (N1, N2, N3 or slow wave sleep [SWS], and rapid- 
eye- movement [REM] sleep) and thus determine sleep mac-
rostructure [2]. Sleep comprises two main states, non-REM 
(NREM) and REM sleep. REM or EEG desynchronized 
wake-like sleep state accounts for 20–25% of the sleep 
period. NREM sleep is characterized by a progressive EEG 

synchronization or deepening of sleep (N1 →  N2 →  N3), 
accounting overall for 75–80% of the sleep period. NREM 
and REM stages alternate cyclically (every ~90 min) across 
the night. At the microstructural level (quantitative EEG 
analysis, i.e., power spectral analysis of the EEG signals), 
several sleep EEG features have been shown to be funda-
mental for health and associated with ANS functioning. EEG 
slow wave activity (SWA; cortical activity in the range of 
0.4–4 Hz which includes slow oscillations [SOs, <1 Hz] and 
delta waves [1–4 Hz]) has received the most attention. SWA 
is maximal in the first part of the night and declines over 
sequential NREM-REM cycles, reflecting a dissipation of 
homeostatic pressure across the night [3].

Sleep and the ANS system are intimately connected with 
the ANS being under circadian and sleep-dependent influ-
ences [4, 5]. ANS activity fluctuates across 24 h, within the 
night according to stages of sleep and time of the night, and 
as a function of phasic sleep events such as transient EEG 
desynchronizations (e.g., spontaneous arousals) and syn-
chronization (e.g., k-complexes), lip movements, and respi-
ratory events [1].

During sleep, the interaction between EEG SWA and car-
diac ANS function (e.g., R-R intervals and/or measures of 
high frequency heart rate [HR] variability [HRV] as indica-
tors of vagal functioning) is probably one of the major 
expressions of the central-autonomic nervous system inter-
action [1]. Converging evidence from observational studies 
indicates that cortical EEG and cardiac ANS measures not 
only covary across the night, with high vagal dominance 
being associated with increases in cortical synchronization, 
but they mutually influence each other with precise temporal 
dynamics. However, the nature and directionality of brain- 
heart communication during sleep remain unclear due to the 
bidirectional nature of the interaction between sleep and the 
ANS [1].
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 Sleep ANS Control: Sleep Stage Modulation

The ANS is strongly influenced by the sleep-wake cycle, and 
its activity changes across the night in response to sleep stage 
shifting. During NREM sleep, sympathetic ANS activity1 
reduces (decreases in cardiac sympathetic activity and sym-
pathetic vascular tone), while cardiac vagal activity2 and 
baroreflex sensitivity increase, as compared to wake. In con-
trast, REM sleep is characterized by a return of this activity 
approximately to wake levels (Fig. 7.1). A change in ANS 
innervation of the heart and vasculature drives wake-to-sleep 
reductions in blood pressure (BP; typically reaching its mini-
mum in the first hour of sleep), HR, and systemic vascular 
resistance, which are further reduced as NREM sleep per-
sists. On entry to REM sleep, HR and BP become more vari-
able and show an overall increase relative to NREM sleep [5, 
7, 8]. Of note, these sleep-stage-dependent ANS changes 
occurring during night-time sleep also seem to be evident 
during daytime napping [9–11]. Within NREM periods, 
ANS and CV activities are relatively stable. The variability 
in ANS activity during REM is possibly due to repeated tran-
sient activations (e.g., tachycardia, BP rises) associated with 
phasic REM events.

Changes in CV and ANS function across the night largely 
reflect changes in sleep stage distribution across the night 
(e.g., progressive increases in the time spent in REM sleep 
over subsequent NREM-REM cycles across the night). 
However, as discussed later, circadian influences also play a 
role in influencing these measures, particularly HR.

Overall, the reduction in CV activity during sleep, and 
particularly during NREM sleep (which, as highlighted 
above, occupies the majority of the sleep period), plays a key 
role in maintaining CV health providing a period of CV qui-
escence, what has been described as a “holiday” for the CV 

1 Cardiac sympathetic nervous system activity can be non-invasively 
determined during sleep using impedance cardiography. This technique 
in combination with ECG allows measurement of beat-to-beat changes 
in chest electrical impedance. It allows the assessment of the pre-ejec-
tion period, i.e., the timing between the onset of the electrical depolar-
ization of the left ventricle and the mechanical opening of the aortic 
valve, considered a valid index of cardiac sympathetic nervous system 
function. A direct measure of peripheral sympathetic activity can be 
obtained via microneurography, an invasive technique directly record-
ing from sympathetic nerve fibers (e.g., peroneal or tibial nerves at the 
knee) using intraneural microelectrodes. However, due to its invasive-
ness, microneurography has limited application in sleep studies [1].
2 Cardiac vagal functioning is commonly determined non-invasively 
during sleep via heart rate variability (HRV) analysis techniques using 
electrocardiographic (ECG) signals. In particular, ECG HRV in the 
high frequency range (0.15–0.40  Hz, which comprises the normal 
respiratory frequency) reflects respiratory sinus arrhythmia, i.e., the 
variation in the beat-to-beat intervals in synchrony with respiration 
(beat-to-beat intervals are shortening during inspiration and lengthen-
ing during expiration), which is widely accepted as a measure of car-
diac vagal modulation [6].

system [5]. For example, the extent to which BP falls during 
the sleeping period, characterizing the individual’s dipping 
profile, as compared to waking values (~10–20% BP reduc-
tion during sleep), is considered a clinically important 
marker for CV health [12].

Insufficient nocturnal CV recovery could have repercus-
sions for health, increasing the risk for several adverse 
outcomes, including CV disease [13, 14]. Arousals from 
sleep, accompanied by vagal withdrawal, SNS activation, 
peripheral vasoconstriction, and abrupt BP surges, are the 
major determinant in altering an individuals’ nocturnal ANS 
and CV profile.

 Sleep ANS Control: Circadian Modulation

Techniques like forced desynchrony3 or constant routine4 
have been used to isolate circadian-specific influences on 
ANS. Evidence indicates that HR is under strong circadian 
influence, reflecting the tight correlation between HR and 
metabolic heat production. In absence of sleep, the 24-h 
rhythm of HR approximates a sine wave, with HR being 
higher during the “normal daytime wake” period and reach-
ing its lowest at night, in the second-half of the “normal sleep 
period” [5, 8]. Similarly, cardiac vagal ANS activity, as 
determined by the variability in the beat-to-beat intervals 
(respiratory sinus arrhythmia), also shows circadian influ-
ences, with rises in vagal modulation even anticipating the 
onset of sleep, reaching its maximum at night, and being 
generally suppressed during the “normal waking hours.” It is 
possible that this rise in vagal activity preceding the onset of 
sleep may contribute to the occurrence of sleep. Differently, 
cardiac sympathetic ANS activity seems to be mainly influ-
enced by the sleep system, showing little or no circadian 
variations [5, 8].

The 24-h profile of BP resembles a square wave function 
with high and constant BP values during the waking hours, 
which is followed by an abrupt BP drop in association with 
the onset of sleep, a constant lower BP during sleep relative 
to wake, and a rapid rise in BP at morning awakening (which 
seems to be more related to postural and ambulatory changes 
rather than an effect of the sleep/wake transition). These 

3 Forced desynchrony is used to study the interaction between sleep 
homeostasis and circadian rhythmicity. Forced desynchrony protocols 
impose on individuals very short (about 20 h) or very long (about 28 h) 
cycles of rest-activity, which are outside the range of entrainment of the 
circadian pacemaker (about 24 h). This allows disruption of the align-
ment between the environment and the intrinsic circadian rhythm.
4 Constant routine protocols are also commonly used in sleep circadian 
science to isolate the effect of circadian (endogenous) rhythms from the 
influence of confounding factors like sleep, temperature, light, food 
intake, postural changes, and physical activity. In constant routine pro-
tocols, individuals are kept awake for at least 24 h under controlled 
laboratory conditions.
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changes are strongly influenced by the sleep system. The cir-
cadian influences over BP are less clear, with some studies 
showing some circadian effects and some others not [8]. It is 
possible that confounding effects, like the extent to which 
individuals are sleep deprived, may have accounted for pos-
sible discrepancies among studies. See also [15], for a fur-

ther discussion about endogenous and exogenous factors 
affecting the 24-h BP profile.

Circadian influences on the ANS are of potential clinical 
relevance, since CV events (e.g., ischemic stroke and myo-
cardial infarction) display a circadian distribution with 
higher incidence in the morning hours [16].

Fig. 7.1 The graph highlights a typical shifting in sleep autonomic ner-
vous system (ANS) control across the night, as a function of sleep/wake 
state and sleep stages. In the top panel, sleep stages (wake, rapid-eye- 
movement [REM] sleep, N1, N2, and N3) are plotted as a function of 
time across the night. This graphic representation is called a “sleep hyp-
nogram,” which provides a graphical picture of an individual’s sleep 
macrostructure. The middle panel reflects the variation of 
electrocardiographic- derived heart rate across the night. Finally, the 
bottom panel represents the variation in cardiac vagal control (deter-

mined by the frequency analysis of heart rate variability as the propor-
tion of high frequency heart rate variability relative to total heart rate 
variability) across the night. In the graph, readers can notice a wake-to- 
sleep drop in heart rate and increases in cardiac vagal control across the 
falling asleep period, with the opposite pattern in association with 
awakenings at night. Cardiac acceleration and reduced vagal control 
characterize REM periods when compared to non-REM (N1, N2, and 
N3) sleep. Data are from a young adult who underwent a polysomno-
graphic recording at the SRI Human Sleep Laboratory
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 Sleep ANS Control: The Falling Asleep Period

Sleep onset marks the wake-to-sleep transition, after bedtime 
(or lights-off, the time point reflecting the onset of the indi-
vidual’s attempt to sleep). Falling asleep could be considered 
a dynamic de-arousing process characterized by a progres-
sive reduction in an individual’s responsiveness to external 
stimuli and by an increase in behavioral quiescence, accom-
panied by physiological changes that involve most of our 
biological systems.

From a PSG perspective, people are considered sleeping 
when first reaching any PSG-marked stage of sleep (usually 
N1 or N2). The individuals’ cortical activity, which is highly 
desynchronized and of low voltage amplitude in wake, 
moves to an overall decrease in complexity and increase in 
synchronization across the wake-to-sleep transition [17]; 
core body temperature drops, distal temperature increases, 
and respiration rate reduces in the approach to sleep.

The ANS and CV systems show profound changes across 
the wake-to-sleep transition, which is typically character-
ized by a shifting from sympathetic to parasympathetic reg-
ulation. The sleep onset process is accompanied by 
peripheral vasodilation, and by an abrupt drop in BP, par-
ticularly evident when stable sleep is achieved. The drop in 
BP is coupled with a reduction in HR. This simultaneous 
drop in BP and, to a less extent, HR suggests a downward 
resetting of the baroreflex. The strong effect of sleep on BP 
is further elucidated by a study comparing ANS and CV 
measures between participants going to sleep at their nor-
mal time vs. after a delay of 3 hours [18]. Results show that 
a delayed sleep onset is associated with a delayed BP fall. In 
the same study, a strong influence of sleep on vagal activity 
was evident, with increases in vagal activity in association 
with sleep onset.

 Sleep ANS Control: Developmental 
Maturation and Sex Differences

Profound changes in sleep occur from birth to adolescence, 
particularly in the first year of life and across the adolescent 
period.

Newborns spend about 64% of their time sleeping, which 
is characterized by a polyphasic sleep/wake pattern. 
Circadian rhythms are not yet fully expressed, and sleep 
stages consist of active (adult REM-like sleep; lasting about 
50% of their total sleep time) and quiet sleep (adult NREM- 
like sleep; lasting about 14% of their total sleep time), alter-
nating two to three times within a single sleep period [19]. 
Across the first year of life, the sleep periods lengthen with a 
reduction in the total sleep duration (due to a reduction in 
daytime sleep), and there is a shift in the proportion of quiet 
and active sleep. By the end of the first year, the amount of 

quiet sleep is greater than 50%. Also, sleep progressively 
shifts from polyphasic to monophasic, due to a maturation of 
the circadian processes and becomes more consolidated (less 
awakenings). To a less extent, sleep maturation progresses 
across the pre-school years (~1–5 years) and middle child-
hood (~6–12 years) [19].

Across adolescence (~12–18  years), sleep duration 
decreases due to changes in bioregulatory processes com-
bined with social and environmental pressures, which lead to 
later bedtimes and early morning awakenings (mainly dic-
tated by school schedules), reducing the time available for 
sleep. In particular, dramatic changes occur in sleep structure 
with SWA showing a dramatic reduction (>50%) starting 
between age 11 and 12 [20]. Given the central-autonomic 
nervous system’s interdependency during sleep [1], it is not 
surprising that sleep ANS function is also affected by devel-
opmental changes.

Sleep ANS control in children and adolescents is largely 
unexplored and primarily based on cross-sectional data 
employing HRV analyses techniques. Further, sex differ-
ences in development are poorly understood. Shifting in 
ANS activity between stages of sleep (e.g., quiet vs. active 
sleep) is evident in newborns and infants, and even in fetuses 
[21–23], despite not fully resembling the sleep-dependent 
changes in ANS activity seen in adults. Circadian variation 
in ANS activity seems to appear in late infancy [24] which is 
in line with the evidence that newborns do not have fully 
established sleep circadian rhythms.

Overall, HR progressively slows across childhood and 
adolescence and HRV increases (reflecting increases in car-
diac vagal dominance) until reaching a peak between the 
ages of 15 and 18 years and then declines with advancing age 
[25].

Intriguing results from our cross-sectional study of noc-
turnal HR and HRV in adolescents indicated that develop-
mental differences in nocturnal HR and HRV were not 
equivalent between the sexes: older boys showed a lower HR 
than younger boys, across the age range of 12–22 years, an 
age effect not evident in girls, such that older girls had a 
faster nocturnal HR than older boys [26]. Differently, only 
girls showed a significant age-related drop in cardiac vagal 
ANS activity. HR and HRV showed the same pattern of 
change across the sleep period in adolescents, as seen in 
adults, with a drop in HR and increase in vagal activity across 
the night, and higher HR in REM sleep versus NREM sleep 
[26]. However, boys showed a greater increase in HRV 
across the night than did girls, which could reflect a sex dif-
ference in circadian regulation of the ANS, although further 
study is needed. An apparent sex difference in sleep stage 
shifting in ANS control was also apparent, with girls exhibit-
ing a greater NREM-to-REM HR increase than boys. 
Sedentary activity (increasing with age in girls) partially 
mediated the age- and sex divergencies in HR [26].
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Sleep ANS functioning changes with aging in adults, 
toward an overall decline in vagal control and faster heart 
rate during sleep in older vs. younger adults [27, 28], even 
when age-related changes in respiratory patterns and sleep 
quality (declining in older age) are considered. Sleep stage 
shifting in ANS activity is preserved in older adults, but it 
appears to be blunted (reduced magnitude of NREM-REM 
changes in ANS activity), as compared to younger adults 
[27]. The overall age-related decline in sleep cardiac vagal 
control parallels the age-related sleep deterioration charac-
terized by marked drops in SWA, although the relationship 
between vagal functioning and SWA across the night is 
maintained with aging [28], suggesting that these cortical- 
cardiac interactions during sleep are preserved.

Adult women have generally higher HR paired with 
greater cardiac vagal control, as compared to men [29] but 
sex-specific differences in sleep ANS control are less clear. 
For example, studies are conflicting, with some indicating 
greater NREM-to-REM cardiac ANS excitatory responses 
(toward sympathetic dominance) in men compared to 
women, and others showing the opposite [30–32].

 Sleep ANS Control: Female-Specific 
Hormonal Factors

Across their lifespan, from puberty to post-menopause, 
women experience fluctuations in reproductive hormones. 
When evaluating sleep ANS control, female-specific hor-
monal factors need to be accounted for, since hormones 
interact with sleep and the ANS.  For example, estrogen 
receptors are present in many systems including the CV sys-
tem. Estradiol is considered a cardioprotective factor, with 
evidence indicating that it acts centrally in modulating the 
ANS via increasing vagal outflow and decreasing sympa-
thetic drive [33]. Opposite ANS effects seem to be driven by 
progesterone.

Cyclical changes in reproductive hormones across the 
menstrual cycle influence sleep and ANS regulation during 
sleep. Sleep ANS control shifts toward a greater HR and 
reduced cardiac vagal ANS control in the luteal phase (where 
progesterone is high) compared with the follicular phase of 
the menstrual cycle. However, NREM-REM shifting in ANS 
control is maintained across phases of the menstrual cycle 
[34, 35]. An increased HR and reduced vagal activity in the 
luteal phase are not specific to sleep, being evident when 
analyzing short periods of ECG recording during wake, or 
across 24 h [36]. Body temperature changes across the men-
strual cycle, with a higher temperature in the luteal phase 
compared to the follicular phase, may be implicated in the 
menstrual phase-related ANS changes.

Changes in the hormonal environment across the meno-
pause transition in midlife, when women experience variable 

menstrual cycle lengths and then amenorrhea, have also been 
linked to changes in ANS control toward a reduction in car-
diac vagal activity and a shifting to sympathetic dominance 
in post- compared to pre-menopause. These changes need to 
be considered in addition to age-related changes in ANS con-
trol. Shifting in ANS control according to menopausal stage 
seems to be attenuated in women taking estrogen replace-
ment therapy, but not when estrogens are combined with pro-
gestins [36]. However, studies are based on 24 h or short 
daytime assessment of ANS function, and there is a lack of 
evidence about changes in ANS activity during sleep across 
the menopause transition. Menopause specific symptoms, 
i.e., nocturnal hot flashes,5 impact sleep [38] and sleep ANS 
control [39, 40] in symptomatic women. Overall, hot flashes 
are associated with transient tachycardia, increases in car-
diac sympathetic activity and vagal withdrawal. They are 
also associated with blood pressure drops when flashes are 
occurring in undisturbed sleep; differently, hot flashes are 
associated with sudden and transient BP rises when accom-
panied by arousals [40], reflecting the strong sleep/wake 
modulation of BP. Despite the evidence of transient shifting 
in sleep ANS control, it is unclear if these changes affect 
tonic sleep ANS control across the night, and whether the 
nocturnal ANS profile and CV restoration are altered.

 Potential Advancements in Understanding 
Sleep ANS Control: Sleep-Tracking 
Technology

Over recent years, there has been substantial growth in con-
sumer sleep-tracking technologies (CSTs) (e.g., wearables 
and nearables) and sophisticated inexpensive multisensory 
devices (most commonly, wristwatches) that can track 
users’ behavior and physiology. Of relevance, they can pro-
vide information about an individuals’ sleep/wake state, and 
most recently, sleep stages (NREM “light” and “deep” 
sleep, and REM sleep), together with the recording of the 
functioning of other body systems such as the ANS [41], 
and thus potentially providing a window on an individuals’ 
sleep-related ANS functioning. Beat-to-beat HR is usually 
recorded by these devices via analysis of blood flow as mea-
sured by photoplethysmogram sensor, and similarly to the 
HR detected via ECG, its variability can be analyzed and 
features reflecting ANS control can be extracted [42, 43] (an 
example of the nocturnal profile for HR as detected by a 

5 Hot flashes are a hallmark of the menopausal transition, affecting up to 
80% of women. Hot flashes are a sensation of heat, sweating, flashing, 
anxiety, and chills lasting 3–10 min. They are a thermoregulatory phe-
nomenon described as a heat dissipation response (peripheral vasodila-
tion → increases in heat loss → increases in sweating → evaporative 
cooling). The frequency and perceived intensity of the flash can vary 
widely, and they can occur both day and night [37].
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commercial  sleep- tracking device and gold standard ECG 
can be found in [44]).

While originally designed as fitness trackers, targeting the 
general consumers as recreational devices with claims of 
general wellness, CSTs are now being increasingly used in 
clinical and research protocols [42]. CSTs allow collection 
and processing of information about sleep and cardiac func-
tion 24/7 over time, from a few months to years. They can be 
integrated with the use of ecologic momentary assessments, 
at-home collection of biospecimens, etc., which could poten-
tially allow the investigation of sleep and cardiac function in 
relation to a myriad of biopsychosocial factors and condi-
tions (e.g., sleep deprivation, jet lag, stress, demographic fac-
tors such as age and sex, hormones, substance use). This 
could be extremely valuable in mapping the normal develop-
ment of sleep cardiac function, under which circumstances 
and how sleep ANS regulation is impacted, and which fac-
tors can promote sleep ANS and CV restoration. Also, devi-
ating sleep HR profiles can be used in disease recognition 
and management, and potentially in predicting the onset of 
CV conditions.

The use of CSTs is currently facing several challenges, 
including questions on the level of accuracy and reliability of 
these devices [41], as well as privacy and ethical issues; how-
ever, in the near future, CSTs may play a role in advancing 
the understanding of sleep-dependent and circadian regula-
tion of ANS.
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Nocturnal Arousal Phenomenon 
and the Autonomic Nervous System

Liborio Parrino

The heart asks pleasure first,
And then, excuse from pain;

And then, those little anodynes
That deaden suffering,

And then, to go to sleep;
And then, if it should be

The will of its Inquisitor,
The liberty to die. 

—Emily Dickinson

 The House of Sleep

According to the rules recommended by the American 
Academy of Sleep Medicine (AASM), sleep analysis is cen-
tered on the recognition of rapid eye movement (REM) sleep 
and non-REM sleep (NREM), the latter divided into three 
stages (N1, N2, N3) [1]. Stages N1 and N2 represent light 
sleep, and stage N3 corresponds to deep sleep. These stages 
and their temporal succession constitute the macrostructure 
of sleep.

Sleep macrostructure may also be called the architecture 
of sleep. Sleep macrostructure may be likened to the con-
struction of a house with rooms, stairs, and functional spaces 
in addition to the openings in the external walls to let light 
and air inside, allowing interaction between the outward and 
the internal habitat (Fig. 8.1). In sleep, arousals may be con-
sidered as the windows of the house allowing integration 
between inner and environmental influences. Conventional 
electroencephalographic (EEG) arousals are transient intru-
sions (about 10 seconds) of wakefulness in sleep. As short- 
duration events, individuals retain no memory of nocturnal 
arousals but the body and the brain do not remain neutral to 
these transient interruptions: sleep EEG is abruptly replaced 

by a wake path, the muscle tone is activated, heart rate accel-
erates, and arterial pressure rises [2].

Arousal is therefore an oxymoron, a lucid contradiction, 
which manages to combine the main characteristics of activ-
ity (dominance of the orthosympathetic nervous system) 
within a framework of quietness and rest (dominance of the 
vagal system). Being a fleeting activation, the impact of a 
single arousal tends to leave limited consequences on sleep 
continuity and on the health of the individual. However, in 
the context of physiological sleep, arousals rarely appear as 
isolated phenomena, while they are often aggregated to 
other arousals and organized like flying swarms (Fig. 8.2). 
These periodic EEG events become the choreography of 
sleep, a sequence named the cyclic alternating pattern or 
CAP (Box 8.1) [3].

During CAP, fluctuations in the level of vigilance swing 
in harmony with changes in the autonomic nervous system. 
The heart rhythm accelerates during phase A and slows down 
during phase B (Fig. 8.3). Similarly, muscle tone is activated 
during phase A and is attenuated during phase B.
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Fig. 8.1 A relaxing home setting as a metaphor of sleep architecture. 
Arousals are expressed by the windows that offer a two-way interaction 
with the outside world. (Photo courtesy of Hans Eiskonen on Unsplash)
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The A phases of CAP are identified by specific EEG fea-
tures and reflect different degrees of cerebral, vegetative, and 
behavioral activation [2]:

• Subtypes A1: Dominated by K-complexes and delta 
bursts generally accompanied by a weak autonomic and 
motor enhancement.

• Subtypes A3: Consisting of alpha and beta EEG activities 
associated with powerful autonomic and behavioral 
impact.

• Subtypes A2: A mixture of A1 and A3 EEG features with 
intermediate vegetative and motor consequences.

 Beyond the Sleep Stages

Under physiological conditions, subtypes A1 are involved in 
the buildup and consolidation of slow wave sleep (homeo-
static process), while subtypes A2 and A3 mostly prepare the 
transition from NREM to REM sleep (ultradian process) [4]. 
This means that conventional arousals (CAP phases A2 and 
A3) and arousal-equivalents (CAP phases A1) play an active 
role in the dynamic organization of sleep. They become det-
rimental only when their amount exceeds certain limits or 
when they occur outside the operational sleep model.

The inability of conventional rules to capture the differ-
ences in EEG patterns within epochs and between epochs of 
the same stage is a puzzling issue. As pointed out by Younes 
et al. [5], a 30-s epoch is scored awake whether the EEG pat-
tern is fully awake throughout or contains one or more brief 
sleep patterns (microsleep), so long as the duration of the 
sleep pattern is <15  seconds. Once the 15-s threshold is 
exceeded, the stage becomes sleep (N1, N2, N3, REM). 

Fig. 8.2 In non-rapid eye movement (NREM) sleep, arousals rarely 
appear as scattered events but are lumped together in the organized 
cyclic alternating pattern (CAP) just like a flock of birds. (Photo cour-
tesy of https://www.goodfreephotos.com)

Fig. 8.3 When the cyclic alternating pattern (CAP) appears on the electroencephalogram, the autonomic system undergoes tempered synchro-
nized oscillations with the A phases generally preceding the onset of cardiac rhythm increases

Box 8.1 The Rules of the Cyclic Alternating Pattern (CAP)

In all non-rapid eye movement (NREM) stages, CAP is 
organized in sequences:
  A CAP sequence consists of a succession of CAP cycles.
  Each CAP cycle consists of a phase A (activation) and the 

following phase B (interval).
  At least two consecutive CAP cycles are required to define a 

CAP sequence.
  Each CAP phase has a duration of 2–60 seconds.
  The absence of CAP for>60 seconds is defined as non-CAP.
  An isolated phase A (i.e., preceded or followed by another 

phase A but separated by more than 60 seconds) is classified 
as non-CAP.

  Non-CAP coincides with a condition of physiological 
stability.

  Non-CAP and CAP sequences constitute the microstructure 
of sleep.
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Likewise, sleep in any stage can be interrupted by EEG pat-
terns associated with wakefulness, but the whole epoch is 
scored as sleep, so long as the awake patterns are <15 s in 
duration. It is also known that fast (beta) and slow (delta) 
EEG features oscillate reciprocally across NREM and REM 
sleep even within the same stage [6].

The phase A subtypes of CAP offer a more flexible inter-
pretation of these dynamic shifts within and between the 
scoring epochs. High-amplitude slow rhythms or 
K-complexes are associated with the same kind of motor and 
vegetative changes typically accepted as arousal signs. Both 
spontaneous and evoked K-complexes are associated with a 
significant acceleration of heart rate compared to baseline 
conditions. According to Kokkinos et  al. [7], “K-complex 
embodies an arousal with subsequent sleep guarding coun-
teraction that might on one hand serve monitoring of the 
environment with basic information processing and on the 
other hand protect continuity of sleep and thus its restoring 
effect.”

In children and young adults, CAP subtypes A1 become 
dominant. As we age, this subtype gradually becomes less 
frequent in elderly individuals. Conversely, A3 subtypes rise 
linearly from adulthood to senescence, reflecting an age- 
related decline of sleep resilience [8, 9].

In addition, CAP A phases enhance the hierarchic 
range of arousal responses in relation to the ongoing 
behavioral and autonomic conditions. In healthy indi-
viduals [10], CAP phases A3 remain unmodified under 
increasing sound pressure levels, while subtypes A1 and 
A2 parallel the rise of noise intensity applied throughout 
the night [11]. In sleep pathologies [12], subtypes A2 and 
A3 are increased in periodic limb movement disorders 
while all CAP subtypes are increased in sleep-related 
hypermotor epilepsy (SHE). In obstructive sleep apnea 
syndrome (OSAS) patients, 60.3% of hypopneas and 
28.4% of apneas terminate with an A1 subtype during 
NREM sleep [13, 14], suggesting that weaker respiratory 
events require weaker EEG reactions to restore effective 
breathing. Analysis of sleep recordings carried out in 
OSAS patients also showed no difference in the arousal 
index between mild and moderate-severe OSAS patients, 
while CAP time underwent a progressive enhancement 
(p  <  0.0001) from normal subjects (152.5  ±  20.76  min) 
to mild (180.64  ±  34.76  min) and moderate to severe 
(282.27  ±  58.02  min) conditions. Although only 41.1% 
of intermittent flow limitation (FL) events met the AASM 
criteria for the definition of RERA (respiratory effort-
related arousal), 75.5% of FL events ended with a CAP A 
phase terminating in most cases (69.1%) with a phase A3 
subtype [14]. Once again, micro-events related to sleep 
EEG or breathing patterns remain inadequately explored 
without the support of CAP metrics.

 Surrogate Markers of Cortical Arousals

The use of portable monitoring has become a reliable cost- 
effective alternative to standard polysomnography, although 
this method lacks information on EEG activities. Analysis 
of polysomnographic recordings from 20 male individuals 
with OSAS quantified the combined (interval of 4 s before 
and 4 s after breathing recovery) or separate occurrence of 
CAP A-phases (cortical activation), and pulse wave ampli-
tude (PWA) drops (below 30%) in relation to apneas, hypop-
neas and FL events. Across the night, 71.8% of all types of 
respiratory events were followed by a dual response (A 
phase associated with a PWA drop). The combined cortical 
and autonomic activation confirms that the perturbed sleep-
ing brain reacts in most cases with a simultaneous activation 
of both EEG and vegetative subsystems and suggests a pos-
sible role of PWA as a marker of the EEG response to air-
flow reduction or increased upper airway resistance. Overall, 
90% of apneas, 83% of hypopneas, and 69% of FL events 
were associated with a PWA drop, without significant dif-
ferences between NREM and REM sleep. The study also 
showed a progressive increase of dual responses from FL to 
hypopneas and apneas indicating that the arousal response 
evolves into a more powerful and extensive activation as air-
way obstruction increases [15].

 Measuring Heart Rate Variability: The R-R 
Interval

According to the polyvagal theory [16], a physiological state, 
characterized by a vagal withdrawal, would support the 
mobilization behaviors of fight and flight. In contrast, when 
the environment is perceived as safe, the bodily state pro-
motes growth and restoration (e.g., visceral homeostasis) 
through an increase in the influence of myelinated vagal 
motor pathways on the cardiac pacemaker that slows the 
heart, inhibits the fight or flight mechanisms of the sympa-
thetic nervous system, dampens the stress response system 
of the hypothalamo-pituitary-adrenocortical (HPA) axis 
(e.g., cortisol), and reduces inflammation by modulating 
immune reactions (e.g., cytokines).

The beat-to-beat variability is the superimposed sum of 
different rhythmic heart rate oscillations. The two main heart 
rate periodicities occur at a “fast” high-frequency (HF) asso-
ciated with spontaneous breathing (i.e., respiratory sinus 
arrhythmia [RSA]) and a slower or “low” frequency (LF) 
assumed to be related to the endogenous rhythm of blood 
pressure regulation via the baroreceptors and spontaneous 
vasomotor activity.

The frequency of RSA is generated by the same brainstem 
mechanisms involved in generating the frequency of respira-
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tion, while the amplitude of RSA represents the functional 
impact of vagal efferent pathways originating in the nucleus 
ambiguus on the cardiac pacemaker [17–19].

RR intervals (RRI) are quantified by measuring the dis-
tance between ECG-derived R-waves. The LF component of 
RRI (LFRR) is considered a marker of sympathetic cardiac 
modulation, whereas the HF component of RRI variability 
reflects respiratory-driven vagal modulation to the sinoatrial 
node. During sleep, RRI increases in comparison to wakeful-
ness, with concomitant decrease in low-frequency RRI and 
increases in high-frequency RRI oscillations.

 R-R

In normal young adults, exposure to repetitive acoustically 
induced arousals during sleep produces cumulative effects 
on autonomic control characterized by significant increases 
in LF oscillations of systolic blood pressure. Moreover, the 
RSA gains that accompany progressive sleep depth in nor-
mal sleep are prevented from occurring [20].

In NREM sleep, the RRI increases before the A phase 
and decreases in the post-phase A epoch suggesting a rela-
tion between CAP and autonomic modulation. Although 
both sympathetic and parasympathetic pathways are 
involved during the occurrence of A phases, the increase of 
sympatho- vagal ratio LF/HF appears more relevant during 
post-epochs in A2 and A3 phases, commonly associated 
with visible sleep fragmentation. However, a significant 
increase in LF/HF and LF% also in both pre- and post-
epochs of A1 subtypes is reported in nocturnal frontal lobe 
epilepsy (now renamed SHE), suggesting that these patients 
have continuously higher levels of arousal activity during 
NREM sleep [21]. Assessment of the cardiovascular system 
during sleep in normal controls and NFLE patients shows 
that all the activations (A phases) present a similar latency 
(4 seconds) at the minimum of the RR interval with respect 
to the A-phase onset [22].

 Cardiopulmonary Coupling and CAP

During the respiratory cycle, the heart-to-electrode distance 
changes due to the movement of the ECG electrodes in rela-
tion to the heart. Accordingly, the QRS morphology and 
amplitude vary in concordance with the changes in the trans-
thoracic impedance as the lungs fill and empty. Modulation 
of the respiratory signal obtained from a single-lead ECG is 
a technique known as ECG-derived respiration (EDR). 
Cardiopulmonary coupling (CPC) is a frequency-based 
method that captures the phase differences (or degree of cou-
pling) between the EDR and the RRI [23].

Analyzing ratios between CPC and the main heart rate 
frequency bands, the preponderance of power ratio in the LF 
is correlated with CAP periods and can be an indication of 
periodic respiration during sleep disordered breathing. In 
contrast, a preponderance of power in the HF is associated 
with deep sleep, physiologic respiratory sinus arrhythmia, 
and non-CAP periods [24, 25]. In patients with severe OSAS, 
where CAP rate is heavily enhanced, the phase coupling is 
significantly lower compared to controls [24]. On the con-
trary, during continuous positive airway pressure (CPAP) 
therapy, which increases the amount of non-CAP, coupling 
shows a strengthened frequency [26]. The consistent associa-
tion between EEG features (CAP vs non-CAP) and LF/HF 
modulation confirms that CPC can be used as a surrogate 
measure of sleep quality, OSA severity, and successful treat-
ment. More extensively, these findings endorse the entangled 
interaction between rapid autonomic adjustments and the 
CAP system in the adaptive preservation of sleep against 
internal or environmental menaces.

 Sleep Protection Insurance

Modern homes rely on a number of key systems (water sup-
ply, power, electronics, heating, and cooling) that influence 
the quality of our domestic lives. Although the architectural 
project of our sleep cannot be personally designed, we may 
try to understand the flexible solutions that the brain-body 
connection seeks to maintain survival during 8  hours of 
unconscious rest (Fig. 8.4). Resilience is the ability of a sub-
stance or object to spring back into shape, the capacity to 
recover quickly from adverse or sudden changes. Manifold 
guardians including circadian, ultradian, and homeostatic 
processes, brain networking, muscle tone, gravity, and 
dreams warrant sleep resilience, and CAP is one of these 
basic sentinels [9]. Unexpected perturbations require com-
munication between the brain and body. An acoustic stimu-
lus administered during sleep is elaborated at a microscale 
level (CAP) before inducing relevant macrostructural 
changes. Due to anatomic connectivity, assessment of the 
noise input inevitably spreads across the neural pathways 
carrying information to motor, sensorial, and vegetative net-
works. This sharing process enables the nervous system to 
evaluate the potential risk of the perturbing factor and gener-
ate suitable counter-actions. A transient noise can be per-
ceived as trivial (e.g., a car passing by under the window) or 
relevant (a child crying in the night). In the first case, sleep 
will be reversibly interrupted by an arousal. In the second 
scenario, the parent will adopt a more complex behavior—
processing the acoustic message, and rising to console the 
child. In both cases, EEG activation and autonomic  activation 
must be coupled: one cannot stand and walk without ade-
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quate values of blood pressure and heart rate. Moreover, if it 
is decided to maintain a passive strategy, at least for a num-
ber of seconds, the vegetative nervous system will be in an 
alert mode ready to shift from passive to active behavior. The 
restless flow of information between brain, body, and envi-
ronment indicates that sleep is not only the autonomous 
development of a rigid internal algorithm, but it is also the 
product of the interaction between sleep and psychic and 
organic and external factors.

Every single arousal response is a cooperative phenome-
non involving several interactions taking place in a coupled 
manner. According to the cybernetic law of requisite variety 
[27], availability of different arousal reactions (phase A sub-
types of CAP) is mandatory to assure maintenance of sleep 
regulation when the system may undergo a wide spectrum of 
aggressions.

In neurodegenerative disorders [28, 29] where CAP rate 
is pathologically reduced, the lack of appropriate options 
(phase A subtypes) makes the system insufficient to respond 
to potential internal or environmental disruptors. In these 

conditions, the sleeping brain offers a fragile interface 
against ongoing menaces as the paucity of EEG arousal 
responses parallels a shortage of autonomic reactions. 
Besides motor impairment, patients with amyotrophic lateral 
sclerosis (ALS) show a typical unbalanced autonomic modu-
lation. In ALS patients, EEG activity and vegetative func-
tions during sleep are less reactive, as shown by a decreased 
CAP rate and a reduction in HRV features, both in time and 
frequency domain, influenced by sympathetic and vagal sys-
tems. In particular, full-night analysis shows reduced values 
of pNN20 (dependent on parasympathetic activity), LF 
(dependent on sympathetic activity), and LF/HF ratio [30].

In conclusion, nocturnal arousal phenomena are not a sin-
gle all-or-nothing reaction but are expressed by a variety of 
adaptative processes during sleep. Variety means the total 
number of possible macro- and microstates of a system. 
Because redundancy increases systemic stability, sleep can 
survive when the number of states is greater than or equal to 
the number of potential or unexpected factors that need to be 
controlled. During sleep, a healthy brain can also transform 

Fig. 8.4 The exact moment a man dies. This is the final nocturnal 
recording of an 80-year-old male effectively treated with continuous 
positive airway pressure (CPAP) therapy for severe sleep apnea syn-
drome. At 2:35 AM, the breathing flow shows a regular pattern indicat-
ing lack of respiratory trouble or menaces. Suddenly, an error occurs 
(likely a cardiac arrest) that is probably perceived by the patient who 

starts a powerful breathing to overcome the life-threatening condition. 
Whether the patient is fully awake or hyperventilation occurs automati-
cally while asleep currently remains unknown. What is dramatically 
evident is the strenuous autonomic activation that a human being 
exploits before dying in the extreme effort to cling to life
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noise into order [31]. This is what happens when a stimulus 
triggers a CAP sequence: a succession of EEG arousals and 
arousal-equivalents aiming to preserve sleep continuity. This 
protective reaction is accompanied by intermittent autonomic 
activation ensuring a higher readiness for awakening by 
enhancing sensory transmission. A special microstate that 
avoids useless interruptions of sleep and adaptively reduces a 
potentially dangerous sensory deafferentation [32]. A brain-
body reaction that transforms a trivial noisy input into a 
meaningful cascade of events which increases systemic com-
plexity and information during sleep [31]. Siclari et al. [33] 
identified large slow waves in the frontal regions (possibly 
CAP A1 subtypes), which occurred on a background of 
reduced SWA and were associated with high-frequency 
power increases (local “microarousals”) heralding the suc-
cessful recall of dream content. Does this mean that arousal 
events are also associated with elementary cognitive pro-
cesses? The time is now ripe to explore these challenging 
issues.
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Methods of Laboratory Evaluation 
of the Autonomic Nervous System 
in Wakefulness and Sleep

Jacquie Baker and Kurt Kimpinski

 Laboratory Evaluation of the Autonomic 
Nervous System (ANS) in Wakefulness

 Clinically Validated Methods for Evaluation 
of Sudomotor Function

 Quantitative Sudomotor Axon Reflex Test 
(QSART)

Equipment To obtain accurate and reliable sweat volumes 
the following are required: (1) sudorometer, (2) multi- 
compartmental sweat capsules, and (3) acetylcholine (ACh) 
preparation.

Sudorometer QSART was originally validated at the Mayo 
Clinic (Rochester, MN) using a Mayo-built sudorometer 
and nitrogen gas to calculate relative humidity changes. 
However, because the Mayo-built sudorometer was not 
commercially available, another QSART device, namely 
Q-Sweat (WR Medical, Maplewood MN, USA), has since 
been manufactured and is commercially available. In con-
trast to the Mayo- built sudorometer, Q-Sweat uses dehu-
midified room air drawn in from an intake pump and 
channeled through desiccant. Air returning from the skin, 
consisting of evaporated sweat, causes a relative humidity 
change that is calculated and interpreted as a sweat response 
[1]. Studies directly comparing the two devices show simi-
lar sweat responses [2, 3].

Acetylcholine Two different ACh preparations have been 
validated: either a solution-based vehicle consisting of a 
10% weight:volume ratio or a gel-based preparation consist-
ing of 0.55 M ACh in a 2.4 weight/volume agarose gel [3]. 
The advantage of the solution is that it is quick and easy to 
mix, whereas gel preparation must be done in advance. 
However, there are some technical challenges to working 
with the solution, which can cause the liquid to leak into the 
recording compartment of the multi-compartmental sweat 
capsule [2]. In contrast, the consistency of the gel helps to 
maintain constant contact at the skin–capsule interface, 
which not only prevents leaking across compartments but 
also avoids air leaks that can interrupt volume recordings. In 
an early study, directly comparing gel- versus solution-based 
methods, there were no remarkable differences [3]. 
Furthermore, sweat volumes have been further compared 
using both the gel-based delivery with the commercially 
available Q-Sweat device. Normative data using these meth-
ods compared favorably to the volumes originally validated 
at the Mayo Clinic [2].

Protocol Throughout testing, individuals should remain 
supine in a quiet room maintained at a relatively constant 
temperature (~23.5–25.5°C). Prior to testing, the skin must 
be prepared using the following four-step process: First, ace-
tone is used to remove excess oils, followed by alcohol to 
remove acetone and water to remove alcohol, and the prepa-
ration is finished by using a dry paper towel to remove any 
excess moisture [1]. This process is performed at the follow-
ing four standard sites: forearm (ulnar nerve: ~3/4 the dis-
tance between the ulnar epicondyle and pisiform), proximal 
leg (peroneal nerve: ~5 cm distal to the fibular head), distal 
leg (saphenous nerve: ~5 cm proximal to the medial malleo-
lus) and the dorsal foot (sural nerve: flat surface over the 
extensor digitorum brevis) [1]. To complete the circuit, adhe-
sive ground electrodes are placed ~3–5 cm proximal to the 
sweat gland. Once all sweat capsules are in place and a flat 
baseline is achieved, ACh is trans-dermally iontophoresed at 
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a constant current of 2 mA for 5 minutes. Following stimula-
tion, an additional 5-minute post-stimulation period is com-
pleted to record residual sweat responses. Software programs, 
that is, WR Testworks (WR Medical Electronics, Maplewood, 
MN, USA), can calculate total sweat volumes from the inte-
grated area under the curve for the entire 10-minute 
protocol.

Physiology Quantitative Sudomotor Axon Reflex Test 
(QSART) evaluates the integrity of post-ganglionic sympa-
thetic axons. The neural pathway consists of an axon reflex 
mediated by the post-ganglionic sympathetic sudomotor 
axon. ACh binds to nicotinic receptors to activate the axon 
terminal, creating an antidromic impulse that travels to a 
branch point. Subsequently, an orthodromic impulse travels 
to a secondary nerve terminal whereby ACh is released. ACh 
released from the secondary axon terminal binds to M3 mus-
carinic receptors on eccrine sweat glands to evoke a reflexive 
sweat response [1, 4]. Total sweat volumes provide an assess-
ment of the integrity of this reflex pathway. Normative sweat 
volume data collected both in the United States and Canada 
report a significant effect of sex and age on sweat volumes 
[2, 3]. Generally speaking, males sweat more than females 
and total sweat volumes significantly decline with age. To 
control for technical differences and geographical regions, it 
is encouraged for individual labs to generate their own nor-
mative data. For those laboratories just starting out, norma-
tive data are available [3]. A normal sweat response is 
indicative of an intact post-ganglionic sympathetic axon 
reflex.

Clinical Interpretation Absent or reduced sweat volumes 
indicate a lesion to the post-ganglionic axon (Fig. 9.1a). In 
peripheral neuropathies, the distribution of sweat volume 
responses is of particular importance as length dependent 
change can provide insight into the severity of impairment. 
Diabetic autonomic neuropathies and other small fiber neu-
ropathies will show absent or reduced sweat volumes at more 
distal sites, and as the severity of the disease progresses, evi-
dence of more proximal impairment will emerge (Fig. 9.1b).

In disorders of autonomic dysfunction consisting of a pre- 
ganglionic lesions (i.e. multiple system atrophy [MSA]) 
QSART may appear normal; however, up to 30% of MSA 
patients can have abnormal QSART responses [5]. In con-
trast, patient with post-ganglionic lesions (pure autonomic 
failure [PAF], Parkinson disease [PD] + autonomic failure, 
etc.) will show evidence of reduced or absent sweat responses 
indicative of post-ganglionic sympathetic sudomotor failure 
(see Fig. 9.1a). Although not widely available, thermoregula-
tory sweat testing (TST) is another clinically validated tool 
that, when used in conjunction with QSART, can delineate 
impairment of pre- versus post-ganglionic sympathetic path-

ways. For example, TST stimulates a rise in core body tem-
perature (CBT), a reflexive sympathetic response mediated 
by both pre- and post-ganglionic nerves [4]. Therefore, 
abnormal TST  +  normal QSART would indicate a pre- 
ganglionic lesion. For a more in-depth discussion of TST, see 
the studies by Low and colleagues [6].

 Sympathetic Skin Response

Protocol Sympathetic Skin Response (SSR) can be done 
using a standard electromyography (EMG) machine with 
silver-silver chloride electrodes. Electrodes should be placed 
where there is a high density of eccrine sweat glands. 
Typically, recordings are taken from the palm and sole of the 
foot, with a reference electrode placed on the dorsum of the 
respective body parts [7, 8]. Similar to QSART, subjects 
should be supine in a laboratory setting maintained at a con-
stant temperature (22–24°C). In addition, skin temperature 
should be maintained between 32 and 36°C [7]. SSR can be 
evoked using a variety of stimuli; however, the most com-
mon is electrical stimulation delivered at a peripheral nerve, 
frequently the median and tibial, respectively. A single- 
square wave electrical pulse, 0.1–0.2 ms in duration deliv-
ered at an intensity of 10–50 mA, is frequently applied to 
both the contralateral and ipsilateral sides relative to the site 
of recording. Inter-stimulus intervals should typically be 
>60 seconds to minimize habituation [7, 8].

Physiology Similar to QSART, SSRs originate by activa-
tion of a polysynaptic reflex arc. Efferent sympathetic 
c-fibers activate eccrine sweat glands through a cholinergic 
pathway, as the response can be blocked with atropine [9]. 
SSR measures the change in potential on the surface of the 
skin, which represents sudomotor sympathetic nerve func-
tion. SSR evoked responses can be triphasic, biphasic, and, 
although rare, monophasic. The shape consists usually of 
positive and negative deflections with inter- and intra- 
individual variations in shape, latency, and amplitude. Two 
similar, yet opposing responses have been reported: P-type 
and N-type although P-type is most common [8], (Fig. 9.2). 
Latency of the SSR response is measured from the onset of 
stimulation to the first deflection from baseline. Amplitude is 
measured from the peak of the first deflection to the peak of 
the second deflection (peak-to-peak amplitude). Normative 
values for latency and amplitude have been quantified from 
upper and lower extremities [8]. Factors that can influence 
SSR include body temperature, type of stimulus used (i.e., 
cough, loud noise, inspiratory gasp), habituation, and indi-
vidual demographics such as sex, age, and height.

Clinical Interpretation SSR is most frequently used to 
assess relative impairment of post-ganglionic sudomotor 
sympathetic fibers in peripheral neuropathies. However, 
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there is little consensus on proper methods for evaluating 
SSR responses for detecting pathological states. Some labo-
ratories use a qualitative approach, for example, absence of 

an SSR at one or more sites is indicative of a pathological 
state. In contrast, other laboratories favor quantitative evalu-
ation of the latency and amplitude parameters [8].
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 Heart Rate Response to Deep Breathing (HRDB)

Equipment: ECG Autonomic testing can be completed 
with a standard three-lead electrocardiography. To ensure 
good contact and limit electrical impedance, avoid placing 
electrodes over any bony prominences. In addition, the skin 
should be prepared such that the electrodes remain intact at 
the site of placement. To enhance contact, ensure the skin is 
dry, removed of any excess oils, hair, and/or dead skin. 
Following adequate skin preparation, place chest electrodes 
below each clavicle within the ribcage. Place the lower lead 
on the left side below the lower edge of the left ribcage.

Beat-to-Beat Recording of Blood Pressure While the 
Korotkoff method remains the clinical gold standard for non- 
invasive blood pressure (BP) monitoring. This technique, 
along with the automated oscillometric method, is largely 
limited in autonomic assessments by the non-continuous 
nature of the recordings. The ability to measure beat-to-beat 
blood pressure (BP) remains an essential component for 
autonomic testing. While arterial catheterization remains the 
gold standard, this technique is invasive, requires trained 
personnel and introduces addition risk to the patient [10]. 
Therefore, the Penaz technique was the first to offer a non- 
invasive method for continuous blood pressure monitoring. 
The technique applies a volume-clamp approach using a 
small finger cuff containing a photoplethysmograph. Using a 
light source on one side of the cuff and an infrared receiver 
on the other side, blood volume could be estimated based on 
absorbance of the infrared light. “Finapres” (finger arterial 
pressure) (Finapres Medical Systems BV, Enschede, The 
Netherlands) was the first to modify the Penaz technique and 
is currently one of the most widely used devices for continu-

ous blood pressure monitoring [10]. Furthermore, Finapres 
BP measurements accurately reflect blood pressure when 
calibrated against intra-arterial measurements, and notably, 
the calibration is maintained throughout autonomic maneu-
vers [1].

Protocol To produce the maximal variation between 
breaths, individuals are asked to complete eight breaths at a 
rate of six breaths/minute.

[11]. Participants should be encouraged to breathe slow 
and steady so that breaths are smooth, but maximal. Visual 
feedback can be provided using an oscillatory bar set at a 
period of 10  seconds. Under ideal testing conditions, the 
maneuver should be repeated at minimum, two times in 
order to see two consistent responses. Standard analysis con-
sists of calculating the five highest consecutive peak-to- 
trough heart rate (HR) differences (maximum–minimum) 
and averaging these values to provide an average heart rate 
response to deep breathing.

Physiology Breathing naturally causes a pattern of dis-
charge from the vagus nerve, and the rate of discharge can be 
influenced by the rate and depth of respiration. The vagus 
nerve to the heart contains both the afferent and efferent 
pathways for this reflex arc, and therefore a robust heart rate 
change during deep breathing is regarded as a measure of 
healthy cardiovagal functioning. In contrast, reduced HR 
responses to deep breathing suggest cardiovagal impairment. 
To accurate interpret cardiovagal impairment, normative 
data for HRDB have been generated across different labora-
tories [2, 3]. In general, a consistent effect of age but not sex 
has been reported [2, 3] such that the average heart rate 
response progressively declines with age. However, as with 
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Fig. 9.2 Sympathetic skin response waveforms: (a) N-wave (scaled) and (b) P-wave (scaled)
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all normative datasets it is encouraged for individual labs to 
generate their own set of control values. As with QSART, 
normative data have been generated and are available for ref-
erence. Other significant factors that may influence heart rate 
outcomes include: rate and depth of breathing, hypocapnia, 
medications, and obesity [3].

Clinical Interpretation Based on the generation of norma-
tive datasets, a physiological “normal” can be determined for 
different age groups. Reduced/absent heart rate responses 
relative to a healthy age- and sex-matched cohort provide 
evidence of cardiovagal impairment (Fig. 9.3).

 Valsalva Maneuver (VM)

Protocol While in the supine position, participants are 
instructed to perform a deep inhalation with the mouthpiece 
out of their mouth. Immediately following inhalation, par-
ticipants should then be instructed to put the mouthpiece in 
their mouth, create a tight seal around the mouthpiece, and 
subsequently exhale into the mouthpiece. Exhalation should 
be maintained at an expiratory pressure of 40 mm Hg held 
for 15 seconds. Following release of the maneuver, partici-
pants should be encouraged not to talk for 30 seconds while 
a recovery phase is completed.

Physiology Valsalva maneuver (VM) is a simple, non- 
invasive test ideal for providing information regarding adren-

ergic and cardiovagal health. The response consists of 
beat-to-beat changes in blood pressure that, when properly 
executed, produce the following quadriphasic blood pressure 
response (Fig. 9.4a).

• Phase I: Phase I is mechanical in nature, upon inhalation 
there is a large increase in intra-thoracic pressure that 
causes compression of the aorta and a subsequent small 
increase in systolic blood pressure (SBP).

• Phase II_Early: In early phase II, there is a transient 
decline in SBP due to a reduced stroke volume and conse-
quently a reduction in cardiac output (Q).

• Phase II_Late: The drop in SBP is arrested and begins to 
rise as a result of increased plasma concentration of nor-
epinephrine (NE) and increased sympathetic discharge. 
This response is alpha-adrenergically mediated and 
together increase total peripheral resistance (TPR).

• Phase III: Phase III, similar to Phase I, is mechanical. 
Upon release of the maneuver, the drop in intra-thoracic 
pressure results in a rapid drop in SBP.

• Phase IV: In response to the sudden drop in SBP in Phase 
III, there is a burst in sympathetic activity to increase 
Q.  Increased Q in conjunction with the increased TPR 
from Phase II_Late results in a large SBP overshoot above 
baseline levels.
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Clinical Interpretation When properly executed, this 
maneuver provides immediate qualitative interpretation of 
cardiovagal (Valsalva ratio [VR]), alpha-adrenergic (late 
phase II) and beta-adrenergic (phase IV) health. Physically 
the vagus nerve is a long nerve, and as such shows impair-
ment in the early stages of diabetic autonomic neuropathies. 
Reduced VRs indicate evidence of cardiovagal impairment, 
which can be present before adrenergic impairment. In con-
trast, patients with peripheral adrenergic failure will have an 
absent late phase II, but intact phase IV.  When both late 
phase II and phase IV are absent, this indicates both 
 peripheral and cardiac sympathetic innervation is impaired 
(Fig. 9.4b).

It is important to note that in healthy individuals the clas-
sic quadriphasic response previously described can be vari-
able. For example, in a study of over 100 healthy individuals, 

only 40% displayed the classic hemodynamic response 
(Fig.  9.5a). Among the remaining 60%, two other blood 
pressure patterns emerged [12]. In some cases, late phase II 
can be so efficient that by the end of the maneuver, systolic 
blood pressure is already at or above baseline levels. As a 
result, the phase IV overshoot will be less profound 
(Fig. 9.5b). A third pattern, predominantly evident in females, 
revealed a blood pressure pattern with a large rise in SBP 
during phase I. As a result, SBP does not fall below baseline 
levels during Phase II_Early. This response can obscure the 
physiological need for an overshoot and as such has been 
called a flat-top response (Fig. 9.5c). Previous studies have 
either omitted these responses from data analysis or cor-
rected them by tilting individuals upward ~20° [13, 14]. 
However, given the prevalence in healthy populations, the 
data argue that these responses represent healthy variability. 
Despite the variable phase IV overshoot, late phase II is 
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always evident in healthy populations and together provides 
important clinical information.

Valsalva Ratio During the maneuver, there is a progressive 
compensatory tachycardia due to the decrease in SBP  starting 
from Phase II_Early. Subsequently, the Phase IV SBP over-
shoot is accompanied by a transient bradycardia following 
release of the maneuver. As a result, in addition to detecting 
adrenergic dysfunction/failure, proper VM execution can 
provide an additional measure of cardiovagal functioning 
derived from this heart rate response, known as the Valsalva 
ratio. A VR is calculated by dividing the highest heart rate 
generated from the maneuver by the lowest heart rate 
achieved within 30 seconds following maneuver release.

 Head-Up Tilt (HUT)

Protocol Beat-to-beat heart rate and blood pressure 
responses to an orthostatic challenge, such as passive head-
 up tilt (HUT) provide key insight into adrenergic function. 
Individuals should remain in the supine position for a mini-
mum of 20  minutes prior to tilt. Following baseline, pas-
sively tilt the angle of the bed to a minimum of 60° from the 
horizontal. An angle below 60° does not generate sufficient 
orthostatic stress; therefore 70° is often used to produce suf-
ficient orthostatic stress, while simultaneously minimizing 
large muscle contraction. During tilt it is important to ensure 
that the arm or hand recording BP remains at heart level, as 
position can influence measurements. Methods for maintain-
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ing the hand at the appropriate level includes the following: 
(1) Individual participation: if capable ask patients to main-
tain their hand at the axillary line. (2) Armrests: Using an 
armrest that attaches to the bed, a patient’s arm can be 
abducted, placed in the armrest, and remain therefore the 
duration of testing.

Physiology In response to an orthostatic challenge such as a 
passive head-up tilt (HUT), there are natural mechanisms to 
counteract the effects of gravity and to maintain adequate 
blood pressure. Upon the initial tilt, there is a transient 
decline in SBP that often recovers within the first minute of 
HUT (Fig. 9.6a). This recovery is mediated by sympathetic 
activation resulting in reflexive tachycardia, increased release 
of norepinephrine and increased total peripheral resistance 
via vasoconstriction. Therefore, measuring the changes in 
HR and SBP in response to HUT provides a measure of sym-
pathetic function.

Clinical Interpretation In patients with adrenergic failure, 
there is a marked and progressive fall in blood pressure and 
pulse pressure. Patients with concurrent cardiac sympathetic 
impairment will also not demonstrate an appropriate com-
pensatory tachycardia in response to the BP fall (Fig. 9.6b). 
In contrast, if cardiac sympathetic innervation is spared, 

patients can mount a compensatory heart rate response 
(Fig.  9.6c). In postural orthostatic tachycardia syndrome, 
there is evidence of an excessive postural tachycardia with 
very little changes to orthostatic blood pressure (Fig. 9.6d).

In vasovagal syncope, early hemodynamic responses may 
appear normal; however, with prolonged tilt, patients will 
show progressive BP, pulse pressure, and HR reductions.

 Non-clinically Validated Tests of Autonomic 
Functioning

 Lower Body Negative Pressure (LBNP)

Protocol In the supine position, patients are sealed from the 
waist down in an airtight container connected to a vacuum. 
The level of suction (i.e. negative pressure) can be precisely 
monitored using a manometer and rapidly controlled through 
valves that open to room pressure. Similar to HUT, individu-
als should remain in the supine position for a minimum of 
20 minutes prior to testing. LBNP provides a unique ortho-
static challenge, especially for patients with limited mobility, 
as the testing can be executed entirely in the supine position 
while still producing a similar orthostatic challenge to that of 
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HUT. However, as this test is not clinically validated, there 
are no set guidelines for testing. Despite the lack of valida-
tion studies, LBNP remains a unique method as the level of 
negative pressure can be graded to produce an uncoupling of 
cardiopulmonary and arterial baroreceptor reflexes. For 
example, at lower negative pressures (i.e. <15 mm Hg), baro-
reflex unloaded produces peripheral sympathetic activation 
without a heart rate change, whereas higher negative pres-
sure (i.e. > 30 mm Hg) elicits both sympathetic activation 
and tachycardia [15, 16].

Physiology LBNP investigates the effects of blood volume 
displacement to reliably activate the baroreflex through baro-
receptor unloading. Negative pressure applied to the lower 
half of the body redistributes blood from the upper to the 
lower extremities resulting in relative central hypovolemia. 
When applied at lower levels, LBNP reduces central blood 
volume (CBV) and increases peripheral sympathetic activity 
primarily by unloading cardiopulmonary baroreceptors. At 
higher levels of suction, there is additional arterial barore-
ceptor unloading, to cause further reductions in CBV, accom-
panied by reduced cardiac filling and stroke volume. As a 
result, these changes produce reflex tachycardia and even 
greater levels of peripheral sympathetic activity [15–17].

 Isometric (Static) Handgrip
Isometric (static) handgrip (HG) elicits a continuous increase 
in arterial blood pressure, sympathetic outflow, and vasocon-
striction. Additionally, there is an early rise in heart rate (and 
cardiac output) mediated by efferent cardiac vagal with-
drawal, whereas the later tachycardic response stems from 
increased sympathetic activity [3, 18] (Fig. 9.7). The stimu-

lus is driven by both the metaboreflex and central commands. 
Handgrip has been adapted for clinical evaluation of sympa-
thetic autonomic function; however, the test is of limited sen-
sitivity and specificity. Typical recommendations are such 
that it is performed at 30% of an individual’s maximal volun-
tary contraction maintained between 3 and 5 minutes. A nor-
mal response consists of an arterial pressor response greater 
than 16 mm Hg diastolic [19].

 Techniques for Measuring Sympathetic Nerve 
Activity (Autonomic Functioning)

 Microneurography
Microneurography is a unique modality for obtaining direct 
sympathetic nerve activity (SNA). Sympathetic microneu-
rography requires the insertion of an electrode (typically 
tungsten) percutaneously into an underlying peripheral 
nerve. Peripheral nerves contain fascicles surrounded by the 
high-impedance perineurium, which acts to prevent noise 
between neighboring fascicles [20]. Sympathetic fibers typi-
cal exist as bundles, and all fibers within a fascicle are des-
tined for the same tissue (i.e. skin or muscle). Therefore, 
microneurography can be used to obtain sympathetic nerve 
activity from both muscle (MSNA) and skin (SSNA). In 
studies of autonomic regulation, MSNA is used to measure 
efferent sympathetic nerve activity innervating vascular 
smooth muscle within the skeletal muscle.

Equipment To record MSNA signals, the following are 
needed: (1) recording and reference electrodes, (2) amplifi-
ers, (3) integrator, and (4) output system.
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Getting Started When choosing a nerve for recording, the 
nerve should be large and relatively superficial. In the arm, 
the median, ulnar, and radial nerves have all been used for 
sympathetic recordings. For electrodes placement along with 
advantages and disadvantages of each recording site, we pro-
vide a brief description based on the review by White et al. 
The peroneal (fibular) nerve, at or proximal to the fibular 
head is the most commonly used site in microneurography 
studies. Recording from the peroneal is advantageous as it is 
superficial, easy to identify and recordings can be obtained 
in a variety of positions (i.e. supine, semi-recumbent, seated 
upright) [21].

For peroneal recordings, the lower limb should be 
extended in a comfortable position with a slight bend at the 
knee (~30–45°). This can be accomplished by placing foam 
padding under the thigh such that the lower limb is relaxed. 
The foot should be supported at 90°. It is important that sub-
jects are comfortable to ensure the limb remains as still and 
stable as possible.

Different laboratories use different techniques to help 
identify the nerve, including manual palpation [22], electri-
cal stimulation [23] and ultrasound imaging [24]. Following 
nerve identification, the uninsulated tungsten reference 
microelectrode is inserted percutaneously ~1–3 cm from the 
recording sites. Next, the insulated recording electrode (with 
an uninsulated tip [~5 um]) is inserted through the skin and 
into the nerve bundle (Fig. 9.8). The recording electrode usu-
ally requires manipulation until an adequate recording signal 
is found. High quality signals can be assessed by the follow-
ing criteria: (1) increased burst frequency in response to a 
breath hold, (2) lack of bursts associated with a startle or 
sensory stimuli, such as lightly brushing the skin, and (3) 
pulse synchronous bursts, characterized by a burst ~1.2 sec-
onds after an ECG R spike [25].

Once a high-quality MSNA site is obtained, the raw sig-
nal is passed through a pre-amplifier to amplify the signal by 

~×1000 before being routed to another main amplifier (~×75) 
(typical amplification ranges from ~50,000 to 100,000). The 
amplified signal is then band-pass filtered (300–2000 Hz), 
rectified, and integrated at a time constant of 0.1  seconds 
using a resistance-capacitance circuit. Finally, the signal can 
be directed to a computer software program or as an analog 
signal (Absolute Design NTA; ADI NeuroAmp) for record-
ing, storing, and later analysis. For a more in-depth look at 
microneurography details and discussions of the technique, 
including signal normalization, quantification, and stan-
dardization, readers are directed to the following reviews 
[21, 25, 26].

 Tests of Sympathetic Integrity

 Neuroimaging Tests
Neuroimaging can be employed to provide an assessment of 
cardiac sympathetic integrity. Imaging techniques such as 
6-[18F]Fluorodopamine positron emission tomographic 
scans and [123I]metaiodobenzylguanidine ([123I]MIBG) 
have been used to identify cardiac sympathetic innervation 
in various disorders of autonomic failure [27, 28]. General 
findings have demonstrated that patients with primarily 
peripheral autonomic lesions have cardiac sympathetic 
impairment, whereas central autonomic disorders maintain 
intact cardiac sympathetic innervation. MIBG is a widely 
available technique with an abundance of literature to sup-
port MIBG as a quantitative measure of cardiac sympathetic 
integrity [29, 30].

 Neuropharmacological Tests
Cardiovascular and plasma catecholamine responses to neu-
ropharmacological drugs, such as yohimbine, trimethaphan, 
norepinephrine and isoproterenol also can provide an assess-
ment of sympathetic nerve integrity.

A normal physiological response to α2-receptor antago-
nist such as yohimbine includes a large pressor response and 
increased plasma catecholamine levels. In contrast, sympa-
thetic nerve transmission blockers, such as trimethaphan, 
cause a large drop in blood pressure and reduced catechol-
amine levels [31–33]. Non-selective β-adrenoceptor agonist, 
isoproterenol, reflexively elevates sympathetic nerve traf-
ficking in response to systemic vasodilation. As a result, 
there is a significant increase in plasma NE in response to 
isoproterenol infusions. Low et al. used two infusions at a 
dose of 0.01 and 0.02 mg/kg/min with a minimum recovery 
period of 10 minutes between infusions [3].

Similar to yohimbine and trimethaphan, isoproterenol can 
be used to differentiate intact versus impaired post- ganglionic 
sympathetic nerves. Individuals with sympathetic denerva-
tion will show significantly blunted increases in plasma NE 
[33–36]. In addition, isoproterenol infusions combined with 

Fig. 9.8 Microneurography setup. (Photo courtesy of J.  Kevin 
Shoemaker, PhD, CAHS, Laboratory for Brain and Heart Health at the 
University of Western Ontario, London, Ontario, Canada)
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head-up tilt can increase the likelihood of presyncope/syn-
cope during tilt. The combination is thought to provoke a 
vagally mediated cardioinhibitory reflex by activating ven-
tricular mechanoreceptor afferents [3].

Patients with sympathetic denervation, norepinephrine 
responses to isoproterenol, and blood pressure responses to 
trimethaphan and yohimbine are all significantly blunted 
[31–39].

Tests to support evidence of hypersensitivity can also be 
used to detect post-ganglionic denervation. For example, in 
patients with post-ganglionic adrenergic denervation, the BP 
and HR response to intravenous phenylephrine, at low doses, 
will demonstrate a large BP response as a result of α-receptor 
up-regulation. In contrast, a healthy individual would lack 
the aforementioned pressor response [3, 40, 41].

 Neurochemical Tests
Sympathetic integrity can be further assessed through plasma 
catecholamines and their metabolites. Norepinephrine is the 
main sympathetic neurotransmitter derived from sympa-
thetic nerves, and therefore is widely used to evaluate sym-
pathetic nerve activity. Commonly blood draws are taken 
from the antecubital vein following a minimum rest period of 
30 minutes. The supine value provides an index of net sym-
pathetic activity [42]. Additionally, comparison between 
supine and standing has been used as an index to separate 
pre- versus post-ganglionic denervation.

Generally speaking, in post-ganglionic autonomic failure, 
resting catecholamine levels will be considerably reduced 
compared to individuals with pre-ganglionic disorders, 
which will demonstrate normal levels. Upon standing, both 
clinical populations show blunted elevations in the upright 
position [43]. Standing norepinephrine levels provide a more 
sensitive index of adrenergic function. However, these results 
have also been shown to be quite variable in differentiating 
pre- versus post-ganglionic denervation in autonomic fail-
ure. For example, Goldstein and colleague (2003) showed 
that PAF patients had low NE and EPI level, while the 
MSA + NOH and PD+NOH had normal mean levels of NE 
and EPI [44]. Furthermore, this same group has highlighted 
a number of limitations regarding plasma norepinephrine 
that must be considered when making interpretations regard-
ing peripheral versus central pathology [45]. One such limi-
tation pertaining to the relationship between plasma NE and 
actual sympathetic nerve transmission is complex. The 
plasma concentration depends not only on the rate of release 
but also the rate removal. Therefore, a high plasma NE con-
centration could mean a high rate of sympathetic nerve traf-
fic, or it could be the result of slower uptake, metabolism or 
general removal. Therefore, if available, measures of its pri-
mary metabolite, plasma dihydroxyphenylglycol are 
encouraged.

 Laboratory Evaluation of the ANS During Sleep 
(Rationale and Measurement Techniques 
for Studying ANS Functions During Sleep)

Mammals, including humans, operate on a 24-hour cycle. 
Circadian timing is regulated by our biological pacemaker 
located in the suprachiasmatic nuclei of the hypothalamus. 
The hypothalamus is the primary cortical structure involved 
in proper homeostatic regulation of many physiological 
functions related to the ANS.  Functions regulated by the 
hypothalamus include, but are not limited to, thermoregula-
tion, neuroendocrine modulation, and cardiovascular func-
tioning. As the ANS is highly integrated with many 
physiological systems, it is not surprising that there is also a 
measurable circadian influence on the sympathetic and para-
sympathetic divisions of the ANS. During sleep, there is a 
shift in dominance toward parasympathetic over sympathetic 
activity [46, 47]. Not surprising then, the processes under 
autonomic control show similar circadian shifts. For exam-
ple, for healthy individuals it is well established that heart 
rate and blood pressure increase during the day and decrease 
throughout the night. In contrast, evidence of suboptimal 
regulation may be indicative of compromised adaptation. 
While it is not clear whether rhythmic disruption results in 
illness or illness causes disruption, there is a clear and well- 
documented relationship between disrupted biological 
rhythms and illnesses [48, 49]. Therefore, techniques for 
objectively evaluating basic physiological phenomena may 
provide key insight into autonomic neural function during 
sleep. Direct measures of sympathetic and parasympathetic 
activity are often difficult, require active participation or are 
invasive, and as such are not ideal for measuring ANS func-
tion during sleep. Therefore, practical measures of ANS 
function must rely primarily on indirect measures based on 
biological rhythms under autonomic control. In practice, 
biological rhythms can be investigated via core body tem-
perature, blood pressure profiling, measurements or changes 
in respiration, and biological markers of neuroendocrine 
fluctuations.

 Respiration (See Also Chap. 11)

Respiration is intimately linked with cardiovascular and 
autonomic function to ensure an optimal relationship 
between ventilation and perfusion. Breathing naturally 
causes a pattern of discharge from the vagus nerve, and the 
rate of discharge can be influenced by the rate and depth of 
respiration. Respiratory sinus arrhythmia describes a phe-
nomenon in which heart rate increases during inspiration and 
decreases during expiration. Therefore, measuring respira-
tion with concurrent heart rate changes provides a reliable 
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measure of parasympathetic innervation of the heart. 
Respiratory sinus arrhythmia is also linked with the high fre-
quency domain of heart rate variability, which is primarily 
thought to reflect parasympathetic activity [50, 51].

Therefore, measuring respiratory changes at rest, as well 
as pattern shifts from sleep versus wake, may provide indi-
rect evaluation of autonomic shifts in parasympathetic ver-
sus sympathetic dominance. Several non-invasive techniques 
can be applied to measure respiration. Techniques such as 
airflow sensing, respiratory effort, and blood gas measure-
ments provide just some of the current methods used in both 
research and clinical settings. A summary of respiratory 
techniques is provided in Table 9.1.

 Airflow Sensing

Pneumotachography The most widely used technique for 
pneumotachographical recordings measures differential 
pressure airflow, which can accurately quantify airflow vol-
ume [52]. Patients usually wear a facemask to allow airflow 
to be passed through a resistive field. The passage of airflow 
creates a pressure drop, which is measured using a simple 
differential manometer [52]. The flow is typically laminar, 
which facilitates a linear relationship between pressure dif-
ference and flow. Of note, the resistive element should be 
heated to prevent condensation. Other factors that influence 
the pressure–flow relationship, and therefore need to be cor-
rected for, include viscosity, density, and temperature [52]. If 
these physical properties are corrected for, a pneumotacho-
graph can give quantitative measures of flow, which can also 
be used to determine volume; the technique is, however, 
somewhat cumbersome.

Some devices for airflow detection take advantage of 
physical differences between inspired versus expired air. For 
example, expiratory air is warmer, more humid, and contains 
higher carbon dioxide (CO2) levels compared to inhaled air. 
Therefore, devices capable of measuring temperature, 
humidity, and/or CO2 can be used for qualitative assessment 
of airflow. For temperature and humidity, sensors are typi-
cally placed in or in front of the nasal/oral region.

Nasal Airway Pressure Relative to ambient air pressure, 
nasal airway pressure is negative during inspiration and pos-
itive during expiration. Based on these pressure differen-
tials, nasal airway pressure (NAP) provides a surrogate 
estimate of airflow and thus respiration. Notably, NAP cor-
relates well with pneumotachographic signals [53] and, 
when an individual breathes through their nose, NAP offers 
a greater sensitivity to subtle flow changes compared to ther-
mography [54].

Temperature and Humidity Air in the lungs is warmed by 
core body temperature and subsequently expired air is 
warmer than ambient air. Consequently, measuring the tem-
perature of expired air provides a surrogate measure of air-
flow. Thermistors are thermally sensitive resistors that, when 
connected in circuit, produce voltage alterations. When 
thermistors detect temperature changes, it produces large 
changes in resistance, which translates into voltage changes 
[52]. For this reason, it is essential for thermistors to remain 
below body temperature, otherwise the expired air will not 
produce a detectable temperature change and, in turn, no 
change in resistance. Thermocouples also measure tempera-
ture changes, and like thermistors they need to be placed in 

Table 9.1 Methods for measuring airflow, blood gas concentrations, and respiratory effort

Airflow sensing
device/parameter Sensor(s) Placement Reference
Differential pressure airflow Pneumotachograph Facemask: mouth and nose [52]
Nasal airway pressure Nasal cannula Nares [53, 54]
Temperature Thermistor

Thermocouples
Nasal/oral region [52]

Humidity Hygrometer
Fiber-optic

Nasal/oral region [52, 55, 56]

Carbon dioxide Infrared
Mass-spectrometry

Nasal/oral sampling [57, 58]

Blood gas measurements
Arterial oxygen saturation with pulse oximetry Fiber-optic sensor Periphery—Usually finger or toe [58, 59]
End-tidal CO2 concentration Infrared

Mass-spectrometry
Nasal/oral sampling [60, 61]

End-tidal oxygen concentration Mass-spectrometry
Electric analyzer
Oxygen sensor

Nasal/oral sampling [52, 61]

Transcutaneous CO2 concentration Chemical skin sensor Skin [58, 61–63]
Respiratory effort: movement/volume
Abdomen and thoracic strain-gauge transducers Resistive strain-gauge Abdomen and chest [52, 58, 60, 61]
Respiratory inductance plethysmography Transducer Abdomen and thoracic [61, 64]
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front of the nares or mouth. Expired air will heat the sensors 
and change the resistance. The transducer will produce an 
oscillatory tracing based on voltage alterations associated 
with the detectable changes in warmer expired air versus 
cooler inspired air to provide a measure of respiratory 
airflow.

Additionally, fiber optic techniques can measure humidity 
using water vapor condensation that forms on the tip of a 
fiber optic sensor placed in front of the mouth and nose. 
During expiration, there is a relative increase in humidity 
and condensation which alters the optic signal. This change 
is recorded as a breath and enables an easy measurement of 
humidity [55, 56]. Of note, some studies have reported an 
overestimation of the respiratory rate using the fiber optic 
sensors, whereas more recent developments in the technique 
show more promising results demonstrating good precision, 
speed, and repeatability [56].

Measure Carbon Dioxide (CO2) Expired air is comprised 
of a much higher concentration of carbon dioxide (CO2) rela-
tive to ambient air, and therefore a large CO2 difference 
exists between inspired versus expired air. For carbon diox-
ide sensing, infrared analyzers or mass-spectrometry of 
gases from the nasal/oral region provide a measure of CO2 
concentration. Carbon dioxide sensing offers several useful 
advantages relative to thermal sensing. First, end-tidal CO2 
concentrations can provide useful insights into PCO2 [52]. 
Furthermore, a typical CO2 curve will plateau when there is 
evidence of a steady-state baseline. Changes in an individu-
al’s breathing pattern will be evident by a loss of this plateau 
[52]. Finally, measures of expired CO2 can detect central 
apneas and provide evidence of hypoventilation, which are 
not detectable using thermistors or thermocouples [52].

Important Considerations Methods for airflow detection 
that involve air collection can introduce several limitations. 
For example, Folke et al., found that subtle differences in the 
design of the collecting device could result in large differ-
ences in sensor performance [57]. Furthermore, the use of air 
collectors can affect breathing activity such as respiratory 
rate and CO2 production. Other considerations include how 
well individuals tolerate a mouthpiece or facemask. 
Therefore, non-contact methods for monitoring respiration 
have been introduced. For example, one study used a thermal 
camera centered on the tip of the nose to monitor skin tem-
perature changes, from which an algorithm was applied for 
respiratory rate monitoring [58].

 Blood Gas Measurement

Pulse Oximetry See also section “Methods for Evaluating 
Asleep Blood Pressures”. Blood gas measurements offer 

indirect measures of respiratory activity. Pulse oximetry pro-
vides an indirect means to measure differences in oxygen 
saturation. In brief, pulse oximetry uses infrared technology 
to determine the amount of oxygen saturation in the blood, 
which indirectly relates to the amount of oxygen entering the 
lungs, and thus respiration. Furthermore, the oximeter pro-
vides a percentage of blood oxygen saturation (SpO2), pulse 
rate, and plethysmogram. In both healthy adults as well as 
infants, studies have extracted respiratory waves/respiratory 
rates based on a wavelet transformation of the plethysmo-
gram [58, 59].

End-Tidal Measurements End-tidal O2 and CO2 concen-
trations provide a direct measure of gas exchange on a 
breath-by-breath basis [60, 61]. Similar to carbon dioxide 
sensing for airflow detection, end-tidal CO2 can be measured 
using mass-spectrometry/infrared sensors from nasal/oral 
samples. During hypoventilation, end-tidal O2 concentra-
tions change more rapidly than end-tidal CO2, whereas 
decreased end-tidal CO2 concentrations precede low pulse 
oximetry readings [52].

Transcutaneous CO2 Transcutaneous CO2 sensors do not 
provide any information on breath-to-breath respiratory 
activity, but they do offer an estimate of arterial CO2 concen-
tration and therefore allow for measurements as a result of 
abnormal ventilation [58]. Transcutaneous monitors (usually 
applied on the arm) provide an overall estimate of CO2 
changes based on the diffusion of gas to the skin. Notably, 
the accuracy of these devices is impacted by several factors, 
including cardiovascular function, skin thickness, impaired 
perfusion, and age [62]. This technique also requires moni-
toring to avoid burns in the case of sensitive and neonatal 
skin [63].

 Respiratory Effort (Movement and Volume)
Qualitative airflow detection and expiratory gas concentra-
tions cannot reliably differentiate central apneas, obstructive 
apneas and prolonged inspirations [52]. Therefore, airflow 
detection is often combined with measures of respiratory 
effort. The most common techniques for measuring respira-
tory effort is the use of abdominal and ribcage movements. 
Strain gauges and respiratory inductance plethysmography 
(RIP) provide safe and reliable measures of abdominal and 
chest movement.

Strain Gauges Strain gauges are capable of measuring 
breathing patterns based on stretch imposed on the strap by 
inflation and deflation of the torso. The bands are typically 
elasticized tubes filled with conducting material. When cur-
rent is passed through the bands and the length is held con-
stant, so too is the resistance and current. Current is inversely 
related to gauge length and therefore provides an index of 
length changes associated with the chest/abdominal expan-
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sion during respiration. When stretched, there is a propor-
tional increase in resistance and inverse change in current. 
An amplifier transduces this signal into a measurable and 
recordable voltage output.

Respiratory Inductance Plethysmography Respiratory 
inductance plethysmography (RIP) provides a relatively 
non-invasive, semi-quantitative assessment of thoracic and 
abdominal pressure changes related to ventilation. RIP 
requires two bands (thoracic and abdominal) placed around 
the ribcage and over the abdomen at the level of the umbili-
cus, respectively. Each elasticized band has a transducer, 
consisting of an insulated wire sewn onto it. Based on mea-
surable changes in cross-sectional area, the transducers 
determine changes in inductance or resistance to flow. When 
properly calibrated, these measures reflect chest and abdomi-
nal volume changes associated with inspiration and expira-
tion. The sum of the two signals provides an estimate of tidal 
volume [64]. Accurate initial calibrations are imperative for 
valid measurements. Additionally, inaccuracies can be intro-
duced by band displacement and body position change.

Finally, if properly calibrated against a volume measuring 
system, these devices can also be used to provide quantita-
tive assessments of lung volume. Using the two measure-
ments, thoracic and abdominal, lung volume can be 
determined based on displacement/length changes detect-
able by the transducers. Therefore, for a given change in rib-
cage and abdominal volume (and the assumption that the 
individual contributions remain constant) one can infer lung 
volume changes. Unfortunately, this technique also assumes 
that the thoracic and abdominal expansion will occur 
together. Asynchronous motion can be indicative of partial 
or complete upper airway obstruction. However, other con-
siderations for asynchronous movement include the follow-
ing: loss of diaphragm tone, loss of accessory respiratory 
muscle tone, body position changes, snoring, and device 
migration [52].

 Blood Pressure

 24-Hour Ambulatory Blood Pressure
Twenty-four-hour ambulatory blood pressure monitors 
(ABPM) provide BP readings during the day and particularly 
during sleep. In healthy, normotensive individuals, circadian 
blood pressure follows a reproducible profile, which includes 
a characteristic “dip” throughout the night. The dip is 
expressed as a percentage of change relative to the diurnal 
BP {[(mean day BP – mean night BP)/day BP] × 100} [65].

A 10–20% nocturnal dip is a normal range and accepted 
measure of a healthy circadian BP profile (Fig. 9.9a), while 
deviations from this dipping response have become accept-
able measures of cardiovascular risk [66, 67]. Other patterns 

include, non-dipping (<10% reduction) (Fig. 9.9b), extreme 
dipping (>20%) and reverse dipping (increased nocturnal 
BP) (Fig. 9.9c) [65]. Although the underlying mechanisms 
producing each pattern have yet to be fully elucidated, there 
are an increasing number of studies to support a link between 
the alternative blood pressure profiles and increased cardio-
vascular risk and mortality [49, 65, 68–71]. Notably, altered 
autonomic rhythms may play a key role as non-dipping pat-
terns have been reported in patients with autonomic failure 
[72, 73].

 Methods for Evaluating Asleep Blood Pressures

Oscillometric Technique Home monitors and 24-hour 
ABPM commonly use the automated oscillometric tech-
nique. For this approach, the center of the cuff is placed over 
the brachial artery on the non-dominant arm. The cuff inflates 
to suprasystolic pressures followed by a slow deflation. 
Pressure sensors detect oscillations electronically, which 
indirectly estimate systolic, diastolic, and mean arterial pres-
sures [10]. Monitors can be set to take measurements at pre-
determined intervals (i.e. every 20 minutes) throughout the 
day and night, which can provide key insights into circadian 
blood pressure profiles. However, in the event that patients 
are woken by the cuff inflation throughout the night, then 
true asleep and circadian blood pressure measurements will 
not be captured. Therefore, a new technological wave of cuf-
fless blood pressure devices is emerging to measure 24-hour 
blood pressure and, particularly, asleep blood pressures.

Arterial Tonometry Arterial tonometry provides a non- 
invasive cuffless technique for measuring blood pressure. 
Similar to the Penaz technique, tonometry produces a blood 
pressure waveform that can either provide beat-to-beat con-
tinuous blood pressures or an ambulatory monitor for blood 
pressure measurements outside a clinical setting.

In practice, the tonometer sensor is placed over a superfi-
cial artery close to an underlying bone. The radial artery is 
most frequently used due to its large diameter and easy 
access; however, other arterial measures have been captured 
from the dorsalis pedis and temporal arteries [74].

Arterial tonometry estimates blood pressure by slightly 
compressing, but not occluding, the artery. Blood pressure is 
estimated based on the “hold down pressure” [10], which is 
the amount of pressure required to flatten the artery. This 
pressure is calculated based on an algorithm, which includes 
systolic, diastolic, and pulse pressures [10].

Due to the large arterial diameter (i.e., compared to finger 
cuffs), arterial tonometry is thought to better represent cen-
tral pressures, and is less sensitive to inaccuracies related to 
vascular disease [10]. The primary disadvantage of this tech-
nique is the possibility of human error as it can be difficult to 
manually place the sensor precisely over the artery and 
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ensure that it does not move over the course of the recording 
period. In addition, arterial tonometry typically requires ini-
tial calibration, by another technique, which can introduce 
additional inaccuracies and variability [10].

Pulse Oximetry Pulse oximetry is a widely used and rela-
tively inexpensive technique for monitoring hemoglobin 
oxygenation. Using spectrophotometrics, the technique takes 
advantage of the physical changes in light absorption 
between oxygenated and deoxygenated blood [75].

For blood pressure recordings, pulse oximetry can be 
used to derive pulse transit time (PTT), also known as the 
photometric method, which is one of the newest methods 
receiving attention. PTT is based on pulse wave velocity, 
which uses pulse transducers at two separate sites and mea-
sures the time between arterial pulses between the two sites 
[10]. Alternatively, PTT can be measured from the ECG 

R-wave to a peripheral pulse. Finger pulse oximetry can be 
incorporated to detect the arrival of a pulse at a peripheral 
site. PTT is inversely related to systolic blood pressure [76]. 
However, the relationship between PTT and diastolic and 
mean pressure are more complicated, and therefore more 
work is needed [76].

 Neuroendocrine

 Melatonin
In mammals, melatonin synthesis is regulated by the supra-
chiasmatic nuclei and is secreted by the pineal gland under 
low light conditions [77, 78]. In normal entrained individu-
als, melatonin levels will begin to increase throughout the 
evening (20:00–23:00 hours), reaching peak values between 
02:00  and 04:00  hours before returning to baseline levels 
throughout the morning 08:00–10:00 hours [79]. This circa-
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dian pattern of melatonin production has been shown to reli-
ably estimate the timing of the internal circadian clock, and 
thus is the most commonly used circadian phase marker in 
humans. In addition, low levels of melatonin production and 
secretion have been increasingly associated with cardiovas-
cular disease, including coronary heart disease [80–83], con-
gestive heart failure [84], myocardial infarction [85] and 
nocturnal hypertension. Thus, melatonin provides a link 
between melatonin and proper autonomic regulation of blood 
pressure [78].

Melatonin (IUPAC name: N-[2-(5-methoxy-1H-indol-
3- yl)ethyl]acetamide) and its major metabolite 
(6- sulphatoxymelatonin (aMT6s)) can be routinely sampled 
and analyzed by radioimmunoassay (RIA) or enzyme-linked 
immunosorbent assay (ELISA) [79]. Plasma and saliva sam-
ples provide an estimate of melatonin, whereas urinary sam-
ples measure for the metabolite [86].

Urine Urine collection is a practical field method for esti-
mating melatonin production. The primary urinary metabo-
lite, aMT6s, sampled and calculated from the first morning 
void can be used to estimate overnight excretion levels. 
Alternatively, urinary samples collected every 2–8  hours 
across a 24-hour period can provide an estimate of timing 
and global melatonin production [86]. aMT6s levels usually 
peak between 04:00 and 08:00 hours. The timing and total 
volume of urine passed should all be recorded. Urine collec-
tion is practical, easy, and feasible without disrupting sleep. 
However, it requires patient compliance and an ability to 
void. In addition, urine samples are only stable for up to 
five days at room temperature [79]. Quantitative RIA is the 
principle method for analysis, and there are also commer-
cially available ELISA kits.

Saliva Similar to urine samples, saliva sampling offers a 
relatively easy and practical method for measuring melato-
nin both in a clinical setting and field studies. Saliva samples 
should be collected every 30–60 minutes in low light condi-
tions starting at least 1 hour prior to the expected rise [86]. 
However, unlike urinary samples, the feasibility of measur-
ing melatonin throughout the night is impractical and thus 
limits its overnight utility. Saliva melatonin levels have been 
shown to peak around 22:00 hours when collected between 
18:00–22:00 hours [86]. Saliva melatonin is roughly 30% of 
plasma levels, but offers a non-invasive method for collec-
tion. Most assays require a minimum of 0.4 mL per tube, or 
a minimum of 1.5 mL for duplicates [79, 86]. For accurate 
analysis, it is important for individuals to follow careful 
instructions to ensure the sample is not contaminated with 
food particulates, food dyes or blood. Samples should be fro-
zen immediately after collection and centrifuged prior to 
analysis. Commercial saliva collection tubes and saliva 
ELISA and RIA kits are available [79].

Plasma One benefit to plasma melatonin concentrations is 
that the plasma levels are roughly three times that of saliva 
[79, 86]. Therefore, the higher levels allow for a greater 
sensitivity than either saliva or urine, and thus may be ben-
eficial for individuals with low melatonin concentrations. 
Furthermore, the plasma approach can be the most infor-
mative if blood is sampled at frequent intervals throughout 
the night (i.e. every 30  minutes). However, to make fre-
quent blood draws throughout the night, the use of an intra-
venous catheter with long-line tubing are recommended. 
With this approach, melatonin concentrations reach a maxi-
mum between roughly 02:00 and 05:00 hours [86]. While 
this approach does allow for frequent samples without dis-
rupting sleep, it is also invasive, requires trained medical 
personnel, and increases risk to the patient. Together these 
disadvantages limit the use of plasma melatonin to a clini-
cal setting. Similar to saliva, a minimum of 1.5  mL of 
plasma is needed for duplicate assays. Samples should be 
collected in lithium/heparin tubes, centrifuged immedi-
ately, and plasma should be separated and kept frozen 
(−20 °C) until analysis [79].

 Cortisol, Norepinephrine, and Epinephrine
Human plasma contains several measurable markers that 
provide indirect measures of autonomic activity, including 
catecholamines, epinephrine (EPI), norepinephrine, and ste-
roid hormone cortisol. For human research, blood sampling 
is most commonly taken from the antecubital vein. Similar to 
other endogenous variables influenced by the body’s circa-
dian “clock,” cortisol along with catecholamines (norepi-
nephrine [NE] and epinephrine [EPI]) secretion and excretion 
exhibit characteristic peak-to-trough rhythmicity.

Cortisol Cortisol levels are typically very low between 
23.00 and 2.00  hours. This is followed by a sharp rise 
between 5.00 and 8.00 hours [87]. Plasma and urine excre-
tion both provide a measure of circadian cortisol oscillations. 
However, it is important to note that plasma levels begin to 
rise and reach a peak long before waking, suggesting the bio-
logical mechanism is separate from that of active awakening. 
In contrast, the morning rise in urinary cortisol excretion is 
roughly 3 hours later compared to plasma levels, whereas the 
evening fall shows considerable less lag [88].

Catecholamines Similarly, plasma catecholamines can be 
collected to provide characteristic circadian oscillations. 
However, urinary excretion is more easily obtained under 
normal environmental conditions. Epinephrine (EPI) excre-
tion is often very low during sleep, and roughly quadruples 
throughout the day until reaching a maximum in the early 
afternoon. EPI patterns oscillate in a stable sinusoidal pat-
tern, and have been shown to maintain this pattern despite 
exogenous conditions, including sleep deprivation [88]. 
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These patterns also demonstrate persistence under condi-
tions of constant light, activity, and food intake [88], sug-
gesting EPI circadian rhythmicity is highly influenced by 
endogenous factors. Typically, plasma epinephrine levels 
reflect neural outflow to the adrenal medulla as these cells 
secrete their contents directly into the bloodstream [45].

Similar to EPI and cortisol, norepinephrine also dis-
plays clear circadian rhythmicity under normal sleep/wake 
conditions, peaking around noon and reaching a nadir dur-
ing sleep. However, unlike EPI, NE patterns can be largely 
disrupted by various exogenous stimuli, such as sleep 
deprivation, activity, and light exposure. Age and sex 
should be considered as factors that can affect cortisol 
[89]. NE is the main neurotransmitter of the sympathetic 
nervous system regulating cardiovascular functions. 
However, a number of factors can affect the rate of NE 
release and the rate of NE removal from the plasma, and 
therefore the relationship between plasma NE and sympa-
thetic activity is not simple [45].

 Body Temperature

Proper thermoregulation represents another major homeo-
static function that integrates hypothalamic and autonomic 
processes. Core body temperature is maintained within a 
narrow window (0.2–0.5 °C) [90] primarily through vasomo-
tor skin response such as vasodilation and vasoconstriction 
facilitated by the ANS. Larger CBT fluctuations outside this 
window make corrections through activation of sweating or 
shivering [90]. Of note, impaired thermoregulation can be 
indicative of brainstem/spinal lesions or autonomic failure.

Core body temperature (CBT), cortisol and melatonin all 
represent robust markers of biological rhythms. However, 
unlike neuroendocrine markers, CBT is perhaps the easiest 
and most amenable to continuous measurements in a wide 
variety of subjects, settings and conditions.

 Choosing a Site
The term core body temperature is somewhat of a misnomer. 
CBT assumes to represent internal or deep tissue tempera-
tures that are less influenced by variations in ambient and 
environmental factors. However, it is important to note that 
even within specific regions, tissues, and even organs, there 
is temperature variation [91]. CBT can be measured at a vari-
ety of sites, including rectal, oral, esophageal intra-vascular, 
tympanic, bladder, and axillary. With the rectal temperatures 
as a reference point, Table 9.2 provides comparable clinical 
temperatures from commonly used sites in an afebrile indi-
vidual. Additionally, Table 9.3 provides advantages and dis-
advantages of various sites for measuring CBT.

Table 9.2 Comparable temperature variations relative to rectal 
temperature

Site Temperature variation (°C)
Rectal ~37 °C –
Oral 0.3–0.5° lower
Eesophageal 0.2° lower
Pulmonary artery 0.2–0.3° lower
Tympanic membrane 0.05–0.25° lower
Bladder 0.1–0.2° lower
Axillary 0.6–0.8° lower

Data adapted from Holtzclaw [86]

Table 9.3 Advantages and disadvantages of various sites for measur-
ing core body temperature

Site Advantages Disadvantages
Oral Convenient

Reasonable safe
Relatively non-invasive
Familiar to patient

Not ideal for patients with:
  Mucositis/mouth 

irritations
  Receiving heated 

respiratory gases
  Nasal packing
Patient who are:
  Unconscious
  Restless
  Disoriented

Eesophageal More reliable
Proper placement yields 
temperatures close to 
that of the heart

Placement is crucial 
(lower 4th)
Nasopharyngeal trauma
Risk of tracheoesophageal 
fistula
Unsafe for prolonged 
monitoring

Tympanic Proximal to 
hypothalamus
Convenient
Comfortable
Safe and familiar to 
patients

Risk of eardrum trauma or 
rupture
May be influenced by 
environmental 
temperatures

Pulmonary 
artery

Obtains central 
temperatures
Considered a “gold 
standard”
Exceptional sensitivity 
and accuracy
Resistant to drift

Invasive
Requires trained personnel 
for catheter insertion
Required manufacturer 
calibration
Requires testing by 
hospital bioengineers 
~every six months

Bladder Exceptional sensitivity 
and accuracy
Resistant to drift

Invasive
Requires trained personnel 
for catheter insertion
Required manufacturer 
calibration
Requires testing by 
hospital bioengineers 
~every six months

Rectal Provide important 
information about 
thermal status
Track closely (but 
slower) with pulmonary 
artery temperature

Patient discomfort and 
embarrassment
Risk of rectum trauma/
perforation

(continued)
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 Equipment
Most studies using animal models use radio telemetry. In 
practice, this technique requires a transmitter that is 
implanted into the peritoneal cavity along with a receiver 
[92]. The transmitter consists of sensors and wires connected 
to an amplifier used to modulate radio frequency waves. The 
receiver detects the radio waves and reconstructs the original 
amplified signal, which includes body temperature [92]. 
Other telemetry systems include (1) sensors hardwired to 
recording devices and (2) battery operated system that log 
and store data for later download. Ideally, the thermometry 
system should have a resolution < 0.1 °C, flexible sampling 
intervals, measure a wide temperature range, and have exten-
sive memory capacity for measuring over a long period of 
time with frequent intervals [93].

Finally, when choosing a sampling interval, it is impor-
tant that the intervals are not too large (i.e. hours) as they do 
not allow for an accurate reconstruction of the biological 
variations. In contrast, frequent sampling intervals can result 
in data redundancy. Therefore, most investigators opt for a 
sampling frequency no less than a 6-minute interval, which 
provides reliable temperature changes over time [93]. For a 
more in-depth reading of experimental methods, including 
constant routine, forced desynchronization and purification, 
along with data analysis components, please see the excel-
lent review by Hanneman [93].

It is important to note that, in addition to site, several 
other factors can affect temperature resulting in relatively 
marked temperature variations. These factors include, but are 
not limited to, age [94], activity level [95] and sex [96]. For 
example, menstrual cycle temperature variations, known as 
circamensal, are predictable and well recognized, such that 
they are often used in fertility planning. Circamensal rhythms 
have a period approximately equal to one menstrual cycle, 
with measurable temperature fluctuations throughout the 
ovulation, follicular, and luteal phases [96].
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 Introduction

…he ascertained by his pulse, now stronger,
now weaker, what his malady was.

—J. R. Pinault [1]

The interplay between emotions, consciousness, and 
behavior with the purpose of improving health and combat-
ing disease has roots in ancient wisdom. A large body of 
empirical observations, often reflected in popular writing, 
particularly highlight the mind-heart-disease continuum, 
elegantly alluded to by William Harvey’s words: “…For 
every passion of the mind which troubles men’s spirits, either 
with grief, joy, hope, or anxiety, and gets access to the heart, 
there makes it to change from its natural constitution, by dis-
temperature, pulsation, and the rest...” [2].

Throughout history there was also interest in the underly-
ing mechanisms of this connection, as hinted by Lower [3]: 
“…within the brain [there is] a perpetual storeroom of ani-
mal spirits, so that there may be a continuous inflow of them 
into the heart …and so the movement of the heart will be very 
greatly changed by variation in their inflow.” Accordingly, 
heart movements could be influenced by the “incorrect 

nature” of these spirits or a “diminution of their inflow” [4]. 
The subsequent vivid description of the cardiac nerves by 
Antonio Scarpa in 1794 [5] offered a credible pathway 
through which those spirits could reach the heart. However, 
seeing the nerves was not enough. It was necessary to com-
bine observations with a method to assess with accuracy and 
reliability the movement of the heart and the change from its 
natural constitution, in order to unravel their relationship.

Although the observation of arterial pulses was reported by 
Hales in the early 1700s [6], it was only at the turn of nine-
teenth century that quartz string galvanometers gave Einthoven 
the sensitivity necessary to accurately study the normal and 
abnormal electrical activities of the heart [7]. Furthermore, it 
took until the late 1960s for digital computers culture to join in 
with novel initiatives such as the birth of the Journal of 
Electrocardiology (the Official Journal of the International 
Society for Computerized Electrocardiology). The employ-
ment of analog and digital computers combined with advanced 
mathematical modeling permitted scientists to focus on the 
potential importance of the relationship between autonomic 
innervation and cardiac performance (see e.g., finally giving 
substance to the classical spirits of old [8]).

A seminal, game-changing approach derived from shift-
ing the focus of inquiry from average heart rate to the small 
beat-by-beat variations in heart period (i.e., heart rate vari-
ability [HRV]) that the new digital technology permitted sci-
entists to assess with accuracy. This variability could be the 
result of the balance between parasympathetic and sympa-
thetic activity and may respond to specific stimuli, such as 
stress at work [9]. However, the influence of additional phys-
iological factors, such as respiration, could confound early 
interpretation of changes in HRV.

A few years later, Akselrod et al. [10] tried to unravel the 
hidden determinants of the small spontaneous changes in the 
inter-beat interval (i.e., the tachogram) with specific experi-
ments in conscious dogs, in which the autonomic balance 
was altered experimentally. They suggested that the 
 spontaneous “frequency specific contributions” extracted 
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from the tachogram could furnish a proxy of “the function-
ing of the principal …cardiovascular control system: the 
sympathetic [and] parasympathetic systems” [10]. This 
investigation thus represented a first step into cracking the 
mysterious link between movement of the heart and variation 
of …brain spirits, or, using a more modern terminology: 
heartbeat and autonomic regulation. Needless to say “para-
sympathetic and sympathetic nervous activity” implicitly 
corresponded to the time sequence of neural spikes running 
through relevant nerve fibers [11] and releasing chemical 
transmitters at the periphery [9].

Historically, a change from natural pulsations of the heart 
was linked to disparate conditions, such as lovesickness in 
the case of Antioch and his stepmother [2] or sudden death 
for fear of God’s wrath in the case of Ananias and his wife 
because of a fraud in the sale of a field [12]. More recently, 
alterations of heart rhythm alone or combined with other 
conditions, in particular coronary artery disease and heart 
failure, gained growing epidemiological and clinical interest 
[13]. That interest was furthered by the development of 
microelectronics and previously unprecedented computer 
power, rendering the time-consuming task of rhythm assess-
ment amenable to automatic analysis and artificial intelli-
gence [14]. Improvement of technology, such as the addition 
of functional magnetic resonance imaging (fMRI), may help 
further pinpoint the widespread nature of the functional anat-
omy of autonomic cardiovascular regulation [15]. Moreover, 
the easier access to simple biological signals, such as the 
electrocardiogram (ECG), rendered possible by wearable 
electronics, is likely to further individual applications, 
favored by a growing market, which is set to grow from 
$70.06 million in 2017 to reach $435.11 million by 2025 
with a growth of 25.7% from 2018 to 2025 [16].

A discussion on heart rate variability (HRV), particu-
larly over large scales cannot disregard the different poten-
tially interacting domains that must be considered 
simultaneously: medicine, physiology, statistics, and com-
puter science [17]. The risk of misunderstanding and con-
founding of language is real, sometimes unrecognized and 
frequently just incomprehensible as highlighted by some 
investigators, rhetorically asking: HRV: why do spectral 
analysis? [18]. Here, we deal with “reciprocal mutual con-
nections … between the sympathetic-ergotropic and the 
parasympathetic-trophotropic areas, … at each moment they 
produce a dynamic equilibrium adapted to the situation at 
any given moment of the organism as a whole” [19]. This 
combination may be difficult to interpret if assessed strictly 
within the physiological domain. We may, however, increase 
our capacity of understanding conflicting data thanks to the 
enormous compression of information rendered possible by 
considering dynamic self-organization from micro to macro 
structures [20].

 Is the Autonomic Nervous System Really 
Autonomous?

Conflicts are frequently over semantics, not substance. 

—D. Brown [21]

The awareness of a rich nerve network close to the heart 
can be dated to near the end of the eighteenth century with the 
publication of the beautiful anatomical engravings by Scarpa 
[5]. Subsequently, and largely following Langley’s sugges-
tions [22], autonomic (vegetative and involuntary) innerva-
tion was divided into sympathetic and parasympathetic 
systems.

Pharmacological experiments with catecholamines mim-
icking sympathetic stimulation and physostigmine- 
simulating parasympathetic excitation would support a 
monolithic view of “autonomic” innervation; in essence 
functioning as an overall efferent structure, consisting of two 
“fundamentally different systems” [22]. In consequence, 
afferent fibers from visceral organs were not considered to 
have a physiological function because “all autonomic nerves 
[are] motor” [22]. However, a physiological function was 
observed for visceral neural reflexes, organized as simple 
reflexes [23], of both negative and positive feedback sign 
[24] (Fig.  10.1) and essentially organized as a continuous 
vagal-sympathetic balance. By cybernetically focusing on 
the control and regulation of complex functions, the model 
underlying neural cardiac regulation considers a complex 
structure in which both efferent and afferent information 
travels through visceral nerves. Cardiac innervation would, 
therefore, be characterized by a dual innervation (sympa-
thetic and parasympathetic) made up of mixed (afferent and 
efferent [i.e., sensory and motor]) nerves [24]. The neural 
innervation of the cardiovascular system may remain a labo-
ratory curiosity until new experimental needs suggest an 
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Fig. 10.1 Schematic representation of opposing feedback mechanisms 
that, in addition to central integration, subserve neural control of the 
cardiovascular system. Baroreceptive and vagal afferent fibers from the 
cardiopulmonary region mediate negative feedback mechanisms (excit-
ing the vagal outflow and inhibiting the sympathetic outflow), whereas 
positive feedback mechanisms are mediated by sympathetic afferent 
fibers (exciting the sympathetic outflow and inhibiting the vagal out-
flow) [24]
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appropriate technique of investigation [19] or users’ needs 
might lead to innovative applications (e.g., electroceuticals).

It may also be argued that the “autonomic nervous system 
(ANS)” is not really autonomous, given the important reli-
ance on reflexes initiated by visceral afferents, and the criti-
cal hierarchical organization connecting the periphery to the 
spinal cord, the brain stem up to a central neuronal network 
that includes the hypothalamus [25]. Notably, groups of neu-
rons located in the brain stem reticular formation play a criti-
cal role in coordination between reflexes and elemental 
behavior, supporting homeostasis and life [26]. The level and 
quality of task performance are context dependent and con-
tingent upon regulatory inputs from specialized nuclei such 
as the locus coeruleus. Usually, the relationship between per-
formance and attention is represented by an inverse U curve 
(umbrella type), indicating that at the extremes (low and 
high) of attention performance is low, while it reaches a 
maximum approximately at mid-attention, as proposed sev-
eral decades ago by Moruzzi and Hobs.

Regarding the cardiovascular system, vagal and arterial 
pressure afferents subserve the major cardiovascular homeo-
static regulatory mechanisms by way of a negative feedback 
organization, which are intertwined with an opposite posi-
tive feedback loop [24]. Thus, the quality of the dynamic 
matching between local, end organ demands and beat-by-
beat performance of the overall system is dependent upon 
the interplay of these peripheral (neural) loops with control 
signals generated from higher “central” structures which are 
intimately connected with the hypothalamus and the central 
autonomic network (CAN) [27]. Motor and visceral regula-
tions both have somatic and visceral behavior [28] that can-
not be functionally separated (Fig.  10.2) [11, 29, 30]. 
Moreover, they are simultaneously the result of concerted 
firing of organized groups of neurons. Within this design, 
the same (neural) channel may carry time-varying informa-
tion of post-synaptic control of effectors through a simple 
amplitude code (more spikes translate into more quantal 
release and a greater target function response) [29], as well 
as more complex coding based on frequency, phase, and 
coherence between multiple oscillators providing aggre-
gated information on the integrated performance of the 
overall control system. Further, the fine-tuned regulation of 
sympathetic–parasympathetic balance is also under a strict 
cellular and molecular control governing the adaptation to 
changing physiological and pathological demands [31, 32].

On the other hand, the importance of visceral afferents, 
particularly vagal afferents, is increasingly recognized as an 
obligatory constituent of newly discovered circuits regulat-
ing diverse functions (e.g., the inflammatory reflex [33] or 
food intake [34] and ultimately obesity treatment [34]) .

This complexity of neural (autonomic) organization is fre-
quently overlooked, and the efferent only (“pharmacological”) 
model is utilized [22]. This potentially unrecognized bias may 

significantly influence the field of HRV, limiting the range of 
information that can be handled by the system, particularly if 
we deal with everyday clinical problems, which usually are 
long-term issues requiring attention to real-life behavior away 
from the hospital [28]. In this context, a primary role is played 
by the autonomic nervous system in governing the dual nature 
of emotions, as superbly synthesized by Aristotle [35]: “In 
answer to the question what is anger, the logician will call it a 
crave for retaliation, while the natural philosopher will 
describe it as a surge of blood and heat round the heart. 
Clearly the affections of the soul are formulae expressed in 
matter.”

 Heart Rate Variability: The Modelling 
Approach

…it is necessary to know which disease states
arise from powers and which from structures. 

—Hippocrates [36]

To understand the clinical potentialities of heart rate vari-
ability (HRV), particularly in long-term conditions, like 
hypertension, coronary artery disease, obesity, inflammatory 
bowel diseases, cancer, or stress it is necessary to recognize, 
in analogy with psychosomatic medicine, its ubiquity [28] 
and, radical dyadic separation in physiological and bio- 
engineering domains [37]. Starting to rise in the late 1960s, 
the number of yearly published studies on “heart rate vari-
ability or HRV” as of 2020 total to over 50,000 hits in the 
Medline database. Of these about 13,000 focused on auto-
nomic nervous system, near 8000 on methodological aspects, 
about 2000 on nerve activity rhythm, less than 200 on neuro-
physiology, and only 5 on “neural code.”

Given the clinical importance of techniques capable of 
decrypting data on autonomic cardiac and vascular innerva-
tion which would be potentially useful in a majority of con-
ditions, particularly in the cardiovascular field [38] and 
considering a range of activity and arousal (e.g., from rest to 
stress and exercise), as well as a part of cardiovascular risk 
assessment, it is understandable why several investigators 
sought to confirm the practical value of HRV. As a caveat, it 
is important to recall that neural visceral regulation is based 
on a multiplicity of circuits and reflexes whereby multiple 
organs are coordinated toward a unitary functional aim [19], 
even during extreme excitatory (fight-or-flight [39]) 
responses (often colloquially equated to an adrenaline rush). 
Moreover, “the parts of the brain communicating directly 
with the spinal cord at the upper end of the medulla oblon-
gata, and the segment lying directly beneath the cerebrum, 
the so-called diencephalon, exert a decisive influence on the 
vegetative controlling mechanisms” [19, 40, 41]. 
Consequently, somato-motor behavior is inextricably 
 intertwined with viscero-(i.e., autonomic) motor behavior 

10 Interpreting Heart Rate Variability in Sleep: Why, When, and How?



102

[25] (see Fig. 10.2). In clinical applications, such as in risk 
assessment [42], focus is particularly on the properties of 
individual reflex circuits. One example being the gain of car-
diac baroreflex, possibly combined with other functional 
indicators, (e.g., metrics from HRV [43]). These indices are 
frequently treated as proxies to underlying autonomic regu-
lation, not always with clear definition of attendant neural 
model, thus generating a still unresolved debate [18, 
44–47].

We will now report a brief overview of the vagal and sym-
pathetic effects on the activity of the SA node. In spite of 
experimental evidence to the contrary [48, 49], these are con-
sidered to be purely efferent [50]. Furthermore, they are usu-
ally modeled as linear and additive, while experimental data 
show strong non-linearities of cardiac responsiveness to 
changes in vagal and sympathetic neural activity [51, 52]. As 

a consequence, “a slow heart rate does not preclude the pres-
ence of a high frequency of action potentials in the efferent 
sympathetic nerves to the heart” [51]. Moreover, changes in 
the effector site milieu (e.g., accumulation of cytosolic ade-
nosine 3′, 5′-cyclic monophosphate, cAMP) might contrib-
ute to the sympathetic augmentation of dynamic vagal 
control of the SA node [52].

However, while it might seem practical to simply con-
ceive autonomic regulation of the heart as depending solely 
on efferent activities [22] of the sympathetic and parasympa-
thetic nerves, animal and clinical studies in the last few 
decades have clearly shown that cardiac neural regulation is 
complex. In fact, cardiac neural regulation is based not only 
on a dual antagonistic innervation [19] but the system also 
heavily relies on information relayed from the periphery to 
the centers via afferent vagal and sympathetic sensory fibers 

Fig. 10.2 Idealized, schematic representation of the circuitry responsi-
ble for generating simultaneous autonomic and somatomotor behavior as 
derived from motoneuron pools’ activity comprised of neocortical and 
subneocortical processes, based upon a group of interconnected nuclei 
constituting the CAN. These are dynamically linked to more distal con-
trol systems eventually governing the somatomotor and visceromotor 
effectors. Overall, the integrated functional performance of the individual 
depends on a continuous flow of afferent and efferent information con-

tinuously channeled across the entire hierarchical structure. Notice that 
somatic and autonomic regulatory activities are inextricably intertwined. 
In parallel, it is possible to extract central (e.g., thalamic), efferent periph-
eral (e.g., muscular) sympathetic nerve activity, and peripheral (RR) time 
in msec between two successive R wave peaks of the electrocardiogram 
interval coding from selected variability signals. Notice the similarity of 
patterns across different domains, suggesting the possibility of common 
coding [29]. (Data from Pagani et al. [11] and Massimini et al. [30])
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[53], subserving a double (positive and negative sign) feed-
back mechanism [24]. The functional basis is provided by 
simple (sympatho-sympathetic and vago-vagal) reflexes [48, 
49] already involving the spinal level. A complex hierarchy 
of structures integrates spinal with supraspinal centers, func-
tionally connecting the periphery with a CAN [27], consti-
tuting in essence a fully functional brain–heart axis (see 
Fig. 10.2) [54]. The operation of the system depends on a 
complex organization starting from dynamic molecular 
interactions between efferent nerve endings and target cells 
[31] at the periphery and cranially integrating multiple neu-
ral circuits operating in concert with somatic motor control 
[25]. In spite of the complexity of the circuitry, the ample 
dynamics of the system can be simplified by a unitary func-
tion relating the brain stem reticular formation with overall 
performance. A nonlinear, “umbrella” like relationship was 
in fact proposed several decades ago by Moruzzi [54] as the 
representation of the effectiveness of cue function versus 

arousal of reticular activation (Fig.  10.3) [55–57]. This 
schema implies an activation continuum, starting from low 
levels, well below conscious wakefulness (e.g., sleep or 
coma where performance is at a minimum), through interme-
diate levels of arousal (with optimal performance), up until 
extreme arousal (such as maximal stress or fatal insomnia 
[58]) that disturbs performance, which reaches a minimum. 
It may be easy to graphically demonstrate (see Fig. 10.3) the 
parallel behavior of synchronous signals such as the electro-
encephalogram (EEG) and electrocardiogram (ECG), thus 
offering the opportunity to simultaneously appreciate the 
work of the brain and ANS. Of note, we recently described 
such an umbrella shape in the dynamics of the strength of 
the relationship between baroreflex gain and HRV indices 
against the continuum of arterial pressure levels in a rela-
tively large population [17]. Our data suggested a tighter 
systematic link in pre-hypertensive patients. Following this 
reasoning, it may be tempting to simplify the dynamics of 
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Fig. 10.3 Schematic representation of the umbrella like continuous 
cue function of the brain stem reticular formation from low arousal 
(step 1) to high arousal (step 4) showing that there is an optimal level of 
arousal for effective behavior (Moruzzi [55] and Hebb [56]). Power 
spectral density from RR (i.e. ECG derived interbeat) variability may 
simultaneously provide a proxy of the cue function as expressed by the 
LF/HF ratio of RR V. Notice that, in this example, LF/HF reaches the 
smallest value (0.78) during non-REM sleep. During wakefulness LF/
HF increases to 3.3 at wake up (supine posture), and further to 10.04 
while obtaining the standing position. During sleep, arousal is indicated 
by the increase of LF/HF to 6.26. An example of the marked increase of 

LF/HF (24.79) in conditions characterized by extreme arousal (fatal 
insomnia) is also presented. Notably, the significant information as a 
proxy of the autonomic sympatho-vagal balance, is provided numeri-
cally by LF/HF and graphically by the RR variability autospectra. A 
qualitative description of EEG pattern is also presented with red and 
blue color coding (for desynchronized and synchronized, respectively). 
This cue function is similar to the (also umbrella like) relationship 
between activity of locus-caeruleus-neurons and attentiveness in mon-
keys. The task execution performance is minimal at the extremes of 
arousal (low or high attentiveness), maximal with moderate, focused 
attention [57]

10 Interpreting Heart Rate Variability in Sleep: Why, When, and How?



104

autonomic regulation as resulting from the instantaneous 
balance between excitatory and inhibitory circuits (sympa-
tho-vagal) [24]. The brain stem, through a multiplicity of 
neural structures and monoaminergic and cholinergic medi-
ators, maintains and controls arousal [59] by modulating 
neurons in the thalamus and cortex. A special role may be 
played by the locus coeruleus–norepinephrine system whose 
neurons optimize task performance through phasic or tonic 
coded activity [57]. The poor performance at the extremes 
of arousal (low or high) with a maximum performance at 
mid-arousal would thus correspond to the umbrella like 
function. It should also be mentioned that specific signals 
reaching the brain stem from the vascular periphery may 
induce complex behaviors [60], e.g., carotid sinus stimula-

tion causes prolonged pyramidal relaxation in conscious 
dogs [61] and chemoreceptor stimulation induces a sham 
rage response in decorticated cats [62].

We may thus conclude that behavioral reflex responses 
[28] would result from the dynamic interplay between (at 
least) two simultaneous and opposed mechanisms. 
Accordingly, negative and positive feedback circuits interact 
continuously (see Fig. 10.1) under the restraining or facilitat-
ing influence of central command (i.e., CAN) in order to 
achieve an optimal behavioral control [24]. This model 
accounts for different conditions or context (rest, micrograv-
ity, unloading of baroreceptors, exercise, fight, flight, and 
coronary artery disease) (Fig. 10.4) that may be character-
ized by various levels of excitation in the cue function [55] 
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Fig. 10.4 Spectral analysis 
of RR interval (upper tracings 
in each panel) and systolic 
arterial pressure (SAP) (lower 
tracings in each panel) 
variabilities in conscious dogs 
at rest (Control) and during 
experimental maneuvers 
leading to a sympathetic 
predominance (i.e., 
nitroglycerin infusion [NTG], 
treadmill exercise [Exercise], 
and transient acute coronary 
artery occlusion [Occlusion]). 
Note, at control, the presence 
of a single major high- 
frequency component in the 
RR interval autospectrum; in 
SAP, a smaller low-frequency 
component is also evident. 
During sympathetic 
activation, spectral 
distribution is altered in favor 
of low frequency determining 
a leftward shift; 
simultaneously, a drastic 
reduction in RR variance 
occurs (notice different scales 
on ordinates). Schematically, 
a sympathetic excitatory 
condition is characterized by 
a simultaneous reduction of 
RR Variance (amplitude 
domain) and leftward shift 
(frequency domain). PSD, 
power spectral density. (From 
Malliani et al. [24], with 
permission Wolters Kluwer) 
(Fig. 3 in original paper)
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and different settings of target organ physiology, such as the 
average RR interval or sympathetic nerve activity [11]. For 
clinical applications, it may be convenient to consider an 
overall set of the autonomic motor system subserving func-
tional activation (i.e., arousal) or inhibition, and easily trans-
lated into a unitary autonomic nervous system index (ANSI) 
defining a rank from 0 to 100 benchmarked against a large 
reference population [63]. We would renounce the capacity 
of measuring sympathetic or parasympathetic activity, but 
we would gain an assessment of the continuous (opposite) 
dynamics of the cue function [55]. As shown in Fig.  10.5 
[63], the physiological continuum from the sympathetic–
parasympathetic balanced condition of rest versus the excit-
atory sympathetic condition of tilt or active standing can be 
approximately appreciated by spectral analysis of RR inter-
val variability, which shows a clear relative increase of the 
power of the low frequency (LF) component (and a simulta-
neous decrease of high frequency [HF]) during tilt. A more 
detailed description of the methodological aspects of HRV as 
studied in our laboratory can be found in Ref. [17].

In summary, for ease of recording and simplicity of analy-
sis, the majority of investigations focus specifically on time 
domain aspects of HRV [43] thought to reflect particularly 
vagal efferent control of the SA node. However, to what extent 
HRV might carry information about other autonomic control 
systems, such as the inflammatory reflex [64] or body weight 
balance [65] currently remains unclear. Autonomic regulation 
is also frequently treated as an all-or-nothing (on–off) global 

modality disregarding the large body of evidence showing a 
rather selective organization of autonomic regulation [66].

In this context, new investigations, taking advantage of 
progressive improvements in wearable electronics and arti-
ficial intelligence [67] show a rapidly growing utilization of 
HRV either alone or combined with other signals (e.g., 
arterial pressure and respiration) to assess autonomic car-
diac regulation in behavioral long-term conditions (e.g., 
sleep) [68]. However, as a caveat, this model is implicitly 
based on a dynamic balance between paired antagonistic 
[19] reflexes, while in several circumstances (e.g., the div-
ing reflex) vagal and sympathetic motor nerves might be 
activated in parallel [69].

 Heart Rate Variability: A Synopsis

A central task consists in finding ways…to make  
unbiased estimates

leading to probabilities that are in agreement with all the
possible knowledge available about the system 

—H. Haken [20]

We begin with the seminal idea [10] that “sympathetic 
and parasympathetic nervous activity make frequency- 
specific contributions to the heart rate power spectrum” pro-
posing a strong interaction between physiology and 
information domains. Accordingly, HR fluctuations could 
furnish a probe (i.e., proxy) of short-term neural cardiac reg-
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ulation. A critical task, however, consists in finding ways to 
make estimates that are both unbiased and in agreement with 
all possible knowledge [20]. The focus on the speed of oscil-
lations (as opposed to amplitude) as a provider of specific 
information [29], and time versus frequency domain as com-
putational methods [70], or phasic versus tonic activity of the 
central neural governing structures [57] was implicit and far 
reaching.

It is important to consider that model-based mathematical 
descriptions of complex physiology (e.g., left ventricle car-
diac dynamics) rely on a combination of indicators, com-
prised of an adimensional metric (e.g., ejection fraction 
percentage) along with their physical companions (e.g., ven-
tricular volumes). Since a ratio between quantities is usually 
present as adimensional, the term “ratiology” has been used 
to identify this process [71]. A similar approach can be used 
to describe RR variability spectral analysis, combining an 
adimensional indicator (e.g., ANSI) [39] with an established 
physical measure (e.g., HR).

The model should also account for the obligatory neural 
interaction between the two branches of the ANS, one exam-
ple being electrophysiological experiments on single cardiac 
vagal or sympathetic efferent fibers [48], considering also the 
mixed (afferent and efferent) nature of cardiac vagal and sym-
pathetic nerves [24], as well as the possibility that the relative 
powers of low- (LF) and high-frequency (HF) oscillations by 
shifting the attention from raw (numerical) spectral data to 
patterns of oscillations might furnish additional details about 
coded information, such as the arousal–performance relation-
ship [55]. These latter patterns are simply approximated by 
the LF/HF ratio or using normalized units to indicate (rela-
tive) oscillatory activity [63]. This corresponds to a/the shift 
from simple quantitative appraisal of autonomic cardiac regu-
lation, based on amplitude of sympathetic and vagal motor 
activity (reflected into a raw quantification of modulatory 
oscillations of RR intervals) to multiple levels of encoding the 
overall control of autonomic motor function via several feed-
back circuits (from peripheral sensory inputs to CAN inputs 
[25, 27]). Accordingly, in addition to providing an adrener-
gic–cholinergic visceromotor system [72] in the role of the 
final common pathway regulating (one way) visceral perfor-
mance, we must deal with a complex (two way, multicompo-
nent) control system. Information must, therefore, be 
distributed throughout the system at various levels suggesting 
the value of more complex analysis [73], rather than simple 
raw amplitude (number of spikes/sec; amount of raw RR vari-
ability), various patterns may be addressed. Information bits 
may thus change meaning according to the specific distribu-
tion throughout the control network [29] (see Figs. 10.2 and 
10.3). Pattern analysis carries the additional advantage that 
information embedded across multiple indices may be 
retrieved with an efficiency greater than using single indices 
[20]. In line with this, we reported recently that HRV com-

bined with cardiac baroreflex can increase the predictive 
capacity to recognize the hypertensive state [74]. Functionally, 
the autonomic motor drive is carried by the efferent sympa-
thetic and parasympathetic pathways (governing beat-by-beat 
cardiac function), which, in addition, encode autonomic 
information (at least) in amplitude and frequency [75]. As a 
behavioral example [28], response to a recognized threat 
might activate an excitatory reflex (fight or flight [38]), pro-
ducing an increase in the amount of synaptic transmitter 
release, corresponding to an increase of the number of spikes 
that could be recorded from sympathetic motor nerves (in 
parallel with a reduction of vagal release of acetylcholine). As 
a first approximation activation of the system could thus be 
assessed by the amplitude of the changes (e.g., an increase in 
HR accompanied by a reduction in time domain measures of 
HRV) in controlled parameters. Simultaneously, the excit-
atory response is thought to be expressed into a leftward shift 
of oscillatory power in the chain from the CAN, to autonomic 
motor nerves and in the beat-by-beat changes in RR interval 
(with a change in oscillatory balance: increase of LF and 
decrease of HF normalized oscillatory components of RR 
variability (see Fig. 10.5).

Linear and nonlinear encoding may thus suggest the spe-
cifics of autonomic motor setting. Again, we are dealing with 
simultaneously with physiology (extent and directionality of 
the response, with amplitude coding of hemodynamics, bio-
chemistry, and nerve firing) and information (regarding the 
autonomic neural setting), with frequency coding whereby 
activation is indicated by a/the leftward shift of oscillations 
in nerve firing and RR variability (for example, Fig.  10.6 
[11]). In essence, we introduce pattern as code, travelling 
together with amplitude control signal in peripheral nerves 
(sympathetic and parasympathetic [29]).

Accordingly, following the general hypothesis that HRV 
is a proxy of cardiac neural information [24], we might 
label patients with the probability of belonging to a specific 
pattern (either a disease, such as hypertension, diabetes, 
and coronary artery disease, or a physiological condition, 
such as high-level athletes) using a single purpose-built 
index [76]. Individual labeling will thus depend on a bench-
mark derived from a large population utilizing multivariete 
techniques for the statistical analysis [77]. This approach 
builds on the observation that multiple variables may be 
reduced to few significant hidden components, each belong-
ing to an informational ontology, whereby amplitude and 
oscillations might define different aspects of autonomic 
(dys)regulation, including (adimensional) pattern specific 
modalities [37].

For the purpose of this review, it may be relevant to recall 
that in a large group of patients the most informative clusters 
of HRV variables consisted of amplitude and oscillations of 
HRV, pulse rate, and arterial pressure [77].
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 Sleep: A Simplified View

Sleep is the intermediate state between wakefulness and death;
wakefulness being regarded as the active state

of all the animal and intellectual functions,
and death as that of their total suspension. 

—R. Macnish [78]

Not simply the absence of waking,
sleep is a special activity of the brain,

controlled by elaborate and precise mechanisms. 

—J.A. Hobson [79]

Sleep has classically been considered as a passive process, 
an inactive state of the brain originating from reduced sensory 
inputs, reduced blood flow to the brain (vascular theories), or 
accumulation of various “hypnotoxins” with the consequent 
diminishment of brain activity. No real distinction was seen 
between sleep and other state of quiescence (coma/anesthe-
sia) and sleep was considered closely related to death.

The deepest sleep resembles death.

—I Samuel 26:12

Sleep and death are similar . . .
sleep is one-sixtieth [i.e., one piece] of death.

—The Talmud, Berachoth 576

There she [Aphrodite] met sleep, the brother of death.

—Homer, The Iliad

To sleep: perchance to dream …;
For in that sleep of death what dreams may come

—Shakespeare, Hamlet

How wonderful is death;
Death and his brother sleep

—Shelley, Queen Mab

Nowadays, we know that sleep is an active and dynamic 
process comprising two clearly distinct types, rapid eye 
movement (REM) and non-REM sleep, which have different 
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neurophysiological characteristics, subserve different func-
tions, and are organized in different regions of the brain and 
by different neural networks.

The first evidence of sleep as an active process came in 
the second decade of the twentieth century when the Baron 
Constantin von Economo, an Austrian psychiatrist and neu-
rologist of Romanian origin and Greek descent, documented 
that in patients with epidemic encephalitis (“the Spanish 
flu”), who appeared clinically agitated and insomniac, the 
anatomical lesion was located in the anterior hypothalamus 
and basal forebrain [80]. In contrast, if patients were hyper-
somnolent or stuporous, the predominant lesion was in the 
posterior hypothalamus and rostral midbrain. He concluded 
that the anterior hypothalamus contained the Schlafzentrum 
(sleep center) and the posterior hypothalamus the 
Wachzentrum (wake center).

A few years later, Walter Rudolf Hess, a Swiss physiolo-
gist, confirmed these findings in intact free moving cats. In 
this preparation electrical stimulation of the anterior region 
of the hypothalamus led to a behavior of quiescence due to 
the activation of trophotropic structures, while the stimula-
tion of the posterior hypothalamus led to active behaviors 
and, therefore, hosted ergotropic structures [81]. However, 
true sleep appeared with a short latency only upon stimulat-
ing the anteromedial region of the thalamus. Hess, therefore, 
believed that it was the thalamus and not the hypothalamus 
that contained the true sleep center.

In 1928, the German psychiatrist Hans Berger [82] for the 
first time recorded the electrical activity of the human brain 
and named it electroencephalogram (EEG). For the first 
time, sleep could be continuously and qualitatively measured 
without disturbing the sleeper.

All the major elements of sleep brain wave patterns were 
described by Harvey, Hobart, Davis, and others at Harvard 
University in a series of papers published in 1937 and 1938 
[83–85]. Blake, Gerard, and Kleitman added to this from 
their studies at the University of Chicago [86, 87]. In human 
EEG, sleep was characterized by high-amplitude slow waves 
and spindles, whereas wakefulness was characterized by 
low-amplitude waves and alpha rhythm. The image of the 
sleeping brain completely “turned off” gave way to the image 
of the sleeping brain engaged in slow, synchronized, “idling” 
neuronal activity.

The 1930s also saw a series of investigations that seemed to 
establish conclusively both the passive theory of sleep and the 
notion that it occurred in response to reduction of stimulation 
and activity. These were the investigations of Belgian physi-
ologist Frederick Bremer reported in 1935 [88] and 1936 [89]. 
Bremer documented that slicing the brain along the line 
between the medulla and spinal cord (so-called encephale 
isolé preparation) did not impair the animal’s ability to stay 
awake [88]. In contrast, if the slice was made along the line 
joining the mesencephalon and diencephalon (cerveau isolé 
preparation), the animal no longer presented EEG signs of 

wakefulness [89]. He concluded that sleep was a passive phe-
nomenon due to a loss of peripheral (visceral and somatic) 
stimuli reaching the cerebral cortex through the brain stem. 
Although incorrectly interpreted, Bremer’s experimental find-
ings were historically important because they shifted physiol-
ogists’ attention away from the diencephalon to the brain 
stem. Studying the brain stem reticular formation, Moruzzi, 
first with Magoun [90] and then with his collaborators, discov-
ered that the upper brain stem contains an arousing (desyn-
chronizing) system whereas the dearousing (synchronizing) 
structures are located in the lower brain stem [90, 91].

Between 1953 and 1957, Kleitman’s laboratory in 
Chicago made a discovery which revolutionized sleep physi-
ology unequivocally demonstrating sleep as an active pro-
cess. Aserinsky and Kleitman discovered that there are two 
types of sleep: one identified by EEG tracings alone since the 
1930s and characterized by high amplitude EEG waves 
(sleep spindles and slow or delta waves), the other one iden-
tified by recording eye movements that had been ignored 
until this time because its EEG features (low amplitude fast 
EEG activity) could not be distinguished from those charac-
terizing active wakefulness and drowsiness [92]. Sleep asso-
ciated with eye movements and vivid dream activity was 
called REM sleep.

Between 1958 and 1962, the French physiologist Michel 
Jouvet demonstrated that the executive mechanisms respon-
sible for REM sleep are located in the rostral part of the pon-
tine reticular formation [93, 94]. Jouvet called REM sleep 
“paradoxical sleep” because it represented a strange neuro-
psychological situation: a “waking” (dreaming) brain in a 
“sleeping” body (skeletal muscles are functionally blocked 
during REM sleep).

Modern sleep researchers [95, 96] define sleep on the 
basis of both behavior while asleep and the related physio-
logic changes that occur to the brain’s electrical rhythm. The 
behavioral criteria include lack of mobility or slight mobil-
ity, closed eyes, a characteristic species-specific sleeping 
posture, reduced response to external stimulation, quies-
cence, increased reaction time, elevated arousal threshold, 
impaired cognitive function, and a reversible unconscious 
state. The physiologic criteria are based on the findings from 
EEG, electro-oculo-graphy (EOG), and electromyography 
(EMG) as well as other physiologic changes in ventilation 
and circulation. Based on these criteria, sleep is divided into 
two states: REM sleep (or desynchronized sleep) and non- 
REM sleep (synchronized sleep, which has three different 
stages N1, N2, N3). Each is linked to specific brain waves 
and neuronal activity. Table  10.1 reports synthetically key 
elements of NREM and REM sleep states combined with 
essential HRV proxies of cardiac autonomic regulation.

In an ideal situation (which may not be seen in all normal 
individuals), NREM and REM alternate in a cyclic manner, 
each cycle lasting on average from 90 to 110 minutes. During 
a normal sleep period in adults, four to six such cycles are 
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noted. The first two cycles are dominated by slow-wave sleep 
(SWS) [97] (Rechtschaffen and Kales stages 3 and 4 NREM 
and AASM stage N3 sleep); subsequent cycles contain less 
SWS, and sometimes SWS does not occur at all. In contrast, 
the REM sleep cycle increases from the first to the last cycle 
and the longest REM sleep episode toward the end of the 
night may last for an hour. Thus, in human adult sleep, the 
first third is dominated by the SWS and the last third is domi-
nated by REM sleep. This is in line with Moruzzi’s view [55] 
that physiological sleep is characterized: (a) by the presence 
of a short- or long-lasting appetitive phase, possibly corre-
sponding to the subjective feeling of drowsiness; (b) by the 
complete reversibility of all hypnic manifestations, as shown 
by the arousal produced by sensory and cortical stimulation; 
and finally (c) by the alternation between synchronized and 
desynchronized episodes of sleep, the presence of short last-
ing paradoxical episodes and of the corresponding hallucina-
tions, the dreams, being an indispensable manifestation of 
every type of physiological mammalian sleep. Once the 
instinctive behavior of sleep has started, a chain of consum-
matory actions with complex reverberations between brain 
stem and cerebrum will prevent a further fall of reticular tone 
to levels that would lead to a coma, a situation that would by 
definition abolish physiological sleep (see Fig.  10.3). A 
change in the opposite direction occurs at the moment of 
arousal, since all manifestations of sleep disappear when the 
reticular tone reaches the critical levels for consciousness.

 The Close Link Between Sleep 
and the Autonomic Nervous System

REM sleep triggers marked increases in sympathetic-nerve 
activity. —VK Somers et al. [98]

Sleep and ANS are closely associated on both biological 
and clinical grounds. Neuronal pathways located in the brain 
stem and basal forebrain responsible for the wake–sleep 

transition are connected with areas of the central nervous 
system regulating ANS activity (i.e., the CAN) [71, 99]. 
Indeed, sleep itself may be considered one of the most highly 
integrated autonomic functions at the forebrain diencephalic 
level, where the behavioral and homeostatic integration 
occurs. The close and bidirectional interconnection with 
hierarchical levels (i.e., state of consciousness) [100] sup-
ports this assertation. Hence, sleep disorders may cause or be 
associated with an unbalanced shift of autonomic modula-
tion of the cardiovascular functions during sleep and wake-
fulness. On the other hand, general medical and neurologic 
disorders that determine cardiovascular autonomic dysfunc-
tion may also provoke sleep disturbances. Cardiovascular 
autonomic dysfunction is also an important risk factor for 
cerebrovascular and cardiovascular disease. Therefore, many 
studies addressed changes in ANS activity associated with 
sleep disorders and vice versa [101].

In normal circumstances, the day–night circadian rhythm 
of the sleep–wake cycle is characterized by excitatory– 
inhibitory alternations. Recalling the “unitary” multi compo-
nent organization of autonomic control [19], HRV oscillations 
parallel analogous oscillations in other cardiovascular 
reflexes, such as the baroreflex that shows higher gain during 
the night and lower values during daily wakefulness [102]. 
The circadian modification of the autonomic function also 
has implications for clinical practice, considering the higher 
occurrence of cardiovascular and cerebrovascular events in 
early morning hours [103].

The concept that the ANS is differently modulated accord-
ing to the wake or sleep state (i.e., the state-dependent modu-
lation) is relatively recent. By simultaneous recording of 
cardiovascular and respiratory autonomic parameters during 
sleep, it was possible first to describe their profile during 
sleep, and second to investigate the implications of such con-
nections in clinical practice. In this regard, Coccagna and 
colleagues [104] demonstrated for the first time the dramatic 
effects of apneas on systemic and pulmonary blood pressure 

Table 10.1 The key elements of non-rapid eye movement (NREM) sleep and rapid eye movement (REM) sleep states and heart rate variability 
(HRV) proxies of cardiac autonomic regulation

Function Wakefulness NREM REM
Posture Normal Recumbent Recumbent
Mobility Normal Slightly reduced or immobile; postural 

shifts
Moderately reduced or immobile; myoclonic 
jerks

Response to 
stimulation

Normal Mildly to moderately reduced Moderately reduced to no response

Level of alertness Alert Unconscious but reversible Unconscious but reversible
Eyelids Open Closed Closed
Eye movements Waking eye movements Slow rolling eye movements Rapid eye movements
Electroencephalogram Alpha waves; 

desynchronized
Synchronized Theta or sawtooth waves; desynchronized

Electro-oculography Normal Mildly reduced Moderately to severely reduced or absent
Waking eye movements Slow rolling eye movements Rapid eye movements

HRV amplitude Reduced Increased Reduced
HRV oscillations Low-frequency shift High-frequency shift Low frequency shift
Cardiac baroreflex Reduction of gain Increase of gain Reduction of gain
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(BP) in patients with obstructive sleep apnea. Lugaresi and 
coworkers described the motor and autonomic characteris-
tics of sleep, reporting a progressive reduction of autonomic 
activation from stage 1 throughout stage 3 of NREM sleep, 
and an irregular pattern of cardiovascular and respiratory 
parameters during REM sleep, which also presented abol-
ished motor activity, leading to the fascinating condition of a 
very active autonomic brain (corresponding to an excitatory 
shift) in an inactive body (characterized by an inhibitory 
shift) [104, 105].

Subsequent extensive studies have better elucidated auto-
nomic changes according to sleep stage [106], which can be 
summarized as follows:

 (a) During NREM sleep, there is a predominance of the 
parasympathetic inhibitory setting, and the ANS regula-
tory responses to internal or external stimuli may be acti-
vated in order to maintain homeostasis. Coherently with 
this view, the pattern of integrated automatic regulation 
minimizing energy expenditure includes the BP and HR 
fall, the lowering of metabolic heat production and body 
temperature and the lowering of the breathing rate. In 
this phase, the HRV profile is characterized by a “vagal 
shift,” that is, increase in amplitude and relative preva-
lence of HF oscillations. In this stage, the cardiovascular 
risk is decreased.

 (b) REM sleep is characterized by a disruption of the 
homeostatic physiologic equilibrium leading to effector 
responses of great instability with alteration of tempera-
ture, cardiovascular and breathing regulation resulting in 
excitatory efferent activation [98]. During REM, the 
HRV profile mimics a sympathetic predominance: low 
HRV amplitude and leftward shift of frequency distribu-
tion. We know that in this condition the cardiovascular 
risk is increased (Table 10.2).

 Heart Rate Variability in Sleep Disorders

At the beginning of all experimental work stands
the choice of the appropriate technique of investigation. 

—W. R. Hess [19]

Important insights on autonomic function during wake 
and sleep were obtained in the early 1990s by the work of 
Somers and colleagues, by means of muscle sympathetic 
nerve activity (MSNA) recordings [98]. However, MSNA 
depends largely on specific codes, describing single or 
multiunit firing, amplitude, frequency, phase, or correla-
tion between circuits and is invasive. Even if the interpre-
tation of HRV is still far from established and largely 
depends on the underlying model of autonomic functions 
[107], HRV components may be used to study how auto-
nomic function is modulated during sleep stages and in 
response to arousal.

Obstructive sleep apnea is an example of a sleep disorder 
causing autonomic dysfunction. It is characterized by repeti-
tive episodes of complete or partial upper-airway obstruction 
during sleep, resulting in blood oxygen desaturation and 
often terminating by a brief arousal [108].

Each apneic episode induces dramatic changes on cardio-
vascular parameters, which are BP increase and HR decrease, 
followed by tachycardia on resuming of breathing [104]. 
These alterations are secondary to an overactivity of the 
sympathetic nervous system due to a hypoxia-induced tonic 
activation of excitatory chemoreflex afferents [109, 110] 
and depression of spontaneous baroreceptor reflex sensitiv-
ity [111].

Sympathetic overactivity was demonstrated also during 
wakefulness in patients with obstructive sleep apnea. 
Circadian rhythm analysis of HRV showed lower parasym-
pathetic and higher sympathetic activity from morning to 
noon in obstructive sleep apnea patients compared to con-
trols [112]. Moreover, normotensive obstructive sleep apnea 
patients have higher HR and norepinephrine plasma levels 
at rest during wakefulness and a higher BP response to 
head-up tilt compared to controls [113]. Further, these 
patients presented significantly lower values of respiratory 
arrhythmia and Valsalva ratio associated with a greater 
decrease in HR induced by cold face test, suggesting blunted 
reflex responses dependent on baroreceptor or pulmonary 
afferents and normal or increased cardiac parasympathetic 
efferent activity.

The sympathetic activation functional to halt the apnea, 
when repeated several times for an extended period may 
induce remodeling of central neuronal circuits that in turn 
lead to a sustained chronic peripheral sympathetic overactiv-
ity. This is responsible for the increased risk of developing 

Table 10.2 Autonomic changes according to sleep stage

Function NREM sleep REM sleep
Main feature Homeostatic

Autonomic stability
Not homeostatic
Autonomic instability

ANS effectors Parasympathetic 
predominance

Phasic fluctuations of 
parasympathetic and 
sympathetic/sympathetic 
predominance

Cardiovascular 
system

Decreased HR, 
decreased BP, 
increased BRS
CV risk decreased

Wide fluctuations in BP 
and HR, impaired BRS
Risk increased

Respiration Dominated by 
chemical control

Irregular, impaired 
respiratory reflexes, atonia

NREM  =  non-rapid eye movement; REM  =  rapid eye movement; 
ANS = autonomic nervous system; HR = heart rate; BP = blood pres-
sure; BRS = baroreceptor reflex sensitivity; CV = cardiovascular.
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cardiovascular and cerebrovascular diseases (hypertension, 
myocardial infarction, arrhythmias, heart failure, and stroke) 
in patients affected by this condition.

A different profile of autonomic dysfunction marks REM 
sleep behavior disorder (RBD), a sleep parasomnia charac-
terized by dream-enacting behaviors, often violent and inju-
rious, occurring during REM sleep and associated with loss 
of the physiological REM muscle atonia [108]. Since its first 
description, Schenck and colleagues noted the lack of HR 
changes which would have been expected in association 
with the vigorous behaviors during REM sleep in such 
patients [114]. Several subsequent studies reported reduced 
HRV during night-time, reduced HR response to arousals 
and leg movements, and lack of the decrease in RR interval 
and HF components from NREM to REM sleep transition 
that is the absence of the physiologic parasympathetic with-
drawal and sympathetic increase observed during REM 
sleep compared to NREM sleep in these patients [115]. 
HRV analysis during tilt test showed lower LF and higher 
HF components as well as significant reduction of LF/HF 
ratio in RBD patients compared to controls, suggesting an 
impaired autonomic response to orthostatic stress during 
wakefulness in RBD [116].

Pathogenesis of idiopathic RBD is yet to be fully under-
stood; however, degeneration of areas involved in sleep regu-
lation and REM promotion located in the brain stem seem to 
play a role. The close vicinity with the CAN suggests that 
autonomic circuits are also directly involved in the degenera-
tive process and are thus associated with this condition.

In summary, to interpret the autonomic changes occurring 
during sleep it may be useful to abandon the traditional view 
of parasympathetic and sympathetic efferent control (often 
indicated as sympatho-vagal balance) and substitute it with a 
more dynamic (cybernetic) view, synthesized in the balance 
of opposing negative and positive feedbacks, as the former is 
inhibitory and the latter is excitatory functionally. The 
change is not cosmetic, but substantial, since it gives a criti-
cal role to autonomic afferents and to reflexes interacting 
with the central command (better indicated as CAN), render-
ing the ANS “connected” (not autonomous) in various ways 
to the rest of the neural circuitry.

Generally, autonomic regulation is implicitly considered 
a “functional unity” resulting in dynamical changes in effer-
ent (motor) sympathetic or parasympathetic activity; an 
important possibility that is usually disregarded depicts pos-
sible changes in functional organization, resulting in a cyber-
netic reset. As an example, we may recall the disconnection 
between autonomic and somatomotor circuits during REM 
sleep. Operationally, it is noteworthy that an increase in HR 
might result from an increase in sympathetic activity, or a 
reduction in vagal activity depending upon the integrated 
balance of various regulatory circuits. This balance is the end 
result of the physiological dynamics of “software” or of ana-

tomical disruption, whereby severing an excitatory input 
may result in inhibition overall.

 HRV and Sleep in the Clinic

The finger pointing at the moon is not the moon. 

—Thich Nhat Hanh [117]

Given the still incomplete agreement about the clinical 
value of HRV as a reliable autonomic measure [118, 119], 
we should start from the a priori consideration that the 
importance of HRV during various conditions, such as dur-
ing sleep, varies according to the specific questions that are 
addressed.

Regarding the present review, clinical studies should be 
preferred to experimental ones, recognizing the importance 
of estimating model parameters in individual patients [120] 
and of selecting the proper metrics to serve as patient ori-
ented (bio) markers [68] among a multiplicity of (quarreling) 
contenders. Multiple studies since historical findings of the 
1980s to 1990s [10, 70, 121] have been largely interpreted as 
indication that some metrics from HRV (in particular HF 
spectral components of RR variance linked to respiration) 
may reliably assess vagal influences to the SA node, while 
sympathetic influences are more difficult to glean from LF 
components [43]. Of note, more complex indices (e.g., the 
bivariate baroreflex gain) might prove more reliable indica-
tors of overall neurovisceral regulation (inhibitory and excit-
atory) [17]. Conversely, the interpretation of other indices 
(such as the lower frequency oscillations) derived from spec-
tral analysis of RR V or MSNA [11] receives a weaker con-
sensus of interpretation [44]. Finally, recent evidence seems 
to provide much needed genetic support to the link between 
reduced vagal control (as reflected by low HRV) and greater 
risk of cardiac mortality [122].

 HRV and the Clinic: Importance of Models

The supreme art of war is to subdue
the enemy without fighting.

—Sun Tzu [123]

Considering that neural control of cardiac functions is 
engrained in dynamics of changing requests from the periph-
ery, one might also consider the capacity of HRV (and derived 
indices) of signaling variations in autonomic drive (modeling 
either only peripheral efferent activity or more correctly the 
complex hierarchy of the entire control system). Following 
this integrated (closed loop, sensory and motor, dynamical) 
model, unitary indices of HRV gain a more compelling value 
than the separated vagal or sympathetic (motor only) hypoth-
esis. The dynamics of RR V (RR variability?) implies a focus 
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on large, fast changes in raw (e.g., RR variance measured in 
m/s2) and computed (e.g., the ratio LF/HF) indices. The com-
bination of both raw and derived variables might in addition 
represent a better approach to cardiovascular metrics [68] 
helping integrate clinical research with medical care [124]. 
Consensus on the use of HRV in sleep medicine should thus 
be viewed as a progressive journey rather than a magical, 
single revealing step.

 Conclusion: HRV, Sleep, and Digital Medicine

Although the autonomic motor system is largely involuntary,
the behaviours controlled by it are tightly  

integrated with voluntary
movements controlled by the somatic motor system.

—J.P. Horn and L.W. Swanson [25]

Medicine has evolved from the time of Hippocrates to 
become mostly digitalized. Technology largely pervades all 
medical fields to help doctors in a major shift from diagnoses 
and treatment of groups of patients, to maintain health in a 
longer, happier life according to individually titrated proce-
dures [125]. Technology has furthered research and hope-
fully will continue to do so. Yet, it is important to avoid being 
overwhelmed by the digital data provided in large numbers, 
but to learn to correctly interpret such results in light of the 
multifarious clinical settings.

Sleep is one of the most fascinating and integrated human 
functions to study, and technology has provided us with a 
great chance to dig more deeply in to its physiology and 
pathophysiology. HRV is an easy and reliable parameter use-
ful to clinicians to assess autonomic function dynamics also 
during sleep. A comprehensive evaluation of sleep requires a 
structured, complete video-polysomnography, in a dedicated 
environment, generating huge amounts of data, thus allow-
ing deep evaluations of all its multiple components. HRV, 
conversely, may be of particular interest because of its tech-
nical simplicity. Ease of measure is, however, coupled to a 
still debated interpretation, which falls short of providing 
measures of sympathetic or parasympathetic efferent activity 
but seems to furnish an index of activation/inhibition balance 
[30] of the autonomic neural organization and therefore of 
arousal [55] and attendant link with performance. In accor-
dance with system medicine, HRV does not provide direct 
information regarding the pathogenesis of individual auto-
nomic dysfunctions but correlates with multiple parameters 
of different domains such as motor control in various ways in 
line with the underlying background, condition, and 
environment.

In conclusion, oriented longitudinal intervention studies 
using benchmarked simple HRV indices [76] on large popu-
lations might support methods to assess (How?) the role of 
autonomic (dys)regulation in dynamic conditions such as 

during normal or abnormal sleep (When?) and furnish stron-
ger rational motives for a more cogent clinical use of a rela-
tively simple technique, useful also in dire times, when 
keeping distance may be advisable (Why?).

References

 1. Pinault JR. Hippocratic lives and legends. Studies in ancient medi-
cine, vol. 4. EJ Brill: Leiden; 1992.

 2. Harvey W.  The anatomical exercises: de motu cordis and de 
circulatione sanguinis. English translation. Keynes G, editor. 
New York: Dover; 1995.

 3. Lower R. Tractatus de corde. Item de motu & colore sanguinis 
et chyli in eum transitu. London: Typis Jo Redmayne, impensiss 
Jacobi Allestry; 1669.

 4. Wooley CF.  Palpitation: brain, heart, and ‘spirits’ in the seven-
teenth century. J R Soc Med. 1998;91(3):157–60.

 5. Fye WB.  Profiles in cardiology. Antonio Scarpa. Clin Cardiol. 
1997;20(4):411–2.

 6. Eknoyan G. Stephen Hales: the contributions of an enlightenment 
physiologist to the study of the kidney in health and disease. G Ital 
Nefrol. 2016;33(Suppl 66):33.S66.5.

 7. Rivera-Ruiz M, Cajavilca C, Varon J.  Einthoven’s string gal-
vanometer: the first electrocardiograph. Tex Heart Inst J. 
2008;35(2):174–8.

 8. Warner HR, Cox A.  A mathematical model of heart rate con-
trol by sympathetic and vagus efferent information. Simulation. 
1964;3(1):63–71.

 9. McSayers BA.  Analysis of heart rate variability. Ergonomics. 
1973;16(1):17–32.

 10. Akselrod S, Gordon D, Ubel FA, Shannon DC, Berger AC, Cohen 
RJ.  Power spectrum analysis of heart rate fluctuation: a quan-
titative probe of beat-to-beat cardiovascular control. Science. 
1981;213(4504):220–2.

 11. Pagani M, Montano N, Porta A, Malliani A, Abboud FM, 
Birkett C, et  al. Relationship between spectral compo-
nents of cardiovascular variabilities and direct measures of 
muscle sympathetic nerve activity in humans. Circulation. 
1997;95(6):1441–8.

 12. Bible Gateway. New international version. Acts 5 Ananias and 
Sapphira. https://www.biblegateway.com/passage/?search=Acts.5
&version=NIV. Accessed 2 Aug 2020.

 13. La Rovere MT, Bigger JT, Marcus FI, Mortara A, Schwartz 
PJ. Baroreflex sensitivity and heart-rate variability in prediction 
of total cardiac mortality after myocardial infarction. Lancet. 
1998;351(9101):478–84.

 14. Breakspear M, Heitmann S, Daffertshofer A.  Generative mod-
els of cortical oscillations: neurobiological implications of the 
Kuramoto model. Front Hum Neurosci. 2010;4:190.

 15. Gerlach DA, Manuel J, Hoff A, Kronsbein H, Hoffmann F, 
Heusser K, et al. Novel approach to elucidate human baroreflex 
regulation at the brainstem level: pharmacological testing during 
fMRI. Front Neurosci. 2019;13:193.

 16. Dooley D. Wearable electronics market development status, emerg-
ing technologies, regional trends and comprehensive research 
study 2025. Press release. 1 Jul 2020. America news hour. https://
www.americanewshour.com/2020/07/01/wearable-electronics-
market-development-status-emerging-technologies-regional-
trends-and-comprehensive-research-study-2025-2/375399. 
Accessed 2 Sep 2020.

 17. Solaro N, Malacarne M, Pagani M, Lucini D. Cardiac baroreflex, 
HRV, and statistics: an interdisciplinary approach in hypertension. 
Front Physiol. 2019;10:478.

M. Pagani et al.

https://www.biblegateway.com/passage/?search=Acts.5&version=NIV
https://www.biblegateway.com/passage/?search=Acts.5&version=NIV
https://www.americanewshour.com/2020/07/01/wearable-electronics-market-development-status-emerging-technologies-regional-trends-and-comprehensive-research-study-2025-2/375399
https://www.americanewshour.com/2020/07/01/wearable-electronics-market-development-status-emerging-technologies-regional-trends-and-comprehensive-research-study-2025-2/375399
https://www.americanewshour.com/2020/07/01/wearable-electronics-market-development-status-emerging-technologies-regional-trends-and-comprehensive-research-study-2025-2/375399
https://www.americanewshour.com/2020/07/01/wearable-electronics-market-development-status-emerging-technologies-regional-trends-and-comprehensive-research-study-2025-2/375399


113

 18. Karemaker JM. Heart rate variability: why do spectral analysis? 
Heart. 1997;77(2):99–101.

 19. Hess WR. The central control of the activity of internal organs. In: 
The Nobel Foundation, editor. Nobel lecture physiology or medi-
cine 1942–1962. Amsterdam: Elsevier; 1964.

 20. Haken H.  Synergetics: an introduction: nonequilibrium phase 
transitions and self-organization in physics, chemistry and biol-
ogy (Springer series in Synergetics). 3rd ed. Berlin: Springer 
Verlag; 1983.

 21. Brown D. Origin. New York: Doubleday/Penguin Random House; 
2017.

 22. Langley JN.  The autonomic nervous system. Cambridge: 
W. Heffer & Sons; 1921.

 23. Sherrington CS.  The integrative action of the nervous system. 
New Haven: Yale University Press; 1911.

 24. Malliani A, Pagani M, Lombardi F, Cerutti S.  Cardiovascular 
neural regulation explored in the frequency domain. Circulation. 
1991;84(2):482–92.

 25. Horn JP, Swanson LW. The autonomic motor system and the hypo-
thalamus. In: Kandel ER, Schwartz JH, Jessell TM, Siegelbaum 
SA, Hudspeth AJ, editors. Principles of neural science. 5th ed. 
New York: McGraw Hill; 2013. p. 1056–78.

 26. Kandel ER, Schwartz JH, Jessell TM, Siegelbaum SA, Hudspeth 
AJ, editors. Principles of neural science. 5th ed. New  York: 
McGraw Hill; 2013.

 27. Cersosimo MG, Benarroch EE.  Central control of autonomic 
function and involvement in neurodegenerative disorders. Handb 
Clin Neurol. 2013;117:45–57.

 28. Engel BT.  Psychosomatic medicine, behavioral medicine, just 
plain medicine. Psychosom Med. 1986;48(7):466–79.

 29. Pagani M, Malliani A.  Interpreting oscillations of muscle sym-
pathetic nerve activity and heart rate variability. J Hypertens. 
2000;18(12):1709–19.

 30. Massimini M, Porta A, Mariotti M, Malliani A, Montano N. Heart 
rate variability is encoded in the spontaneous discharge of tha-
lamic somatosensory neurones in cat. J Physiol. 2000;526(Pt 
2):387–96.

 31. Fukuda K, Kanazawa H, Aizawa Y, Ardell JL, Shivkumar 
K.  Cardiac innervation and sudden cardiac death. Circ Res. 
2015;116(12):2005–19.

 32. Zaglia T, Mongillo M. Cardiac sympathetic innervation, from a 
different point of (re)view. J Physiol. 2017;595(12):3919–30.

 33. Tracey KJ.  The inflammatory reflex. Nature. 
2002;420(6917):853–9.

 34. Yao G, Kang L, Li J, Long Y, Wei H, Ferreira CA, et al. Effective 
weight control via an implanted self-powered vagus nerve stimu-
lation device. Nat Commun. 2018;9(1):5349.

 35. Aristotle. On the soul. Parva naturalia. On breath. Trans. Hett 
WS.  Loeb Classical Library 288. Cambridge, MA: Harvard 
University Press; 1957.

 36. Hippocrates. Ancient medicine. Airs, waters, places. Epidemics 1 
and 3. The Oath. Precepts. Nutriment. Trans. Jones WHS. Loeb 
Classical Library 147. Cambridge, MA: Harvard University Press; 
1923.

 37. Sassi R, Cerutti S, Lombardi F, Malik M, Huikuri HV, Peng 
CK, et al. Advances in heart rate variability signal analysis: joint 
position statement by the e-cardiology ESC working group and 
the European heart rhythm association co-endorsed by the Asia 
Pacific Heart Rhythm Society. Europace. 2015;17(9):1341–53.

 38. La Rovere MT, Porta A, Schwartz PJ.  Autonomic control of 
the heart and its clinical impact. A personal perspective. Front 
Physiol. 2020;11:582.

 39. Abboud FM. The Walter B. Cannon memorial award lecture, 2009. 
Physiology in perspective: the wisdom of the body. In search of 
autonomic balance: the good, the bad, and the ugly. Am J Physiol 
Regul Integr Comp Physiol. 2010;298(6):R1449–67.

 40. Beissner F, Meissner K, Bär KJ, Napadow V. The autonomic brain: 
an activation likelihood estimation meta-analysis for central pro-
cessing of autonomic function. J Neurosci. 2013;33(25):10503–11.

 41. Valenza G, Sclocco R, Duggento A, Passamonti L, Napadow 
V, Barbieri R, Toschi N. The central autonomic network at rest: 
uncovering functional MRI correlates of time-varying autonomic 
outflow. NeuroImage. 2019;197:383–90.

 42. La Rovere MT, Pinna GD, Hohnloser SH, Marcus FI, Mortara A, 
Nohara R, et al. Barorefiex sensitivity and heart rate variability in 
the identification of patients at risk for life-threatening arrhythmias: 
implications for clinical trials. Circulation. 2001;103(16):2072–7.

 43. Heart rate variability: standards of measurement, physiological 
interpretation and clinical use. Task force of the European society 
of cardiology and the North American society of pacing and elec-
trophysiology. Circulation. 1996;93(5):1043–65.

 44. Billman GE. The LF/HF ratio does not accurately measure cardiac 
sympatho-vagal balance. Front Physiol. 2013;4:26.

 45. Eckberg D.  Sympathovagal balance: a critical appraisal. 
Circulation. 1997;96(9):3224–32.

 46. Sleight P, Bernardi L. Sympathovagal balance (letter). Circulation. 
1998;98(23):2640.

 47. Malliani A, Pagani M, Montano N, Mela GS. Sympathovagal bal-
ance: a reappraisal. Circulation. 1998;98(23):2640–3.

 48. Pagani M, Pizzinelli P, Bergamaschi M, Malliani A.  A positive 
feedback sympathetic pressor reflex during stretch of the thoracic 
aorta in conscious dogs. Circ Res. 1982;50(1):125–32.

 49. Schwartz PJ, Pagani M, Lombardi F, Malliani A, Brown 
AM. A cardiocardiac sympathovagal reflex in the cat. Circ Res. 
1973;32(2):215–20.

 50. Prechtl JC, Powley TL.  B-afferents: a fundamental division of 
the nervous system mediating homeostasis? Behav Brain Sci. 
1990;13(2):289–300.

 51. Warner HR, Russell RO. Effect of combined sympathetic and vagal 
stimulation on heart rate in the dog. Circ Res. 1969;24(4):567–73.

 52. Sunagawa K, Kawada T, Nakahara T. Dynamic nonlinear Vago- 
sympathetic interaction in regulating heart rate. Heart Vessel. 
1998;13(4):157–74.

 53. Malliani A, Pagani M. Afferent sympathetic nerve fibres with aor-
tic endings. J Physiol. 1976;263(2):157–69.

 54. Jänig W. The integrative action of the autonomic nervous system: 
neurobiology of homeostasis. Cambridge: Cambridge University 
Press; 2006.

 55. Moruzzi G.  Sleep and instinctive behavior. Arch Ital Biol. 
1969;107(2):175–216.

 56. Hebb DO.  A textbook of psychology. 3rd ed. Philadelphia: 
Saunders; 1966.

 57. Aston-Jones G, Cohen JD.  An integrative theory of locus 
coeruleus- norepinephrine function: adaptive gain and optimal 
performance. Annu Rev Neurosci. 2005;28:403–50.

 58. Cortelli P, Parchi P, Contin M, Pierangeli G, Avoni P, Tinuper P, 
et al. Cardiovascular dysautonomia in fatal familial insomnia. Clin 
Auton Res. 1991;1(1):15–21.

 59. Richerson GB, Aston-Jones G, Saper CB. The modulatory func-
tions of the brain stem. In: Kandel ER, Schwartz JH, Jessell TM, 
Siegelbaum SA, Hudspeth AJ, editors. Principles of neural sci-
ence. 5th ed. New York: McGraw Hill; 2013. p. 1038–55.

 60. Guazzi M, Malliani A, Zanchetti A.  Reflex regulation of 
consciousness and emotional behaviour. Acta Neurochir. 
1964;12(2):198–214.

 61. Koch E. Die Irradiation der pressoreceptorischen Kreislaufreflexe. 
KlinWschr. 1932;11:225–7.

 62. Bizzi E, Libretti A, Malliani A, Zanchetti A. Reflex chemocep-
tive excitation of diencephalic sham rage behavior. Am J Physiol 
Content. 1961;200(5):923–6.

 63. Pagani M, Lombardi F, Guzzetti S, Rimoldi O, Furlan R, Pizzinelli 
P, et al. Power spectral analysis of heart rate and arterial pressure 

10 Interpreting Heart Rate Variability in Sleep: Why, When, and How?



114

variabilities as a marker of sympatho-vagal interaction in man and 
conscious dog. Circ Res. 1986;59(2):178–93.

 64. Williams DWP, Koenig J, Carnevali L, Sgoifo A, Jarczok MN, 
Sternberg EM, et  al. Heart rate variability and inflamma-
tion: a meta-analysis of human studies. Brain Behav Immun. 
2019;80:219–26.

 65. Föhr T, Pietilä J, Helander E, Myllymäki T, Lindholm H, Rusko H, 
et al. Physical activity, body mass index and heart rate variability- 
based stress and recovery in 16 275 Finnish employees: a cross- 
sectional study. BMC Public Health. 2016;16:701.

 66. Abboud FM, Thames MD. Interaction of cardiovascular reflexes 
in circulatory control. In: Terjung R, editor. Compr physiol. 
Hoboken: Wiley; 2011. p. 675–753.

 67. Milani RV, Bober RM, Lavie CJ. The role of technology in chronic 
disease care. Prog Cardiovasc Dis. 2016;58(6):579–83.

 68. Chouchou F, Desseilles M. Heart rate variability: a tool to explore 
the sleeping brain? Front Neurosci. 2014;8:402.

 69. Kollai M, Koizumi K. Reciprocal and non-reciprocal action of the 
vagal and sympathetic nerves innervating the heart. J Auton Nerv 
Syst. 1979;1(1):33–52.

 70. Malik M, John Camm A, Thomas Bigger J, Breithardt G, Cerutti 
S, Cohen RJ, et al. Heart rate variability: standards of measure-
ment, physiological interpretation, and clinical use. Circulation. 
1996;93(5):1043–65.

 71. Kerkhof PLM, Peace RA, Handly N. Ratiology and a complemen-
tary class of metrics for cardiovascular investigations. Physiology. 
2019;34(4):250–63.

 72. Benarroch EE.  The central autonomic network: functional 
organization, dysfunction, and perspective. Mayo Clin Proc. 
1993;68(10):988–1001.

 73. Ahn AC, Tewari M, Poon CS, Phillips RS. The clinical applica-
tions of a systems approach. PLoS Med. 2006 Jul;3(7):e209.

 74. Lucini D, Solaro N, Pagani M. May autonomic indices from car-
diovascular variability help identify hypertension? J Hypertens. 
2014;32(2):363–73.

 75. Gerstner W, Kreiter AK, Markram H, Herz AVM.  Neural 
codes: firing rates and beyond. Proc Natl Acad Sci USA. 
1997;94(24):12740–1.

 76. Sala R, Malacarne M, Solaro N, Pagani M, Lucini D. A compos-
ite autonomic index as unitary metric for heart rate variability: a 
proof of concept. Eur J Clin Investig. 2017;47(3):241–9.

 77. Lucini D, Solaro N, Pagani M.  Autonomic differentiation map: 
a novel statistical tool for interpretation of heart rate variability. 
Front Physiol. 2018;9:401.

 78. Macnish R. The philosophy of sleep. 1st American ed. New York: 
Appleton; 1834.

 79. Hobson JA.  Sleep. Scientific American library series, no. 
27. New  York: Scientific American Library: distributed by 
W.H. Freeman; 1989.

 80. Von Economo C.  Die Encephalitis lethargica. Leipzig/Wein: 
Franz Deuticke; 1918.

 81. Hess WR.  Das Schlafsyndrom als Folge diencephaler Reizung. 
Helv Physiol Pharmacol Acta. 1944;2:305–44.

 82. Berger H. Über das Elektrenkephalogramm des Menschen. Arch f 
Psychiatrie. 1929;87:527–70.

 83. Davis H, Davis PA, Loomis AL, Harvey EN, Hobart G. Changes 
in human brain potentials during the onset of sleep. Science. 
1937;86(2237):448–50.

 84. Davis H, Davis PA, Loomis AL, Harvey EN, Hobart G. Human 
brain potentials during the onset of sleep. J Neurophysiol. 
1938;1(1):24–38.

 85. Loomis AL, Harvey EN, Hobart GA.  Cerebral states dur-
ing sleep, as studied by human brain potentials. J Exp Psychol. 
1937;21(2):127–44.

 86. Blake H, Gerard RW. Brain potentials during sleep. Am J Phys. 
1937;119(4):692–703.

 87. Blake H, Gerard RW, Kleitman N.  Factors influencing brain 
potentials during sleep. J Neurophysiol. 1939;2(1):48–60.

 88. Bremer F. Cerveau ‘isolé’ et physiologie du sommeil. Comptes 
rendus des séances et mémoires de la Société de biologie. 
1935;118:1235–41.

 89. Bremer F.  Cerveau. Nouvelles recherches sur le mecanisme du 
sommeil. Comptes rendus des séances et mémoires de la Société 
de biologie. 1936;122:460–4.

 90. Moruzzi G, Magoun HW.  Brain stem reticular formation and 
activation of the EEG.  Electroencephalogr Clin Neurophysiol. 
1949;1(4):455–73.

 91. Batini C, Moruzzi G, Palestini M, Gf R, Zanchetti A. Presistent 
patterns of wakefulness in the pretrigeminal midpontine prepara-
tion. Science. 1958;128(3314):30–2.

 92. Aserinsky E, Kleitman N.  Regularly occurring periods of eye 
motility, and concomitant phenomena, during sleep. 1953. J 
Neuropsychiatry Clin Neurosci. 2003;15(4):454–5.

 93. Jouvet M, Michel F, Courjon J. On a stage of rapid cerebral elec-
trical activity in the course of physiological sleep. C R Seances 
Soc Biol Fil. 1959;153:1024–8. (Article in French)

 94. Jouvet M.  Research on the neural structures and responsible 
mechanisms in different phases of physiological sleep. Arch Ital 
Biol. 1962;100:125–206. (Article in French)

 95. Jones BE. The mysteries of sleep and waking unveiled by Michel 
Jouvet. Sleep Med. 2018;49:14–9.

 96. Gutiérrez-Rivas E, de Andrés I, Gómez-Montoya J, Reinoso- 
Suárez F. The influence of the rostropontine-ventrolateral region 
on the sleep-wakefulness cycle. Experientia. 1978;34(1):61–2.

 97. Chokroverty S.  An overview of normal sleep. In: Chokorverty 
S, editor. Sleep disorders medicine: basic science, technical con-
siderations, and clinical aspects. 3rd ed. Philadelphia: Saunders/
Elsevier; 2009.

 98. Somers VK, Dyken ME, Mark AL, Abboud FM.  Sympathetic- 
nerve activity during sleep in normal subjects. N Engl J Med. 
1993;328(5):303–7.

 99. Benarroch EE.  Autonomic neurology. (contemporary neurology 
series). New York: Oxford University Press; 2014.

 100. Tononi G, Koch C.  Consciousness: here, there and 
everywhere? Philos Trans R Soc Lond Ser B Biol Sci. 
2015;370(1668):20140167.

 101. Calandra-Buonaura G, Provini F, Guaraldi P, Plazzi G, Cortelli 
P.  Cardiovascular autonomic dysfunctions and sleep disorders. 
Sleep Med Rev. 2016;26:43–56.

 102. Pagani M, Somers V, Furlan R, Dell’Orto S, Conway J, Baselli G, 
et al. Changes in autonomic regulation induced by physical train-
ing in mild hypertension. Hypertension. 1988;12(6):600–10.

 103. Muller JE, Ludmer PL, Willich SN, Tofler GH, Aylmer G, Klangos 
I, et  al. Circadian variation in the frequency of sudden cardiac 
death. Circulation. 1987;75(1):131–8.

 104. Coccagna G, Mantovani M, Brignani F, Parchi C, Lugaresi 
E. Continuous recording of the pulmonary and systemic arterial 
pressure during sleep in syndromes of hypersomnia with periodic 
breathing. Bull Physiopathol Respir. 1972;8(5):1159–72.

 105. Lugaresi E, Coccagna G, Mantovani M. Pathophysiological, clini-
cal and nosographic considerations regarding hypersomnia with 
periodic breathing. Bull Physiopathol Respir. 1972;8(5):1249–56.

 106. Tobaldini E, Nobili L, Strada S, Casali KR, Braghiroli A, Montano 
N. Heart rate variability in normal and pathological sleep. Front 
Physiol. 2013;4:294.

 107. de Zambotti M, Trinder J, Silvani A, Colrain IM, Baker 
FC.  Dynamic coupling between the central and autonomic ner-
vous systems during sleep: a review. Neurosci Biobehav Rev. 
2018;90:84–103.

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

M. Pagani et al.



115

 109. Hedner J, Ejnell H, Sellgren J, Hedner T, Wallin G. Is high and 
fluctuating muscle nerve sympathetic activity in the sleep apnoea 
syndrome of pathogenetic importance for the development of 
hypertension? J Hypertens Suppl. 1988;6(4):S529–31.

 110. Vanninen E, Tuunainen A, Kansanen M, Uusitupa M, Lansimies 
E. Cardiac sympathovagal balance during sleep apnea episodes. 
Clin Physiol. 1996;16(3):209–16.

 111. Parati G, Di Rienzo M, Bonsignore MR, Insalaco G, Marrone O, 
Castiglioni P, et  al. Autonomic cardiac regulation in obstructive 
sleep apnea syndrome: evidence from spontaneous baroreflex 
analysis during sleep. J Hypertens. 1997;15(12 Pt 2):1621–6.

 112. Noda A, Yasuma F, Okada T, Yokota M. Circadian rhythm of auto-
nomic activity in patients with obstructive sleep apnea syndrome. 
Clin Cardiol. 1998;21(4):271–6.

 113. Cortelli P, Parchi P, Sforza E, Contin M, Pierangeli G, Barletta 
G, et al. Cardiovascular autonomic dysfunction in normotensive 
awake subjects with obstructive sleep apnoea syndrome. Clin 
Auton Res. 1994;4(1–2):57–62.

 114. Schenck CH, Bundlie SR, Ettinger MG, Mahowald MW. Chronic 
behavioral disorders of human REM sleep: a new category of 
parasomnia. Sleep. 1986;9(2):293–308.

 115. Chiaro G, Calandra-Buonaura G, Cecere A, Mignani F, Sambati 
L, Loddo G, et al. REM sleep behavior disorder, autonomic dys-
function and synuclein-related neurodegeneration: where do we 
stand? Clin Auton Res. 2018;28(6):519–33.

 116. Rocchi C, Placidi F, Liguori C, Del Bianco C, Lauretti B, Diomedi 
M, et al. Daytime autonomic activity in idiopathic rapid eye move-

ment sleep behavior disorder: a preliminary study. Sleep Med. 
2018;52:163–7.

 117. Nhat HT. Old path, white clouds : walking in the footsteps of the 
Buddha. Berkeley: Parallax Press; 1991.

 118. Pagani M, Lucini D, Porta A.  Sympathovagal balance from 
heart rate variability: time for a second round? Exp Physiol. 
2012;97(10):1141–2.

 119. Heathers JA. Sympathovagal balance from heart rate variability: 
an obituary. Exp Physiol. 2012;97(4):556.

 120. Pant S, Corsini C, Baker C, Hsia TY, Pennati G, Vignon-Clementel 
IE.  Inverse problems in reduced order models of cardiovascular 
haemodynamics: aspects of data assimilation and heart rate vari-
ability. J R Soc Interface. 2017;14(126):20160513.

 121. Schwartz PJ, La Rovere MT, Vanoli E. Autonomic nervous sys-
tem and sudden cardiac death. Experimental basis and clinical 
observations for post-myocardial infarction risk stratification. 
Circulation. 1992;85(1 Suppl):177–91.

 122. Nolte IM, Munoz ML, Tragante V, Amare AT, Jansen R, Vaez A, 
et al. Genetic loci associated with heart rate variability and their 
effects on cardiac disease risk. Nat Commun. 2017;8:15805.

 123. Tzu S, Giles L. The art of war. New York: Open Road Integrated 
Media, LLC; 2014. p. 64.

 124. Sacristan JA. Clinical research and medical care: towards effective 
and complete integration. BMC Med Res Methodol. 2015;15:4.

 125. Steinhubl SR.  The future of individualized health maintenance. 
Nat Med. 2019;25(5):712–4.

10 Interpreting Heart Rate Variability in Sleep: Why, When, and How?



117© Springer Nature Switzerland AG 2021
S. Chokroverty, P. Cortelli (eds.), Autonomic Nervous System and Sleep, https://doi.org/10.1007/978-3-030-62263-3_11

Laboratory Evaluation of Sleep 
Disorders: PSG, MSLT, MWT, 
and Actigraphy

Sushanth Bhat and Sudhansu Chokroverty

 Introduction

A physician dealing with patients suffering from autonomic 
dysfunction must have a basic knowledge about a variety of 
sleep disorders that may occur in such patients. For this par-
ticular reason, it is essential to know when to order sleep 
laboratory tests, the rationale behind these tests, and the 
essential sleep laboratory findings in major conditions with 
autonomic failure manifesting significant sleep-related 
symptoms. It is incumbent upon the autonomic specialist to 
remember that there is an intimate relationship among the 
central autonomic network (CAN) in the brainstem with its 
reciprocal ascending and descending connections, hypno-
genic neurons (located in the brainstem and hypothalamus), 
and brainstem respiratory neurons. Sleep has a profound 
effect on the function of the autonomic nervous system 
(ANS). Furthermore, dysfunction of the ANS significantly 
impacts human sleep and particularly breathing during sleep. 
It is, therefore, logical to expect sleep dysfunction and sleep 
disordered breathing (SDB) in patients with autonomic fail-
ure. In many patients with primary autonomic failure (e.g., 
multiple system atrophy [MSA], primary autonomic failure 
[PAF], familial dysautonomia [FD], idiopathic subtype of 
postural tachycardia syndrome [POTS]) and in some patients 
with secondary autonomic failure (e.g., diabetic autonomic 
neuropathy, Guillain-Barre syndrome, central neurodegen-
erative diseases, such as Parkinson’s disease [PD] and dif-
fuse Lewy body disease with dementia [DLBD]), sleep 

dysfunction and SDB have been noted. In addition, Fatal 
Familial Insomnia, a rare prion disease, presents with severe 
sleep disturbances and dysautonomia. In this chapter, we 
will briefly describe a variety of sleep laboratory tests (e.g., 
overnight polysomnography [PSG], Home Sleep Apnea Test 
[HSAT], Multiple Sleep Latency Test [MSLT], Maintenance 
of Wakefulness Test [MSWT], and actigraphy) which are 
important for the diagnosis and monitoring of sleep dysfunc-
tion as well as SDB.  Finally, we will briefly allude to 
consumer- oriented sleep technology (not of much practical 
use currently) and list sleep laboratory findings in some of 
the conditions with both autonomic and sleep dysfunction 
mentioned above.

 Techniques to Measure Sleep-Disordered 
Breathing

 Polysomnography

Clinical Utility Attended overnight in-laboratory PSG 
remains the gold standard in the evaluation of OSA and other 
types of SDB including central sleep apnea and Cheyne- 
Stokes respirations (seen in many patients with autonomic 
failure) as well as ataxic breathing that may be seen in 
patients on opioid therapy or those with neurodegenerative 
diseases (e.g., MSA, DLBD, and PD) and demyelinating dis-
eases such as multiple sclerosis [1]. In addition, the routine 
recording of multiple physiological characteristics in addi-
tion to respiratory function simultaneously during sleep, 
including electroencephalography (EEG), electro- 
oculography (EOG), and chin and limb muscle electromyog-
raphy (EMG), allows for the evaluation of unusual behavior 
in sleep (parasomnias), including rapid eye movement 
(REM) sleep behavior disorder (RBD), as well as epilepti-
form activity and clinical seizures during sleep [2], espe-
cially when additional EEG and EMG channels are employed.
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In general, during PSG recording, patients spend one 
entire night in the sleep laboratory with the goal of captur-
ing a typical night’s sleep. Figure 11.1 depicts a typical 30-s 
epoch from an overnight PSG. The study assesses wakeful-
ness and sleep stages, respiration, cardiopulmonary func-
tion, and body movements. Airflow and respiratory effort 
channels are used to score respiratory events including 
apneas and hypopneas. The finger pulse oximetry channel 
allows for scoring of event-related oxygen desaturations as 
well as sleep hypoxemia independent of apneic and hypop-
neic events. In patients undergoing continuous positive air-
way (CPAP) or bilevel titration for OSA, the C-flow channel 
provides the airflow signal, and PAP pressure is continu-
ously adjusted during the night to eliminate respiratory 
events. EEG, EOG, and chin EMG channels are used to 
stage sleep, and limb (EMG) electrodes are typically placed 
on the legs (usually the tibialis anterior muscle) for scoring 
and evaluation of limb movements. Additional EMG chan-
nels may be used in special montages, especially when it is 
necessary to determine the presence of REM sleep without 
atonia in patients with RBD. A single channel electrocardi-
ography (EKG) channel and a snore channel are part of the 
typical PSG setup. Video and audio recording are essential 
for recording position and evaluating abnormal movements 
and behavior in sleep (such as bruxism, catathrenia, and 
various other parasomnias). Table 11.1 presents a standard 
set of montages for PSG recording, modified from the 
American Academy of Sleep Medicine (AASM) recom-
mendations [3].

Technical Considerations Biological signals recorded during 
PSG are of very small amplitude (EEG, EOG, and EMG activi-
ties are in the microvolt range) and need to be amplified to be 
displayed and analyzed. Additionally, these waveforms also 
need to be filtered in order to best visualize activity of interest 
and exclude artifact. PSG equipment is, thus, a series of ampli-
fiers that record and amplify this activity and then pass it through 
adjustable filters for display at different sensitivity settings.

PSG equipment uses differential amplifiers, which 
amplify the potential difference between the two amplifier 
inputs. The result of this is that unwanted extraneous envi-
ronmental noise, which is likely to be seen at the two elec-
trodes, is subtracted out and therefore cannot contaminate 
the recording.

The amplifiers used consist of both alternating current 
(AC) and direct current (DC) amplifiers. The AC amplifiers 
are used to record physiological characteristics showing high 
frequencies such as EEG, EOG, EMG, and EKG. The AC 
amplifier contains both high- and low-frequency filters. DC 
amplifiers have no low-frequency filters and are typically 
used to record potentials with slow frequency such as the 
output from the oximeter, the output from the pH meter, 
CPAP titration used for upper airway pressurization to elimi-
nate apneic events, and for some special techniques such as 
intraesophageal pressure readings. AC or DC amplifiers may 
be used to record respiratory flow and effort. Sensitivity and 
filter settings vary according to the physiological character-
istics recorded (Table 11.1 and 11.2).

Fig. 11.1 A 30-s epoch depicting N2 sleep from the overnight poly-
somnogram of a 24-year-old woman with insomnia and snoring. Top 
eight channels; EEG recording with electrodes placed according to the 
10–20 international electrode placement system. E1-M2, E2-M2; 
electro- oculogram channels. Chin1-Chin2; submental electromyogram 
(EMG). EKG; electrocardiogram. HR; heart rate. LTIB, RTIB; left and 

right tibialis anterior EMG. LGAST, RGAST; left and right gastrocne-
mius EMG.  OroNs1-OroNS2; oronasal airflow. Pflw1-Pflw2; nasal 
pressure transducer recording. Chest and ABD; effort belts. SaO2; arte-
rial oxygen saturation by finger oximetry. Also included is a snore 
channel
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The standard speed for recording traditional PSG is 
10 mm/s, so that each monitor screen is a 30-s epoch, making 
sleep staging easy to identify. A 30 mm/s speed is the tradi-

tional speed at which EEGs are analyzed, as they allow for 
easy identification of epileptiform activities. While review-
ing the PSG at the traditional 10 mm/s speed, the polysom-
nographer may pick up EEG abnormalities that can be better 
analyzed by slowing the recording down to 30 mm/s. On the 
other hand, with experience, polysomnographers may choose 
a 5 mm/s speed, rendering a 60-s epoch, to better visualize 
respiratory events.

Electroencephalography The main purpose of EEG 
recording incorporated into PSGs is twofold: to distinguish 
between wakefulness and the various stages of sleep and to 
recognize an arousal. EEG electrodes are placed as per the 
ten-twenty international electrode placement system 
(Fig.  11.2) [4–7]. The AASM recommends a minimum of 
three channels (F4-M1, C4-M1, O2-M1) representing the 
right frontal, central, and occipital electrodes referenced to 
the contralateral mastoid. While the above montage would 
theoretically be sufficient to detect a posterior dominant 
rhythm in wakefulness (best seen in occipital leads) and 
major sleep architecture (vertex waves, sleep spindles, and K 
complexes best seen in frontal and central derivations), there 
are serious limitations to adhering to this minimum recom-
mended montage. Recording over only one hemisphere may 
result in inability to score sleep accurately if that hemisphere 
is affected by a pathological process (as in a patient with 
stroke or tumor) or in missing possible serious pathology in 
the contralateral hemisphere. Furthermore, the absence of a 
temporal lead may result in missing epileptiform activity 
which is most common in this region. Therefore, we use a 
montage that records over both hemispheres and includes the 
temporal regions (see Table 11.1), in addition to electrodes 
recommended by the AASM for the scoring of sleep. For 
patients in whom nocturnal seizures are suspected or likely 
to occur, a full seizure montage with parasagittal and tempo-
ral chains (not shown) is recommended [2].

Electro-oculography Eye movements are generally char-
acteristic of the sleep stage in which they occur and are an 
essential part of scoring. Eye blinks, seen only in wakeful-
ness, are conjugate vertical eye movements occurring at 
0.5–2 hertz with the eyes open or closed. Rapid eye move-
ments (conjugate, irregular, sharp eye movements with an 
initial deflection of less than half a second) occur in wakeful-
ness along with high chin EMG tone, eye blinks, and a pos-
terior dominant rhythm, and also occur in REM sleep, 
especially in phasic REM where they occur in bursts seen in 
all directions (horizontal, oblique, and vertical) and are 
accompanied by low to absent chin tone (interspersed with 
similar phasic bursting) and a desynchronized, amorphous 
EEG pattern. Slow lateral eye movements (SEMs or SLEMs) 
are seen in drowsiness and light sleep and are defined as con-
jugate, sinusoidal, regular eye movements with an initial 

Table 11.1 Typical overnight polysomnographic montage used in our 
laboratory

Channel number Name
1. F3-M2
2. C3-M2
3. T3-M2a

4. O1-M2
5. F4-M1
6. C4-M1
7. T4-M1a

8. O2-M1
9. Left electro-oculogram (E1-M2)
10. Right electro-oculogram (E2-M2)
11. Chin electromyogram (EMG)
12. EKG
13. Heart rate
14. Left gastrocnemius EMGb

15. Left tibialis anterior EMG
16. Right gastrocnemius EMGb

17. Right tibialis anterior EMG
18. Intercostal EMGb

19. Oronasal thermistorc

20. Nasal pressure transducerc

21. Chest
22. Abdomen
23. Snoring
24. Arterial oxygen saturation

Channels 1–8 record electroencephalogram activity from bilateral cere-
bral hemispheres in a referential chain; electrode designation per the 
10–20 International System of electrode placement. M1 and M2, left 
and right mastoid, respectively. Channel 19 and 20 record airflow 
(“flow channels”). Channels 21 and 22 record respiratory effort (“effort 
channels”) (see also Fig. 11.1)
aTemporal EEG channels are not part of the standard recommendations 
of the American Academy of Sleep Medicine (AASM) but included in 
our laboratory to increase the potential yield for epileptiform activity
bAdditional EMG channels (not part of the standard AASM recommen-
dations) used in our laboratory
cIn a CPAP titration study, flow channels are replaced by a CPAP signal 
(C-flow signal)

Table 11.2 Filter and sensitivity settings for polysomnographic 
studies

Characteristics

High- 
frequency 
filter (Hz)

Time 
constant 
(s)

Low- 
frequency 
filter (Hz)

Electroencephalogram 
5–7 μV/mm

70 or 35 0.4 0.3

Electro-oculogram 
5–7 μV/mm

70 or 35 0.4 0.3

Electromyogram 2–3 μV/
mm

90 0.04 5.0

Electrocardiogram 1 mV/
cm to start

15 0.12 1.0

Airflow and effort 
5–7 μV/mm; adjust

15 1 0.1
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deflection of greater than half a second. These eye move-
ments are not under voluntary control and cannot be volition-
ally simulated. In approximately 10–15% of subjects who do 
not generate a posterior dominant rhythm, the appearance of 
SLEMs heralds stage N1 sleep. While they may persist into 
stage N2 during the early part of the night, they generally 
disappear in stage N3 and REM sleep (although there is no 
formal publication in this regard, but this information is 
derived from day-to-day routine PSG  interpretation); the 
SLEMs may, however, may persist in deeper stages of sleep 
in patients on antidepressant medication).

Electromyography EMG channels provide important 
physiological characteristics that help determine sleep stage, 
as well as aiding in the diagnosis and classification of a vari-
ety of parasomnias. At a minimum, chin EMG channels 
recording activity from the mentalis and submental muscles 
(the mylohyoid and anterior belly of the digastric) and bilat-
eral leg EMG channels recording activity from the tibialis 
anterior muscles should be included in PSG recordings.

Chin EMG tone aids in the staging of sleep. It follows a 
characteristic pattern as sleep progresses, decreasing with 
sleep onset and continuing to diminish through NREM sleep 
to a point where it is at its minimum and almost absent in 
REM sleep. Phasic bursts (myoclonic bursts) in the chin 
EMG (as well as limb EMG) are seen in phasic REM sleep.

Lower limb EMGs are generally recorded with electrodes 
placed over the tibialis anterior muscles 2–2.5 cm apart. The 

main utility of these channels is to detect periodic limb move-
ments in sleep (PLMS) and are particularly useful when these 
movements occur as a result of respiratory events, as the cor-
relation between these movements and the respiratory events 
can be easily appreciated on PSG. However, many patients 
with a history of abnormal movements or behavior in sleep 
require a more extended EMG montage (we call this a multi-
ple muscle montage [MMM]) that includes extra channels 
recording from additional cranially innervated muscles (e.g., 
the sternocleidomastoideus, masseter, and mentalis), upper 
limb muscles (e.g., biceps, triceps, extensor digitorum com-
munis, flexor digitorum Sublimis), lower limb muscles (e.g., 
quadriceps and gastrocnemius), and axial muscles (e.g., para-
spinals, rectus abdominis, intercostals). The MMM is of par-
ticular utility in patients with suspected RBD, where REM 
without atonia may be missed if an adequate number of mus-
cles is not sampled. While a standard montage for RBD has 
not yet been agreed upon, Fraucher et al. [8] found that simul-
taneous recording and quantitative analysis of the mentalis 
and flexor digitorum Sublimis in 3-s mini epochs was 100% 
specific for RBD, when activity was present in more than 
31.9% of miniepochs. The heterogeneity of RBD appears to 
be expressed in the dissociated EMG findings in cranial as 
well as arm and the leg muscles, requiring recording from 
multiple muscles. The MMM recording may also be useful in 
patients with suspected restless legs syndrome (RLS or 
Willis-Ekbom disease) as PLMS may also occasionally occur 
in the arm muscles or, rarely, in the axial or cranially inner-
vated muscles.
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It is often helpful to also include external intercostal or 
diaphragmatic EMG (recording inspiratory muscle bursts) as 
well as rectus abdominis muscle (recording expiratory mus-
cle activity). The intercostal EMG recorded from the seventh 
to ninth intercostal space with an active electrode on the 
anterior axillary line and the reference electrodes on the 
midaxillary line may also include some diaphragmatic mus-
cle activity in addition to the intercostal activity. 
Diaphragmatic activity can be recorded by placing surface 
electrodes over the right or left side of the umbilicus or over 
the anterior costal margin, but these are contaminated by a 
mixture of intercostal activity and such noninvasive tech-
niques are unreliable for quantitative assessment of dia-
phragmatic EMG.  True diaphragmatic activity is typically 
recorded by intraesophageal recording. Intercostal or dia-
phragmatic EMG is useful in the differentiation between 
central and obstructive apneas, especially when the respira-
tory channels are unreliable; continued bursts of EMG activ-
ity in these channels would identify the event as obstructive 
while the absence of such bursts would indicate a central 
event.

Electrocardiography The PSG generally includes a single 
channel of EKG recorded by placing one electrode over the 
sternum and the other electrode at a lateral chest location. 
This recording detects bradytachyarrhythmias or other car-
diac arrhythmias which may be seen in many patients with 
autonomic failure and OSA; a standard EKG should be later 
obtained to characterize the exact nature of the arrhythmia.

Recording of Respiratory Effort Intraesophageal pressure 
monitoring is the ideal method of detecting respiratory effort 
but is not routinely used in the usual sleep laboratory record-
ing. The most commonly used channels measure respiratory 
effort by respiratory inductive plethysmography (RIP) belts, 
or by mercury-filled or piezoelectric strain gauges. 
Impedance pneumography and respiratory magnetometers 
are available but generally not used.

Respiratory Inductive Plethysmography (RIP) This 
measures changes in thoracoabdominal cross-sectional areas 
and the sum of these two components is proportional to air-
flow. Inductance refers to resistance to current flow. 
Transducers across the chest and abdomen detect changes in 
the cross-sectional areas of the thorax and abdomen during 
breathing. These belts are prone to dislodgement during the 
night by patient movement, causing inaccuracy in measure-
ments of the respiratory effort.

Measurement of Airflow Airflow can be measured by oro-
nasal thermal devices (thermistors or thermocouples) or 
nasal cannula–pressure transducers. Most standard PSGs use 

both types of devices due to limitations with using only one 
type.

Oronasal Temperature Monitoring An oronasal thermal 
device (thermistor or thermocouple) placed between the nose 
and mouth is commonly used to monitor airflow by detecting 
changes in temperature (cool air flows during inspiration and 
warm air flows during expiration). A thermistor consisting of 
wires records changes in electrical resistance, and thermo-
couples consisting of dissimilar metals (e.g., copper and con-
stantan) register changes in voltage that result from this 
temperature variation. Thermal devices are not as sensitive 
as nasal pressure transducers for detecting airflow limitation 
and, hence, may miss hypopneas. For this reason, the nasal 
pressure technique to detect airflow (described below) should 
also be used in addition routinely during PSG recording. The 
thermistors, however, are used to score apneas.

The temperature of the thermal device must be below 
body temperature in order to sense the temperature differ-
ence between expired and inspired air. These devices must 
therefore not be in contact with the skin. Because of this, 
they are easily displaced, causing false changes in airflow.

Nasal Pressure Monitoring Nasal airway pressure 
decreases during inspiration and increases during expiration. 
In nasal pressure monitoring, a nasal cannula is connected to 
a pressure-sensitive transducer, which measures this pressure 
difference. This alternating decrement and increment of 
nasal pressure produce electrical signals, which indirectly 
register airflow.

Nasal pressure monitoring is more sensitive than the ther-
mal devices in detecting airflow limitation and hypopneas. 
With increased upper airway resistance, the nasal pressure 
monitor will register a plateau indicating a flow limitation. A 
DC amplifier or an AC amplifier with a long time constant 
should be used. One disadvantage is that nasal pressure can-
nula cannot be used to measure airflow in mouth breathers 
and in patients with nasal obstruction. For this reason, nasal 
pressure transducers are not used to score apneas.

Oxygen Saturation Finger pulse oximetry is used to nonin-
vasively measure oxygen saturation during sleep (SaO2). It 
reflects the percentage of hemoglobin that is oxygenated (by 
measuring the difference in light absorption between oxyhe-
moglobin and deoxyhemoglobin), rather than the arterial 
partial pressure of oxygen. Continuous monitoring of SaO2 is 
crucial because it provides important information about the 
severity of respiratory dysfunction. PSG reports mention the 
time the patient spent with an SaO2 below 90%. Patients with 
OSA may have hyponea/apnea-related recurrent desatura-
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tions with a return of SaO2 to baseline at the termination of 
the event (“respiratory event related hypoxemia”).

Expired Carbon Dioxide Capnography or end-tidal CO2 
(EtCO2) monitoring detects the expired carbon dioxide (CO2) 
level, which closely approximates intra-alveolar CO2. 
Capnography detects both airflow and the partial pressure of 
CO2 in alveoli and is useful in evaluating OSA, sleep 
hypoventilation, and underlying pulmonary disease. An 
infrared analyzer over the nose and mouth detects CO2 in the 
expired air, which qualitatively measures the airflow. This is 
the best noninvasive method to detect alveolar hypoventila-
tion. The method is costly and therefore not used in most 
laboratories, but it should be used routinely in children with 
suspected OSA.

Home Sleep Apnea Testing (HSAT) In recent years, there 
has been a trend toward the increased use of portable monitor-
ing devices for home sleep studies in preference to in-lab 
PSG. HSAT devices are classified into four types based on the 
number of characteristics they measure and the degree of 
attendance required. Type 1 devices are the traditional attended 
in-laboratory PSGs described above. Type 2 devices require a 
minimum of seven channels, including EEG/EOG, chin EMG, 
EKG, oximetry, and airflow and respiratory effort channels. 
Thus, they permit sleep scoring. Type 3 studies (also called 
“cardiopulmonary studies”) have a minimum of four channels 
(airflow, respiratory effort, pulse oximetry, and EKG); these 
studies can be attended or unattended. Sleep scoring cannot be 
performed with these devices. An example for a type 4 device 
is overnight ambulatory pulse oximetry (a single-channel 
device recording a single physiological characteristic). Type 4 
devices may also have a channel to measure airflow.

The advantages of HSAT include reduced cost; easier 
access to these devices for patients who are immobile, can-
not travel, or who live far away from sleep laboratories; and 
quicker turnaround time for results. On the other hand, there 
are several disadvantages, including reduced sensitivity, 
especially with type 3 and 4 devices, which may miss mild or 
positional OSA, or may produce false negative results in 
patients who sleep poorly during the test. Additionally, type 
3 and 4 devices cannot evaluate abnormal movements or sei-
zures in sleep due to lack of EEG and EMG channels. A 
negative study in a patient in whom the clinical suspicion for 
sleep disordered breathing is high leads to an in-laboratory 
PSG anyway. In-lab PSG, rather than portable monitoring, 
should be used for the diagnosis of OSA in patients with 
significant cardiorespiratory disease (such as chronic 
obstructive pulmonary disease [COPD] or congestive heart 
failure [CHF]), potential respiratory muscle weakness due to 
neuromuscular condition, awake hypoventilation or suspi-

cion of sleep-related hypoventilation, chronic opioid medi-
cation use, history of stroke, or severe insomnia.

 Tests for Daytime Hypersomnolence

Although they are both tests for excessive daytime sleepi-
ness, the MSLT and the MWT assess different functions. The 
MSLT unmasks physiologic sleepiness, which depends on 
both circadian and homeostatic factors; in contrast, the MWT 
is a reflection of the individual’s capability to resist sleep and 
is influenced by physiologic sleepiness.

 Multiple Sleep Latency Testing

The MSLT, developed by Carskadon and Dement in the late 
1970s [9], is an objective test of hypersomnolence, which 
measures the rapidity with which a subject can fall asleep 
under standard conditions during the day. The MSLT has 
become the standard clinical method for objectively mea-
suring excessive daytime sleepiness [10–12]. It is also used 
to document sleep-onset REM periods (SOREMPS), 
defined as the onset of REM sleep within 15 min of sleep 
initiation, one of the critical findings in narcolepsy. 
Therefore, the AASM has indicated that the MSLT should 
be used as part of an evaluation of suspected narcolepsy, 
which remains the single most important indication for per-
forming the MSLT, and that it may be helpful in the evalu-
ation of suspected idiopathic hypersomnia [13, 14]. The 
MSLT is not routinely recommended in patients with OSA, 
circadian rhythm disorders, or insomnia; however, those 
patients previously diagnosed with OSA, PLMS, or mood 
disorders who continue to have excessive sleepiness despite 
optimal treatment may require evaluation by the MSLT to 
exclude associated narcolepsy. Additionally, the MSLT is 
also often used to determine the efficacy of treatment in 
patients with narcolepsy. For patients with initially nega-
tive studies, following are the recommended indications for 
repeat MSLT: extraneous circumstances or inappropriate 
conditions affecting the initial MSLT, presence of ambigu-
ous or uninterpretable finding, and initial MSLT without 
polygraphic confirmation in a patient suspected to have 
narcolepsy.

 MSLT Guidelines

Guidelines for performing the MSLT have been standardized 
[15] and should be followed without deviation from protocol 
by all sleep laboratories. Where deviations are unavoidable, 
they should be justified by the technician and included in the 
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final report. The sleep specialist must then make a determi-
nation with regard to whether the deviation from protocol 
invalidates the results.

The general procedures before the actual recording 
include keeping a sleep diary for 1–2 weeks before the test, 
which records information about usual bedtime, time of ris-
ing, napping, and any drug use. The test is mandatorily pre-
ceded by an overnight PSG, and the MSLT is scheduled 
about 2–3 h after the conclusion of the overnight PSG study. 
On the PSG, additional sleep disorders that may contribute to 
hypersomnolence (such as OSA) or insufficient sleep (less 
than 360 min) would invalidate any MSLT results, and the 
MSLT should be deferred until the underlying sleep disor-
ders are addressed.

The actual test consists of four to five opportunities for 
napping at 2-h intervals and each recording session is sched-
uled to last for 20 min. Between tests, subjects must remain 
awake. The subjects must not smoke for 30  min before 
lights are turned off. The patient is instructed to relax and 
fall asleep, and the lights are turned off. The test must be 
conducted in a quiet, dark room. The specific recording 
includes a minimum of three channels of EEG (F3-A2, 
C3-A2, O1-A2, and C4-A1 are recommended to docu-
ment alpha activity in relaxed wakefulness in adults and 
its disappearance at sleep onset), submental EMG to eval-
uate chin tone, and EOG recordings for detection of rapid 
eye movements. For each nap opportunity, the measure-
ments recorded include sleep-onset latency (the time in 
minutes from lights out to the first epoch of any stage of 
sleep) and the presence of SOREMPs. If sleep is recorded, 
the test is run for an additional 15  min to provide an 
opportunity for a SOREMP to occur; if a SOREMP does 
occur, the nap is immediately terminated. If the technician 
is unclear about whether a SOREMP has occurred, then it 
is better to continue the test than to end it prematurely. If 
no sleep occurs, then the test is concluded 20  min after 
lights are turned off. A total of four to five nap opportuni-
ties is provided to the subject (only four need to be 
recorded if the patient develops two SOREMPs in those 
four naps or has a SOREMP on the preceding night PSG 
and at least one additional SOREMP on one of the first 
four naps) [16]. Mean sleep latency (MSL) is calculated 
as the average sleep latencies of each of the four or five 
individual naps.

 MSLT Interpretation, Limitations, and Pitfalls

Based on AASM practice parameters, a mean sleep latency 
of 8 min or less indicates pathological hypersomnolence; a 
mean sleep latency of 10 min or more is considered normal 
and latencies between these two means are considered bor-
derline pathologic [17]. The diagnosis of narcolepsy requires 
a mean sleep latency of 8  min or less and 2 SOREMPs; 

where insufficient SOREMPs are seen, the diagnosis of idio-
pathic hypersomnia may be made.

The sensitivity and specificity of the MSLT in detecting 
sleepiness have not been clearly determined. While the test- 
retest reliability of the MSLT has been documented to be 
high in normal subjects [18, 19], it was found to be poor in 
patients with diseases of central hypersomnolence [20]. In 
subjects with sleepiness caused by circadian rhythm sleep 
disorders, sleep deprivation, and ingestion of hypnotics and 
alcohol, pathologic sleepiness has been validated by MSLT 
[14]. However, there is poor correlation between the MSLT 
and subjective measures of sleepiness such as the Epworth 
Sleepiness Scale [21–23]. The patient’s psychological and 
behavioral state also interferes with the MSLT results. If the 
patient suffers from severe anxiety or psychological distur-
bances causing behavioral stimulation, MSLT may not show 
sleepiness even in a patient complaining of EDS. Day-to-day 
variability in the degree of sleepiness and an inability to 
cooperate or understand instructions are other factors for 
unreliability. Use of centrally active stimulating medications 
(methylphenidate, amphetamines, modafinil, armodafinil, 
etc.) and REM suppressants (selective serotonin reuptake 
inhibitors, tricyclic antidepressants, monoamino oxidase 
inhibitors, etc.) may produce falsely increased sleep laten-
cies or suppress SOREMPs. Furthermore, pathological 
sleepiness with two or more SOREMPS may occasionally be 
seen in other conditions (e.g., OSA, REM sleep dysregula-
tion, circadian rhythm sleep disorders). In addition, the 
MSLT measures propensity to fall asleep in an environment 
(e.g., sleep laboratory) conducive to sleep but not in other 
conditions (e.g., work or driving). One should also be aware 
of false-positive and false-negative test results. Aldrich et al. 
[24] found that the sensitivity of the combination of two or 
more SOREMPs with a mean sleep latency of <5 min on an 
initial MSLT was 70% with a specificity of 97%, but 30% of 
all subjects with this combination of findings did not have 
narcolepsy. Repeat MSLT in those patients with narcolepsy 
with an initially negative study may yield positive findings in 
up to 20% of cases [25].

 Maintenance of Wakefulness Testing

The MWT, which is performed less frequently than the 
MSLT, measures the ability of the subject to remain awake, 
and in contrast to MSLT, the instruction provided is to resist, 
rather than attempt, sleep [11, 12, 26]. The test protocol 
requires four trials (“wake opportunities”) at 2-h intervals to 
test an individual’s ability to stay awake. Based on studies 
published in the peer-reviewed literature, the Standards of 
Practice Committee of the AASM [13] recommends the 
MWT 40-min protocol. Unlike the MSLT, the MWT does 
not require prior overnight polysomnography. The test is per-
formed about 1.5–3 h after the individual’s usual wake-up 
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time. The recording montage and patient calibrations are 
similar to those used for the MSLT. Prior to the beginning of 
the recording, subjects are asked to sit still in bed with a back 
and headrest and remain awake as long as possible. They are 
not allowed to read, use headphones to listen to music, use a 
mobile phone, watch television or use any digital device to 
read during each trial of 40 min. Sleep onset is defined as the 
time between lights off in the beginning of the recording and 
the onset of three consecutive epochs of stage 1 sleep or one 
epoch of any other stage of sleep. The trial should be termi-
nated after sleep onset or after 40 min if no sleep occurs. A 
mean sleep latency (the arithmetic mean of the individual 
sleep latencies of four trials) of less than 8 min is considered 
abnormal as recommended by the standards of practice com-
mittee of the AASM [13]; values greater than this but less 
than 40 min are of uncertain significance.

The AASM Standards of Practice Committee recom-
mended the following indications for the MWT [13]:

• Assessment of the individuals employed in occupations 
involving public transportation or safety for their ability 
to remain awake

• Assessment of response to treatment (e.g., response to 
stimulants in narcolepsy and CPAP titration in OSA 
patients)

Recently in an important study of  MWT [27] concluded 
tha for driving impairment a sleep onset  latency (SOL) of 
0–19 minutes may be considered pathological( highl vulner-
able) but those with a SOL of 20–33 minutes may also be 
vulneral but to a lesser extent whereas  those with a SOL of 
34–40 minutes are considered alert.

 Techniques to Measure Body Movements/
Sleep-Wake Cycles

 Actigraphy

An actigraph, also known as an actometer or actimeter, moni-
tors body movements and other activities continuously for 
days, weeks, or even months, and thereby indirectly obtains 
information about sleep-wake cycles [12, 28, 29]. These 
devices can be worn on the wrist or alternatively on the ankle 
for recording arm, leg, and body movements. Actigraphs use 
piezoelectric sensors which function as accelerometers to 
record acceleration or deceleration of movements rather than 
the actual movements. The mechanical movements are con-
verted into electrical signals, which are then sampled every 
tenth second over a predetermined time or epoch and then 
retrieved and analyzed in a computer. The principle of analysis 
is based on the fact that increased movements (as indicated by 
black bars in the actigraph) are seen during wakefulness in 
contrast to markedly decreased movements or no movements 

(as indicated by the white area interrupting the black bars) 
during sleep, although normal physiological body and limb 
movements and postural shifts during sleep will cause inter-
ruptions (black bars of the white background) (Fig. 11.3).

Actigraphy has been shown to compare favorably with 
PSG recordings in distinguishing sleep from wakefulness 
[30]. Compared to PSG, actigraphs have several advantages 
including easy accessibility, inexpensive recording over 
extended periods for days, weeks, or even months; recording 
of 24-h activities at all sites (home, work, or laboratories); 
usefulness in uncooperative and demented patients when 
laboratory PSG study is not possible; and ability to conduct 
longitudinal studies during therapeutic intervention (behav-
ioral or pharmacological treatment) in patients with insom-
nia. However, actigraphy has several limitations compared to 
PSG: these include inability to diagnose sleep apnea and to 
clarify the etiology of insomnia; overestimation of sleep 
when some insomniacs may lie down in bed for prolonged 
periods without moving; and an inability to identify subjects 
who are feigning sleep problem and to discriminate types of 
movements such as PLMS from other body movements and 
provide any information about other physiological character-
istics (e.g., EEG, EOG, respiration).

 Consumer-Oriented Sleep Technology

In recent years, there has been an explosion of inexpensive, 
consumer-oriented, readily available technology that is meant to 
monitor, among other parameters, sleep quality and duration. 
Entries into this category include standalone wearable devices 
(e.g., FitBit, Jawbone) as well as smartphone- based software 
programs (“apps”) [31, 32]. While they all essentially use accel-
erometry-based techniques, as does actigraphy, to score sleep or 
wake (and in some cases distinguish between “light” and “deep” 
sleep) based on body movement, in most cases, the exact tech-
nology is proprietary, which limits detailed evaluation. 
“No-contact” bedside devices that detect sleep through radio 
waves have recently become available [33]. Several smartphone 
apps that screen for OSA have also been marketed [34, 35]. 
Although the use of consumer-oriented sleep technology is 
undoubtedly likely to become more prevalent in the near future, 
its widespread clinical application is currently limited by the 
very little data validating it against established means of evaluat-
ing sleep [36]. Recently published studies do suggest that this 
technology, while showing variable correlation with PSG-based 
scoring, has a sensitivity and specificity for sleep-wake detec-
tion that may be comparable to actigraphy [37, 38]. However, 
the data are preliminary and much more research in the area is 
required. The AASM Position Statement on consumer-oriented 
sleep technology [39] recommends that, given the lack of vali-
dation and US Food and Drug Administration (FDA) clearance, 
this technology not be utilized for the diagnosis or treatment of 
sleep disorders currently.
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 Brief Review of Sleep Laboratory Findings 
in Selected Cases of Autonomic Failure

 Multiple System Atrophy (Formerly Known 
as the Shy-Drager Syndrome)

Sleep dysfunction is very common in MSA and PSG find-
ings may include the following [40]: sleep onset and mainte-
nance insomnia with repeated awakenings and sleep 
fragmentation; decreased sleep efficiency (SE); reduced 
slow wave sleep (SWS) and REM sleep; a variety of respira-
tory dysrhythmias (almost in 100% of cases in advanced 
stage of illness) consisting of OSA with oxygen desatura-
tion; dysrhythmic breathing (irregular rate, rhythm, and 
amplitude of breathing becoming worse in sleep); Cheyne- 
Stokes breathing (CSB) and Cheyne-Stokes Variant breath-
ing (hypopnea substituting apnea); prolonged period of 
central apneas accompanied by mild oxygen desaturation in 
relaxed wakefulness as if the respiratory center forgot to 
breathe; in occasional patients inspiratory gasps, apneustic 
breathing, and periodic breathing in the erect posture accom-
panied by postural fall of blood pressure; RBD (in 80–95% 
of cases characterized by violent behavior in about 80% of 

cases but non-violent in the remaining percentage as cap-
tured in the video-audio recordings which are part of the rou-
tine PSG recording in most of the laboratories); motor 
behavior accompanied by REM without atonia (RWA), 
which is the physiological signature of RBD; and nocturnal 
stridor which may be inspiratory, expiratory (due to an 
obstruction in the intrathoracic region), or both and gives rise 
to a striking noise likened to a “donkey braying.” MSLT may 
show pathological excessive daytime sleepiness (EDS).

 Postural Tachycardia Syndrome (POTS)

Sleep dysfunction is often an important component of this 
entity but has largely been neglected. PSG findings reflect 
heterogeneity (as is also noted in the spectrum of clinical 
presentation) and may include sleep onset and mainte-
nance insomnia, PLMS, decreased or absent REM sleep, 
abnormal sweating in REM sleep, rarely OSA and CSA 
with ataxic breathing, and circadian dysrhythmia (e.g., 
delayed sleep phase syndrome). An important common 
presentation is fatigue, which may be difficult to differen-
tiate from EDS.

Fig. 11.3 Actigraphy showing normal sleep-wake schedule in a 
55-year-old healthy woman without sleep complaints. This recording 
shows a fairly regular sleep-wake schedule except one weekend night 
(third from the top). She goes to bed between 10:30 PM and 11:00 PM 

and wakes up around 7:00 AM except on the third day. Physiological 
body shifts and movements during sleep are indicated by a few black 
bars in the white areas. The waking period is indicated by black bars. 
(From Chokroverty [12], with permission from Elsevier)
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 Familial Dysautonomia (FD, Riley-Day 
Syndrome)

Approximately 85% of adults and 91% of pediatric patients 
with FD have some degree of SDB which, when untreated, is 
a risk factor for sudden unexpected death during sleep 
(SUDS), a leading cause of death in FD. Both CSA and OSA 
occur in about 50% of patients and hypoventilation is noted 
in 60% of cases without accompanying apnea in many of 
them [41]. Other PSG findings include increased arousals 
and awakenings, prolonged sleep onset, and reduced total 
REM sleep time as well as dysrhythmic breathing. MSLT 
may show hypersomnolence. In addition, one infant with FD 
was found to have periodic somnolence lasting for 4–15 h 
during the neonatal period.

 Diabetic and Amyloidotic Polyneuropathies 
and Guillain-Barre Syndrome

Sleep and breathing disturbances characterized by PSG- 
documented obstructive and central apneas-hypopneas 
accompanied by oxygen desaturation and repeated awaken-
ings have been described in some patients, particularly those 
with autonomic dysfunction.

 Neurodegenerative Diseases (Synucleopathies, 
e.g., PD and DLBD)

Sleep dysfunction is present in 70–90% of cases of PD. PSG 
findings may include evidence of RBD (noted in about 
40–50% of cases with dream-enacting behavior [DEB] 
which may precede, occur simultaneously, or after the onset 
of classic parkinsonian motor manifestations) accompanied 
by RWA (the physiological signature of RBD), insomnia and 
irregular sleep-wake schedule (circadian dysrhythmia) noted 
clearly in actigraphic study, as well as respiratory dysrhyth-
mias in PSG characterized by OSA, hypoventilation, CSB 
and Cheyne-Stokes variant pattern of breathing, nocturnal 
stridor, and dysrhythmic breathing. Other breathing prob-
lems observed in PD during PSG recordings (video-audio) 
include laryngeal spasms associated with off-states as well 
as dystonic episodes and diaphragmatic dyskinesias related 
to the end-of-the dose and peak-dose levodopa medications. 
Additional PSG findings in PD may include PLMS, sleep 
onset blinking, REM onset blepharospasm, and intrusion of 
REMs into NREM sleep.

An important PSG finding in DLBD is RBD (REM motor 
dyscontrol with DEB and RWA) noted in 100% of cases and 
often preceding the onset of the illness. Other PSG findings 
include sleep apnea and insomnia. These patients may also 
have nocturnal visual hallucinations during PSG recording. 
MSLT may document hypersomnolence.

 Fatal Familial Insomnia (FFI)

This is a rare autosomal dominant prion disease presenting 
with prominent sleep and autonomic dysfunction. The most 
prominent finding in the PSG is progressive decrease in the 
amount of NREM and REM sleep, eventually leading to 
patients having only brief episodes of REM sleep. PSG 
with video-audio recording shows oneiric episodes (RBD-
like episodes with enactment of ordinary day-to-day 
activities).
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An Approach to a Patient 
with Suspected Autonomic and Sleep 
Dysfunction

Sudhansu Chokroverty

 Introduction

An approach to an analysis of a patient’s complaints must 
begin with a clear understanding of the evaluation process 
(see further on) when confronted with a patient suspected to 
have autonomic dysfunction (AD) or dysautonomia that 
could be defined as derangement of sympathetic, parasympa-
thetic, or enteric nervous system function [1]. This may man-
ifest more commonly as hypoactivity (autonomic failure, 
AF) more often rather than hyperactivity (autonomic dysre-
flexia or autonomic storms) of the autonomic nervous system 
(ANS). A correct diagnosis of AD is essential to design 
appropriate treatment, and to assess natural history and prog-
nosis of the condition. Therefore, an approach must be for-
mulated in a way to making an accurate diagnosis. For this 
purpose, it is essential to have a basic knowledge of the clas-
sification of AD and this is the first step. In this chapter, I 
shall outline the approach and evaluation in the subsections 
in the following order:

• Classification of Dysautonomia
• General and Specific Clinical Manifestations of 

Autonomic Dysfunction and Physiology of Orthostatic 
Blood Pressure Control

• History and Physical Examination
• Clinical Scales and Questionnaires
• Autonomic Function and Other Laboratory Tests
• Brief Description of Some Important and Unusual 

Dysautonomic Entities

• Fits and Faints, Including Syncope and Other Mimics 
of Autonomic Dysfunction

• Clinical–Anatomical–Laboratory Correlations with 
Case Examples

• Principles of Therapy

 Classification of Dysautonomia

The ANS by innervating all body systems and organs con-
trols major bodily functions to maintain internal homeosta-
sis. The major functions include control of cardiovascular 
(CV), respiratory, gastrointestinal (GI), genitourinary (GU), 
endocrine and thermoregulatory systems as well as pupillary 
function and regulation of states of our existence (active 
wakefulness, relaxed wakefulness, nonrapid eye movement 
[NREM], and rapid-eye movement [REM] sleep [2–6]). 
History, therefore, should address possible dysautonomic 
symptoms affecting each of these systems and organs (see 
further on), and must include 24-h history.

Autonomic manifestations may be primary (idiopathic 
without any known cause) or secondary to (comorbid with) 
other conditions, for example, neurological, other medical or 
primary sleep disorders and iatrogenic (medication-related 
or surgically induced) cases that could be generalized (Box 
12.1) and localized (Box 12.2; e.g., Horner syndrome, Adie’s 
pupil, gustatory facial sweating, and Chagas disease [caused 
by Trypanosoma cruzi affecting predominantly Central and 
South American population, and affecting localized auto-
nomic plexus in the heart and gut]). AD may also be transient 
or paroxysmal (Box 12.3), for example, vasovagal syncope 
in the young, and carotid sinus hypersensitivity in the elderly 
individuals. Sometimes patients present with features of 
autonomic overactivity or so called autonomic “storms” or 
dysreflexia (Box 12.4). An example of sympathetic overac-
tivity in patients with spinal cord injury, particularly above 
T5 level may be cited causing paroxysmal hypertension 
resulting from spinal reflex activity (dysreflexia) in those 

12

S. Chokroverty (*) 
Hackensack Meridian Health, Neuroscience Institute at JFK, JFK 
University Medical Center, Edison, NJ, USA 

Seton Hall University & Hackensack Meridian School of Medicine 
at Seton Hall, South Orange, NJ, USA 

Rutgers Robert Wood Johnson Medical School,  
New Brunswick, NJ, USA
e-mail: Sudhansu.Chokroverty@hackenssackmeridian.org

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-62263-3_12&domain=pdf
https://doi.org/10.1007/978-3-030-62263-3_12#DOI
mailto:Sudhansu.Chokroverty@hackenssackmeridian.org


132

with quadriplegia. Another example is excessive vagal activ-
ity causing bradycardia in vasovagal syncope (a neurally 
mediated syncope) in young person with prolonged standing 
in a crowded environment. AF could sometimes be related to 
medications taken (e.g., clonidine and L-dopa) for some 
medical or psychiatric (e.g., anxiolytics and antidepressants) 
conditions or may be caused by some street drugs (e.g., 
cocaine, amphetamine, “crack,” and phencyclidine) taken by 
many young individuals. Another iatrogenic cause of AF is 
surgical sympathectomy. Two important examples of pri-
mary diffuse chronic AF include multiple system atrophy 
(MSA, formerly known as the Shy-Drager syndrome) and 
pure autonomic failure (PAF) (see Box 12.1 and section 
“Brief Description of Some Important and Unusual 
Dysautonomic Entities”). Secondary diffuse AF may be 
caused by a variety of medical disorders. For example, dia-
betic autonomic neuropathy affecting cardiovagal function, 
postganglionic sympathetic sudomotor (with proximal–dis-
tal gradient), and adrenergic systems. Another example is 
familial amyloidotic polyneuropathy (somatic and auto-
nomic) causing diffuse degeneration with selective loss of 
pain and temperature sensation (small fiber neuropathy), 
orthostatic hypotension, weight loss, and amyloid infiltration 
in the biopsied rectal and nerve tissues. Certain neurological 
diseases may cause secondary diffuse chronic AF (e.g., neu-
rodegenerative disorders like Parkinson’s disease, diffuse 
Lewy body disease with dementia, hypothalamic and brain 
stem tumors, spinal cord injury, and many others (see Box 
12.1)). An important category of neurological disorders 
causing AF is neurodevelopmental diseases, such as congen-
ital central hypoventilation syndrome (CCHS), and congeni-
tal megacolon (Hirschsprung’s disease) (see Box 12.1). Fatal 
familial insomnia (FFI), a prion disease described relatively 
recently, presents with a variety of dysautonomic manifesta-
tions in addition to insomnia, ataxia, myoclonus, and oneiric 
behavior pursuing a relentlessly progressive course and end-
ing in death in course of 1–2 years [7]. Most of the major 
entities listed in this section are described in separate chap-
ters throughout this book.

Box 12.1 Classification of Generalized Autonomic 
Failure
 A. Primary Dysautonomia

 1. Pure autonomic failure (PAF) without associ-
ated somatic neurological deficits (Bradbury–
Eggleston syndrome)

 2. Multiple system atrophy (MSA), a neurodegen-
erative disease with progressive autonomic fail-
ure associated with somatic neurological 
manifestations, characterized either by predom-
inant cerebellar (MSA-C) or parkinsonian fea-

tures (MSA-P) or both parkinsonian-cerebellar 
syndrome (MSA-PC). When dysautonomia is 
the initial dominant feature, the entity is also 
known as the Shy–Drager syndrome, which has 
recently been replaced by multiple system 
atrophy)

 3. Acute or subacute pandysautonomia (idiopathic 
variety)

 4. A subset of postural tachycardia syndrome 
(POTS; idiopathic type)

 5. Riley–Day syndrome (familial dysautonomia 
[FD])

 B. Secondary (Comorbid) Dysautonomia 
(Associated with Known Diseases or Iatrogenic)

 I. Neurological diseases
 (a) Intracranial lesions

 1. Hypothalamic, pituitary and brain stem 
tumors

 2. Encephalitis and encephalopathies
 3. Wernicke encephalopathy
 4. Multiple encephalomalacia
 5. Demyelinating diseases (including multiple 

sclerosis)
 6. Neurodegenerative diseases (e.g., 

Parkinson’s disease, dementia with Lewy 
body disease)

 7. Oher brain stem lesions (e.g., trauma, 
stroke)

 8. Epilepsy including diencephalic autonomic 
seizure

 (b) Spinal cord dysfunction
 1. Spinal cord injuries
 2. Spinal cord tumors
 3. Syringomyelia
 4. Hematomyelia
 5. Tabes dorsalis

 (c) Neurodevelopmental or congenital disorders
 1. Hirschsprung’s disease (also known as agan-

glionic colon or megacolon), a developmen-
tal disorder due to absence or sparse enteric 
ganglia affecting most commonly the rectum 
or the distal sigmoid colon

 2. Rett syndrome
 3. Ehlers–Danlos syndrome
 4. Congenital insensitivity to pain with anhi-

drosis (CIPA)
 5. Congenital sensory neuropathy (HSAN 

Type II)
 6. Dopamine beta-hydroxylase deficiency
 7. Congenital central hypoventilation syn-

drome (CCHS)
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 (d) Peripheral neuropathies associated with 
Autonomic neuropathy
 1. Diabetic neuropathies
 2. Acute inflammatory demyelinating polyra-

diculoneuropathy (AIDP) [Landry–
Guillain–Barré–Strohl syndrome]

 3. Alcoholic neuropathy
 4. Amyloidotic neuropathy
 5. Hereditary sensory neuropathies
 6. Acute pandysautonomia (secondary variety)
 7. Acute or subacute immune mediated 

neuropathy
 8. Toxic autonomic neuropathy (e.g., arsenic 

and thallium); Vacor, mercury, organic sol-
vents (in some workers), n-hexane inhala-
tion (industrial exposure), etc.

 (e) Neuromuscular Junctional Disorders Comorbid 
with Autonomic Dysfunction:
1. Myasthenia gravis
2. Myasthenic syndrome (Lambert–Eaton 

syndrome)
3. Botulism

 II. Nonneurological (general medical disorders):
 1. Diabetes mellitus
 2. Addison disease
 3. Panhypopituitarism
 4. Acute intermittent porphyria
 5. Chronic fatigue syndrome
 6. Collagen vascular disease (e.g., systemic lupus 

erythematosus [SLE] and Sjogren’s syndrome)
 III. Iatrogenic (surgically or drug induced):

 1. Surgical sympathectomy (localized autonomic 
dysfunction)

 2. Cordotomy (spinal cord surgery for intractable 
pain)

 3. Drug induced
 (i) Antidepressants
 (ii) Tranquillizers
 (iii) Hypotensive drugs
 (iv)  Other drugs (e.g., L-dopa, vincristine, ami-

odarone, cis-platinum)
 (v)   Anticholinergic (e.g., tricyclic antidepres-

sants [amitriptyline] and antihistamines 
[Benadryl])

 (vi) Diuretics
 IV. Dysautonomia (hypo- or hyperactivity) in primary 

sleep disorders
 1. Obstructive sleep apnea syndrome
 2. Narcolepsy–cataplexy
 3. Restless legs syndrome—periodic limb move-

ments in sleep

Box 12.3 Transient or intermittent (episodic or 
paroxysmal) dysautonomia
• Episodic autonomic dysfunction reflexly induced 

(includes neurally mediated syncope):
 – Vasovagal, cough and micturition syncope
 – Carotid sinus hypersensitivity
 – Glossopharyngeal neuralgia

• Cardiac syncope (related to structural cardiac 
disease)

• Epileptic autonomic discharges in generalized or 
focal seizures and diencephalic autonomic seizure

• Subarachnoid hemorrhage
• Cerebral or brain stem transient ischemic episodes
• Paroxysmal hyperhidrosis
• Raynaud’s phenomenon
• Erythromelalgia
• Shapiro syndrome (Agenesis of corpus callosum, 

hypothermia and hyperhidrosis)

 4. Fatal familial insomnia (FFI)
 5. Parasomnias (NREM and REMs)

 V. Miscellaneous
 1. Paraneoplastic autonomic neuropathy
 2. Hyperbradykininism
 3. Baroreflex Failure
 4. Postural tachycardia syndrome (POTS) second-

ary to hypovolemia, deconditioning, selective 
autonomic neuropathy

Box 12.2 Localized Autonomic Dysfunction 
 1. Horner syndrome
 2. Holmes–Adie syndrome
 3. Argyll Robertson pupil
 4. Ross syndrome
 5. Harlequin syndrome
 6. Gustatory sweating (auriculotemporal syndrome 

of Frey)
 7. Crocodile tears (Bogorad syndrome)
 8. Complex regional pain syndrome type I  

and type II
 9. Chagas disease (caused by Trypanosoma cruzi, 

predominately in Central and South America)
 10. Idiopathic palmar or axillary hyperhidrosis
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 General and Specific Clinical Manifestations 
of Autonomic Dysfunction and Physiology 
of Orthostatic Blood Pressure Control

 I. The history and physical examination findings of a 
patient referred for possible dysautonomia must be criti-
cally analyzed by the autonomic physician and she/he 
should be aware of symptoms resulting from a dysfunc-
tion of the ANS. Patients may present with a set of posi-
tive or negative dysautonomic symptoms [2, 3]. Moreover, 
certain symptoms and signs may suggest a specific dys-
function of a particular division of the ANS or may direct 
one’s attention to a particular body system responsible 
for such manifestations.
 A. General features: The four most common presenting 

features in a patient with dysautonomia (Box 12.5) 
include [8] (i) orthostatic intolerance (OI) symptoms 
such as presyncope (e.g., dizziness, blurring of vision, 
nausea, sensation of abdominal bloating, and full-
ness) or syncope (transient loss of consciousness), 
and orthostatic hypotension (OH) in the upright pos-
ture (as a result of cerebral hypoperfusion) relieved 
by changing from erect to supine position; (ii) symp-
toms of urinary dysfunction (e.g., enuresis and fre-
quency of micturition), which are often attributed to 
diseases of the prostate gland in men delaying the 
diagnosis; (iii) anhidrosis or hypohydrosis; and (iv) 
erectile dysfunction in men (this symptom frequently 
precedes other major manifestations by many years).

Additional manifestations that may be presenting 
features in some patients are also listed in Box 12.5 
[2, 3, 9].

 B. Positive dysautonomic phenomena that are infre-
quently the presenting features include the 
following:
 1. Autonomic dysreflexia or autonomic “storms” 

(e.g., after spinal cord transection usually above 
T5 level; see Box 12.4)

 2. Compensatory autonomic hyperactivity in nor-
mally innervated areas (e.g., facial hyperhidrosis 
in diabetic autonomic cranial neuropathy patients 
and segmental hyperhidrosis in partial peripheral 
nerve injuries)

 3. Hyperhidrosis seen in tetanus accompanied by 
hypertension and tachycardia

 C. Negative autonomic phenomena: These are more 
common (compared with positive features) presenta-
tion of dysautonomic patients:
 1. Faint feeling and dizziness (cerebral hypoperfu-

sion) due to orthostatic hypotension
 2. Heat intolerance or heat stroke
 3. Accidental hypothermia, particularly in the older 

individuals
 4. Anhidrosis or hypohidrosis in parts of the body
 5. Sphincter dysfunction (incontinence of urine and 

feces)

Box 12.4 Autonomic Hyperactivity (Autonomic 
“Storms”) or Autonomic “Dysreflexia”
 A. Sympathetic hyperactivity (typically seen in com-

plete spinal cord transection above the T5 segmen-
tal level interrupting the descending input to the 
spinal sympathetic preganglionic neurons. As a 
result of this interruption there is excessive sympa-
thetic activity [autonomic dysreflexia]):
 1. Hyperhidrosis
 2. Altered thermal regulation
 3. High blood pressure
 4. Palpitation and tachycardia
 5. Pupillary dilation (mydriasis)

 B. Parasympathetic hyperactivity
 1. Excessive salivation and lacrimation
 2. Hypotension
 3. Bradycardia
 4. Pupillary constriction (miosis)

Box 12.5 Clinical Manifestations of Autonomic Failure
 A. The four most common presenting features

 1. Orthostatic intolerance symptoms related to 
orthostatic hypotension

 2. Urinary bladder dysfunction
 3. Anhidrosis or hypohidrosis
 4. Erectile dysfunction in men

 B. Additional manifestations related to dysfunction of 
the peripheral or central autonomic neurons:
 1. Horner syndrome
 2. Impairment of pupillary response to light and 

accommodation
 3. Diminished lacrimation and dryness of the 

mouth
 4. Persistent tachycardia (palpitations) or in some 

cases, cardiac arrhythmias
 5. Difficulty in swallowing or vomiting
 6. Chronic constipation (persistent or intermittent) 

and often nocturnal diarrhea
 7. Fecal incontinence
 8. Respiratory dysrhythmias, which are observed 

particularly in multiple system atrophy
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 D. Specific features indicating parasympathetic 
failure:
 1. Dry mouth
 2. Dry eyes (keratoconjunctivitis sicca) as a result of 

absent or decreased tear production (alacrima): 
very common along with dry mouth in Sjogren 
syndrome

 3. Sexual dysfunction
 4. Urinary bladder problem (retention or enuresis)
 5. Impaired pupillary light reflex (dilated poorly 

responsive pupils)
 6. Persistent tachycardia or fixed heart rate (HR) in 

all body positions
 7. Reduced heart rate variability (HRV) or altered 

low frequency/high frequency (LF/HF) ratio in 
HR frequency domain analysis

 8. Widespread anhidrosis or hypohidrosis (anatomi-
cally sympathetic but functionally cholinergic 
failure)

 E. Following symptoms or signs point to sympathetic 
failure:
 1. Orthostatic hypotension
 2. Diffuse anhidrosis or hypohidrosis

 F. Features suggesting failure of the enteric nervous 
system (ENS):

Gastrointestinal dysmotility (e.g., achalasia, gas-
troparesis, intestinal pseudo-obstruction, and colonic 
atonia) manifested by the following symptoms: (i) 
anorexia, (ii) swallowing difficulty, (iii) early satiety, 
(iv) postprandial abdominal pain, (v) vomiting, (vi) 
constipation, (vii) diarrhea, often nocturnal, (viii) 
abdominal distension, and (ix) symptoms of intesti-
nal pseudo-obstruction (intestinal obstruction with-
out any structural lesion in the lumen), such as 
abdominal pain and distension, nausea, vomiting, 
dysphagia, diarrhea, and constipation depending on 
the GI part affected by dysmotility [10].

 G. Specific features pointing to an involvement of a 
particular body system and organ:

These features provide clues as to the possible cause 
for secondary dysautonomia. During history taking 
and physical examination, particular attention should 
be paid to symptoms and signs for uncovering specific 
system related involvement as listed below [11]:

 1. Postural (orthostatic) hypotension in the head-up 
position (HUP; vertical) accompanied by OI symp-
toms normalized on lying supine (see above “A”). Of 
note, in the head- down position (HDP) BP and HR 
may increase above the baseline values in the supine 
position. The history must include inquiry into the 
following:
 (a) Triggering (or aggravating) factors for OH, such 

as exercise, prolonged bed rest, ingestion of food, 

environment (hot stuffy surrounding), hot bath, 
and time of the day (e.g., worse in the morning).

 (b) Sweat glands and sweating: see above “C”, “D,” 
and “E.”

 (c) Cardiovascular system: see above “A” and “E.”
 (d) Gastrointestinal system: see above “D’ and “F.”
 (e) Genitourinary system: see above “A”, “C,” and 

“D”. Other symptoms may include recurrent uri-
nary tract infection.

 (f) Neurological system: in addition to symptoms 
related to possible involvement of extrapyrami-
dal system (e.g., stooped posture, rest tremor, 
rigidity, gait problem, postural instability, slow-
ness of body and mind), unsteadiness and ataxic 
gait (cerebellar dysfunction), symptoms related 
to memory and cognitive impairment; other fea-
tures related to neurological involvement may 
include droopy eyelids (ptosis), dryness of eyes 
(alacrimia), blurriness of vision, abnormal move-
ments, particularly at night (may suggest rapid 
eye movement sleep behavior disorder [RBD]).

 (g) Respiratory system: this may have a variety of 
breathing problems, specifically during sleep (very 
common in multiple system atrophy), shortness of 
breath (dyspnea), and an unusual noise during sleep 
(e.g., stridor, which is very common in MSA).

 II. Physiology of orthostatic blood pressure control
Orthostatic hypotension is a cardinal sign of AF and 

orthostatic intolerance. In order to understand its patho-
physiology, it is essential to have at least a basic knowl-
edge about the physiological changes in BP and other 
hemodynamic aspects when a normal individual changes 
from a supine to erect position [12–15]. When humans 
became Homo sapiens, they made an enemy of gravity 
[16]. Chapter 3 outlines pathophysiological mechanism 
of control of BP and other hemodynamic characteristics 
in the erect posture. Chapter 3 also critically discusses 
how a breakdown of such mechanisms may adversely 
affect an individual.

 History and Physical Examination

History is the most important initial step in the evaluation of 
a patient presenting with symptoms suggestive of dysautono-
mia [2, 3, 17]. It is important to have a high index of suspicion 
about AD based on the patient’s complaints. One must be 
vigilant about classification (see section “Classification of 
Dysautonomia”) and essential features (both general and spe-
cific, see section “General and Specific Clinical Manifestations 
of Autonomic Dysfunction and Physiology of Orthostatic 
Blood Pressure Control”) of dysautonomia. History should be 
followed by physical examination of each body system 
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including neurological, cardiovascular, respiratory, and GI 
systems. History must include 24  h information including 
sleep history (e.g., bedtime, wake-up time, awakenings and 
abnormal movements during sleep at night, and any daytime 
sleepiness or impairment of daytime function). Many with 
dysautonomia have sleep disturbance and conversely, many 
primary sleep disorders (e.g., obstructive sleep apnea [OSA], 
REM behavior disorder [RBD], narcolepsy, and some NREM 
parasomnias) may have autonomia dysfunction (see Box 
12.1). There is clear evidence that the brain stem respiratory 
and autonomic premotor neurons share common rhythms. 
Furthermore, the coupling of the central autonomic network 
and sleep–wake generating neurons plays an important role in 
controlling cardiovascular and respiratory regulation during 
sleep and wakefulness [18, 19]. Sleep-related physiological 
alterations in the ANS may cause profound changes in breath-
ing in some cases of AF (e.g., MSA), and likewise breathing 
disturbance in sleep (e.g., OSA and central sleep apnea [CSA] 
may cause impaired ANS function) [20].

 Step 1. History

An important initial step in the history is to seek answers to 
the following questions based on a critical analysis of symp-
toms and signs.

• Q1. Does the patient have dysautonomia?
• Q2. Is the patient’s AD significant? (Of note, many 

patients with mild AD remain asymptomatic requiring no 
treatment but may progress later to develop significant 
dysautonomia delaying the diagnosis.). Some autonomic 
scale scores (e.g., CASS, see further on) may determine 
severity and significance.

• Q3. If the patient has AD, is it primary or secondary, 
localized or generalized, transient, or persistent (see Box 
12.1, 12.2, 12.3) or is it autonomic dysreflexia (see Box 
12.4)?

• Q4. Does AD impair patient’s quality of life? This can 
certainly be improved by symptomatic treatment. 
Identifying the type of dysautonomia and differentiating 
it from mimics (e.g., neurally mediated versus cardiac or 
other types of syncope and other causes of “fits and faints” 
[see section “Fits and Faints, Including Syncope and 
Other Mimics of Autonomic Dysfunction”]) may help in 
making a final diagnosis, ascertaining prognosis, and pre-
venting life-threatening complications (e.g., cardiac 
arrhythmias and sudden cardiac death) as well as in 
designing appropriate treatment.

It is notable that certain symptoms may strongly suggest 
presence of AD, for example, OI symptoms with or without 
orthostatic hypotension; sudomotor dysfunction (hypo- or 
anhidrosis or rarely localized or generalized hyperhidrosis); 

genitourinary dysfunction (erectile and ejaculatory difficul-
ties in men, and nocturnal enuresis); and temperature dys-
regulation (hypothermia or hyperthermia of unknown cause), 
including coldness and discoloration of the hands and feet 
(intermittent or persistent) [11].

History must also include inquiry into the onset of symp-
toms (sudden or insidious), progression, and triggering 
(aggravating) factors. The onset of dysautonomia is in gen-
eral insidious but sometimes could be sudden (e.g., acute 
pandysautonomia, acute inflammatory demyelinating poly-
neuropathy [Guillain–Barré syndrome], acute paraneoplastic 
or immune-mediated autonomic neuropathy). AD usually 
presents with diffuse or generalized manifestations (e.g., 
multiple system atrophy, pure autonomic failure, generalized 
hypo- [or rarely] hyperhidrosis, hypo-or hyperthermia, and 
OI symptoms). AD could sometimes be localized (see Box 
12.2) or transient (see Box 12.3) and rarely may present with 
hyperactivity (see Box 12.4).

It is also important to inquire about family history (some 
dysautonomia can be familial, for example, CCHS, familial 
dysautonomia [FD], FFI [see Box 12.1]), past illnesses, psy-
chiatric, and drug-alcohol histories as well as social history 
that are all important in understanding etiology and patho-
physiological mechanisms of AD.

 Step 2. Physical Examination

This must include specific autonomic examination [21] 
directed at uncovering signs pointing to a possible dysauto-
nomia in addition to general physical examination and atten-
tion to neurological, cardiovascular, respiratory, GI, and 
genitourinary systems for possible cause (secondary) of AD.

Autonomic Examination
 (a) Record BP and HR in supine and standing positions. 

Significant fall of BP (>20  mm  Hg fall of systolic 
and >10 mm Hg fall of diastolic BP) without any reflex 
tachycardia suggests neurally mediated OH. In contrast, 
reflex rise of HR (at least 30 beats more than the supine 
baseline reading in adults and 40 beats more in adoles-
cents of 14–19 years in the erect position without signifi-
cant fall of BP accompanied by OI symptoms [see 
section “General and Specific Clinical Manifestations of 
Autonomic Dysfunction and Physiology of Orthostatic 
Blood Pressure Control”]) suggests postural tachycardia 
syndrome (POTS) caused by hypovolemia, decondition-
ing, or restricted autonomic neuropathy.

 (b) Measure core body temperature to document hypo- or 
hyperthermia.

 (c) Inspect the skin for acrocyanosis (bluish discoloration of 
the hands or feet or tip of the nose) and pallor indicating 
vasospastic AD, and red-hot body parts, especially dis-
tally suggesting erythromelalgia.
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 (d) Look for impaired sweating by inspection or palpation 
of the skin (dryness of the skin) or by the “spoon test” 
(gliding the convex side of the spoon should be smooth 
and uninterrupted over the anhidrotic skin but the flow is 
interrupted and sticky over the sweaty skin [22]. In AD, 
there may be localized or generalized hypo- or anhidro-
sis and rarely hyperhidrosis. A proximal–distal grading 
pattern of sweating impairment (e.g., the presence of 
sweating in the forehead and axilla but absent sweating 
distally) may be found in peripheral neuropathy with 
autonomic fibers involvement.

 (e) Examine the patient for allodynia (pain triggered by 
non-noxious stimuli), hyperalgesia (excessive percep-
tion of pain to minimally painful stimuli) or hyperpathia 
(excessive feeling of pain following application of mini-
mally noxious stimuli after a latency of a few seconds). 
These are all dysautonomic symptoms resulting from a 
dysfunction of central or peripheral ANS.

 (f) Inspect and feel for trophic sign (e.g., brittle nails, dry, 
scaly, or atrophic skin) or Charcot joints (disorga-
nized joints with excessive range of motion), and 
alopecia.

 (g) Pupillary examination for size, shape or inequality of 
pupils, light reflex and convergence reaction for dysau-
tonomia (e.g., Argyll Robertson pupil in tabes dorsalis, 
Adie’s pupil).

 (h) Look for dry eyes and dry mouth suggesting parasympa-
thetic dysfunction.

 Step 3. General Physical Examination

This should include vital signs, appearance of skin including 
its color (see above) or cyanosis, ankle edema, general 
appearance of the patient, and peripheral arterial pulsation 
for peripheral atherosclerosis. General physical examination 
should also include otolaryngological examination, and 
measurement of neck circumference (risk factor for sleep 
apnea).

 Step 4. Special Examination of Each System

This must include complete neurological examination, as 
well as inspection, palpation and auscultation of the heart 
and lungs, abdominal examination for tenderness, peristal-
sis, presence or absence of bowel sounds for gut atonia, uri-
nary bladder distension (suggesting urinary retention), 
physical evidence of endocrinopathies (e.g., slow pulse rate, 
nonpitting ankle edema, and hung-up muscle stretch reflexes 
seen in hypothyroidism) that might suggest a secondary 
cause for AD. Neurological examination may uncover signs 
of extrapyramidal dysfunction (e.g., masked facies, slow 

shuffling gait, rigidity, postural, and gait problems as well as 
resting tremor suggesting Parkinson’s disease) and cerebel-
lar dysfunction (e.g., ataxic gait, intention tremor), which 
may indicate that the patient’s dysautonomia may be due to 
MSA. Other neurological conditions (see Box 12.1) may be 
causing dysautonomia and may have abnormal neurological 
findings indicating involvement of a particular system in the 
CNS.  Neurological findings may also provide evidence of 
peripheral neuropathy (e.g., muscle weakness, decreased or 
absent muscle stretch reflexes, decreased sensation in the 
stocking, and glove distribution).

After history and physical examination, the purpose after 
Step 4 is to strengthen the clinical suspicion by using auto-
nomic questionnaires and scales (see section “Clinical Scales 
and Questionnaires”) and assess severity.

The next step is to order a set of basic screening tests 
including scales, questionnaires (section “Clinical Scales 
and Questionnaires”), and autonomic functions (section 
“Autonomic Function and Other Laboratory Tests”) to con-
firm the clinical diagnosis (see section “Autonomic Function 
and Other Laboratory Tests”). Box 12.6 lists some logical 
steps in an orderly manner for diagnostic evaluation of 
dysautonomia.

Box 12.6 Logical and Relevant Steps for Diagnostic 
Evaluation of Dysautonomia
• Step 1: Detailed history from the patient and 

caregiver
 (a) Think about relevant questions (see section 

“History and Physical Examination”)
 (b) Be aware of general and specific dysautonomic 

symptoms (see section “General and Specific 
Clinical Manifestations of Autonomic 
Dysfunction and Physiology of Orthostatic 
Blood Pressure Control”)

 (c) Be knowledgeable about classification of dys-
autonomia (see section “Classification of 
Dysautonomia”)

• Step 2:
 (a) Physical examination with particular attention 

to general and autonomic examination findings 
and measurement of BP and HR in the supine 
and upright positions for 3–5  min (section 
“History and Physical Examination”)

 (b) Specific physical examination findings in every 
body system to get some clues for the cause of 
orthostatic intolerance symptoms and ortho-
static hypotension (section “History and 
Physical Examination”)

• Step 3: Use relevant questionnaires and scales (see 
section “Clinical Scales and Questionnaires”) to 
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 Clinical Scales and Questionnaires

Certain scales and questionnaires may help in supporting 
and strengthening the clinical impression of dysautonomia. 
There are, however, only a limited number of scales and 
questionnaires (e.g., ASP, COMPASS, SCOPA-AUT [see 
below]) available for evaluating dysautonomic symptoms 
[23–25].

The autonomic symptom profile (ASP) containing 169 
questions (“domain of autonomic function was initially 
described by Suarez et al. [23]). There are too many ques-
tions and so the Composite Autonomic System Scale 
(COMPASS) was developed containing 84 questions derived 
from the ASP. Later COMPASS-31 containing 31 questions 
was developed that demonstrated high sensitivity but moder-
ate specificity. The COMAPSS-31 [24] scores correlated 
reasonably well with the Composite Autonomic Scores Scale 
(CASS) derived from autonomic function test results. Many 
problems were noted with the COMPASS over the years 
including an overall weak correlation with symptoms of dia-
betic autonomic neuropathies [25, 26]. Another scale, the 
SCOPA-AUT [27], was originally developed to screen and 
assess autonomic function in PD as well as in MSA. This 
scale contains 25 items covering six domains (gastrointesti-
nal, urinary, cardiovascular, thermoregulatory, pupillomotor, 
and sexual functions) [27]. The latest validated questionnaire 
from the University of Maryland with high sensitivity and 
specificity is the Survey of the Autonomic Symptoms (SAS) 
consisting of 11 questions for women and 12 for men to 
diagnose early and mild diabetic autonomic neuropathy [26]. 
This one is easy to administer and is comparable to other 
validated questionnaires. There are two other questionnaires 
for a specific disorder of the ANS, for example, “the United 
Multiple System Atrophy Rating Scale (UMSARS)” to 

assess severity of motor and autonomic symptoms as well as 
to monitor progress of the disease in MSA [28]. Another 
example is an “Orthostatic Hypotension Questionnaire” 
(OHQ) used to assess the severity of symptoms and impact 
on day-to-day function in OH (a 10-item scale) [29].

 Autonomic Function and Other Laboratory 
Tests

For more detail, see also Chap. 9.

 A. The purpose of autonomic function tests (AFTs) in 
patients suspected to have AD (hypo- or hyperactivity, 
positive, or negative symptoms) can be summarized as 
follows [2–4, 8, 9, 30, 31]:
 1. To confirm or exclude significant AD in a patient 

suspected to have dysautonomia from clinical evalu-
ation (see above)

 2. To determine the severity and for confirmation of 
autonomic impairment as evident from clinical eval-
uation (see above) and the clinical scale scores (e.g., 
the COMPASS-31 and others; see section “Clinical 
Scales and Questionnaires”)

 3. To assess if the AD is affecting predominantly one or 
both the major subdivisions (sympathetic or para-
sympathetic) of the ANS

 4. To further localize the lesion responsible for AF to a 
particular part of the baroreflex pathway (e.g., affer-
ent, efferent, central regions, or diffusely affecting)

 5. To confirm if AD is localized or generalized (i.e., 
distribution of dysautonomia)

 6. To evaluate if the AD is minimal requiring no inter-
vention (many of the patients with minimal dysfunc-
tion remain functionally asymptomatic) or moderate 
to severe (determined by autonomic function sever-
ity scale (COMPASS-31 and CASS) [24, 25]) requir-
ing treatment to improve symptoms and quality of 
life

 7. To find a cause for the autonomic symptoms (e.g., 
evaluation of the ANS involvement in sensorimotor 
peripheral neuropathies [autonomic involvement in 
distal small fiber neuropathy, DSFN [32] or autoim-
mune or paraneoplastic syndrome]; etiological eval-
uation in POTS or OI syndrome; to evaluate the role 
of the sympathetic nervous system in maintaining 
pain in some painful conditions, and in contributing 
to dysesthetic symptoms in RLS)

 8. To monitor patient’s response to drug therapy
 9. To ascertain progression and prognosis of the dis-

ease, and, finally
 10. To design appropriate treatment

assess autonomic function and severity of its 
dysfunction

• Step 4: Formulate a provisional diagnosis and dif-
ferentiate from mimics (section “Fits and Faints, 
Including Syncope and Other Mimics of Autonomic 
Dysfunction”)

• Step 5: Order a set of basic simple bedside screen-
ing tests to confirm the diagnosis of AD (section 
“Autonomic Function and Other Laboratory Tests”)

• Step 6: If needed, order more sophisticated and 
complex laboratory investigations for arriving at an 
etiological diagnosis (section “Autonomic Function 
and Other Laboratory Tests”)

• Step 7: Design appropriate treatment and arrange 
for follow-up evaluation and monitoring.
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 B. I shall briefly summarize the autonomic function tests, 
which can be performed to achieve the objectives as out-
lined above (for further details, the readers are referred to 
Chap. 9). The tests for ANS assessment can be grouped 
into noninvasive and invasive tests and those that can be 
used during sleep as well as in wakefulness.
 I. Noninvasive ANS Function Tests

(All these tests are age specific and must be com-
pared with age-matched normal controls) [2, 3, 7, 8, 
30, 31].

 1. Orthostatic stress testing (BP and HR responses to 
standing form a supine position and head-up tilt 
[HUT] to 70°. Normal changes in HR and BP on 
standing for 3–5 min may include a fall of systolic 
BP of ≤20 mm Hg and diastolic BP of ≤10 mm Hg 
or an increase of HR to 15 beats/min or no signifi-
cant changes in BP.

 2. Valsalva ratio (VR): obtain a continuous electrocar-
diographic (ECG) monitoring during forced expi-
ration for 10–15  s against a closed glottis 
maintaining a pressure of 35–40 mm Hg; the VR 
measures the ratio of longest R-R interval to the 
shortest R-R interval. Normal value for VR ≥ 1.21; 
(10–60 yrs. ≥1.45–1.50; >60 yrs. ≥1.35).

 3. Response to HR after deep breathing (HRDB): 
instruct the subject to breathe deeply at six breaths 
per minute (5 s for inspiration and 5 s for expiration 
in each breath) and determine mean HR (continu-
ous one channel of EKG monitoring is needed) or 
pulse rate change (note that the HR increases on 
inspiration and decreases on expiration) during 
inspiration and expiration; also determine expira-
tory–inspiratory (E–I) ratio. Normative values: dif-
ference in HR increase: ≥15 beats/min; abnormal: 
≤10.

 4. 30:15 Ratio: determine response to HR at 30 and 
15 s after standing from a supine to upright posi-
tion. Normative values: ≥1.04 (abnormal: 1.00 or 
less).

 5. Handgrip: BP and HR responses to handgrip: 
Normative value: Increase of diastolic BP  ≥  16 
(abnormal: ≤10).

 6. Mental arithmetic (cognitive load) test (MAT): BP 
and HR response during simple mathematical 
calculation.

 7. Cold pressor test (CPT): BP and HR response on 
dipping the hand in ice-cold water (4  °C): both 
latencies to threshold (first perception of painful 
sensation) and tolerance (too painful to keep hand 
dipped in ice- cold water).

 8. Cold face test (CFT): (diving reflex): BP and HR 
response to submerging face in cold water.

 9. Noninvasive pharmacologic tests: determination of 
plasma levels of renin and norepinephrine in supine 
and upright positions.

 10. Sudomotor function tests: for cholinergic sympa-
thetic integrity and for an early diagnosis of small 
fiber neuropathy [30, 31, 33].
 (a) Thermoregulatory sweating of the entire body 

using quinizarin dye.
 (b) Sympathetic skin response (SSR) [33]: This 

can be performed in the standard electromyo-
graphic (EMG) laboratory using an EMG 
machine and surface electrodes over the dor-
sum and palm of the hand or the dorsum and 
sole of the foot. This test is nonspecific and 
gives variable results.

 II. Invasive Tests
 1. Invasive Valsalva maneuver (VM): intra-arterial 

recording of continuous BP and HR during four 
stages of VM; it is particularly important to see BP 
and HR responses during stage 4 of VM (note 
“overshoot” of BP and relative bradycardia in nor-
mal subjects) [14, 30, 31].

 2. Pharmacological tests after intravenous (IV) 
infusion:
 (a) IV phenylephrine and norepinephrine infusion 

tests to determine denervation (postganglionic) 
supersensitivity to alpha receptors

 (b) IV isoproterenol infusion (a test for beta- 
receptor supersensitivity)

 (c) Baroreflex sensitivity (BRS) testing (expressed 
as a change in the slope of HR per mm Hg 
increase in BP after IV infusion or mechanical 
challenge (e.g., neck suction) [34].

 3. A cardiac MIBG scintigraphy (single photon emis-
sion tomographic [SPECT] scans) to determine 
uptake of metaiodobenzylguanidine (MIBG), a 
scintigraphic test for cardiac sympathetic innerva-
tion [35].

 4. Sudomotor test: the quantitative sudomotor axon 
reflex test (QSART) measures postganglionic 
sweat gland innervation for sweating after acetyl-
choline iontophoresis [36]. It is a very useful test to 
evaluate for dysautonomia in small fiber 
neuropathy.

All the above autonomic function tests (AFTs) 
can be performed to assess ANS function during 
wakefulness.

 III. The Following Tests Are Useful for Assessing ANS 
Function During Sleep

(see also Chap. 9)
 1. Heart rate and heart period (HR [reciprocal of 

HR]): HR and HP can help in linear assessment of 
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cardiac ANS tone (average ANS activity) through-
out the night as well as transient variation (beat-to-
beat) of HR. HP is related in a linear fashion to the 
frequency of cardiac sympathetic and parasympa-
thetic activities.

 2. Heart rate variability (HRV) [37–39]: This is a 
quantitative measure of spectral power of HR bro-
ken down into low (0.04–0.15 Hz) and high (0.15–
0.40  Hz) frequencies as well as measuring 
beat-to-beat variability of HR (i.e., time intervals 
between subsequent R-waves on the EKG). Low 
frequency (LF) reflects both sympathetic and vagal 
activities whereas high frequency (HF) reflects 
respiratory sinus arrhythmias and as such is an 
important measure of cardiac vagal modulation. 
LF/HF ratio is thought to reflect sympathovagal 
balance; although this has been challenged recently 
[40, 41]. HRV can be measured in “time domain” 
and “frequency domain” (see also Chap. 10).

 3. Beat-to-beat BP monitoring by ambulatory BP 
recording to assess normal “dippers” or “extreme” 
and “reverse” dippers as well as individuals who 
are “nondippers.” People in the latter three catego-
ries (extreme, reverse, and nondippers) are “at risk” 
for cardiovascular catastrophes [42].

 4. Microneurography: Uses tungsten microelectrodes 
to obtain multiunit recordings from cutaneous and 
muscle vessel nerve endings (i.e., intraneural 
recording) to assess peripheral sympathetic nerve 
activity [43].

 5. Photoplethysmography (PPG): Measures change in 
light absorption by skin vessels showing continu-
ous changes in cutaneous blood perfusion. PPG can 
be obtained from pulse oximetry [44].

 6. Impedance cardiography (ICG) [45].
 7. Baroreflex sensitivity (see above).

 IV. The Initial Simple Screening Tests
The AFTs must be reliable, simple (easy to per-

form), reproducible and noninvasive for using in day-
to-day autonomic medical practice. The following five 
tests known as the Ewing [46] battery of tests are easy 
to perform as the first screening step in evaluation of 
patients after initial history and physical examination: 
(i) BP and HR response to standing for 3–5 min from 
the supine position, (ii) HRDB, (iii) VR, (iv) BP and 
HR response to handgrip, and (v) 30:15 ratio. These 
tests can be performed at the bedside or outpatient 
clinic using the following: (a) a sphygmomanometer, 
(b) an electrocardiogram (1–2 channels), (c) an aner-
oid manometer, (d) a handgrip dynamometer, and (e) a 
mouthpiece for forced expiration against a closed glot-
tis during VM. Most commonly tests for cardiovagal 
function (e.g., the Ewing battery of tests) and sudomo-

tor tests (particularly QSART) are used as the initial 
AFTs to confirm clinical diagnosis of dysautonomia. 
Of note, hand grip tests are often omitted and more 
than one AFTs should be performed to confirm dysau-
tonomia in a patient.

 V. Other Laboratory Tests
These may be needed in selected cases [2, 3, 5,  

9, 11].
 1. Hematological studies, biochemical, and urinary 

analyses to exclude systemic diseases, for example, 
anemia, amyloidosis, and collagen vascular disor-
ders (e.g., systemic lupus erythematosus [SLE] and 
Sjogren syndrome).

 2. Plasma volume measurement.
 3. Twenty-four-hour urinary sodium estimation.
 4. Autoantibody tests for suspected autoimmune dis-

orders with AF and a paraneoplastic dysautonomia 
(see Chap. 25).

 5. Gastrointestinal motility study including esopha-
geal and anorectal manometry as well as gastric 
emptying and colonic transit time (see Chap. 30).

 6. Tests to evaluate genitourinary systems in appro-
priate cases with dysautonomia.

 7. Laser Doppler and thermography for vascular 
assessment (important in suspected complex 
regional pain syndromes [CRPS I and II] and 
erythromelalgia.

 8. For suspected Sjogren syndrome, it will be useful 
to perform Schirmer’s test (for tear production) as 
well as Rose Bengal stain and lip biopsy (to assess 
status of salivary glands).

 9. Pharmacologic studies of the pupils in appropriate 
cases.

 10. PSG and other recordings for sleep disorders (see 
Chaps. 9 and 11).

 11. Specialized investigations like brain magnetic reso-
nance imaging (MRI), single photon emission 
tomographic (SPECT), and positron emission 
tomographic (PET) scans of the brain as well as 
brain MRI spectroscopy may be needed in sus-
pected neurological disorders causing dysauto-
nomic symptoms (secondary dysautonomia). These 
tests may also be useful in differentiating MSA 
from PAF (see Chaps. 23 and 24).

 12. Skin biopsy: This may be considered (although evi-
dence is weak for diagnostic sensitivity and speci-
ficity) in a symptomatic patient to uncover the 
presence of small fiber sensory neuropathy with 
associated autonomic neuropathy [32, 47].

 13. Urodynamic studies may be needed for evaluating 
possible neurogenic urinary bladder.

 14. In patients with urinary and fecal incontinence, 
needle electromyography (an invasive test) of the 
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urethral and anal sphincters may be helpful [30, 
31].

 15. Catecholamine fluorescence in muscle biopsy sam-
ples [8, 48].

 C. Limitations and Pitfalls of Autonomic Function Tests
Certain limitations and pitfalls in the AFTs must be 

kept in mind otherwise the interpretation of the AFTs 
results may be invalid [49].

 (i) No single test is diagnostic of a significant AD. One 
must perform at least two tests from each category 
(sympathetic or parasympathetic function) for a 
valid interpretation.

 (ii) Several AFTs (e.g., HRDB, 30:15 ratio, VR) vary 
with age and therefore control values must be 
obtained from age-matched subjects. In addition, 
comorbidities must be taken into consideration for 
interpretation of the findings.

 (iii) All tests must be performed according to a valid 
scientifically recommended standardized manner; 
otherwise, the significance of the test results must 
remain questionable.

 (iv) All tests may not have sufficient sensitivity and 
specificity and may give false positive or negative 
results (e.g., MAT, CPT, CFT, intravenous infusion 
test, and SSR).

 (v) Some tests may be too complex to perform (e.g., 
certain invasive tests, such as invasive Valsalva 
maneuver, intravenous infusion, 
microneurography).

 (vi) Each autonomic function laboratory may not be 
equipped with facilities to perform the recom-
mended and complex tests (e.g., QSART, cardiac 
MIBG scan, and intravenous infusion tests).

 (vii) There is not a single specific laboratory test to 
assess a lesion of the afferent limb of the barorecep-
tor reflex arc. Similarly, there is no single specific 
test to assess central component of the baroreceptor 
reflex arc.

 (viii) Many AFTs are invasive and the patients may be 
reluctant to undergo those tests. The autonomic 
physician thus must depend only on noninvasive 
tests, which may not give a satisfactory answer to 
the question.

 (ix) Emotional state of the patient (e.g., anxiety and agi-
tation) may affect the AFT making interpretation 
and validity of the test unreliable.

 (x) Certain medications may affect AFT results (e.g., 
anticholinergics and antidepressants).

 (xi) Skin temperature must be measured and controlled 
to avoid interference with certain tests (e.g., 
QSART may give wrong result if skin temperature 
is not standardized; another example is a patient 
with complex regional pain syndrome type 1 or 

type 2 who also requires attention to skin 
temperature).

 (xii) Patient’s hydration states (by altering plasma vol-
ume) may affect BP and HR responses.

 (xiii) For evaluating parasympathetic function patients 
must be in sinus rhythm; cardiac arrhythmia will 
invalidate the test results.

 (xiv) Even after performing multiple AFTs, it may not be 
possible to locate the site of the lesion to the affer-
ent, central, or efferent limbs of a reflex arc (e.g., 
baroreceptor reflex), and one may not be absolutely 
certain about affection of a particular division 
(sympathetic, parasympathetic, or localization to 
the preganglionic or postganglionic segments of the 
ANS). However, careful attention to the tests and 
their results may help the physician to localize the 
lesion (see further on).

 (xv) Another limitation is an absence of standardized 
guidelines to perform minimum number of AFTs. 
Based on general consensus [49–51], there are cer-
tain suggestions for a minimum number of tests to 
evaluate autonomic function.

 D. Localization of the Lesion Based on Autonomic 
Function Tests

In this segment, I shall list certain AFTs and their 
alteration that may suggest affection of either the sympa-
thetic efferent (adrenergic dysfunction) or the parasym-
pathetic (vagal) divisions of the ANS [8, 9, 17, 30, 31].

 1. Abnormalities of the following tests will suggest 
involvement of the efferent sympathetic division of 
the ANS.

 (a) Head-Up Tilt (HUT) Table Test: OH without rise 
of HR or subnormal rise.

 (b) Valsalva maneuver (VM): Failure of rise of BP 
and HR in Phase 2 (during sustained strain) and 
failure of “Overshoot” in Phase 4 (release of 
strain).

 (c) Cold Pressor Test (CPT): Uses both sympathetic 
afferent and efferent pathways: Failure of rise of 
BP and HR.

 (d) Mental Arithmetic Test (MAT): Uses sympa-
thetic efferent limb: Failure of rise of BP and HR.

 (e) Standing from supine position: Uses central and 
sympathetic efferent pathways: excessive fall of 
systolic BP by 20 mm Hg or more or diastolic BP 
by 10  mm  Hg or more within 3–5  min of 
standing.

 (f) Sustained hand grip (about 30% of maximum 
voluntary contraction for several minutes); 
abnormal response: rise of diastolic BP to 
≤10 mm Hg.

 (g) Noninvasive pharmacologic tests measuring 
plasma levels of norepinephrine and renin in 
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supine and erect positions: low levels of norepi-
nephrine in the supine and failure of rise of renin 
and norepinephrine significantly or subnormal 
rise in the upright position signify efferent sym-
pathetic (postganglionic) involvement.

 (h) Hypohidrosis or anhidrosis and impairment of 
sympathetic skin response.

 2. Impairment of cardiovagal function: Abnormalities of 
the following tests will indicate impairment of effer-
ent vagal (parasympathetic) function [2, 8, 52].

 (a) HRDB: Difference in HR between expiration and 
inspiration ≤10.

 (b) VM: Absence of reflex bradycardia in the fourth 
phase (release of strain).

 (c) VR: Abnormal value <1.21.
 (d) CFT (Diving reflex): Failure to show 

bradycardia.
 (e) 30:15 ratio: Abnormal value ≤1.00.
 (f) Neostigmine test: Failure to cause bradycardia 

after neostigmine injection.
 (g) Atropine test: Lack of tachycardia after intrave-

nous atropine injection (provided sympathetic 
efferent is intact).

 3. Localization of lesion to different components of the 
baroreceptor reflex arc in OH [8]:

 (a) Total baroreflex arc involvement
 (i) Abnormal HUT Test

 (ii) Abnormal VM
 (iii) Abnormal VR

 (b) Efferent arc: See above 1 and 2.
 (c) Central lesion: No single reliable test is available 

but a combination of tests may help. There were 
two papers, one published in 1960 in the journal 
Lancet by Sharpey- Schaffer and Taylor [53] and 
the other published by Sharpey-Schaffer earlier 
[54] suggesting vasomotor center (VMC) respon-
siveness in the medulla: Post hyperventilation 
(15  s) fall of BP and bradycardia imply intact 
central mechanism.

 (d) Afferent limb: Abnormal test of total reflex arc 
but normal efferent limb will suggest affection of 
either the afferent limb or the central component 
of the Baroreflex arc whereas presence of brady-
cardia after VM (phase 4) and intravenous nor-
epinephrine infusion will imply intact 
(unaffected) afferent limb [8, 52].

 4. There are also tests to localize to a preganglionic or 
postganglionic segment of the ANS as well as intra-
ocular and other tests, which are beyond the scope of 
this chapter [2, 3, 30, 31].

 Brief Description of Some Important 
and Unusual Dysautonomic Entities

(Details of most of the entities are available throughout this 
book)

 I. Generalized Primary ANS Failure
 1. Acute Pandysautonomia

This is also known as autoimmune autonomic neuropathy 
(AAN) (see also Chap. 25). This condition must be differen-
tiated from paraneoplastic autonomic neuropathy as well as 
drug-induced (e.g., heavy metals, such as inorganic mercury 
and arsenic poisoning, hexane inhalation [glue sniffing], 
acrylamide) autonomic neuropathies. The classic presenta-
tion of acute AAN is an acute onset of severe pandysautono-
mia (generalized sympathetic and parasympathetic failure) 
often preceded by a viral infection (e.g., flu-like or upper 
respiratory tract infection) and running a monophasic course 
with partial recovery in most cases (occasional complete 
recovery) [55, 56]. Evidence of an autoimmune mechanism 
is manifested by the presence of ganglionic nicotinic acetyl-
choline receptor (AChR) antibodies in high titers in serum in 
approximately 50% of cases. Most prominent clinical fea-
tures include orthostatic hypotension with orthostatic intol-
erance symptoms, hypo- or anhidrosis, and in some cases 
also disturbances of gastrointestinal motility, urinary bladder 
and bowel dysfunction as well as dry mouth, dry eyes, and 
tonic pupils with impaired light reflex.

 2. Pure Autonomic Failure (Bradbury–Eggleston 
Syndrome)

In 1925 Bradbury and Eggleston [57] described three 
patients presenting with pure autonomic failure  (PAF) with-
out any somatic manifestations presenting with orthostatic 
hypotension associated with orthostatic intolerance symp-
toms (see below) in the erect posture relieved by assuming 
supine position (see also Chap. 24). It is noteworthy that 
almost 100 years before this description the French physi-
cian Piorry in 1826 first recognized the importance of the 
gravitational force on the circulation in the upright position. 
Under the title of “Research on the Influence of Gravity on 
the Circulation of Blood: Diagnosis of Syncope and 
Apoplexy; Cause and Treatment of Syncope,” Piorry gave a 
clinical description of four patients who became unconscious 
in the sitting and upright positions, but immediately regained 
consciousness when placed in the supine position [58]. 
Piorry concluded that the arterial, venous, and capillary cir-
culation was under the influence of the law of gravity. 
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However, in the absence of documentation of postural varia-
tion of BP (sphygmomanometer was not invented at that 
time), considerable doubt remains as to whether Piorry’s 
patients really had orthostatic hypotension. Nevertheless, 
Piorry was the first physician to realize the importance of the 
effect of gravity on circulation. Bradbury and Eggleston [57] 
from Cornell University Medical College, New York, how-
ever, were the first to define the syndrome of primary ortho-
static hypotension  (OH). Laubry and Doumer [59] first 
coined the term “orthostatic” in 1932 when they demon-
strated the orthostatic nature of hypotension in a 41-year-old 
man. It is noteworthy that several publications with the 
description of Bradbury–Eggleston syndrome clearly showed 
phenoconversion of many PAF patients (≈10%) to a neuro-
degenerative disease (Shy–Drager syndrome, also known as 
multiple system atrophy  [MSA] mostly and also as PD and 
DLBD) within an average interval of three to 5 years after 
onset [60] as exemplified by our case number one in section 
“Clinical–Anatomical–Laboratory Correlations with Case 
Examples”. Risk factors (predictors) for such conversion 
include [61] the following (see also Chap. 24): subtle motor 
CNS signs (gait imbalance and subtle tremor) at presenta-
tion; CASS (see section “Autonomic Function and Other 
Laboratory Tests”) score of <7; CASS vagal subscore of <2 
(i.e., mild cardiovagal impairment); severe urinary bladder 
dysfunction; preganglionic pattern of sweat loss (e.g., 
impaired thermoregulatory sweating but preserved sweating 
in QSART [see section “Autonomic Function and Other 
Laboratory Tests”]); supine norepinephrine (NE) > 100 pg/
ml; and orthostatic rise of NE > 65 pg/ml (in those convert-
ing to PD/DLBD).

 3. Multiple System Atrophy (Shy–Drager Syndrome)

Since the description of PAF by Bradbury and Eggleston 
in 1925 [57], many reports of PAF appeared in the literature 
and some of these patients had diffuse CNS manifestations 
[62], but these were not emphasized and some even consid-
ered these as incidental features. However, in 1960, Shy and 
Drager gave a lucid clinical description of two patients with 
detailed postmortem findings on one of them, and for the first 
time suggested that a primary neurodegenerative disease 
may be one etiological factor in the so-called idiopathic 
orthostatic hypotension or PAF [63]. Subsequent reports [64] 
not only confirmed this suggestion but also changed the 
name of this neurodegenerative disease of the CNS to mul-
tiple system atrophy in 1969 by Graham and Oppenheimer 
and later researchers grouped this disease as one of the four 
synucleinopathies (e.g., Parkinson’s disease [PD], MSA, dif-
fuse Lewy body disease [DLBD], and PAF) [65, 66]. For 
further details about MSA and PAF, the readers are referred 
to Chaps. 23 and 24, respectively. The median survival of 
MSA is 9.8  years. The best known condition with AF in 

which sleep and respiratory disturbances have been reported 
and well described includes MSA presenting initially with 
prominent dysautonomic features progressing relentlessly 
with subsequent development of somatic neurological mani-
festations [2, 3, 7–9, 67] (e.g., parkinsonian-cerebellar or 
cerebellar-parkinsonian syndrome, upper motor neuron dys-
function, in occasional patient also degeneration of anterior 
horn cells, and cognitive impairment in the more advanced 
stage [usually significant impairment 5–6 years after onset in 
up to 31% of cases], generally with normal sensory findings) 
[68]. Sleep disturbance is very common in MSA and includes 
insomnia with sleep fragmentation, REM behavior disorder 
(RBD), and sleep-related respiratory dysrhythmias. Box 
12.7 lists these respiratory disturbances in MSA [69].

 4. Neurogenic Orthostatic Hypotension

Orthostatic hypotension (OH) may result from impair-
ment of sympathetically mediated baroreflex mechanism 
[60, 61, 70]. The etiology and pathogenesis are multifacto-
rial and include central and peripheral efferent mechanisms 
(e.g., MSA, PAF, other central neurodegenerative synucle-
inopathies, brain stem and spinal cord structural lesion, 
peripheral autonomic neuropathies [see also Box 12.1], 
drug-induced and iatrogenic causes as well as some rare con-
ditions like dopamine-beta hydroxylase [DBH] deficiency, 
and hyperbradykininism).

Clinical features include orthostatic intolerance (OI) 
symptoms that include the following: postural dizziness, 

Box 12.7 Respiratory Disturbances in Multiple System 
Atrophy
• Central sleep apneas
• Obstructive apneas–hypopneas
• The above were noted in both NREM and REM 

sleep associated with oxygen desaturation
• Dysrhythmic breathing (irregular rate, rhythm and 

amplitude of respiration becoming worse in sleep)
• Cheyne–Stokes breathing
• Cheyne–Stokes variant breathing (hypopnea substi-

tuting apnea)
• Prolonged periods of central apnea in relaxed wake-

fulness as if the respiratory center forgot to breathe
• Periodic breathing in the erect posture accompanied 

by postural fall of blood pressure
• Inspiratory gasps
• Apneustic breathing
• Nocturnal stridor due to posterior cricopharyngeal 

muscle denervation atrophy or laryngeal dystonia 
(stridor is mostly inspiratory but can be expiratory 
depending on the site of obstruction
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faint feelings, obscuration or blurring of vision, nausea, and 
bloating feeling in the abdomen. These symptoms (presyn-
cope) occur in the erect posture before syncope (transient 
loss of consciousness) that may happen on prolonged stand-
ing when BP falls significantly with the relief of symptoms 
within 1  min after resuming the recumbent position. OI 
symptoms may worsen in the morning (time of day), after 
ingestion of food (postprandial), and after exercise. The 
presence of OI symptoms should direct attention to a possi-
ble generalized AF and the suspicion would be strengthened 
by documenting OH and abnormal autonomic function tests. 
Moreover, the fall of BP in the erect posture is accompanied 
by failure of rise or inadequate rise of HR. Elderly people are 
highly vulnerable that may be physiological and age-related 
impairment of baroreflex mechanism.

 5. Postural Tachycardia Syndrome (POTS; See Also 
Chap. 20)

POTS is a heterogeneous syndrome (one subgroup is 
labeled “idiopathic”) of selective autonomic failure charac-
terized by an increase of HR by 30 or more beats/min within 
10 min of standing (or on head-up-tilt, HUT) in adults but 40 
or more beats/minute in adolescents (12–19 years) or abso-
lute HR ≥ 120 beats/min unaccompanied by OH (defined as 
sustained drop of 20/10 mm Hg or more BP within 3 min of 
upright posture [71–73]). Clinical manifestations include OI 
symptoms for ≥6 months (e.g., symptoms of presyncope or 
syncope [cerebral hypoperfusion] as described above as well 
as non-OI symptoms [the two most common are fatigue and 
sleep dysfunction [74, 75] besides others]). Standard battery 
of laboratory ANS function tests is generally normal. 
Therapy includes both nonpharamacologic (e.g., increased 
sodium and fluid intake, compression garments, and cogni-
tive behavioral therapy) and pharmacologic measures (e.g., 
volume expanders, vasoconstrictive agents, sympatholytics, 
or drugs to reduce HR) [71, 72, 74, 75].

 6. Hyperbradykininism

This is also known as Streeten syndrome who along with 
his collaborators first described this rare entity as a new 
orthostatic syndrome in 1971 [76]. This is most commonly 
seen in young people (20–35 years) but may also occur in 
children and older persons. The clinical manifestations are 
characterized by OI symptoms (see above) accompanied by 
orthostatic tachycardia and excessive fall of pulse pressure 
due to a fall in systolic but a rise in diastolic BP in the erect 
posture. The other characteristic features include flushing 
of the face and upper trunk (anterior chest) in the recum-
bent position as well as ecchymoses and purple discolor-
ation of the legs standing for 3–4 min. Plasma bradykinin, 
a vasodilator, is increased above the normal limits (mean 

normal is <1 ng/ml in supine fasting state) due to bradyki-
ninase-I deficiency. Patients respond very well to proprano-
lol (a beta blocker), at least temporarily. They also respond 
to fludrocortisone, and cyproheptadine (a serotonin antago-
nist) [76,  77].

 7. Dopamine-Beta-Hydroxylase Deficiency

Dopamine-beta-hydroxylase (DBH)  is an enzyme con-
verting dopamine into noradrenaline. A few cases of DBH 
deficiency (some of which have been familial) causing pos-
tural hypotension and OI symptoms have been described due 
to sympathetic adrenergic failure [78, 79]. This is a rare 
entity and the key laboratory finding consists of virtual 
absence of plasma levels of noradrenaline and adrenaline 
with elevated levels of dopamine, and undetectable DBH 
activity. These patients respond very well to the racemic 
mixture of both the dextrorotatory and levorotatory forms as 
in dihydroxyphenylserine (DL—DOPS) as well as the levo-
rotatory form as in L-DOPS [80].

 II. Generalized Secondary Autonomic Failure

 1. Polyradiculoneuropathies, AF, Sleep, and Respiratory 
Disturbances

Diabetic, amyloidotic and paraneoplastic polyneuropa-
thies with AF may cause a variety of sleep and respiratory 
disturbances. Mondini and Guilleminault [81], and Bottoni 
[82] and collaborators described central and upper airway 
obstructive sleep apneas-hypopneas in several diabetics with 
autonomic neuropathies. These sleep-respiratory distur-
bances have been observed in over 30% of nonobese patients 
independent of severity of their dysautonomia in Bottini’s 
series. The most common subtype of Guillain-Barré-Strohl 
(GBS) syndrome is an acute inflammatory demyelinating 
polyradiculoneuropathy (AIDP). Mild autonomic dysfunc-
tion (AD) is common in most cases of GBS requiring no 
treatment. Some patients may have more severe AD that may 
be correlated with severe motor disability [83, 84] (although 
this has been contradicted by others). AD in GBS may 
involve both sympathetic and parasympathetic divisions. 
Cardiovascular autonomic neuropathy is common and poten-
tially a serious complication of GBS [85].

 2. Neurodegenerative Synucleinopathies (other than 
MSA and PAF)

Abnormal deposition of alpha-synuclein protein in the 
cytoplasm of neurons or glial cells constitutes a group of 
neurodegenerative diseases (e.g., PD and DLBD are two 
such additional synucleinopathies besides MSA and PAF) 
that may be associated with AF and sleep dysfunction.
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 A. Parkinson’s Disease

Sleep dysfunction is a major nonmotor feature present in 
70–90% of cases with progressive impairment concomitant 
with the progression of motor disability [86]. Sleep dysfunc-
tion includes sleep onset and maintenance insomnia, sleep 
fragmentation, and several nocturnal motor abnormalities, 
such as RBD (noted in 40–50% of cases) and PLMS. In addi-
tion, RLS, sleep-onset rapid blinking, REM-onset blepharo-
spasm and intrusion of REMs into NREM sleep have been 
noted [86]. Respiratory dysrhythmias (e.g., obstructive and 
central apneas) are thought to be more common in PD than 
in age-matched controls, especially those with AF [87–89]. 
It is notable that Parkinson himself in his original description 
[90] alluded to sleep and respiratory problems in his patients 
and mentioned the following: “…but as the malady pro-
ceeds…in this state the sleep becomes much disturbed 
(pp. 6–7). …and at the last, [advanced stage] constant sleepi-
ness…announce the wish for release (p. 9)…some fetched 
their breath rather hard (p. 40)”. The spectrum of respiratory 
dysrhythmias in PD includes sleep apnea–hypopnea, 
Cheyne–Stokes and Cheyne–Stokes variant pattern of 
breathing, nocturnal hypoventilation, dysrhythmic breath-
ing, and nocturnal stridor [86]. Laryngeal spasm or stridor 
sometimes may be associated with off-states or dystonic epi-
sodes. Additionally, diaphragmatic dyskinesias as well as 
end-of-the-dose and peak-dose Levodopa-related respiratory 
dysrhythmias have been observed in some PD patients. 
Finally, many patients complain of daytime hypersomno-
lence and irresistible “sleep attacks” resembling narcolepsy 
phenotype that may be due to a combination of intrinsic dis-
ease process and dopaminergic medication [91].

AD in PD generally develops in more advanced stage of 
the illness affecting multiple systems, particularly cardiovas-
cular, gastrointestinal and genitourinary systems as well as 
affecting sweating, thermoregulation, and saliva production. 
Some patients may have OH that may in part be related to 
Levodopa medication. Sometimes, AD may be present ear-
lier in the course of the illness causing considerable diffi-
culty in differentiating PD with AF from MSA.  However, 
relentless progression of the disease, much shorter course of 
the natural history of the ailment compared with that in PD 
and absence of a dramatic response to Levodopa, at least ini-
tially may help in separating PD with AF from MSA (see 
also Chaps. 23 and 24).

 B. DLBD, Autonomic Failure, and Sleep

The core diagnostic features of DLBD as listed by 
McKeith et al. [92] include fluctuating cognition, recurrent 
visual hallucinations and parkinsonian features (e.g., cog-
wheel rigidity, postural instability, and akinesia or bradyki-
nesia) combined with other features such as repeated falls, 

sensitivity to neuroleptics, and RBD. OH and syncope occur 
in up to 30% of DLBD patients. Urogenital disturbance may 
be cited as additional dysautonomic feature. Sleep dysfunc-
tion in DLBD includes RBD (noted in 70–80% of cases and 
frequently precedes the onset of the illness), sleep apnea, 
nocturnal visual hallucinations, insomnia, and excessive 
daytime sleepiness [93].

 3. Narcolepsy–Cataplexy (Narcolepsy Type 1)

Narcolepsy is classified in the international classification 
of sleep disorders (ICSD-3) [93] as a prominent and a chronic 
debilitating neurological disorder in the category of central 
hypersomnolence. This is divided into two subtypes: narco-
lepsy 1 (with cataplexy) and narcolepsy 2 (without cata-
plexy). Narcolepsy type 1 is characterized by excessive 
daytime sleepiness with irresistible and uncontrollable 
“sleep attacks” under inappropriate circumstances and in 
inappropriate places, cataplexy (sudden loss of muscle tone 
triggered mostly by emotional excitement) and characterized 
by head nodding, dropping of things from hands, knee buck-
ling and falling to the ground, sleep paralysis (hypnagogic or 
hypnopompic), visual hallucinations (vivid, often fearful 
dreams), and sleep maintenance difficulties with repeated 
awakenings. Another important manifestation is automatic 
behavior (e.g., repeatedly doing the same thing, missing an 
exit on the highway as a result of microsleep). This disorder 
(narcolepsy) is associated with many comorbid conditions 
including RBD.  Narcolepsy 1 is associated with 85–90% 
loss of hypocretin (orexin) neurons in the perifornical and 
lateral hypothalamic regions. Cerebrospinal fluid (CSF) 
hypocretin 1 deficiency (< 110 pg/ml) is noted in over 90% 
of cases of narcolepsy type 1. An important laboratory test is 
multiple sleep latency test (MSLT) preceded by an overnight 
PSG. A mean sleep latency of ≤8 min accompanied by two 
sleep-onset REM periods (SOREMs) out of 4–5 naps 
obtained after 20-min of recording every 2 h (one sleep onset 
REM obtained in the preceding overnight PSG may substi-
tute one of two SOREMS in the MSLT) is strongly sugges-
tive of a diagnosis of narcolepsy in context of appropriate 
clinical features (ICSD-3).

Hypocretins 1 and 2 (orexins A and B) are neuropeptides 
responsible for regulating circadian timing and sleep–wake-
fulness that also have multiple other physiologic functions 
such as feeding, energy homeostasis, arousal, as well as con-
trolling thermoregulation, neuroendocrine, and cardiovascu-
lar functions via changes in the ANS [94–97]. Diffuse 
projections of hypocretins to rostral ventrolateral medulla 
(RVLM) [premotor sympathetic excitatory neurons in the so- 
called vasomotor center], caudal ventromedial medulla 
(RVMM), noradrenergic neurons in the locus coeruleus 
(LC), nucleus ambiguus, and dorsal motor nucleus of the 
vagus (parasympathetic premotor neurons) as well as nucleus 
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tractus solitarius (NTS) [an important relay station for car-
diovascular, pulmonary, and gastrointestinal afferents] may 
be responsible for ANS control by hypocretin neurons [98]. 
Orexin control of thermoregulation and metabolism remains 
controversial. However, experimental studies in animal mod-
els of narcolepsy–cataplexy point to an involvement of the 
orexin system in the sleep-state stabilization and arousal as 
well as in control of cardiovascular (CV) and respiratory 
functions (CO2-induced breathing increase in orexin gene 
knockout mice while causing spontaneous apneas in both 
REM and NREM sleep) through the influence of orexin neu-
rons on the ANS [95–97]. Controlled clinical studies in nar-
colepsy–cataplexy patients may provide further insight into 
the role of the hypocretin neurons in the ANS control, which 
will be clinically relevant because of increasing endeavor in 
finding orexin antagonist for treatment of obesity and insom-
nia, and for future drug development in CV disorders and 
narcolepsy.

 Summary of ANS Dysfunction 
in Narcolepsy–Cataplexy

Several autonomic abnormalities have been observed in nar-
colepsy–cataplexy patients, which may be summarized as 
follows [99–101] (see also Chap. 17):

 (a) Abnormal pupillary reaction in darkness (pupillometry 
study).

 (b) Impaired REM-related penile tumescence in men.
 (c) Impaired autonomic control of the CV system: the stud-

ies for assessing effect on CV functions have been incon-
sistent. But, overall, various studies suggest that orexin 
deficiency in narcolepsy may be associated with sympa-
thetic cardiovascular withdrawal (deficiency) and may 
increase CV risks in these patients. A recent survey in 
general population confirmed these suggestions by 
showing an increased prevalence of cardiometabolic dis-
eases (e.g., hypertension, diabetes and heart disease) in 
narcolepsy–cataplexy patients contrasted with matched 
controls. In a previous study [97], an enhanced sympa-
thetic activity (using heart rate variability [HRV] study 
at rest and during orthostatic stress compared with con-
trols) was noted but found no abnormalities in CV reflex 
tests in the narcoleptic patients. Grimaldi et  al. [101] 
published their observations in 2012 on the 24-h- circadian 
rhythms including state-dependent changes in BP and 
HR in narcoleptic patients (on no medications) com-
pared to controls. The pertinent findings in a recent study 
by Grimaldi et al. [97] include the following: (a) nondip-
ping of nocturnal BP, (b) higher systolic BP during REM 
sleep, and (c) increased sleep fragmentation and arousal 
index including PLMS-related arousals.

 4. Idiopathic Hypersomnia and AF

The entity of idiopathic hypersomnia (IH), included in the 
ICSD-3 [93] in the central hypersomnolence category, 
remains controversial and is often mistaken with and diffi-
cult to differentiate from narcolepsy type 2. In the past, there 
was cursory mention of autonomic dysfunction in IH (e.g., 
OH, Raynaud’s phenomenon, tension headache, and 
migraine) but the symptoms were thought to be nonspecific 
but no formal autonomic function studies were available. 
Sforza and colleagues [102] found a significant rise of HF 
power during sleep and wakefulness and concluded that in 
IH there is an enhancement of vagal tone during wake and 
sleep that may explain some of the vegetative symptoms 
experienced by the IH patients (see also Chap. 17). These 
findings are in contrast to those noted in narcoleptic patients 
(see above).

 III. Generalized ANS Hyperactivity

 1. Sleep, Autonomic Hyperactivity, Cardiac Arrhythmia, 
and Sudden Cardiac Death

In normal young individuals, the most frequent cardiac 
dysrhythmia is sinus arrhythmia, many of whom (about 
30%) had sinus pauses of 1.8–2 s and in about 6% episodes 
of atrioventricular block were noted [103]; in addition, sinus 
arrest lasting up to 9 s during REM sleep without associated 
apnea–hypopnea or oxygen desaturation was noted in some 
young healthy adults. There was a case report of several epi-
sodes of atrioventricular complete heart block lasting up to 
7.8  s during phasic REM sleep associated with mild sleep 
apnea with minimal oxygen desaturation during both NREM 
and REM sleep but the episodes of block persisted despite 
normalization of apnea–hypopnea index and oxygen satura-
tion following upper airway pressurization [104]. There are 
several reports of ventricular arrhythmia during arousal from 
sleep [105]. Nocturnal EKG changes (T wave inversion and 
ST segment elevation or depression) have been reported in 
patients with ischemic heart disease.

Muller et al. in 1987 [106] published an important paper 
reporting a high incidence of sudden cardiac death among 
hospitalized inpatients between 7 am and 11 am similar to 
the high incidence of nonfatal myocardial infarction and 
ischemia at that time (most likely due to sympathetic 
 hyperactivity in the morning). There are three other entities 
which may cause sudden unexpected cardiac death: (i) con-
genital long QT syndrome (CLQTS), (ii) Brugada syndrome, 
and (iii) sudden unexpected nocturnal death syndrome 
(SUNDS) in South-East Asian young individuals. Both auto-
nomic dysfunction and genetic mutation have been sug-
gested as possible causes [107, 108].
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Samuels [109] provided evidence suggesting that a gener-
alized “autonomic storm” (ANS dysreflexia or hyperactiv-
ity) related to life-threatening stressor may explain so-called 
“voodoo” death (a term originally coined by Walter 
B. Cannon in 1942 [110]) meaning sudden unexpected death 
(SUD) in adults that remains unexplained. SUD is also noted 
in neurological disorders, sudden infant death syndrome 
(SIDS), sudden death during asthmatic attacks, alcohol with-
drawal, and cocaine–amphetamine-related SUD [109]. It is 
speculated that this may also be the explanation in some 
cases of sudden unexpected death in epilepsy (SUDEP). All 
of these conditions associated with SUD may be linked by 
stress and catecholamine surge.

 2. Baroreflex Failure

Baroreflex failure, an important but an uncommon condi-
tion manifesting autonomic dysfunction, may result from 
injury to the carotid and aortic baroreceptors or their affer-
ents in the sinus nerve of Hering (a branch of glossopharyn-
geal nerve) and the aortic nerve of Ludwig and Cyon (a 
branch of vagus nerve) as well as the central medullary relay 
station in the nucleus tractus solitarius (NTS) [111]. The 
causes for this injury may consist of neck surgery including 
carotid surgery, carotid dissection and tumors, radiation to 
the neck, brain stem stroke or trauma, and syringobulbia. 
The clinical manifestations often resemble pheochromocy-
toma (which needs to be excluded by appropriate tests) and 
consist of hypertensive crises (fluctuating hypertension, 
tachycardia, profuse sweating, palpitation and headache 
resembling autonomic hyperreflexia, and marked elevation 
of plasma norepinephrine levels during hypertensive crises, 
less commonly presenting with OH, orthostatic tachycardia, 
severe bradycardia, and syncope) [111, 112]. Clonidine (a 
central alpha-2 agonist blocking RVLM sympathoexcitatory 
neurons) is the treatment of choice.

 3. Neuroblastoma

Neuroblastoma is an example of secondary autonomic 
hyperactivity. This tumor, most frequently found within or 
adjacent to the sympathetic ganglia and adrenal tissue [113], 
causes catecholaminergic hyperactivity (e.g., hypertension, 
tachycardia, and hyperhidrosis) associated with excessive 
synthesis of norepinephrine and dopamine [113]. An unusual 
feature is an acute cerebellar encephalopathy, which is most 
likely a paraneoplastic expression. Clinical manifestations 
include truncal and limb ataxias as well as opsoclonus–
myoclonus syndrome (rapid, ataxic, and chaotic conjugate 
eye movements accompanied by diffuse myoclonus). The 
onset is commonly before the age of 3 years. Most often the 
tumor is highly anaplastic and aggressive. Prognosis depends 
on the age of onset as survival varies inversely with age.

 4. Diencephalic Autonomic Seizure (DAS)

This is an example of paroxysmal autonomic hyperactiv-
ity, first described by Penfield in 1929 [114]. The lesion is 
thought to be in the hypothalamus or related to lesions caus-
ing pressure on this structure. Clinical manifestations 
include paroxysmal episodes (occurring several times a day 
and each time lasting 30–60 s) of bifrontal headache, hyper-
tension, restlessness, flushing, lacrimation, salivation, 
excessive sweating, tachycardia, pupillary dilation or con-
striction, periodic hypothermia, and periodic breathing of 
Cheyne–Stokes type. The episodes are often preceded by 
stereotypic symptoms of olfactory hallucination character-
ized by strange smell and abdominal sensation with nausea 
and retention of awareness but associated with increased 
surge of plasma catecholamines (about double the basal 
value) during these episodes with subsequent falls to normal 
levels after the spells are over [115]. EEG in most reports 
showed no epileptiform discharges. DAS should be differ-
entiated from paroxysmal autonomic dysfunction, some-
times noted in epilepsy, especially temporal lobe epilepsy 
(TLE) as a result of excessive sympathetic discharge. 
Electroencephalogram (EEG) in TLE is generally positive 
showing epileptiform spikes or sharp waves in the temporal 
region. Some cases of SUDEP may be related to this auto-
nomic hyperactivity.

 5. Fatal Familial Insomnia (FFI) (See Chap. 18)

 IV. Localized ANS Dysfunction

 1. Holmes–Adie Syndrome

The other name is Adie’s pupil or “Tonic pupil” with 
light-near dissociation [9, 116]. In 80% of cases, patients 
present with unilateral dilated pupil (larger than the unaf-
fected eye). It is more commonly present in women than in 
men. The characteristic finding is impaired light reflex and 
slow but exaggerated response to convergence, and the pupil 
in the affected eye becomes smaller than that in the unaf-
fected eye; then it dilates slowly. Another characteristic find-
ing in most cases (90%) is absent (or markedly attenuated) 
muscle stretch reflexes [117], the cause of which remains 
disputed (one plausible suggestion is degeneration of spinal 
dorsal root ganglia). The site of lesion for the tonic dilated 
pupil is thought to be located in the postganglionic parasym-
pathetic fibers in the ciliary ganglion; the cause is most likely 
degeneration of the fibers as was also documented by dener-
vation supersensitivity (exaggerated response with marked 
constriction of the affected pupil to instillation of 2.5% 
mecholyl or dilute solution of pilocarpine [1%] which has no 
appreciable effect in normal pupils). There have been occa-
sional reports of associated OH or impaired sweating 
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response casting doubt on the concept of localized ANS 
dysfunction.

 2. Argyll Robertson Pupil [9, 118, 119]

Both the pupils (in bilateral cases) are irregular, small 
with absent light reflexes but preserved convergence reaction 
(accommodation). The site of lesion is thought to be in the 
dorsal midbrain region interrupting the light reflex pathway. 
This was originally described in Tabes Dorsalis but Argyll 
Robertson-like pupil may be seen in diabetes mellitus.

 3. Ross Syndrome

This is another rare entity with localized ANS dysfunc-
tion of unknown cause and a variant of Holmes–Adie syn-
drome. In addition to tonic pupil and areflexia, there is 
progressive segmental hypohydrosis [120].

 4. Harlequin Syndrome

A rare condition with localized ANS dysfunction of the 
pre- and postganglionic cervical sympathetic fibers with nor-
mal ocular sympathetic innervation manifested by the loss of 
thermoregulatory sweating on one side of the face [121].

 5. Horner Syndrome

The triad of Horner syndrome consists of miosis, mild 
ptosis, and ipsilateral (if unilateral) facial anhidrosis or hypo-
hydrosis as a result of pre- or postganglionic cervical sympa-
thetic dysfunction [9, 118]. Pharmacologic study with local 
instillation of eye drops shows evidence of sympathetic 
denervation supersensitivity in case of postganglionic dys-
function [9, 119].

 6. Unilateral Gustatory Sweating (Auriculotemporal 
Syndrome of Frey)

Abnormal unilateral gustatory facial sweating during eat-
ing may occur most commonly after lesions including sur-
gery of the parotid gland as a result of damage and subsequent 
regeneration of the parasympathetic fibers innervating sali-
vary glands that are then misdirected to the postganglionic 
cervical sympathetic sudomotor pathways [2, 3, 5, 9]. The 
name auriculotemporal syndrome is derived from the fact 
that there is affection of the cervical sympathetic sudomotor 
fibers distributed along the auriculotemporal branch of the 
trigeminal nerve. This has also been described in diabetes 
mellitus and after upper thoracic sympathectomy [2, 3, 5, 9].

 7. Crocodile Tears (Bogorad Syndrome)

Most commonly this has been described after a lower 
motor neuron facial nerve palsy (e.g., Bell’s palsy) as a result 
of regenerating parasympathetic fibers (destined originally 
for submandibular glands) aberrantly coursing along the 
parasympathetic fibers to the lacrimal glands [2, 3, 9, 122]. 
Whenever there is salivation (e.g., eating or even thinking of 
food), there is tearing of the eye on the affected side. In most 
of the cases, it is not sufficiently distressing requiring 
treatment.

 8. Hirschsprung’s Disease

This is a congenital developmental condition, also known 
as megacolon, presenting in children and adolescents with 
the complaint of severe constipation since birth [10].The 
symptom results from obstruction of distal bowel showing 
radiographically as a spastic segment of the distal bowel with 
proximal dilation: the condition is due to congenital absence 
of intestinal ganglion cells (aganglionic segment) in the 
myenteric (Auerbach) and submucosal (Meissner) plexus 
due to arrest of embryonic development. Anorectal manom-
etry reveals absence of internal anal sphincter relaxation. 
Resection biopsy has shown characteristic histopathological 
findings.

 9. Achalasia

This is a rare disorder of the esophagus [2, 3, 10] due to 
incomplete relaxation of the lower esophageal sphincter 
(also known as cardiospasm) due to postganglionic denerva-
tion of the smooth muscles in the lower esophageal sphincter 
(degeneration of the myenteric [Auerbach] plexus of the 
enteric nervous system [ENS] division of the ANS). The 
cause is mostly undetermined (may be an autoimmune dis-
ease) but sometimes it is due to Chagas disease caused by 
Trypanosoma cruzi, mostly noted in Central and South 
America. Clinical manifestations of this GI dysautonomic 
disease include dysphagia, regurgitation, chest pain, aspira-
tion pneumonia, and weight loss.

 10. Gastroparesis

This is another manifestation of autonomic neuropathy 
due to dysfunction of the ENS division of the ANS [10]. A 
common cause is uncontrollable diabetes mellitus. Clinical 
features include epigastric discomfort, nausea, abdominal 
bloating, vomiting (may be projectile), weight loss, and 
anorexia. The condition may be a localized AD but often is 
part of a generalized autonomic failure. The gold standard 
test for gastroparesis is radiolabeled scintigraphy to quantify 
the emptying of a physiologic meal and evaluate stomach’s 
motor function (gastric atonia) [123].
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 Fits and Faints, Including Syncope and Other 
Mimics of Autonomic Dysfunction

Orthostatic hypotension and syncope are two cardinal mani-
festations of autonomic dysfunction. This section briefly 
addresses syncope and various other conditions that may 
mimic and be mistaken for conditions causing AD. Box 12.8 
lists these conditions (mimics), and Box 12.9 includes differ-
ent types of syncope. All these entities must be kept in mind 
when approaching a patient with symptoms suggestive of 
dysautonomia [15, 124, 125].

Syncope, the most frequent cause of transient loss of con-
sciousness (TLOC) as a result of transient cerebral hypoper-
fusion, may result from diverse lesions [15, 124, 125] (see 
Box 12.9). The list in Box 12.8 includes “common faint” 
(reflex syncope or vasodepressor syncope), cardiac arrhyth-
mia and structural lesions (“cardiac syncope”), autonomic 
failure (specifically, OH [see section “Brief Description of 
Some Important and Unusual Dysautonomic Entities”]), epi-
leptic seizure and nonepileptic or psychogenic seizure 

(NES), pseudo-syncope (PS), “drop attack” (e.g., frequently 
due to vertebrobasilar insufficiency or transient ischemic 
attacks [TIA], and other mimics (e.g., narcoleptic “sleep 
attacks”, cataplectic episodes and posttraumatic concus-
sion). All these should be differentiated from syncope and 
orthostatic intolerance (OI) symptoms associated with OH, 
particularly when a patient with OH has anoxic seizure. 
Reflex syncope could be vasovagal syncope including cough, 
swallow, and micturition syncope as well as carotid sinus 
hypersensitivity [15, 124, 125]. History will provide clues 
most of the time based on the presenting complaints and 
direct attention to a particular condition and etiology.

One must remember that consciousness has two compo-
nents: Awareness (e.g., aware of the surrounding environ-
ment) and arousal (e.g., an ability to respond to a stimulus). 
In epileptic seizures, TIAs and TLOC associated with syn-
cope (except “focal aware seizures”) there is no awareness 
whereas in cataplexy, NES or PS there should be awareness 
but these subjects may not be arousable unless vigorous 
stimuli are applied.

In true epileptic seizures (generalized and focal impaired 
awareness seizure [“partial complex seizure” of old termi-

Box 12.8 Fits, faints, and mimics mistaken for autonomic 
dysfunction (differential diagnosis)

• Syncope
 – Reflex (as listed in Box 12.9)
 – Cardiac
 – Autonomic Failure with orthostatic hypotension 

related syncope
 – Pseudosyncope

• Seizure
 – Generalized (especially atonic and akinetic 

seizures)
 – Focal impaired awareness seizure (formerly par-

tial complex seizure)
• Psychogenic or nonepileptic seizure (NES)
• Postural tachycardia syndrome
• “Drop attacks”
• Vertebrobasilar ischemia (transient ischemic-attack 

[TIA])
• Narcoleptic sleep attacks
• Cataplexy (as in narcolepsy type 1)
• Psychiatric disorders (e.g., generalized anxiety dis-

order [GAD], major depression)
• Hypovolemia (e.g., related to internal bleeding, 

dehydration and ingestion of diuretics)
• Deconditioning

 – Prolonged immobilization
 – Space flight

• Posttraumatic concussion

Box 12.9 Types of Syncope [124, 127]

 1. Cardiac syncope.
 2. Reflex syncope

 (i) Vasovagal or vasodepressor syncope (neu-
rally mediated or neurocardiogenic syncope)

 (ii) Situational syncope
 (a) Cough syncope (pulmonary syncope)
 (b) Swallow syncope (esophageal syncope)
 (c) Micturition and defecation syncope (pel-

vic syncope)
 (d) Exercise-induced syncope
 (e) Valsalva-like maneuver syncope
 (f) Trumpet player’s syncope
 (g) Postprandial syncope

 (iii) Carotid sinus supersensitive syncope
 3. Convulsive syncope
 4. Autonomic failure (primary or secondary): syn-

cope associated with orthostatic hypotension
 5. “Drop attacks” (cerebral syncope)
 6. Hyperventilation syncope
 7. Drug-induced syncope
 8. Postural tachycardia syndrome (POTS) associated 

with orthostatic intolerance symptoms 
(presyncope-posture-related)

 9. Breath-holding syncope
 10. Overdrive pacemaker related syncope
 11. Syncope with deafness and sudden death 

(Romano–Ward syndrome)
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nology]), there is evidence of postictal confusion but not in 
other conditions listed above [124–126].

Tongue biting (particularly lateral side of the tongue) is 
commonly seen in generalized (primary or secondary gener-
alization) and focal impaired awareness seizures; however, 
some patients with syncope rarely may have tongue biting 
(usually seen in the tip of the tongue).

In “drop attacks” due to vertebrobasilar TIAs besides 
TLOC, there may be other neighboring signs of brain stem 
dysfunction.

In generalized true seizure, any motor phenomena are 
usually synchronous (in phase) and symmetrical whereas in 
NES any movements (e.g., clonic versus myoclonic) are in 
general asynchronous or out of phase.

Vasovagal syncope (VVS)  often occurs under circum-
stances of prolonged standing or straining in an overcrowded 

stuffy environment [15, 124, 125, 127]. OH is often associ-
ated with OI symptoms including presyncope or prodromal 
features (e.g., faint feeling, lightheadedness, dizziness, 
blurry vision, nausea, abdominal bloating feelings). 
Figure 12.1 schematically outlines suggested mechanism for 
VVS [127]. History should include the events in the preictal, 
ictal, postictal, and interictal periods for differentiating vari-
ous conditions causing TLOC including syncope and sei-
zures. Recording of BP and HR in supine and standing 
positions is important for diagnosis of OH and others caus-
ing syncope.

Most important items for diagnosis consist of the follow-
ing: (i) history including that from the witness and family 
members; (ii) physical examination, particularly of the heart 
and nervous system; (iii) electrocardiography (ECG), and 
(iv) electroencephalography (EEG).

Vasovagal Syncope (Neurocardiogenic or neurally mediated syncope)
(Prolonged standing) 

Venous Pooling

Diminished venous return

Decreased cardiac ventricular filling 

Atrial Baroreflex alsoactivated Left ventricular mechanoreceptors in the
inferior posterior wall stimulated 

Decreased Sympathetic activity Transmission of afferent impulses (via C 
fibers) (via vagus nerve) [Bezold-Jarisch 

reflex]

 eht fo )NMD( suelcuN rotoM lasroDnoitalidosaV
vagus stimulated

Hypotension (vasodepressor response) Increased parasympathetic activation 

Bradycardia 
(Combination of increased vagal 

activity and sympathetic withdrawal) 
(more likely centrallymediated)

Hypotension
Decreased cerebral perfusion (cerebral hypoperfusion)

+
Some contribution also from altered cerebral autoregulation

Main mechanism: Centrally mediated vasodilatorand sympathetic withdrawal and other 
contribution: Reflex vagal stimulation and altered cerebral autoregulation

Fig. 12.1 Schematically 
shown the mechanism of 
vasovagal syncope [127]
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 Types of Syncope (see Box 12.9) [15, 124, 125, 
127]

 A. Cardiac syncope (see further on and Box 12.10)
 B. Reflex syncope

 (i) Vasovagal (common faint): Neurally mediated or 
neurocardiogenic syncope in the elderly (vasode-
pressor syncope)

 (ii) Situational syncope
 (iii) Carotid sinus hypersensitivity syndrome with 

syncope
 C. Others (see Box 12.9) [124]
 D. Cardiac syncope (Box 12.10) [127]

A small percentage of patients presenting with syncope 
result from structural lesions of the heart or cardiac arrhyth-
mias that should be differentiated form the common faint 
(vasovagal syncope) and other conditions listed in Box 12.9 
as cardiac syncope carries high morbidity and mortality 
[127]. A careful clinical history and physical examination 
can identify patients with cardiac syncope most of the time 
but may require ECG, Holter monitoring, and other labora-
tory tests for confirmation in challenging situation [127]. 
Box 12.10 lists the pertinent features favoring a diagnosis of 
cardiac syncope [127].

 Drop Attacks

The term was introduced by Kremer in 1958 [128, 129]. The 
condition is common in women and in up to 65% of cases no 
cause is found. Most likely cause (if found) is cardiovascular 
(evidence of heart disease; needs EKG and Holter monitor-
ing) or cerebrovascular disease (history and neurological 
examination to detect other signs of brainstem ischemia; 
may require magnetic resonance imaging of the brain and 
magnetic resonance angiography (MRI-MRA) for investiga-
tion). Other causes may include narcoleptic “drop attack” 
(related to emotionally triggered cataplectic episodes or irre-
sistible narcoleptic “sleep attacks” [93] and rarely “drop 
attacks” may be caused by psychogenic or true seizure (e.g., 
atonic or akinetic seizure). Most of the neurologists consider 
brain stem ischemia due to vertebrobasilar insufficiency 
(transient ischemic attacks-TIA) as a frequent cause of so- 
called “drop attacks.”

 Carotid Sinus Supersensivity Syncope

This is a type of reflex syncope similar to VVS but is due to 
hypersensitivity of carotid sinus in certain individuals as 
manifested by syncope triggered by carotid sinus massage 
(extreme caution is needed as this may trigger cardiac asys-
tole) [15, 124, 127].

Miscellaneous: Four entities (e.g., glossopharyngeal neu-
ralgia, postprandial syncope and hypotension, esophageal or 
swallow syncope, and pelvic syncope [see Box 12.9]) may 
all be due to similar reflex mechanism as in VVS and carotid 
sinus supersensitivity syndrome causing syncope.

 Mastocytosis-Related Syncope

This is a rare condition [124]. There is overproduction of 
mast cells (normally found in connective tissue) in multiple 

Box 12.10 Points in favor of a diagnosis of cardiac 
syncope [127]

• Age of onset of syncope: 35 years or more
• Gender: Male
• A previous history of atrial fibrillation/flutter or 

other cardiac arrhythmias (e.g., sinus arrest, sino-
atrial block, atrioventricular heart block, paroxys-
mal supraventricular arrhythmia or brady–tachy 
arrhythmia syndrome [sick sinus syndrome], pace-
maker malfunction, and congenital deficit in car-
diac conduction including congenital prolonged 
Q-T syndrome)

• Known history of hypertension and structural heart 
disease including cardiomyopathy, congestive heart 
failure, ischemic and congenital heart disease, and 
cardiac valvular disease

• Cyanosis witnessed during the episode of syncope
• Chest discomfort or dyspnea before transient loss of 

consciousness (TLOC)
• Abnormal cardiac examination
• Palpitation before TLOC
• Abnormal EKG
• Evaluation of Guidelines in Syncope Study 

(EGSYS) score of 3 points or more; (palpitation [4 
points]; abnormal ECG/heart disease [3 points]; 
effort syncope [3 points]; syncope in supine posi-
tion [2 points]; neurovegetative prodromes [−1 
point]; predisposing and precipitory factors [−1 
point])

• Vasovagal score (VVS): Less than −2
• Family history of sudden cardiac death, syncope or 

drowning
• History of two or fewer syncope episodes
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organs releasing histamine as well as an overproduction of 
prostaglandin D2 (PGD2) causing diffuse allergic reactions. 
Women outnumber men (4:1) and the onset is most com-
monly around 45  years. Clinical features include flushing, 
palpitation, syncope, fatigue, and shortness of breath without 
any wheeze. A prominent cutaneous finding is urticaria 
 pigmentosa, present in 99% of cases and is a useful diagnos-
tic sign of mastocytosis. Narcotic analgesics, nonsteroidal 
anti- inflammatory agents as well as beta-receptor antago-
nists, alpha receptor and cholinergic agonists, and aspirin 
should be avoided as these may activate mast cells. The most 
effective medications are epinephrine, chlorpheniramine, 
and cimetidine.

Breath-holding Spells

In the very young (infants and children), special types of 
syncopal episodes have been described [124]. Breath-holding 
spells (two forms: cyanotic type [the most common type] 
related to a combination of apneic hypoxemia and forceful 
Valsalva-like maneuver and pallid type like a vasovagal spell 
related to sudden unexpected pain).

Other rare types in infants and children

Other rare types in infants and young children include syn-
cope associated with prolonged Q-T interval, familial deaf-
ness, and sudden death (Jervell–Lange–Nielsen syndrome), 
Romano–Ward syndrome (a similar syndrome as above but 
without deafness and associated with syncope and sudden 
death in an infant), overdrive pacing causing syncope and 
faster HR with prolonged Q-T interval as well as syncope in 
children with multiple extrasystoles, and ventricular 
fibrillation.

 Clinical–Anatomical–Laboratory 
Correlations with Case Examples

From an account of the functional neuroanatomy of the ANS 
as described in Chap. 3 as well as AFTs (section “Autonomic 
Function and Other Laboratory Tests”) and brief clinical 
entities (section “Brief Description of Some Important and 
Unusual Dysautonomic Entities”) described above, it will 
now be easy to understand the various clinical manifesta-
tions resulting from autonomic deficits.

The following three cases serve to illustrate clinical–ana-
tomical correlations in three different types of autonomic 
disorders [52].

Case 1 A 57-year-old patient was admitted with a history of 
urinary frequency and incontinence, and impotence for 
5  years. He also had been having syncopal episodes in 
assuming the upright posture. These fainting spells in the 
upright posture became very disabling. Neurological exami-
nation revealed that syncopal attacks were associated with 
severe postural hypotension. There was no evidence of 
somatic neurologic dysfunction. The patient denied any his-
tory of diabetes mellitus.

His BP in the supine position was 120/70 and the pulse 
rate was 80 per minute. Tilt-table examination showed that 
on tilting the table to 60° the BP fell rapidly to 40/0 but the 
pulse rate remained fixed at 80 per minute. The patient felt 
faint. Simultaneous EEG recording during the tilt-table test 
showed diffuse slowing of the background rhythm. Valsalva 
test showed reduced Valsalva ratio. Cystometrogram revealed 
an atonic urinary bladder. Intravenous norepinephrine infu-
sion test revealed a supersensitive BP response but no reflex 
bradycardia. Intramuscular atropine did not produce any 
change in the pulse rate or the BP.  Supine fasting plasma 
norepinephrine level was reduced and showed no further rise 
in the upright position. Plasma renin activity did not change 
significantly from the supine to the erect position. Cold pres-
sor and mental arithmetic tests did not raise the BP or the 
HR. Thermal sweating was impaired over the abdomen and 
the legs. Conjunctival instillation of dilute (0.062%) pilocar-
pine solution produced pupillary constriction and 1:1000 
adrenaline produced pupillary dilatation.

Comments This patient’s symptoms of fainting spells 
accompanied by orthostatic hypotension, urinary inconti-
nence, and impotence suggest autonomic deficits that are 
not associated with any somatic neurological dysfunction. 
The postural hypotension was confirmed by tilt-table test 
accompanied by slowing of the EEG background sug-
gesting critical cerebral hypoperfusion. These findings in 
association with a fixed HR suggest an impairment of the 
ANS function affecting the heart as well as the resistance 
and the capacitance vessels. A supersensitive BP response 
after norepinephrine infusion and a supersensitive pupil-
lary response to dilute (1:1000) adrenaline suggest periph-
eral sympathetic fiber denervation. Impairment of thermal 
sweating, abnormal cold pressor, and mental arithmetic 
tests in conjunction with other findings suggest widespread 
impairment of sympathetic efferent fibers. Absence of bra-
dycardia despite supersensitive BP response to norepineph-
rine infusion, impotence, atonic urinary bladder and failure 
of pulse rate, and BP change after atropine injection as well 
as pupillary constriction after dilute pilocarpine solution 
(denervation super sensitivity) indicate that the parasym-
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pathetic system is also involved. Reduced fasting plasma 
norepinephrine and its failure to rise in the erect posture 
suggest postganglionic sympathetic dysfunction. Failure 
of plasma renin to rise in the upright position also sug-
gests depletion of the sympathetic neurotransmitter at the 
renal sympathetic nerve endings. In summary, the clinical 
features and the AFTs suggest that this patient has been 
suffering from pure AF and fulfill the criteria of Bradbury–
Eggleston syndrome [57].

Approximately 3  years after initial presentation neuro-
logical examination showed that he was developing 
parkinsonian- cerebellar syndrome consistent with conver-
sion to MSA phenotype [14].

Case 2 A 52-year-old man was admitted for investigation of 
episodes of syncope in the upright position, urinary inconti-
nence and frequency of 5 years duration, and impotence for 
8 years. Recently, he noticed progressive difficulty in walk-
ing due to incoordination. His BP in the supine position was 
140/90 mm Hg and the HR was 80 per minute. In the upright 
position, the BP fell rapidly to unrecordable level accompa-
nied by faint feelings but the pulse rate remained fixed. 
Neurological examination showed evidence of cerebellar 
dysfunction in the upper and lower extremities including 
ataxia of gait. These findings continued to progress and later 
he developed mild cogwheel rigidity in both hands, stooped 
posture, and bradykinesia. The plantar responses were bilat-
erally extensor. Sensory examination and mental functions 
(no formal testing was performed) were normal. In the termi-
nal stage, he developed dysrhythmic breathing and sleep 
apnea on PSG recording.

Cystometrogram showed an atonic bladder. A barium 
swallow and cineradiography of the esophagus showed evi-
dence of mild impairment of the peristaltic waves. Thermal 
sweating was severely impaired over the trunk and the lower 
extremities. Valsalva test showed no “overshoot” of the 
BP. Cold pressor and mental arithmetic tests did not show 
any changes in the BP or the HR.  Plasma renin activity 
remained unchanged in the erect position. Norepinephrine 
infusion test revealed small rise of BP and HR. Conjunctival 
instillation of dilute pilocarpine solution (0.062%) and 
1:1000 adrenaline solution did not produce any alterations in 
pupillary size.

Three years after onset of the somatic neurological dys-
function, the patient died of pneumonia and respiratory fail-
ure. Postmortem examination disclosed significant structural 
alterations in the brain stem, cerebellum, basal ganglia, and 
spinal cord.

Comments The clinical manifestations of fainting spells in 
the upright position accompanied by orthostatic fall of BP 
and fixed HR, urinary incontinence and impotence suggest 
autonomic deficits. The initial presentation of these auto-
nomic manifestations followed later by 
 cerebellar- parkinsonian syndrome fulfills the criteria for the 
diagnosis of MSA with progressive AF (the Shy–Drager syn-
drome). The AFTs showing marked reduction of BP in the 
erect posture, relatively fixed HR in all body positions, 
absence of “overshoot” after Valsalva maneuver, no rise of 
BP and HR after cold pressor and mental arithmetic tests, 
failure of rise of plasma renin and norepinephrine in the erect 
posture all suggest evidence of sympathetic denervation. 
Absence of a supersensitive BP response after intravenous 
norepinephrine infusion and a lack of supersensitivity of the 
pupillary response to intraocular dilute adrenaline solutions 
suggest a central lesion and not a lesion of the postganglionic 
sympathetic fibers.

Absence of a rise of HR after atropine injection, absence 
of bradycardia after Valsalva maneuver, reduced Valsalva 
ratio, cystometric finding of an atonic bladder, impairment of 
respiratory beat-to-beat variation of HR, impairment of the 
peristaltic waves on cineradiography, and barium swallow 
examination of the esophagus as well as a lack of super sen-
sitivity of the pupillary response to intraocular dilute pilocar-
pine solution all suggest evidence of parasympathetic 
denervation in this patient. Therefore, the clinical and AFTs 
provide evidence of central autonomic deficits accompanied 
by somatic neurological dysfunction, particularly involving 
extrapyramidal and cerebellar pathways. These findings are 
characteristic of those noted in the Shy–Drager syndrome 
(MSA).

The pathological findings [2, 3, 8, 14, 63, 67, 130] of 
olivopontocerebellar atrophy as well as degeneration and 
gliosis in the corpus striatum, substantia nigra, and locus 
ceruleus correlate anatomically with the cerebellar- 
parkinsonian syndrome in this patient. Intermediolateral 
neuronal cell loss in the spinal cord (also noted in every case 
of the Shy–Drager syndrome) and lesions around the NTS 
and ventral medulla explain severe sympathetic denervation 
including profound OH in this patient. Lesions of the 
nucleus tractus solitarius and nucleus ambiguus likely are 
responsible for respiratory dysrhythmia while involvement 
of the dorsal motor nucleus of the vagus and nucleus ambig-
uus explain GI motility disturbances and cardiac parasym-
pathetic denervation. Lesions of the sacral spinal cord 
including Onuf’s nuclei are responsible for the urinary and 
sexual dysfunction. Pyramidal tract degeneration correlates 
with extensor plantar responses. Loss of neurons in the sym-
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pathetic ganglia, anterior horn cells of the spinal cord, and 
the oculomotor nucleus are consistent with those noted in 
MSA.

Case 3 A 45-year-old patient has suffered from insulin- 
dependent diabetes mellitus for 15 years. He now complains 
of tingling and numbness in both feet and the hands, and 
mild weakness of the legs for the last 1 year. Recently, he has 
been having episodes of fainting spells in the upright posi-
tion, urinary incontinence, and impotence. He has also noted 
lack of sweating in his feet. In addition, he has intermittent 
diarrhea, particularly nocturnal diarrhea. Occasionally, he 
has some difficulty in swallowing both solids and liquids.

On neurological examination, he has evidence of mild 
sensory-motor polyneuropathy in the legs. The feet and legs 
are dry and are relatively hairless. Supine BP is 150/95 and 
the pulse rate is 78 per minute. On standing for a minute the 
BP fell to 50/0 and the pulse rate increased to 80 per minute. 
Cold pressor and mental arithmetic tests show no change in 
BP or the HR. Valsalva test shows reduced VR and absence 
of “overshoot” of BP and a lack of reflex bradycardia. There 
is impairment of respiratory HR variation. Nerve conduction 
study shows evidence of sensory-motor axonal polyneuropa-
thy. Sympathetic skin responses are absent in the palms and 
soles. Barium swallow with cineradiography shows impair-
ment of the peristaltic waves. Thermal sweating is severely 
impaired in the trunk and legs. Supine fasting plasma norepi-
nephrine level is markedly reduced and there is no rise on 
standing up. Intramuscular injection of atropine does not 
change the HR or the BP. Intravenous norepinephrine infu-
sion test shows supersensitive BP response. Pupillary con-
striction after pilocarpine (0.062%) and pupillary dilation 
after 1:1000 adrenaline eye drops suggest postganglionic 
autonomic denervation.

Comments This patient with longstanding insulin depen-
dent diabetes mellitus developed an axonal type of somatic 
polyneuropathy, which later was accompanied by evidence 
of autonomic neuropathy as is obvious from the clinical, 
nerve conduction, and the autonomic function tests. The 
abnormalities in the AFTs suggest evidence of affection of 
both sympathetic and parasympathetic fibers in the postgan-
glionic regions.

The characteristic pathological changes (not obtained 
from this patient) as reported in the literature in diabetic 
autonomic neuropathy [131, 132] consist of involvement of 
the sympathetic and parasympathetic postganglionic neu-
rons associated with lymphocytic infiltration, vacuolation, 
and poor Nissl staining. Additional findings include deple-
tion of myelinated fibers in the vagus and greater splanchnic 
nerves, and the white rami communicantes [124, 125]. Thus, 

there is good clinical–physiological–anatomical correlation 
in diabetic autonomic neuropathy.

 Principles of Therapy

In this last section, I shall briefly allude to principles of ther-
apy in autonomic dysfunction but the details are beyond the 
scope of this chapter and are addressed in various chapters 
throughout this book.

Treatment should ideally include nonpharmacologic and 
drug treatment [2, 3, 5, 9]. Those with mild or minimal AD 
who are asymptomatic require no treatment. Those with mild 
AD and are symptomatic should benefit from nonpharmaco-
logic therapy that includes avoidance of triggering factors 
and adherence to nonpharmacologic measures that may con-
sist of use of compression stockings and other physical coun-
termeasures for OH as well as drinking of plenty of fluids, 
especially in the morning and adequate intake of sodium 
chloride (salt) for POTS.  Other nondrug therapy includes 
exercise, specifically designed for a particular type of 
AD.  For specific sleep dysfunction appropriate measures 
include common sense sleep hygiene practice for all, cogni-
tive behavioral therapy for chronic insomnia (CBT-I), as well 
as upper airway pressurization for OSA and other ventilatory 
measures for sleep-hypoventilation or central sleep apnea.

Secondary AD requires treatment of primary disorder 
supplemented by drug to control dysautonomic symptom for 
debilitating and symptomatic patients along with appropriate 
measures for sleep disorders. The pharmacologic treatment 
for OH (which is a cardinal and severely debilitating feature 
in many patients with dysautonomia) and orthostatic intoler-
ance symptoms may include the following in a particular 
patient (treatment needs to be individualized): (i) volume 
expanders, (ii) medications to reduce heart rate (particularly 
in POTS), (iii) vasoconstrictive agents, and (iv) sympatholyt-
ics, especially in POTS.

Non-orthostatic and other systemic symptoms may bene-
fit from melatonin (especially, circadian rhythm disorder), 
wake-promoting agents for fatigue, immunosuppressants for 
autoimmune AD, SSRIs for comorbid anxiety and depres-
sion, appropriate measures for GI motility and genitourinary 
disorders, and analgesics for comorbid painful conditions 
and headache.

In conclusion, an approach whether at the bedside or in 
the clinics should consist of pursuing the diagnostic steps in 
a logical and systematic manner as outlined above (see also 
Box 12.6) for optimal care of patients. Most important first 
step is clinical history and physical examination including 
specific autonomic examination before ordering laboratory 
tests in a haphazard manner otherwise the physician may run 
into a state of confusion in terms of correct diagnosis and 
appropriate treatment.
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 Introduction

Obstructive sleep apnea (OSA) is characterized by episodic 
collapse of the upper airway during sleep, resulting in periodic 
reductions or pauses in ventilation, resulting in hypoxia, 
hypercapnia, or arousals from sleep. OSA is frequent in the 
general population with an estimated prevalence of 3% among 
women and 10% among men aged 30–49 years and 9% among 
women and 17% among men aged 50–70 years [1].

Risk factors for OSA comprise factors that reduce the side 
of the pharynx at rest or increase the collapsibility of the 
airway and include obesity and increased adipose tissue 
within the tongue and pharynx. Male sex is a risk factor, 
although the reasons for this remain unknown. Additional 
risk factors include hypothyroidism, acromegaly, and cranio-
facial abnormalities such as retrognathia [2].

The diagnosis of OSA requires an overnight polysomnog-
raphy to document the frequency of breathing events, apneas 
and hypopneas, during sleep. Obstructive apnea is defined as 
a near-complete or complete (>90%) cessation in airflow for 
more than 10  seconds in sleep despite ventilatory effort. 
Hypopneas are generally defined as a reduction in airflow of 
at least 30% accompanied by reductions in oxygen satura-
tion of at least 3% or arousal from sleep. The number of 
apneas and hypopneas per hour of sleep is referred to as 
apnea-hypopnea index (AHI). OSA is defined as an AHI of 
at least 5 events per hour. Traditionally, the AHI can be clas-
sified according to the number of events per hour. Mild AHI 
is defined by 5–15 events per hour, moderate AHI is defined 
by 16–30 evens per hour, and severe AHI is defined by more 
than 30 evens per hour [3]. The AHI is typically worse dur-
ing rapid eye movement (REM) sleep and in the supine posi-
tion. Home sleep studies may be used instead of 
polysomnography in selected cases [4].

 Comorbidities Associated with OSA

An AHI of 15 or more events per hour is associated with a 
reduction in psychomotor speed equivalent to 5  years of 
aging. Also, the higher the AHI, the lower the subjective 
quality of life. Untreated OSA is associated with tripled risk 
of motor vehicle accidents compared to the general popula-
tion [5].

Importantly, OSA is associated with increased risk of car-
diovascular disease, specifically hypertension, stroke, coro-
nary artery disease, and heart failure, even after adjustment 
for BMI and other risk factors. Patients with OSA are also at 
increased risk for cardiac arrhythmias, namely sinus brady-
cardia, atrioventricular block, and ventricular tachycardia 
[6–9] (Fig. 13.1).

An AHI of 20 or more events per hour is associated with 
increased risk of stroke by a factor of four in men and a fac-
tor of two in women [10]. In addition, OSA is associated 
with neuroendocrine abnormalities resulting in an increased 
risk of diabetes and glucose dysregulation, independent of 
obesity [11], as well as increased levels of total cholesterol, 
low-density lipoprotein cholesterol, and triglycerides [12]. 
Cancer mortality and all-cause mortality were significantly 
higher among men 40–70 years of age with an AHI of more 
than 30 events per hour [13].

 The Autonomic Nervous System in OSA

In healthy individuals, hypoxia (i.e., reduction in oxygen lev-
els with arterial pO2 less than ~60 mmHg) causes chemore-
ceptor activation and triggers tachycardia and moderate 
increases in blood pressure. Hypoxia and hypercapnia pro-
mote both hyperventilation (resulting in enhanced oxygen 
delivery to blood), and increased sympathetic efferent activ-
ity resulting in vasoconstriction to redistribute oxygenated 
blood flow [14–16]. Baroreflex activation normally abolishes 
the increase in sympathetic activity induced by hypoxia, 
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which can result in vagal activation and bradycardia [17–19]. 
Apnea unbridles an intense cardiovascular response in order 
to maintain oxygen delivery, reduce cardiac oxygen demand, 
and ensure survival. This is similar to the diving reflex that 
occurs in humans during facial immersion and apnea [20].

Converging evidence obtained from studies with muscle 
sympathetic nerve activity, plasma catecholamine levels, and 
heart rate variability analysis indicates that in patients with 
OSA, hypoxia and apnea trigger a cascade of stimuli that 
elicit acute increases in efferent sympathetic activity during 
sleep that, when sustained over time, induce chronic sus-
tained elevation of the setting point for central sympathetic 
outflow during wakefulness [21–26], resulting in higher risk 
of chronic hypertension, coronary artery disease, and stroke. 
Conversely, excessive sympathetic outflow results in 
baroreflex- mediated excessive cardiovagal efferent activity 
and bradycardia, atrioventricular block, and ventricular 
tachycardia, potentially resulting in sudden cardiac death [8, 
9, 27]. Arousal at the termination of the obstructive event is 
associated with sleep fragmentation and further sympathetic 
efferent activity, leading to peripheral vasoconstriction and 
an abrupt increase in systolic and diastolic blood pressures 
and heart rate [28].

 Intrathoracic Pressure Changes

The collapse of the upper airway during sleep resulting in 
obstructive apnea causes intrathoracic pressure swings 
resulting in myocardial stretch of the heart chambers and 
changes in transmural pressure gradients, particularly affect-
ing the thin-walled atria. This may also contribute to atrial 
fibrillation and other arrhythmias [29, 30].

 Additional Mechanisms

In addition to hypoxia and apnea, there might be other mech-
anisms contributing to the excessive sympathetic efferent 
activity that develops in patients with OSA. Obesity could 
not only mechanically obstruct the airway to cause OSA but 
also increase sympathetic efferent activity via leptin, insulin, 
angiotensin, and cytokine mechanisms [31]; on the other 
hand, many patients with OSA are not obese. Carotid body 
chemoreceptor hypersensitivity due to intermittent hypoxia 
has been confirmed in animal models and might contribute to 
the pathogenesis of OSA in humans [32]. Excessive activa-
tion of CNS nuclei induces neural changes that increase the 
excitatory drive to the rostral ventrolateral medulla and sus-
tains a high sympathetic tone independently of the peripheral 
sensory signals [33].

The immune system contributes to cardiovascular dis-
eases, including arrhythmias, hypertension, atherosclerosis, 
and heart failure. While it is well documented that patients 
with OSA have increased levels of serum inflammatory 
markers [34], it is unknown whether anti-inflammatory treat-
ments can reduce or reverse OSA-associated sustained sym-
pathetic drive and delay or prevent organ damage [35, 36].

 Treatment of OSA

Treatment of OSA is recommended in patients with an AHI 
of 15 or more events per hour, as well as for patients with an 
AHI of 5–14 events per hour with significant symptoms 
(e.g., diurnal sleepiness and impaired cognition) or comorbid 
conditions (e.g., hypertension, history of stroke, or ischemic 
heart disease). Patients with an AHI of less than 5 must be 
treated if they are at high risk for sudden death during sleep, 
as it is the case of familial dysautonomia [37].

The most effective therapy to reduce OSA is positive air-
way pressure (PAP) applied with a tight seal to the nose or 
mouth (or both) serving to stent open the upper airway. 
Continuous positive airway pressure (CPAP) provides a con-
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Fig. 13.1 Apnea-autonomic interactions. Sustained increased sympa-
thetic efferent activity and cardiovagal tone promote cardiovascular 
disease and arrhythmias in patients with obstructive sleep apnea
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stant level of positive pressure across inspiration and expira-
tion and is the most commonly used modality. Although 
CPAP is highly effective, adherence is challenging due to 
difficulties in identifying the most suitable mask, positioning 
the mask, keeping the mask in place during sleep, and main-
taining the equipment and supplies. There are many strate-
gies that could help overcome these limitations, such as 
mask desensitization (e.g., using the mask at progressively 
increasing lengths of times each night to get used to it), or 
using variable-pressure approaches to CPAP, including 
higher pressure during inspiration than during expiration, 
auto-adjusting pressure in response to breath-to-breath air-
flow changes throughout the night, and lowered pressure just 
at the beginning of the expiratory phase; however, such 
approaches have not been proven to improve adherence 
rates.

Other therapies that might be suitable for patients with 
mild OSA include oral appliance to advance the mandible, 
positional therapy (avoiding a supine sleep position) or sur-
gery (uvulopharyngopalatoplasty and maxillomandibular 
advancement surgical procedures) [38, 39].

Weight loss should be recommended to all overweight or 
obese patients with OSA, including those using CPAP [40, 
41]. Muscle relaxants and medications that suppress the 
respiratory drive (e.g., benzodiazepines, opioids, and alco-
hol) exacerbate OSA and should be avoided.

 Cardiovascular Autonomic Consequences 
of Treating OSA

Multiple studies indicate that CPAP therapy induces reduc-
tions in sympathetic efferent activity or sympathetic tone 
during sleep, both in the short and long terms [42–50]. 
Indeed, withdrawal of CPAP therapy for 1 week in patients 
with moderate to severe OSA was associated with increased 
urine norepinephrine levels [51]. The reductions in sympa-
thetic efferent activity or tone appear to extend also to the 
daytime, when patients are not using CPAP [52–55].

The effects of treating OSA on hypertension and cardio-
vascular events remain uncertain. The use of a mandibular 
advancement splint appears to reduce systolic pressure [56]. 
In some randomized trials, but not in others, CPAP reduced 
blood pressure in both hypertensive and normotensive 
patients with obstructive sleep apnea [57–61]. Interestingly, 
a clinical trial to determine if nocturnal CPAP treatment can 
reduce nighttime supine hypertension in patients with effer-
ent baroreflex (i.e., autonomic) failure, regardless of the 
presence of OSA, is underway (ClinicalTrials.gov: 
NCT03312556).

Whether the reductions in efferent sympathetic activity 
have actual clinical consequences is unclear. It might well be 
that in patients who have suffered from long-term OSA- 
related sympathetic efferent hyperactivity, the resolution of 
the OSA may not be sufficient to reduce hypertension. In 
keeping with this, in a large randomized controlled trial of 
patients with both cardiovascular disease and moderate to 
severe OSA, the use of CPAP had no significant effect on the 
prevention of cardiovascular events, despite improving day-
time sleepiness and quality of life [62]. A recent meta- 
analysis of randomized trials concluded that there is 
insufficient evidence to determine the effect of CPAP on car-
diovascular outcomes [63]. No controlled studies on the 
effects of CPAP on atrial fibrillation or other arrhythmias in 
patients with OSA have been completed yet [64].

 Other Clinical Outcomes of Treating OSA

A study comparing CPAP and placebo showed that CPAP 
reduced fatigue and daytime sleepiness in patients with OSA 
[65]. An observational study showed that CPAP treatment 
was associated with a reduction in the risk of motor vehicle 
accidents, as compared with rates before treatment initiation, 
to a level similar to that of drivers without known OSA [5]. 
CPAP may also improve cognition, but results are inconsis-
tent. A large, randomized, trial comparing 6 months of CPAP 
with sham CPAP showed no meaningful difference across 
groups in executive function, although the average nightly 
use of a CPAP device was only 4 hours [66]. In an ensuing 
analysis, adherence to therapy predicted improved psycho-
motor function [67].

 Conclusions

OSA is highly prevalent in the general population. The repet-
itive apneas and hypoxic events elicit acute increases in 
efferent sympathetic activity during sleep that, when sus-
tained over time, induce a carryover chronic sustained eleva-
tion of the setting point for central sympathetic outflow 
during wakefulness. Chronic increased sympathetic activity 
is asymptomatic but increases the risk of hypertension, coro-
nary artery disease, stroke, arrhythmias, and sudden death. 
Treatment of OSA with CPAP results in reductions in sym-
pathetic efferent activity or sympathetic tone during sleep, 
both in the short and long terms. The reductions in sympa-
thetic efferent activity appear to extend also to the daytime. 
CPAP appears to reduce blood pressure in both hypertensive 
and normotensive patients with OSA, although the evidence 
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is conflicting. Currently, there is insufficient evidence to 
determine the effect of CPAP on cardiovascular events, 
stroke, arrhythmias or death, for which additional, controlled 
trials are required. OSA should be considered in the differen-
tial diagnosis of hypertensive patients, particularly in those 
who are refractory to medications. Novel therapeutic 
approaches are redefining the relationship between OSA and 
autonomic dysfunction. For instance, treatment with CPAP 
may be a potential therapeutic option for the treatment of 
supine hypertension in patients with autonomic failure, 
regardless of the presence of OSA.
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Primary Insomnia and Dysautonomia

Luigi Ferini-Strambi, Sara Marelli, and Maria Salsone

 Introduction

Sleep disorders, including insomnia, are considered to be 
closely related to fatigue, decreased alertness, and concen-
tration disturbances during daytime or impairment in family, 
social, vocational, academic, or other important areas of 
functioning [1]. Primary insomnia (PI) is commonly defined 
as sleep difficulties that affect daytime functioning. It is a 
chronic condition characterized by frequent and persistent 
sleep initiation or maintenance disorders, including diffi-
culty in falling asleep. PI is considered an independent con-
dition since it does not occur in the presence of another sleep 
disorder, mental disorder, or as a direct physiological effect 
of a substance or medical condition [1]. The clinical rele-
vance of insomnia is strongly related to its prevalence. 
Indeed, insomnia is the most common sleep disorder and a 
public health concern considering that one-third of the gen-
eral population presents insomnia symptoms and about 10% 
of the population meets the criteria for an insomnia diagnosis 
[2]. In this context, PI represents 10–15% of all chronic 
insomnias [3].

Although sleep has not traditionally been considered a 
phenomenon strictly regulated by the autonomic nervous 
system (ANS), there are overlapping areas in the central ner-
vous system (CNS) that regulate both systems, resulting in 
relevant interactions impacting morbidity and mortality [4]. 
In addition, evidence from numerous experimental and epi-

demiological studies support the bidirectional nature of the 
relationship between sleep disorders and ANS dysfunctions. 
Indeed, patients with autonomic dysfunction may have sleep 
disorders and conversely patients with untreated sleep disor-
ders may present features suggestive of autonomic dysfunc-
tion [5]. Thus, it is not surprising that a bidirectional 
relationship has been also proposed between insomnia and 
ANS dysregulation. In this view, the autonomic and cortical 
overactivations reported in insomnias patients might be con-
sidered a consequence of poor sleep quality [6]. On the other 
hand, autonomic hyperarousal state derived from the overac-
tivations may predispose to poor sleep [7]. The exact chrono-
pathological sequence of this bidirectional relationship 
remains to be determined.

In this chapter, we will give an overview of the relation-
ship between primary insomnia and alterations of autonomic 
function emphasizing the crucial association between PI and 
cardiovascular disease (CVD) as well as clinical relevance of 
such relationship and therapeutic implications. We shall also 
briefly mention about the cardiovascular autonomic control 
in PI and insomnia phenotypes conferring increased risks to 
cardiovascular disorders most commonly reported in sub-
jects with chronic insomnia. However, mechanisms linking 
adverse health consequences including those of cardiovascu-
lar health remain incomplete which should be the focus for 
future investigation.

 Primary Insomnia and Cardiovascular 
Disease: The State of the Science

Over the past two decades, a growing scientific interest has 
focused on the association between insomnia and CVD. Yet, 
the existing literature has shown inconsistent findings. 
However, a considerable body of evidence has recently dem-
onstrated that insomnia is associated with CVD and increased 
cardiovascular risk (particularly regarding hypertension or 
elevated resting heart rate) [8]. Moreover, in recent years, 
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knowledge of the ANS’s crucial role in cardiac control dur-
ing sleep has emerged. To better clarify the nature of this 
association, however, some aspects should be taken into con-
sideration. First, it is important to correctly measures and 
define subjective and objective sleep quality and its relation 
to insomnia. Furthermore, potential confounding variables 
(including hypnotic medication and caffeine intake as trigger 
of coronary events) should be also investigated. Despite 
advances in this field, certain questions remain. First, clarifi-
cation is needed regarding which insomnia phenotypes have 
an increased risk of CVD.  Second, identification of PI 
patients at increased risk for the opportunity of individual-
ized therapeutic interventions should be emphasized.

 Primary Insomnia and Cardiovascular 
Autonomic Control: The Neurophysiological 
Basis

PI is an established risk factor for the development of 
CVD. This connection is likely related to a dysregulation of 
ANS function (specifically, sympathetic overactivation). The 
increased cardiovascular sympathetic tone, in turn, plays a 
central role in the cardiovascular homeostasis with conse-
quent increased risk of CVD. In this context, the association 
between PI and CVD raises two important questions: (1) 
What is the cause of the increased sympathetic activity that 
often occurs in patients with PI? (2) What is the link between 
this autonomic dysfunction and the development of cardio-
vascular damage?

Regarding the first question, the emerging hypothesis that 
could explain the phenomenon of sympathetic overactivation 
in patients with PI has centered on the concept of hyper-
arousal. Evidence from numerous pathophysiological mod-

els suggests that insomnia is characterized by an inappropriate 
physiological arousal resulting in a multisystem overactiva-
tion (including sympathetic hyperactivity), thus promoting 
wakefulness and blocking the occurrence of sleep at the 
desired time [9]. High-frequency electroencephalogram 
(EEG) activation, abnormal hormone secretion, and increased 
metabolic activation, as well as elevated heart rate and sym-
pathetic nervous system activity during sleep, are the main 
consequences of the central and autonomic overactivation. 
Moreover, considering that this activation is chronic, this 
could really be responsible for elevated cardiovascular risk 
in insomnia patients. Of note, the concept of hyperarousal as 
a basis for insomnia offers several medical implications. 
Cardiac autonomic overactivation as biomarker of auto-
nomic hyperarousal may be a potential pharmacological tar-
get. In this regard, the treatment of hyperarousal reducing the 
physiological activation and consequently the sympathetic 
activity may be a useful therapeutic strategy for the treatment 
of insomnia [9].

The second question is more complex than the first. The 
three proposed mechanisms related to sympathetic overacti-
vation causing CVD in PI include the following: (1) impact 
of sympathetic hyperactivity on blood pressure and heart 
rate, (2) increased sympathoadrenal activity, and (3) an 
imbalance between the sympathetic and parasympathetic 
activities (Fig. 14.1).

 Blood Pressure and Heart Rate
Blood pressure (BP) and heart rate (HR) are independently 
regulated by the circadian oscillations and sleep-related pro-
cesses. While HR is widely regulated by the circadian sys-
tem (e.g., the diurnal rhythm), BP seems to be influenced by 
sleep-state transitions [10]. Although the main determinant 
of the circadian influences of sleep on BP is physiological 

Fig. 14.1 Schematic 
representation of the 
pathophysiological 
mechanisms linking primary 
insomnia to cardiovascular 
disease. BP blood pressure, 
HR heart rate, LF/HF ratio 
low frequency/high frequency 
ratio
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night time parasympathetic prevalence, many other mecha-
nisms known to induce sleep or determine arousal play a 
crucial role in the mediation of sleep influences on 
BP. Alterations of one or more of such mechanisms may be 
reflected in altered circadian BP rhythms. Thus, it is possi-
ble to speculate that changes in the circadian BP rhythm 
may be strongly related to cardiovascular morbidity and 
mortality and represent strong prognostic indicators worthy 
of further investigation [11].

Over time, several pathophysiological models have ana-
lyzed BP and HR both separately and together (Table 14.1) 
[12–18]. Lanfranchi et al. [12] investigated the interaction 
between sleep and BP regulation. In order to provide day-
time, night-time, and day-to-night BP changes, the authors 
performed a 24-hour BP recording in 13 normotensive sub-
jects with PI and 13 sex- and age-matched good sleepers. 
An increase in nocturnal systolic BP and a reduction in sys-
tolic BP day-to-night dipping have been reported in insom-
niacs compared to the controls. The authors concluded 
suggesting this as a mechanism implicated in the develop-
ment of cardiovascular morbidity and mortality in 
PI. Regarding HR, Stepanski et al. [13] assessed the physi-
ological activity in 24 patients with chronic insomnia 
before sleep, during sleep, and in response to acute stress 
compared to 25 normal good sleepers. The authors found 
that HR was significantly higher in the insomniac group 
during the night. In accordance with these findings, a late 

spectral heart rate variability (HRV) analysis study [14] 
revealed significantly increased low- frequency power, sug-
gestive of increased sympathetic nervous system activity in 
insomniacs versus controls across all stages of sleep thus 
supporting the hypothesis of nocturnal sympathetic hyper-
activity. These data, however, have not been subsequently 
replicated by other authors reporting no difference in HR 
between insomnia patients and control subjects [15, 16, 
19]. In a recent review of the literature, Dodds et al. [20] 
showed that 9 of their 12 included studies reported no sta-
tistically significant difference in HR values between 
insomnias and controls. Finally, Nilsson et  al. [17] 
 investigated blood sampling, BP, and pulse rate after 10 min 
supine rest in 22,444 men and 10,902 women, at baseline 
and after a follow-up period of several years in order to 
evaluate the impact of sleep disorders and resting HR on 
long-term mortality. They found that increased total mor-
tality was shown in men reporting successively worse sleep 
problems (difficulty in initiating and maintaining sleep) 
and higher HR compared with men free from sleep prob-
lems and with normal HR, thus suggesting that sleep disor-
der is a risk factor for cardiovascular mortality [17].

Taken together, these findings suggest that despite the ini-
tial enthusiasm, evidence for elevated resting HR in patients 
with PI remains debatable. Conversely, nocturnal BP altera-
tions occurring in PI patients may represent a starting point 
which warrants further research.

Table 14.1 Neurophysiological studies in insomnia patients

Studies Participants Methods Findings
Lanfranchi et al. 2009 [12] 13 normotensive subjects with 

chronic primary insomnia and 13 
sex- and age-matched good sleepers

24-h beat-to-beat BP Altered BP profile in insomniacs could 
be one mechanism implicated in the 
link between insomnia and 
cardiovascular morbidity

Stepanski et al. 1994 [13] 24 patients with chronic insomnia 
before sleep, during sleep, and in 
response to acute stress compared 
to 25 normal good sleepers

HRV HR was significantly higher in the 
insomniac group during the night

Bonnet et al. 1998 [14] 12 objectively defined insomniacs 
and age-, sex-, and weight-matched 
controls with normal sleep

HRV Significantly increased low frequency 
power in insomniacs compared with 
the controls across all sleep stage

Jurysta et al. 2009 [15] 14 male patients with chronic 
primary insomnia matched with 14 
healthy men

HRV and delta sleep 
determined at the EEG

Absence of modifications in HRV in 
patients with insomnia

Spiegelhalder et al. 2011 [16] 58 patients with primary insomnia 
and 46 healthy controls

HRV Differences between groups in resting 
HR were not found

Nilsson et al. 2001 [17] 22,444 men and 10,902 women, a 
population- based health screening 
study

Examination of BP and pulse 
rate after 10 min supine resting

Increased total mortality was shown in 
men reporting successively worse sleep 
problems and higher HR

Irwin et al. 2003 [18] 17 subjects with primary insomnia 
and 14 patients with current major 
depression as compared to 31 
controls

Sleep EEG, nocturnal 
sympathetic activity, and 
daytime measures of immune 
function

In insomnias patients, nocturnal 
increases of average levels of 
circulating norepinephrine and 
decreases of natural killer cell 
responses

BP blood pressure, HRV heart rate variability, HR heart rate, EEG electroencephalography
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 Sympathoadrenal Activity and Imbalance 
Between the Sympathetic and Parasympathetic 
Activities
There are limited studies with inconsistent results assessing 
the sympathoadrenal activity in PI. This is surprising, since 
norepinephrine is the main neurotransmitter released by the 
sympathetic terminal nerves, is easy to measure, and is con-
sidered to be a biomarker for sympathetic activity in humans. 
In order to investigate the sympathoadrenal activity, several 
studies measured the urinary levels of catecholamines, 
whereas there is only one report evaluating the plasma levels. 
The results on the catecholamine urinary levels in PI patients 
are not fully convergent and replicated. Nocturnal increases 
of average levels of circulating norepinephrine have been 
reported in PI compared to controls [18]. This evidence, 
although preliminary, suggests that insomnia may be associ-
ated with nocturnal sympathetic overactivation.

The correct balance between ANS sympathetic and 
parasympathetic activity is a crucial step in the chain of 
physiological responses mediated by the cardiovascular 
system. While parasympathetic regulation of the heart by 
the vagus nerve consists of an inhibition of the pacemaker 
activity with consequent reductions of heart rate, the 
opposite effect is produced by the sympathetic innerva-
tion by postganglionic neurons releasing norepinephrine 
[21]. One of the most promising quantitative markers of 
cardiac autonomic balance is HRV analysis, a simple and 
noninvasive measure of cardiac impulses. In the HRV 
spectral analysis, low- frequency (LF) components are 
conventionally considered to be influenced by the sympa-
thetic system and high frequency (HF) influenced by the 
parasympathetic system. The LF/HF ratio expresses the 
physiological balance of sympathetic/parasympathetic 
activity. Despite the initial enthusiasm for the studies 
reporting a LF/HF ratio significantly higher in insomnia 
patients suggestive of an increase of sympathetic activity, 
recently, Dodds et al. [20] reviewed several observational 
studies finding no significant statistical differences in LF/
HF between two groups. This review of existing literature 
seems not to support the hypothesis of the sympathetic 
hyperactivity in PI.

A significantly lower parasympathetic activity has been 
reported in PI patients with short sleep duration compared to 
the controls [16]. These results, however, have not been 
unambiguously replicated. Further HRV studies are needed 
to better elucidate whether an imbalance of sympathetic and 
parasympathetic activities is involved in the pathogenetic 
mechanism of PI.

In summary, there is a robust evidence demonstrating that 
PI is associated with CVD and increased cardiovascular risk. 
Our knowledge, however, on the mechanisms linking PI to 
cardiovascular risk remains incomplete.

 Primary Insomnia and Cardiovascular Risk: 
The Experimental Data

During recent decades, identifying which insomnia pheno-
types are at an elevated risk to develop CVD has been a pri-
mary goal of the clinical research. Therefore, quantifying the 
association between insomnia and poor sleep with objective 
short sleep duration and incident of CVD has important ther-
apeutic implications. Furthermore, supporting evidence has 
demonstrated that objective measures of sleep quality as well 
as the severity of subjectively reported sleep are correlated 
with markers of increased autonomic activation. Moreover, it 
is necessary to determine which CVDs (e.g., hypertension, 
coronary heart disease, and heart failure) have a greater asso-
ciation with PI.

 Insomnia Phenotypes and Cardiovascular 
Disease Risk

 Insomnia with Short Sleep Duration

The finding on insomnia duration supports the hypothesis of 
the existence of two distinct phenotypes of insomnia (i.e., 
insomnia with and without objectively determined short 
sleep duration). Several epidemiological studies [22, 23] 
demonstrated that insomnia with objective short sleep is the 
most biologically severe phenotype of insomnia disorder. 
Indeed, it presents a greater clinical severity than phenotype 
characterized by insomnia symptoms without short sleep as 
well as short sleep without insomnia. The clinical impor-
tance to characterize the sleep phenotypes, however, is not 
exclusively related to severity of the symptoms but to a 
robust evidence suggesting that this phenotype is uniquely 
associated with higher cardiovascular risk [22, 24].

Notably, insomnia with objective short sleep duration is 
linked with a high risk for hypertension and type 2 diabetes 
[25]. In addition, in a large prospective population-based 
sample from central Pennsylvania, Vgontzas et al. examined 
the joint effects of chronic insomnia and objective sleep 
duration on mortality risk. Their study demonstrated that in 
men, chronic insomnia with objectively measured short sleep 
duration was associated with increased mortality, indepen-
dent of comorbid conditions [26]. These findings suggest 
that (1) objective measures of sleep duration of insomnia 
might provide an index of the biological severity of the 
insomnia disorder and (2) the more severe form of insomnia 
is most likely associated with morbidity and possibly mortal-
ity [26]. The relationship between sleep phenotypes and car-
diovascular risk yields two notable concepts: (1) a sex 
difference is observed in the vulnerability of cardiovascular 
risk and (2) insomnia with objective short sleep duration 
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might represent a subtype of insomnia disorder responding 
differentially to the treatment.

While the relationship between insomnia with objective 
short sleep duration and increased mortality has been stud-
ied, the link between this sleep phenotype and major 
 cardiovascular events (e.g., heart attack and stroke) remains 
unknown. Bertisch et al. were the first to quantify the asso-
ciation between insomnia or poor sleep with polysomno-
graphically (PSG) measured short sleep duration and incident 
CVD.  In their large prospective cohort study, the authors 
found that participants with insomnia or poor sleep and a 
PSG-defined sleep duration of less than 6 h. had a higher risk 
of incident CVD compared with participants without insom-
nia or poor sleep and sleep duration of at least 6 h. This evi-
dence supports the need to characterize both objective sleep 
duration and insomnia symptoms in risk assessments [24].

Why insomnia with objective short sleep duration is the 
sleep phenotype more vulnerable to development of CVD 
remains to be investigated. However, physiological studies 
have demonstrated that the activation of the hypothalamic- 
pituitary- adrenal axis and hyperactivity of the sympathetic 
nervous system resulting in increased heart rate, 24-hour 
metabolic rate, and impaired HRV may occur in insomniacs 
who meet objective PSG criteria [26]. Several intermediate 
mechanisms have been also proposed in response to sympa-
thetic hyperactivity (e.g., endothelial dysfunction, augmented 
inflammatory response, and alteration of coagulation system) 
(Fig.  14.2). These factors are of pivotal importance in the 
development of CVDs [27]. Thus, it is possible to speculate 
that insomnia with objective short sleep as well as acute or 
chronic sleep deprivation is associated with augmented sym-
pathetic dysregulation and a pro-inflammatory response. Of 
note, various investigative methods evaluating the impact of 
short sleep duration in insomnia patients are heterogeneous 
leading to inconsistent and not replicable results.

 Insomnia in Menopausal Transition State

Female sex is a strong risk factor for insomnia, with a female/
male risk ratio of 1.41/1 [28]. Moreover, the prevalence of 
insomnia tends to vary as a function of a woman’s reproduc-
tive state, being particularly evident during the menopausal 
transition, with 26% of women in the menopausal transition 
developing the disorder [29]. Therefore, it is not surprising 
that a growing scientific interest is focused on the potential 
impact of the menstrual cycle on the ANS in insomnia 
patients.

Recently, de Zambotti et al. [30] assessed the nocturnal 
BP and HR profiles in women with insomnia disorder in the 
menopausal transition period compared to the controls. 
Nocturnal systolic and diastolic BP patterns were increased 
in insomnia participants but remained low the in controls 
suggesting that altered regulatory control of BP during sleep 
may occur in these patients. However, the causes and conse-
quences of this altered nocturnal BP profile remain to be 
determined. Currently, whether or how insomnia develops 
during the menopausal transition period and its impact on the 
cardiovascular system remains unknown. Yet, some answers 
may be found in another recent study from de Zambotti et al. 
[31] in which the authors aimed to determine whether the 
menopausal transition period subtype was characterized by 
autonomic hyperarousal similarly to the occurrence in 
insomnia patients not in a menopausal transition state. The 
question is legitimate since autonomic hyperarousal with 
consequent sympathetic activity plays a role in the etiology 
of insomnia disorder. HR was significantly elevated in 
insomnias compared to controls in both follicular and luteal 
phases and in all stages of the sleep. Moreover, in insomnia 
patients there is a trend of association between nocturnal 
increase of HR and lower nocturnal vagal activity, although 
the two did not show a statistically significant difference. 

Fig. 14.2 Schematic 
representation of the 
pathophysiological 
mechanisms linking primary 
insomnia with short sleep 
duration to cardiovascular 
disease. PI primary insomnia
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The authors concluded that insomnia in the menopausal tran-
sition may be characterized by nocturnal autonomic hyper-
arousal, which could be a factor in the etiology of menopausal 
transition insomnia (MTI) as well as a potential cardiovascu-
lar risk factor. Thus, whether insomnia patients in the meno-
pausal transition state experience cardiac autonomic 
modulation during sleep differently from insomnia patients 
who are not, and consequently whether the MTI subtype is at 
a greater risk for CVD, remains to be determined.

 Insomnia and Cardiovascular Diseases: 
The Link with Hypertension

Hypertension currently affects about 26.4% of adults world-
wide. Given the clinical relevance, it is not surprising that its 
relationship with a very common sleep disorder (e.g., insom-
nia) has been documented in several cross-sectional observa-
tional and prospective adult cohort studies.

The most important research linking sleep phenotypes 
and hypertension risk has been conducted by Vgontzas and 
colleagues [26]. In a large prospective study (i.e., the Penn 
State Cohort), they used a sample of 1700 men and women 
from central Pennsylvania. After a 7-year follow-up, indi-
viduals having insomnia with short sleep duration had greater 
odds for hypertension incidence compared to normal sleep-
ers. In contrast, neither individuals with chronic insomnia 
sleeping ≥6 h nor a control group of normal subjects showed 
elevated odds for either current or incident hypertension [22, 
23, 26]. In addition, a recent meta-analysis of 17 prospective 
cohort studies assessing the relationship of sleep duration 
and insomnia to risk of hypertension incidence demonstrated 
that not only short sleep duration but also sleep continuity 
disturbance, early-morning awakening, and single/combined 
symptoms of insomnia were associated with an increased 
risk of hypertension incidence [32]. Finally, several factors 
including age, sex, smoking, obesity, and socioeconomic sta-
tus seem to play a role in the relationship between insomnia 
with short sleep duration and higher risk of hypertension. 
Indeed, some authors found that short sleep duration was a 
significant risk factor for hypertension in younger subjects, 
with no association among older subjects [33, 34], whereas 
other authors noted that sleep deprivation produced detri-
mental cardiovascular effects among women. The major dif-
ficulty of these studies, however, is the assessment of short 
sleep duration in insomnia patients by using self-reported 
questionnaires.

In summary, insomnia characterized by objective PSG- 
short sleep duration is the most vulnerable phenotype of 
insomnia disorder associated with a higher risk of 
CVD. When insomnia disorder is present in the context of 
menopausal transition period, it could represent potential 

cardiovascular risk factor. Among CVDs, hypertension is 
commonly associated with this sleep phenotype.

 Conclusion and Future Directions

The associations between PI and cardiovascular dysautono-
mia have been widely investigated by clinicians and research-
ers. The autonomic hyperarousal model has been proposed 
to explain the sympathetic hyperactivity occurring in patients 
with PI.  Insomnia characterized by objective PSG-short 
sleep duration seems to be a unique phenotype of insomnia 
disorder associated with a higher risk of CVD.  Given the 
clinical relevance and important therapeutic implications of 
the well-established PI-CVD association, we suggest that 
future research should be focused on (1) extending the patho-
genetic mechanisms linking PI to cardiovascular risk in order 
to better characterize the etiology of this condition, (2) eluci-
dating the mechanisms underlying increased cardiovascular 
risk in insomnia phenotype with objective short sleep dura-
tion, particularly the role of short sleep duration on the 
development of CVD, and (3) clarifying whether the pheno-
type of insomnia in menopausal transition state is at elevated 
risk more than insomnia patients who are not in this physio-
logical state.
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Restless Legs Syndrome, Periodic Limb 
Movements, and Dysautonomia

Marie-Hélène Pennestri, Rebecca Burdayron, 
and Alex Desautels

 Restless Legs Syndrome: Description, 
Diagnosis, and Prevalence

 Description

Restless legs syndrome (RLS) is a neurological sensorimotor 
disorder. Although its symptoms have been described for 
centuries, RLS was identified as a distinct clinical entity in 
1945 by the neurologist Karl-Axel Ekbom [1]. More recently, 
it is also recognized as Willis-Ekbom disease. Patients with 
RLS report an urge to move the legs, which is usually associ-
ated with dysesthesia or unpleasant sensations. These sensa-
tions are particularly present when patients are at rest, with a 
worsening of the symptoms during the evening or night. In 
most patients, these sensations are described as uncomfort-
able or unpleasant. However, some patients describe painful 
sensations that are creepy-crawly, internally itchy, or shock- 
like. Up to 50% of RLS patients also have unpleasant sensa-
tions in the arms [2]. RLS is often associated with sleep 
complaints, especially with difficulty falling asleep at night 
because of the dysesthesia, as well as nighttime awakenings 
[3].

 Diagnosis

No biological marker is available in order to diagnose 
RLS. Therefore, the diagnosis of RLS is based on a clinical 
evaluation where the clinician assesses the patient’s subjec-
tive symptoms. The International RLS Study Group 
(IRLSSG) established five criteria required for a diagnosis of 
RLS: (1) an urge to move the legs, usually accompanied by 
uncomfortable and unpleasant sensations in the legs; (2) 
symptoms begin or worsen during periods of rest or inactiv-
ity, such as sitting or lying down; (3) symptoms are partially 
or totally removed by movement; (4) a worsening of the con-
dition in the evening or at night; and (5) the occurrence of the 
symptoms is not solely accounted for as symptoms primary 
to another medical or behavioral condition such as myalgia, 
venous stasis, arthritis, or positional discomfort [4].

Moreover, there are common clinical features that can 
further support a diagnosis of RLS. Although they are not 
essential, they can be helpful in the case of diagnostic uncer-
tainty. These features include the presence of periodic limb 
movements in sleep (PLMS), a clinical benefit of dopaminer-
gic medications, a family history of RLS, and a lack of pro-
found daytime sleepiness [4].

 Prevalence

RLS is the most common movement disorder and one of the 
most common sleep disorders, with a prevalence between 5 
and 10% in large epidemiologic surveys [5]. However, clini-
cally significant cases account for about 2.7% [6]. While 
RLS symptoms usually begin around middle-age, some 
patients develop the disease at an earlier age. This is particu-
larly true in familial cases of RLS, which usually have a 
slower disease progression [7, 8]. The prevalence is about 
twice as high in women than in men [9]. Unfortunately, RLS 
remains underdiagnosed and undertreated [10–12].
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 Periodic Limb Movements During Sleep 
and Wakefulness

Although not exclusively observed in RLS, PLMS are com-
monly associated with RLS.  They can occur during sleep 
(PLMS) or wakefulness (PLMW) before sleep or during 
nighttime awakenings. They were first recorded in RLS 
patients by Coccagna and Lugaresi and were named noctur-
nal myoclonus [13]. They are described as a rhythmic exten-
sion of the big toe and dorsiflexion of the ankle, with 
occasional flexion of the knee and hip. Movements are con-
sidered as PLMS if they are part of a series of at least four 
consecutive leg movements, with each movement ranging 
between 0.5 and 10 seconds and an inter-movement interval 
between 10 and 90 seconds [14].

In RLS patients, the prevalence of PLMS is high, ranging 
between 80 and 90% [3, 15]. However, PLMS are not a dis-
tinct clinical entity and are also commonly observed in other 
sleep disorders, such as narcolepsy, REM sleep behavior dis-
order, obstructive sleep apnea, insomnia, and hypersomnia. 
Moreover, they are also found in healthy subjects without 
any sleep complaints and have been found to increase with 
age (Fig. 15.1) [16]. While they are less frequently observed 
in healthy children and adolescents, they are particularly 
prevalent in the elderly [16]. In adult populations, an index 
of more than 15 PLMS per hour of sleep is considered as 
clinically significant (ICSD-3) [17], with a prevalence rang-
ing between 4.3 and 9.3% in the general population [18]. 
Whether PLMS have an impact on objective or subjective 
sleep quality in healthy and clinical populations remains 
unclear [19–21]. However, even though there are still contro-
versies related to their functional significance, PLMS are 
commonly recorded and used to support a diagnosis of RLS.

 Association Between RLS and Cardiovascular 
Disease

 Epidemiological Cross-Sectional Studies

Other sleep disorders, such as sleep-related breathing disor-
ders, have been studied extensively for their association with 
cardiovascular diseases (CVD). In contrast, the interest in 
the association between RLS and cardiovascular abnormali-
ties is more recent. During the last few years, numerous 
cross-sectional studies have suggested positive associations 
between RLS and cardiovascular outcomes. In a mailed epi-
demiological survey, Ulfberg et al. [22] documented that in 
individuals fulfilling RLS criteria, the odds ratio of reporting 
heart problems was 2.5 (95% CI: 1.4–4.3). Ohayon and Roth 
also showed an OR of 1.41 (95% CI: 1.06–1.88) for the asso-
ciation between heart disease and RLS [15]. Winkelman and 
colleagues [23] evaluated the association between RLS and 
CVD with data from 2821 participants in the Wisconsin 
Sleep Cohort and found that daily symptoms of RLS were 
associated with 2.58 odds for CVD (95% CI: 1.38–4.84). In 
a second community-based, middle-aged, and elderly cohort 
of the Sleep Heart Health Study, Winkelman et al. [24] fur-
ther found a 2.07 (95% CI: 1.43–3.00) odds for CVD in par-
ticipants with RLS after adjustment for confounders. 
Notably, this association increased with RLS severity. For 
the most part, subsequent cross-sectional studies have 
reported similar associations [25]. Therefore, associations 
between RLS (defined as per IRLSSG criteria in most stud-
ies) and various manifestations of CVD (such as coronary 
artery disease (CAD), congestive heart failure, and myocar-
dial infarction) have been described in several cohorts [9, 
26–28].

However, some other cross-sectional studies did not find 
such an association [29–31]. For instance, the OR for overall 
CVD was 0.97 (95% CI 0.79–1.2) in a cohort of 22,786 men 
[32] and 0.98 (95% CI 0.74–1.29) in a cohort of 30,262 
women [29]. In a recent case-control study of 487 patients 
with primary RLS and 354 controls, no association between 
RLS and CVD was found after adjusting for confounding 
variables [33].

 Longitudinal Epidemiological Studies

A growing number of longitudinal studies have also evalu-
ated associations between RLS and cardiovascular outcomes. 
While prospective studies can help determine causal rela-
tionships, these studies have yielded mixed results. In the 
Nurses’ Health Study which accounted for RLS duration 
since diagnosis, women who reported having obtained a 
diagnosis of RLS at least three years prior were found to be 
at increased risk for CAD (HR = 1.72, 95% CI: 1.09–2.73) 
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Fig. 15.1 Mean periodic leg movements during sleep (PLMS) index 
for healthy subjects according to seven age groups (5–9 y, 10–29 y, 
20–29 y, 30–39 y, 40–49 y, 50–59 y, and 60 y and older). Vertical bars 
represent the SEM. (From Pennestri et al. [16] with permission)
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and fatal coronary heart disease (HR = 1.49, 95% CI: 0.55–
4.04) [34]. In contrast, two large prospective cohort studies 
(Women’s Health Study and Physicians’ Health Study) by 
the same group reported no significant association between 
RLS and CVD in female (HR = 1.15, 95% CI: 0.88–1.50) 
and male (HR = 1.01, 95% CI: 0.81–1.25) health profession-
als with RLS [35].

Since RLS has been associated with other medical condi-
tions (such as iron deficiency anemia and uremia), some 
authors have proposed to distinguish primary forms of RLS 
from secondary forms of RLS when the comorbid condition 
precedes the RLS manifestations. To that effect, Van Den 
Eeden et  al. [36] prospectively examined the association 
between RLS and cardiovascular risk separately in primary 
and secondary RLS patients. They reported an increased risk 
for cardiovascular outcomes in patients with secondary RLS 
(HR  =  1.33, 95% CI: 1.21–1.46), but not primary RLS 
(HR = 0.95, 95% CI: 0.86 – 1.04).

A recent meta-analysis of eight studies found no evidence 
for an increased risk of cerebrovascular or cardiovascular 
events in RLS patients after adjusting for putative confound-
ers, despite a higher risk of all-cause mortality [37]. Another 
recent systematic review evaluated 18 cohorts (within 13 
manuscripts) and also showed mixed findings regarding RLS 
as a prognostic factor for CVD [38]. The authors concluded 
that while the current state of the epidemiological literature 
on the association between RLS and cardiovascular risk is 
unclear, inconsistent outcomes may be attributed to differ-
ences in study populations, RLS diagnostic methods and cri-
teria, presence of comorbidities, disease factors (e.g., severity 
and duration), and measured confounders, such as the pres-
ence of other sleep disorders or other cardiovascular risk 
factors.

In a recent study of 2823 community-based men, both 
RLS and PLMS were associated with myocardial infarction 
over eight years of average follow-up (although not to a com-
posite of CVD outcomes). Of note, the association remained 
significant, even when considering both RLS and PLMS 
concurrently, suggesting that both of these entities poten-
tially contribute independently to CVD risk [39]. Therefore, 
the presence of PLMS should also be considered when 
assessing the association between RLS and CVD.

 Association Between PLMS 
and Cardiovascular Disease

While RLS and PLMS commonly co-occur, some authors 
have proposed that the presence of PLMS per se (i.e., not 
necessarily associated with RLS) could represent a specific 
cardiovascular risk factor and mortality risk [40–43]. To that 
effect, higher PLMS indexes have been observed in several 

types of CVD, such as in patients with congestive heart fail-
ure [44–46]. A higher PLMS index has also been shown to 
correlate with arteriolosclerosis, which is a known precur-
sor to lacunar stroke [47]. Although PLMS indexes were 
not different in a group of patients with or without transient 
ischemic attack (TIA), PLMS indexes were higher in the 
TIA group after excluding obstructive sleep apnea syn-
drome [48].

In a large prospective study (N = 2911 elderly men), the 
frequency of PLMS was associated with increased cardio-
vascular events [41]. In a more recent population-based 
study of 2162 participants, a PLMS index greater than 15 per 
hour of sleep was associated with a higher prevalence of 
hypertension, diabetes, and metabolic syndrome. However, 
this difference was no longer present after adjusting for con-
founding factors [21]. In another retrospective study of 1163 
participants with a PSG recording, no association was found 
between PLMS and daytime blood pressure [49].

 Possible Mechanisms Linking RLS and PLMS 
with CVD

Several mechanisms have been proposed to explain the asso-
ciation between RLS, PLMS, and CVD.  Three of these 
hypotheses will be discussed in this section: (1) sleep disrup-
tions, (2) PLMS-related cardiovascular fluctuations, and (3) 
increased sympathetic activity in RLS.

 Sleep Disruptions

In healthy subjects, we usually observe a significant decrease 
in blood pressure during the night (approximately 10%), a 
phenomenon called “nocturnal blood pressure dipping” [50]. 
However, indices of fragmented sleep, such as lower sleep 
efficiency and longer duration of wakefulness after sleep 
onset (WASO), are associated with an attenuation of this 
nocturnal blood pressure reduction in otherwise healthy sub-
jects [51]. Moreover, in patients complaining of insomnia, 
increased heart rate variability (HRV), increased sympathetic 
tone, and the absence of this nocturnal dipping pattern were 
also documented [52–54]. Since a non-dipping pattern has 
been identified as a risk factor for cardiovascular morbidity 
and mortality [55–57] and that patients with RLS often com-
plain of nocturnal sleep disruption [3, 6], this mechanism 
could at least partially contribute to the association between 
RLS and CVD. To further support this hypothesis, chronic 
sleep deprivation (sleeping less than 5 or 6 hours per night) 
and complaints of insomnia have both been associated with 
an increased risk of hypertension or CVD in large cohorts 
[58–61].
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 PLMS-Related Cardiovascular Changes

RLS patients not only suffer from sleep disruptions but they 
also often have high PLMS indexes. Therefore, another 
potential key mechanism linking RLS and CVD is PLMS- 
related cardiovascular fluctuations. It is now well known that 
every PLM is associated with a transient tachycardia, fol-
lowed by a bradycardia [62, 63]. Furthermore, beat-to-beat 
recordings of blood pressure allowed for the observation of 
significant increases in systolic and diastolic blood pressure 
in association with PLMS [64–66]. On average, increases 
were about 22  mmHg for systolic blood pressure and 
11 mmHg for diastolic blood pressure in RLS patients, but in 
some patients, increases could reach up to 29 mmHg for sys-
tolic blood pressure and 20 mmHg for diastolic blood pres-
sure (Fig. 15.2) [64].

About one-third of PLMS are also associated with an 
EEG micro-arousal [62]. When PLMS occur in association 
with micro-arousals, the increases in heart rate and blood 
pressure are even more substantial [62–64, 66]. However, it 
is not clear whether the PLM provokes the micro-arousal or 
vice versa [67]. Notably, these two phenomena can be dis-
sociated: dopaminergic agonists effectively decrease PLMS 
index but not arousals, as opposed to benzodiazepines, which 
reduce the presence of arousals but not PLMS [68, 69]. 
These results suggest that micro-arousals and PLMS are not 
necessarily the consequence of each other but are instead 
part of a global arousal mechanism.

These cardiovascular increases were also described to be 
higher when PLMS were bilateral [70] and when the inter- 
interval was shorter [71]. Although cardiovascular activa-
tions associated with PLMS have been reported to be of 
greater amplitude in RLS patients, they have also been 
observed in otherwise healthy non-RLS subjects with PLMS 
[72, 73]. It is well recognized that increased blood pressure 
variability is associated with both cerebrovascular and car-
diovascular damages [74–76]. Considering that RLS patients 
often show very high indexes of PLMS, these repetitive 
increases of blood pressure occurring night after night dur-
ing several years have the potential to contribute to the 
increased risk of CVD in RLS.  Moreover, these repetitive 
blood pressure fluctuations during the night also have the 
potential to alter the nocturnal dipping and could explain the 
link between RLS and CVD.

 Increased Sympathetic Activity

Alternatively, it has also been proposed that increased sym-
pathetic activity in RLS patients could lead to a higher risk of 
CVD. In animal models of RLS, the hypodopaminergic state 
correlates with hypofunction of the A11 diecephalospinal 

descending pathway, which projects to the preganglionic 
sympathetic neurons located in the intermediolateral col-
umns. Dysfunction in these spinal inhibitory projections may 
result in an increased sympathetic activation, hence predis-
posing to CVD [77–79].

Indeed, various indices of increased sympathetic activity 
have been described in RLS, such as an attenuated baroreflex 
gain [80] and lower levels of flow-mediated brachial artery 
dilation [81]. The odd of slow coronary flow was reported to 
be 3.11 times higher in patients with RLS compared to non- 
RLS healthy subjects (95% CI: 1.54–6.29) [82]. RLS has 
also been identified as an independent determinant for the 
non-dipping blood pressure pattern [83].

PLMS-related autonomic fluctuations could be one of 
these manifestations and represent one of the markers of this 
autonomic dysfunction. To that effect, HR and BP changes 
associated with PLMS have been described to precede the 
movement [62–64, 66, 72, 84] (see Fig.  15.2). Therefore, 
authors have proposed that PLMS could be part of a central 
periodic activation and that a central generator could periodi-
cally trigger cardiovascular changes, micro- arousals, PLMS, 
or other types of arousal responses that could follow a hier-
archy of arousal [85–88].

Finally, some authors evaluated HRV in RLS patients. 
While some studies described a higher low frequency/high 
frequency (LF-HF) ratio in RLS patients (usually a marker 
of increased sympathetic activity), one needs to be careful in 
interpreting the significance of these findings [89, 90]. 
Indeed, PLMS typically have an inter-interval between 20 
and 40 seconds, which corresponds explicitly to LF frequen-
cies. Therefore, this temporal distribution likely explains this 
higher LF ratio [91], as opposed to an increase in sympa-
thetic activity. When comparing HRV during wakefulness or 
sleep periods without PLMS, most studies did not find any 
difference between RLS and healthy subjects with or without 
PLMS [73, 92].

 Conclusion

Although there are still controversies and some inconsistent 
findings, a growing body of literature shows cardiovascular 
abnormalities in RLS and PLMS, and a considerable number 
of epidemiological studies document such an association 
between RLS, PLMS, and CVD. However, a clear causal rela-
tionship remains to be clarified with prospective studies. 
Moreover, the frequent co-occurrence of RLS and PLMS con-
tributes to the difficulty of disentangling the contribution of 
these two conditions on cardiovascular abnormalities. Since 
RLS and PLMS are prevalent, but under-recognized and under-
treated conditions, a better understanding of their relationships 
with CVD is of major importance in clinical practice.
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NREM-Related Parasomnias 
and Dysautonomia

Federica Provini and Giuseppe Plazzi

 Introduction

Parasomnias are defined as undesirable motor phenomena, 
behaviors, perceptions, or emotions that occur predomi-
nantly during the transition from wakefulness into sleep (and 
vice versa) or arise during arousals from sleep. According to 
the International Classification of Sleep Disorders (ICSD-3), 
there are three main categories of parasomnias: non-rapid 
eye movement (NREM), rapid eye movement (REM), and 
other parasomnias [1]. Parasomnias associated with NREM 
sleep consist of disorders of arousal (DoA) and sleep-related 
eating disorders.

This chapter focuses on DoA.
DoA are dissociated states in which awakening and sleep-

ing features coexist, based on the fundamental hypothesis that 
sudden but incomplete arousals occur from slow wave sleep 
(SWS) because of disturbed or immature mechanisms of 
arousal [2–5]. During the episode (Fig.  16.1), the patient 
seems to be alert, but is sleeping, appearing confused, disori-
ented, and unresponsive to environmental stimuli [3]. Patients 
may exhibit a wide variety of behaviors, from inconsolable 
crying to complex actions such as dressing or playing an 
instrument, including an ability to interact with their environ-
ment, usually with relative unresponsiveness to external stim-
uli. In adults, the episodes could also involve the disinhibition 
of “basic drive states” such as feeding, aggression, and sex [6].

Traditionally, the manifestations of DoA can be consid-
ered along a spectrum with features of overlapping and 
increasing complexity from confusional arousal (CA) to 
sleep terror (ST) to sleepwalking (SW). Due to the large 
overlap, DoA share a number of common features. Symptoms 
usually arise during early childhood, with a tendency for 
spontaneous reduction to complete disappearance. 

Nevertheless, in some cases, episodes can persist beyond 
adolescence or can even emerge in adulthood. DoA episodes 
typically occur only once a night, in the first third of the night 
when the deepest stage of NREM sleep is predominant, usu-
ally within 1 to 2 hours after sleep onset. Since a positive 
family history is often reported, a common genetic back-
ground is also suspected. Sleep deprivation, sleep fragmenta-
tion (induced by sleep movements or sleep disordered 
breathing), fever, stress, some medications (thioridazine, 
lithium, perphenazine and desipramine), or alcohol con-
sumption could enhance episodes or increase episodes fre-
quency [7–9].Typically, patients have no recollection of the 
event the following morning, sometimes remembering only 
fragments, flashes, or vague impressions [10].

Current knowledge of DoA pathophysiology points to a 
dissociation between motor and mental arousal [2]. Clues 
supporting the above hypothesis come from studies showing 
a synchronous deactivation of the frontoparietal associative 
cortices and activation of the cingulate cortex without deac-
tivation of thalamus, which is usually observed during 
NREM sleep [11–14].

Intense autonomic activation has commonly been reported 
in polysomnography of DoA. This is especially evident in 
ST, whose clinical definition includes autonomic signs 
(tachycardia, tachypnea, sweating, mydriasis, hyperventila-
tion) [1]. However, detailed descriptions of autonomic activ-
ity in relationship with DoA episodes are lacking and the 
significance of the autonomic activation as a possible diag-
nostic marker is still debated, since relevant autonomic acti-
vation has also been observed in some forms of epileptic 
seizures [15] (Table 16.1).

 The Role of Arousal

In 1968, Roger Broughton coined the term “disorder of 
arousal.” Under this umbrella term, the author lumped para-
somnias arising from slow wave sleep, like SW, ST, and CA 
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[16]. According to Broughton, “disorder of arousal” does not 
indicate the relationship between parasomnia episodes and 
arousal, but it indicates that the mechanism underlying the 
abnormal behaviors of parasomnia is an abnormal arousal 
process from SWS in DoA patients. In fact, in otherwise- 
normal subjects, a forced arousal does not precipitate an epi-
sode, while in DoA subjects, the attacks may be triggered 
experimentally by forced arousal. Guilleminault et  al. and 
Gaudreau et al., observing a relevant increase in the relative 
power of slow delta rhythm just prior to the SW episodes, 
suggested that the cortical reaction to brain activation may 
avoid the interruption of sleep [17, 18]. Accordingly, an 
exaggeration of the antiarousal defense mechanisms, more 
evident in the first sleep cycle, may result in DoA.

Although the macrostructure of sleep does not show dif-
ferences in the sleep parameters between DoA patients and 
age-matched controls, measures of sleep microstructure 
indicate an underlying increase in sleep instability and 

02:40:30 02:42:004 sec.

The patient is sleeping Raises the trunk with frightened
expression

Looks around Lies down recovering sleep

T-A Resp.

ECG

L. Flex. Carpi

R. Flex. Carpi

R. Tib. Ant.

L. Tib. Ant.

Mylo.
L.EOG
R.EOG
T3-T5
F7-T3
P3-O1
C3-P3
F3-C3
Cz-Pz
Fz-Cz
T4-T6
F8-T4
P4-O2
C4-P4
F4-C4

Fig. 16.1 A typical example of disorders of arousal (DoA) episode. 
Upper panel: Polysomnography (PSG) excerpt of the episode. The brief 
episode abruptly arises from non-rapid eye movement sleep (note the 
movement artifacts on electroencephalogram [EEG] tracing) and is 
associated with a marked increase in heart and breathing rate (EOG 

electro-oculogram, Mylo. mylohyoideus, EKG electrocardiogram, Tib. 
Ant. tibialis anterior muscle, Flex flexor, R right, L left, T-A Resp. 
thoraco- abdominal respirogram). Bottom panel: Photo-sequence of the 
CA episode

Table 16.1 Main features characterizing disorders of arousal

Features
Confusional 
arousals

Sleep 
terrors Sleepwalking

Sitting on the bed and 
looking around as if 
confused

+++ ++ ++

Feeling of intense fear − +++ −/+
Frightening scream − +++ −
Sleeptalking − + ++
Ambulation − − +++
Complex behaviors out of 
bed

− − ++

Autonomic activation +/− +++ +/−
Inappropriate or no 
response to someone’s 
attempts to intervene

+ +++ +++

Limited or no cognition + + +
Partial or complete 
amnesia

+ + +

Episode duration (min) 1–3 1–3 1–30
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arousal oscillations in adults with SW and ST [19], as docu-
mented by an increased number of CAP cycles and a higher 
CAP rate (cyclic alternating pattern [CAP] scoring). This 
abnormal CAP sleep instability and arousal oscillation are 
markers of a sleep destabilizing process that plays a funda-
mental role for the onset of motor patterns, often already 
encoded in the brain (central pattern generators) [20, 21]. 
The isolated activation of these functional groups of motor 
neurons is associated not only with a relative paucity of 
activity in brain regions that control executive function but 
also memory. This accounts for the poor judgment and amne-
sia that characterize DoA.

Each physiological arousal induces an activation of the 
sympathetic system, whether these are associated with 
detectable modification of cortical activity or not, but more 
pronounced in the former case [22].

Sympathetic activation has been demonstrated to precede 
different stereotyped sleep-related movements such as peri-
odic limb movements of sleep [23] and sleep bruxism [24] 
heralding the clear-cut EEG changes. Behavioral arousals 
are physiologically supported by the activation of autonomic 
functions. Autonomic activation, in particular an increase of 
heart rate, generally precedes all the other components of the 
behavioral arousals [22, 25].

 Autonomic Activity

Autonomic nervous system activation appears differently in 
different DoA. Indeed, it has been described as intense in ST, 
low in CA, and low to moderate in SW. Nevertheless, these 
fluctuations have specifically been investigated in only a few 
studies [26].

In 1974, Fisher et  al. analyzing cardiac and respiratory 
activity in SWS in ST in adults reported that the episodes 
typically arose from “physiological quiescence, with no 
gradual build-up” [27]. In fact, ST were associated with 
intense autonomic discharge, with rapid doubling or even tri-
pling of the heart rate and a large increase in respiratory 
amplitude, along with a marked decrease in skin resistance.

In 1998, Schenck and Mahowald strongly supported the 
classification of SW/ST as disorders of arousals, performing 
a systematic electrophysiological analysis of 252 arousals 
from SWS in 38 SW/ST adults [28]. Assessing heart rate 
(HR) before and after behavioral and non-behavioral arous-
als, the authors found that HR acceleration emerged abruptly 
with SWS arousal, with significant changes in mean pre- ver-
sus post-arousal HR. The pre-arousal and post-arousal HR 
values were remarkably constant in both the parasomnia and 
non-parasomnia groups.

In 2005, Busek et  al. conducted a spectral analysis of 
heart rate variability (HRV) during both sleep and wake in 10 

sleepwalkers and 10 normal controls [29]. The authors found 
no differences between the groups of sleepwalkers and con-
trols in the spectral analysis of HRV both during sleep and 
wake (horizontal position). Sleepwalkers showed a greater 
shift in the sympathovagal balance in favor of sympathetic 
activity, as a response to standing. In the authors’ opinion, 
this autonomic nervous system reactivity was seen to be 
altered as a response to the orthostatic load in sleepwalkers, 
which could be the consequence of the instability of these 
patients’ sleep.

 Autonomic Activation in the Differential 
Diagnosis Between NREM Parasomnias 
and Epilepsy

Activation of the autonomic system is present not only in 
arousal reactions but also in many epileptic seizures [30]. 
Assuming different autonomic activation in DoA and in epi-
leptic seizures, the analysis of autonomic reactivity could 
help to discriminate between these two clinical conditions. 
In addition, some authors suggest that autonomic activation 
may precede (or be asynchronous with) motor behaviors in 
epileptic seizures, especially in temporal lobe epilepsy and 
may be synchronized with cortical and motor activation in 
arousal disorders and physiological arousals [31].

Using wavelet analysis, Peter-Derex et al. [32] analyzed 
beat-to-beat RRI before and after the first motor manifesta-
tion in 50 patients during normal arousals, NREM parasom-
nia (CA and ST), nocturnal frontal lobe epilepsy (FLE), and 
temporal lobe epileptic patients (TLE). At least one noctur-
nal episode was recorded on video electroencephalography 
or video polysomnography. A significant decrease in RRI 
was observed at the onset of epileptic seizures, parasomniac 
behaviors, and physiological arousals with no significant dif-
ferences between groups. The correlation analysis between 
the duration of the events and the autonomic responses did 
not show any relationship between the duration of the events 
and the mean RR, and between the duration of events and the 
LF/HF ratio. In temporal lobe epileptic patients, RRI modifi-
cation started several seconds before motor manifestations 
and lasted longer suggesting that cardiac reactivity is not 
secondary to motor behavior or to arousal, rather depending 
on the direct activation of brain areas involved in autonomic 
control by the epileptic discharge. Analysis of the RRI slope 
showed faster and greater cardiac changes in ST and FLE 
than TLE and NA without any difference between ST and 
FLE. This result suggests that FLE and ST could trigger in a 
very fast and strong way the activation of the sympathetic 
system independent of the process that generates arousal. 
Similarly, Calandra-Buonaura et al. [33], assessing RRI vari-
ability by means of wavelet analysis, found that a similar 
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autonomic activation preceded motor manifestations of FLE 
seizures and physiological arousal: they observed a shift of 
sympathetic/parasympathetic cardiac control toward sympa-
thetic predominance in the 10 s immediately preceding sei-
zure onset, while changes in HR were evident only 1 second 
before seizure onset. This sympathetic activation was not 
associated with a sleep-wake transition or changes in respira-
tory activity, both of which occurred concurrently with sei-
zure onset. These findings challenge the idea that epileptic 
discharges could be responsible for autonomic activation in 
FLE and rather suggest that autonomic activation may repre-
sent a part of the arousal response that could be implicated in 
the occurrence of both seizure and arousal motor 
manifestations.

 Conclusion

The activation of the autonomic system is an essential fea-
ture of arousal reactions. Autonomic nervous system activa-
tion is an essential feature of all DoA but especially of 
ST. Few studies specifically investigated the autonomic acti-
vation in DoA. Recent results indicate no differences between 
autonomic activation associated with DoA or physiological 
arousals or preceding sleep-related hyperkinetic seizures. 
Further studies are needed in this field, since DoA represent 
an ideal window to explore the functioning of the arousal 
circuits.
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Narcolepsy, Idiopathic Hypersomnia, 
and Dysautonomia

Lucie Barateau and Yves Dauvilliers

 Introduction

Narcolepsy type 1 (NT1) and type 2 (NT2), idiopathic hyper-
somnia (IH), and Kleine-Levin syndrome (KLS) are central 
disorders of hypersomnolence [1]. NT1, formerly known as 
narcolepsy with cataplexy, is characterized by a pentad of 
symptoms: excessive daytime sleepiness, cataplexy, sleep 
paralysis and hypnagogic hallucinations, and disrupted noc-
turnal sleep [2]. NT2, formerly known as narcolepsy without 
cataplexy, shares most of the clinical features with NT1. IH 
patients also exhibit excessive daytime sleepiness and 
impaired daytime alertness, but with long and unrefreshing 
naps; their nocturnal sleep is prolonged and undisturbed, and 
they often report sleep inertia, a great difficulty in waking up 
after sleep [1]. KLS is characterized by relapsing-remitting 
episodes of severe hypersomnolence associated with behav-
ioral and psychiatric disturbances, cognitive abnormalities, 
and hyperphagia or hypersexuality [3].

NT1 pathophysiology is well known; the disease is caused 
by the selective and irreversible destruction of a small popu-
lation of neurons in the lateral hypothalamus that synthesizes 
hypocretin/orexin (ORX). A low level of ORX (<110 pg/ml 
on RIA assay) in the cerebrospinal fluid is very sensitive and 
specific for the diagnosis of NT1. On the other hand, NT2 
and IH are still poorly understood disorders, probably het-
erogeneous, diagnosed on clinical and neurophysiological 
criteria only, with unspecific and unstable biomarkers and 
with some overlaps between these conditions [4, 5]. Some 
studies suggest recurrent primary hypothalamic dysfunction 
in KLS, but its pathophysiology also remains unclear.

NT1 is often associated with other sleep abnormalities 
(apnea, parasomnia, periodic leg movements, rapid eye move-
ment (REM) sleep behavior disorder (RBD)), as well as with 
a wide range of comorbidities (e.g., neuropsychiatric disor-
ders, obesity, and metabolic and autonomic disturbances). In 
particular, there is a higher frequency of cardiovascular dis-
eases in human narcolepsy [6], and narcoleptic patients often 
report clinical autonomic impairment [7]. However, studies 
with objective markers of autonomic dysfunction in NT1 
have so far yielded conflicting results, with some studies in 
favor of an increased and others in favor of a decreased sym-
pathetic activity [8]. This autonomic imbalance in NT1 is 
probably directly related to the loss of ORX neurons. ORX 
neurons project widely through the brain (see further on).

In this chapter, we describe the pathophysiological mech-
anisms underlying dysautonomia in narcolepsy, related to 
ORX deficiency, with neuroanatomical bases and preclinical 
studies. The clinical aspects of autonomic impairment in nar-
colepsy are addressed in the second part, with a review of 
autonomic impairment and objective disturbances during 
wakefulness, sleep, and during a cataplectic episode. 
Literature about dysautonomia in other central disorders of 
hypersomnolence (NT2, IH, and KLS) is limited; however 
we will provide a general overview of the topic, its clinical 
implications and perspective for future research.

 Dysautonomia in Narcolepsy Type I

 Pathophysiological Aspects: Orexin 
and Autonomic Nervous System

 Neuroanatomy
Orexin (ORX) neurons are a restricted group of 70–80,000 
cells of the lateral hypothalamus, but they project widely to 
multiple neuronal systems and play a major role in various 
physiological functions such as the regulation of sleep-wake 
cycle, neuroendocrine and reward system, body temperature, 
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and metabolism [9]. In the central nervous system,  autonomic 
nervous system (ANS) regulatory network is an interconnected 
set of brain structures, critical for the control of autonomic pre-
ganglionic neurons, and ORX neurons are a key component of 
this network [10] (Fig. 17.1). ORX neurons include pre-auto-
nomic neurons directly targeting preganglionic sympathetic 
neurons in the intermediolateral column of the spinal cord and 
parasympathetic neurons in the dorsal motor nucleus of the 
vagus nerve. They also modulate the activity of other structures 
including pre-autonomic neurons, with projections to the ros-
tral ventromedial medulla and caudal raphe nuclei, and rostral 
ventrolateral medulla and hypothalamic paraventricular 
nucleus. In addition, they project to and modulate the activity 
of neurons in the nucleus of the tractus solitarius in the medulla, 
receiving and relaying visceral afferent information, and in the 
dorsomedial nucleus of the hypothalamus and the extended 
amygdala. In rodents, ORX neurons innervate both parasym-
pathetic and sympathetic regions of the ANS.

 Pharmacological and Animal Studies
Several preclinical studies showed that ORX have a direct 
influence on autonomic functions such as heart rate (HR) and 
blood pressure (BP) regulation [11, 12], energy metabolism 
[13, 14], or gastrointestinal motility [15]. The injection of 

ORX intrathecally or intracerebroventricularly in animals 
stimulates arousal and increases sympathetic drive, HR, oxy-
gen consumption, body temperature, plasma catecholamine 
levels, and BP in a dose-dependent manner [11, 16–19]. A 
summary of all physiological responses to exogenously 
administered ORXs (via intravenous, intracerebroventricu-
lar, intraperitoneal, and in situ in different CNS areas) in 
rodents is provided in a review by Plazzi et al. [20]. Overall, 
the administration of ORX increases the sympathetic tone, 
but differences are sometimes observed, depending on the 
administration site. A lower sympathetic tone is a logical 
corollary of ORX deficiency, and lower HR and BP during 
wake were first reported in animal models of narcolepsy. 
However, further studies, and especially sleep studies, in 
transgenic and ORX knock-out (KO) mice have yielded con-
trasting results [21].

In physiological condition, arterial BP physiologically 
decreases from wakefulness to NREM sleep and rises again 
during REM sleep [22]. The blunted BP fall at night (called 
“non-dipping pattern”) exists in animal models of narco-
lepsy [23], even though BP seems to be normal during sleep 
in narcoleptic mice [24]. A normal BP during wake but a 
relatively high BP in sleep, especially in REM sleep, was 
found in different animal models of the disease [23, 25]. 
Heart rate control is a subject of controversy. Similar HR was 
found in several narcoleptic animals compared with wild- 
type animals [23, 26–28]. However, a study reported higher 
HR in ORX-KO mice compared to control mice [23], and 
other authors found weaker HR responses to internal stimuli 
(defense reaction to psychological stressor) in animal mod-
els of narcolepsy [26, 28]. Subtle alterations of HR variabil-
ity were also described in mouse models of narcolepsy [24, 
25, 29]. Moreover, ORX/ataxin-3 transgenic mice are often 
obese that could increase sympathetic activity [30]. Overall, 
the complexity of these results could be due to the complex 
innervation and interaction between sympathetic and para-
sympathetic regions by ORX neurons. It has also been sug-
gested that low doses of ORXs would increase 
parasympathetic tone through ORX-receptor 2, whereas 
high doses would increase sympathetic tone through ORX- 
receptor 1 [14].

 Human Studies

 Autonomic Symptoms
Fainting spells, erectile dysfunction, pupillary abnormalities, 
night sweats, gastric or digestive problems, hypotension, dry 
mouth, heart palpitations, and disturbed skin temperature 
profiles have all been described for decades in association 
with narcolepsy (for a comprehensive review of all clinical 
disturbances reported in narcolepsy, see Plazzi et al. [20]). 
However, the systematic assessment of autonomic symptoms 

PVN OX

Sympathoexcitatory

Parasympathetic (vagal)

Visceral afferent relay
mRNA
RVMM

RVLM

A5

NTS

DMV

NAmb

Fig. 17.1 Sagittal section of the human brainstem and diencephalon 
with the main projections from orexin neurons to areas of the central 
autonomic network. A5 homonymous noradrenergic cell group of the 
pons, DMV dorsal motor nucleus of the vagus nerve, mRN medullary 
raphe nuclei, Namb nucleus ambiguous, NTS nucleus of the tractus soli-
tarius, OX orexin neurons, PVN paraventricular nucleus of the hypo-
thalamus, RVLM rostral ventrolateral medulla, RVMM rostral 
ventromedial medulla. (From Grimaldi et al. [10], with permission. © 
2014 Wolters Kluwer Health)
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has not been done until recently in a large cohort of well- 
characterized patients [7]. In this study, by using a reliable 
and valid instrument (the Scale for Outcomes in Parkinson 
Disease-Autonomic [SCOPA-AUT] self-questionnaire), a 
large spectrum of clinical autonomic dysfunction was 
reported in NT1, with impairment in every subdomain: gas-
trointestinal, urinary, cardiovascular, thermoregulatory, 
pupillomotor, and sexual. These symptoms were associated 
with older age, poorer quality of life, and more depressive 
symptoms. Narcolepsy management is nowadays only symp-
tomatic, targeting sleepiness and cataplexy, and most drugs 
used (psychostimulants, sodium oxybate, antidepressant 
agents) may also interfere with the ANS functioning [31]. 
However, in this study, there was no significant effect of 
drugs for narcolepsy, suggesting that dysautonomia is more 
a trait than a state in ORX-deficient narcolepsy [7]. Besides 
these autonomic symptoms, objective findings of dysautono-
mia have been reported in NT1; an overview and synthesis of 
these studies published so far are provided in Table  17.1 
[32–52].

 Arterial Blood Pressure
The first study of the control of BP in patients with narco-
lepsy found normal values during wakefulness and sleep 
[32]. However, in line with animal models of narcolepsy, fur-
ther studies with more patients included found a frequent 
occurrence of non-dipper BP profile in NT1 [38, 39, 46]. A 
normal BP in wake, but a relative higher BP in sleep, was 
also reported, especially in REM sleep [38, 42]. The beat-to- 
beat variability of BP within wake and each sleep stages has 
been studied little: it did not seem to vary during sleep in a 
small case-control study [40], but an increased variability 
was observed during wakefulness in another one [35]. A 
recent study failed to find a relationship between ORX levels 
and BP changes in NT1, but the sample was quite small [53]. 
The effect of medication for narcolepsy on BP was recently 
studied, and an increased diastolic BP and HR were found in 
NT1 patients treated by psychostimulants compared to 
untreated patients [47] (Fig.  17.2). To summarize, NT1 
seems to be associated with a blunted fall of arterial BP from 
wakefulness to sleep, and particularly to REM sleep 
(Fig. 17.3, double arrows), coupled with a variable decrease 
in BP during wakefulness (see Fig. 17.3, single arrow) [12]. 
Further studies on the effect of different medications and 
related doses on BP and HR are warranted.

 Heart Rate and Its Variability
Association between NT1 and HR control is subject to con-
troversy. Some authors found similar HR in NT1 compared 
to controls, and similar HR regulation [34, 35, 39, 42], or 
subtle alterations of HR variability were described in NT1 
patients [34, 35, 40]. Only one study showed lower HR dur-
ing wakefulness in drug-naive patients [43]. Other studies 

reported higher HR than controls during sleep [38, 41, 45], 
and an increased LF/HF ratio [36, 38], suggesting an 
increased sympathetic tone. Blunted HR responses to arous-
als and leg movements (internal stimulus) were shown in 
narcolepsy [37, 41]. On the other hand, HR responses to 
emotional stimuli and acute administration of sodium oxy-
bate seem normal in narcolepsy [44, 48].

 Muscle Sympathetic Nerve Activity
A recording of muscle sympathetic nerve activity (MSNA) 
by microneurography was performed during sleep and wake-
fulness, being the first reports of the direct measure of sym-
pathetic activity in NT1. A low sympathetic tone during 
wakefulness was demonstrated in a small sample of adult 
drug-naive patients (Fig. 17.4), in accordance with preclini-
cal studies, and this reduction was correlated with ORX lev-
els in the cerebrospinal fluid [43]. The recording during sleep 
was challenging and the sample was small [42]. The authors 
found a physiologic decrease of sympathetic activities from 
wake to NREM sleep, and an increase in REM sleep, compa-
rable to controls. They also found unexpectedly a decrease of 
sympathetic activities during sleep-onset REM period 
(SOREMP), comparable to NREM sleep. Globally, the rarity 
of NT1, the cost of the material, the practical difficulty of 
execution of this technique, and especially the challenge to 
record MSNA during sleep in humans explain why these 
results have not been replicated. In this study, the authors 
also studied the skin sympathetic activity (SSA) that 
decreases in NREM sleep compared to wake but was similar 
during REM sleep and wakefulness in controls. In contrast, a 
progressive and significant decrease of SSA was found dur-
ing SOREMP and NREM sleep in NT1, while an increase 
was found in REM sleep compared to wake [42].

 Other Measures of Autonomic Disturbances
Orexin infusion in rodents increases peripheral and core 
body temperatures. In NT1, the circadian core body tempera-
ture cycle was initially reported to be preserved [54]; how-
ever, a more recent study reported an elevated distal skin 
temperature over the day in unmedicated NT1 patients [55]. 
This augmentation in distal temperature correlated with 
sleep propensity, and experimentally induced changes in 
core body and skin temperature could modify vigilance and 
sleepiness [56]. The authors attributed skin temperature 
alterations to a decreased sympathetic distal vasoconstrictor 
tone due to ORX deficiency.

A recent study used metaiodobenzylguanidine (MIBG) 
cardiac scintigraphy in NT1 patients and found an absence of 
cardiac sympathetic denervation compared to controls [51]. 
Five out of 56 NT1 patients, however, had low MIBG uptake 
associated with a threefold increase of phasic tonic REM 
sleep motor activities. In an old study, 24-h urinary and 
plasma catecholamine levels were reported to be normal in 
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Table 17.1 Summary of studies performed in human narcolepsy to assess objectively autonomic disturbances during wakefulness and sleep

Test/evaluation
Narcoleptic 
patients Controls Condition Main results

ORX 
status References

BP on ABPM 7 narcoleptic 
patients with 
cataplexy, 
adults, drug free

7, healthy Sleep (2 or 3 nights) Same mean BP and 
same nocturnal 
variations between 
patients and controls

– Guilleminault 
et al. [32]

HR measured on ECG and BP 
measured by 
sphygmomanometer

22 narcoleptic 
patients with 
cataplexy, 
adults, drug free

– Daytime W: at rest 
and after different 
doses of stimulants 
(orthostatic, deep 
breathing, Valsalva 
tests)

No abnormalities at 
baseline, dose- 
dependent rise in heart 
ration under 
medication

– Hublin et al. 
[33]

Beat-to-beat HR calculated on 
ECG

10 narcoleptic 
patients (no 
mention of 
cataplexy), 
adults, drug 
naive

10, healthy W and sleep (PSG) Same mean HR during 
W, NREM and REM, 
increased LF/HF HRV 
during W before sleep 
for narcoleptics

– Ferini-Strambi 
et al. [34]

BP continuously recorded by 
volume-clamp method 
(Finometer), beat-to-beat HR 
calculated on ECG

15 NT1, adults, 
drug free

15, healthy Daytime W (20 min) Increased variability of 
BP and HR in NT1, 
same mean HR

All 
ORX 
def

Fronczek et al. 
[35]

BP and HR continuously 
recorded by volume-clamp 
method (Portapres)

10 NT1 adults, 
drug free

18, healthy Daytime W: at rest 
and during 
orthostatic stress 
(head-up tilt test, 
Valsalva, deep 
breathing and cold 
face tests)

Increased mean HR, 
increased LF/HF HRV, 
no increase during tilt 
test

9 LP/9 
ORX 
def

Grimaldi et al. 
[36]a

Beat-to-beat HR calculated on 
ECG

14 NT1, adults, 
drug free

14, healthy Nocturnal sleep 
(PSG): responses to 
PLMS

Decreased HRV 
associated with PLMS

– Dauvilliers 
et al. [37]

BP and HR continuously 
recorded by volume-clamp 
method (Portapres)

10 NT1, adults 
drug free

12, healthy W and nocturnal 
sleep (PSG)

Non-dipping pattern in 
NT1, increased mean 
BP in REM, increased 
mean HR during W, 
NREM, and REM

9 LP/9 
ORX 
def

Grimaldi et al. 
[38]a

BP and HR on ABPM 36 NT1, adults, 
drug free

42, healthy 24-hour ambulatory 
measures

Non dipping pattern in 
30% of patients, same 
mean HR during 
daytime and nighttime

17 LP 
/ 17 
ORX 
def

Dauvilliers 
et al. [39]

BP continuously recorded by 
volume-clamp method 
(Portapres), beat-to-beat HR 
calculated on ECG

9 NT1, adults, 
drug free

9, healthy W and nocturnal 
sleep (PSG)

Similar variability of 
BP during W, NREM 
and REM sleep, 
increased mean HR 
during W, NREM, and 
REM

8 LP/8 
ORX 
def

Silvani et al. 
[40]a

Beat-to-beat HR calculated on 
ECG

67 narcoleptic 
patients (46 
with cataplexy), 
adults, drug free

22, healthy Nocturnal sleep 
(PSG): responses to 
arousals and PLMS

Decreased HRV 
associated with 
arousals, and with 
PLMS in narcoleptics 
vs controls, and in 
ORX-def condition vs 
ORX normal

61 
LP/38 
ORX 
def

Sorensen et al. 
[41]

BP and HR continuously 
recorded by volume-clamp 
method (Finapres), MSNA 
measured by 
microneurography, skin 
sympathetic activity by mean 
value of SVR and SSR

13 NT1, adults, 
drug naïve

5, healthy Nocturnal sleep 
(PSG)

Physiologic decrease 
of SA from W to 
NREM, and increase in 
REM; non-dipping 
pattern; decrease of SA 
during SOREMP 
comparable to NREM1

All 
ORX 
def

Donadio et al. 
[42]
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Table 17.1 (continued)

Test/evaluation
Narcoleptic 
patients Controls Condition Main results

ORX 
status References

BP and HR continuously 
recorded by volume-clamp 
method (Finometer), MSNA 
measured by 
microneurography

19 NT1, adults, 
drug naïve

19, healthy Daytime W Decreased MSNA, BP 
and HR mean values

All 
ORX 
def

Donadio et al. 
[43]

BP and HR continuously 
recorded by volume-clamp 
method (Finapres)

12 NT1, adults, 
drug naive

12, healthy Daytime W: 
hemodynamic 
responses to 
emotional stimuli

No differences 
between patients and 
controls

All 
ORX 
def

De Zambotti 
et al. [44]

Beat-to-beat HR calculated on 
ECG

12 NT1, adults, 
drug naive

12, healthy Nocturnal sleep 
(PSG)

Increased mean HR 
during W before sleep 
in NT1, NREM and 
REM; same HRV

All 
ORX 
def

van der 
Meijden et al. 
[45]

BP and HR on ABPM 8 NT1, adults, 
drug free

7 patients with 
insomnia

24-hour ambulatory 
measures

Non-dipping pattern in 
7/8 patients, but no 
difference between 
narcoleptic and 
insomniac patients, and 
same mean HR

All 
ORX 
def

Sieminski 
et al. [46]

BP and HR on ABPM 160 NT1, adults 
(54 treated)

– 24-hour ambulatory 
measures

Higher diastolic BP 
and HR in treated than 
drug-free NT1; 
non-dipping pattern in 
48% of untreated NT1, 
44% treated

96 
LP/94 
ORX 
def

Bosco et al. 
[47]

Beat-to-beat HR calculated on 
ECG

12 NT1, 
children, drug 
naive

23, healthy 
children

Nocturnal sleep 
(PSG): baseline and 
response to sodium 
oxybate

Baseline: slightly 
higher HRV in all sleep 
stages; under sodium 
oxybate: tend to 
decreased HRV in 
REM

– Antelmi et al. 
[48]

Activity of brown adipose 
tissue (BAT) measured by 
123I-MIBG SPECT and 
18-F-FDG PET

7 NT1, adults, 
no information 
on drug status

7, healthy Daytime W, after 
2 hours cold 
exposure

Same BAT activity in 
patients and controls

All 
ORX 
def

Enevoldsen 
et al. [49]

Cardiac sympathetic activity 
measured by 123-I-MIBG 
scintigraphy

34 NT1 with 
comorbid RBD, 
adults and 
adolescents (13 
treated)

15 patients with 
idiopathic RBD, 
adults

Daytime W MIBG cardiac uptake 
lower in iRBD than 
NT1

26 
LP/26 
ORX 
def

Barateau et al. 
[50]b

Cardiac sympathetic activity 
measured by 123-I-MIBG 
scintigraphy

56 NT1, adults 
and children 
(16 treated)

91 adult controls 
from the general 
population 
without cardiac or 
neurologic 
disorder

Daytime W Absence of cardiac 
sympathetic 
denervation in NT1 but 
association with REM 
motor deregulation

43 
LP/43 
ORX 
def

Barateau et al. 
[51]b

Pulse transit time (PTT) based 
on ECG and pulse oximetry 
data, HR on ECG

27 NT1, 
children and 
adolescents, 
drug naive

19, clinical 
suspicion of 
hypersomnia, but 
no objective 
abnormalities

W and nocturnal 
sleep (PSG)

Same HR, but reduced 
lengthening of PTT 
during total sleep and 
REM compared to 
nocturnal W in NT1

26 
LP/26 
ORX 
def

Vandi et al. 
[52]

Studies are listed chronologically; studies during cataplectic episodes are not listed here; drug free means drug naive or withdrawal
ABPM ambulatory blood pressure monitoring, BP blood pressure, ORX def orexin deficient (CSF orexin levels <110 pg/mL), ECG electrocardio-
gram, HR heart rate, HRV heart rate variability, LF/HF low-frequency/high-frequency spectral power of HRV, LP lumbar puncture, MSNA muscle 
sympathetic nerve activity, NT1 narcolepsy type 1, NREM non-rapid eye movement sleep, ORX orexin, PLMS periodic leg movements during 
sleep, PSG polysomnography, RBD REM sleep behavior disorder, REM rapid eye movement sleep, SA sympathetic activities, SOREMP sleep 
onset REM period, SSR skin sympathetic response, SVR skin vasomotor response, W wake
a,bThese studies share narcoleptic patients
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narcolepsy [57], but results have not been replicated. Finally, 
abnormal pupillary reaction during darkness [58] and 
impaired nocturnal penile tumescence [59] have been 
reported in narcolepsy.

 Comorbid Disorders
Comorbid disorders are frequent in NT1, and of interest, most 
of them are also associated with autonomic dysfunction. 
Obesity is a condition known to be associated with increased 
sympathetic activity [60], and weight gain usually occurs at 
the onset of NT1, with more than 30% of patients becoming 
obese [13, 61]. Energy metabolism and basal metabolic rate 
have been investigated in NT1 but with inconsistent results. 
Rest energy expenditure, measured by indirect calorimetry, 

has been shown to be significantly lower in NT1 [62], but 
other studies found no difference with controls [35, 63]. As the 
ANS innervates white and brown adipose tissue (BAT) and 
induces catabolic processes through sympathetic inputs and 
anabolic processes through parasympathetic inputs [64], it has 
been suggested that the sympathetic tone reduction would 
explain the increased fat accumulation in NT1. A recent study 
evaluated the activity of BAT by 123I-MIBG SPECT and 18 
F-FDG PET in a small sample of NT1 patients versus control 
during wake and after 2 h of cold exposure but found no differ-
ence between the groups. Overall, the link between metabolic 
rate and sympathetic tone in narcolepsy remains to be explored 
as a function of obesity in NT1. Indeed, most previous studies 
did not focus on obese NT1 patients.
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Fig. 17.2 Twenty-four-hour ambulatory blood pressure (BP) monitor-
ing in NT1 patients. Twenty-four-hour ambulatory BP monitoring 
(divided into four periods: 7:00  AM–1:00  PM; 1:00  PM–7:00  PM; 
7:00 PM–1:00 AM; and 1:00 AM–7:00 AM) in the independent sample 
(a–c) of untreated (n = 68) and treated (n = 54) patients with NT1 and 
in the dependent sample (n = 38) of patients with NT1 evaluated twice 
(drug-free and under treatment) (d–f). (a, d) systolic BP; (b, e) diastolic 

BP; (c, f) heart rate. P intragroup <0.0001 for all lines. Mixed models 
were used to analyze the 24-hour changes in systolic BP, diastolic BP, 
and HR.  Between-group p values were calculated for each period. 
Variation over time within each group was examined over the whole 
period (intragroup p values). The difference in change over the 24 hours 
between the two groups is referred to as period × group p values. (From 
Bosco et al. [47], with permission. © 2018 Wolters Kluwer Health)
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Comorbid sleep disorders are also common in NT1. An 
estimated 25–30% of patients with narcolepsy may have 
sleep apnea syndrome, depending on age, body mass index 
(BMI) of the population, and apnea-hypopnea index (AHI) 
cutoff applied to diagnose obstructive sleep apnea syndrome 
[65], and this comorbidity may lead to increased sympathetic 
tone and diminished baroreceptor sensitivity, thus increasing 
the risk of hypertension and cardiovascular and cerebrovas-

cular diseases. Sleep-maintenance insomnia and disrupted 
nocturnal sleep are common in NT1 [66], and this frag-
mented nocturnal sleep could also lead to an increased sym-
pathetic drive. As many as 15% of narcoleptic patients have 
comorbid restless legs syndrome [67] and periodic leg move-
ments in sleep (PLMS) are frequent in NT1 [68, 69]; these 
two conditions are associated with an increased sympathetic 
activity. PLMS can trigger a rapid rise in HR and BP, which 
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Fig. 17.3 Variations of arterial blood pressure (ABP) during wakeful-
ness (W) and NREM and REM sleep in controls and in orexin defi-
ciency condition. “Orexin deficiency may be associated with (a) ABP 
values lower than controls in W and APB values normal during sleep 
or (b) APB values normal in W, and ABP values higher than controls 

during sleep. ABP values are higher in treated than untreated narcolep-
tic patients (c), but variations of ABP during different stages of sleep 
in narcoleptic patients under medication have never been studied (red 
box, c). (Adapted with permission from Berteotti and Silvania [12]. © 
2017 Springer Nature)

ECG

100

0

100
200

0

100

0

100
200

0

MSNA
(A.U.)

Resp.
BP

(mmHg)

ECG

MSNA
(A.U.)

Resp.
BP

(mmHg)

A.a B.a

A.b B.b

5s

Fig. 17.4 Microneurographic recording and heart rate (HR) and blood 
pressure (BP) monitoring during wakefulness, in two patients with nar-
colepsy type 1 (a.a, a.b) and two matched healthy controls (b.a, b.b). 
Both patients displayed lower muscle sympathetic nerve activity 

(MSNA) compared to controls, with a.a showing lower HR and BP than 
b.a, and a.b showing similar HR and BP as b.b. (From Donadio et al. 
[43], with permission. © 2014 Wolters Kluwer Health)
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is more pronounced if associated with a micro-arousal, but 
an impairment of this autonomic response to PLMS was 
shown in NT1 [37]. RBD is not only commonly associated 
with neurodegenerative disorders including parkinsonisms, 
but it is also reported in narcolepsy in up to 60% of patients 
[70]. Idiopathic RBD (iRBD) has been associated with 
reduced HR variability during sleep, and cardiac sympa-
thetic denervation, but a recent study found that NT1 with 
comorbid RBD had a higher MIBG uptake on 123I-MIBG 
cardiac scintigraphy than iRBD in the same range as controls 
[50]. However, in another study with the same technique, 
REM sleep without atonia in NT1 seemed related to cardiac 
sympathetic adrenergic nerve activity [51].

 Dysautonomia During Cataplexy
Cataplexy is the pathognomonic symptom of NT1, a sudden 
involuntary loss of skeletal muscle tone while awake, typi-
cally triggered by positive emotions highly charged by auto-
nomic changes [20, 71]. A cataplexy can be partial, with 
head drop, dysarthria, and jaw tremor, or limited to the upper 
or lower limbs. It can also be generalized, with a complete 
atonia resulting in a fall. The current pathophysiological 
hypothesis is a transient activation during wakefulness of the 
neural pathways that produce muscle atonia during REM 
sleep [72]. In ORX deficiency condition, the activation of the 
amygdala and medial prefrontal cortex induced by emotions 
decreases the excitation of noradrenergic neurons and hyper-
polarizes motor neurons by GABA and glycine that are 
released by interneurons in the spinal cord and by long 
descending projections from the medial medulla [72, 73]. 
Behavioral and neurophysiological correlates of cataplexy, 
and especially autonomic changes, are challenging to study, 

because of the unpredictable nature of a cataplectic episode, 
a fluctuating and highly variable symptom in terms of fre-
quency, duration, and intensity.

A study analyzed cataplectic episodes by video poly-
graphic study [74]. For 6 out of 11 attacks, an increase in HR 
several seconds before the episode was reported, followed by 
bradycardia starting at the onset of atonia, persisting through-
out the cataplectic episode, and returning to baseline values 
50–70 sec after the onset of the attack. Another study moni-
tored muscle sympathetic nerve activity (MSNA), HR, respi-
ratory movements, and arterial finger BP during 10 
cataplectic episodes [75]. In contrast to the previous study, 
no significant autonomic changes were shown before cata-
plexy onset; however, cataplexy was associated with an 
increase in MSNA and systolic BP, while HR markedly 
decreased (Fig.  17.5) [42]. These data were further repli-
cated in another study [76], suggesting a co-activation of 
sympathetic and parasympathetic autonomic systems during 
cataplexy.

 Dysautonomia in Other Central Disorders 
of Hypersomnolence

In other central disorders of hypersomnolence (NT2, IH, and 
KLS), the literature on autonomic dysfunction is limited, and 
NT2 and IH (both characterized by normal ORX condition) 
are usually compared to NT1 patients. As mentioned previ-
ously, a study found a decreased HR variability associated 
with micro-arousals, with PLMS in narcoleptic patients 
(including NT2) versus controls, and in ORX-deficient con-
dition versus ORX normal condition [41]. Another recent 
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Fig. 17.5 Microneurographic recording before, during, and after a 
cataplectic episode, together with heart rate (HR), blood pressure (BP), 
and respiratory monitoring. The patient displayed a marked increase in 
incidence and amplitude of muscle sympathetic nerve activity (MSNA) 
and a decrease in HR, coinciding with muscle atonia (Mylo = mylohy-

oideus muscle). MSNA, BP, and HR returned to baseline after the epi-
sode. An irregular breathing pattern with apnea is also visible (*). The 
marker indicates speech arrest at cataplexy onset. (From Donadio et al. 
[42], with permission. © 2014 Elsevier)
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study explored the HR variability in 11 patients with NT1, 
20 patients with NT2, and 12 healthy controls [77]. The 
authors found a higher LF/HF ratio in patients than controls 
during NREM sleep, but a lower parasympathetic tone 
assessed by root mean square of successive RR interval dif-
ferences in NT1 than NT2 during REM sleep. However, this 
study is retrospective, with a small number of patients, and 
ORX status was not available [77]. NT2 is probably an het-
erogeneous disease and sometimes an unstable condition, 
with some patients developing later cataplexy and becoming 
NT1 and some patients relapsing while others persisting into 
the NT2 phenotype. We may hypothesize that patients with 
NT2 who are prone to convert to NT1 would be more at risk 
to present with autonomic impairment, which is linked to a 
slow and progressive destruction of ORX neurons, but this 
remains speculative.

IH is a rare syndrome, with clinical heterogeneity sug-
gesting a variable or multifactorial pathogenesis. Patients 
should be well characterized with standardized tests [4] 
before exploring a potential autonomic impairment. In IH, 
dysautonomia was reported in some case series [78], and a 
more recent case-control study found some functional equiv-
alents (i.e., cold extremities and fainting), which is more fre-
quent in patients than controls [79]. A large systematic 
assessment of dysautonomia in well-characterized patients is 
still lacking, and the mechanism underlying the occurrence 
of these symptoms remains unknown, but they could contrib-
ute to the burden of the disease. An older study reported 
lower BP in IH compared to narcoleptic patients, but the 
study lacked healthy controls [80]. Another study explored 
the HR variability in IH patients versus controls and found a 
dysfunction of the parasympathetic activity during wakeful-
ness and sleep and an altered autonomic response to arousals 
[81]; however, patients were not diagnosed according to 
ICSD-3 criteria [2].

KLS is a very rare disorder of relapsing and remitting 
sleepiness, with ancillary features of cognitive impairment, 
apathy or disinhibition, hyperphagia, hypersexuality, dere-
alization, and dysautonomia [3]. The underlying patho-
physiology of this central disorder of hypersomnolence 
remains unclear, but a recurrent primary hypothalamic dys-
function mediated by immune mechanisms is suspected. 
Autonomic symptoms were never systematically assessed, 
but a recent study reported lower BP and HR, and lower 
ORX levels, associated with the symptomatic phase of the 
syndrome, compared to the remission phase, in a sample of 
24 patients [82]. These noteworthy phenomena should be 
further studied.

When studying the cardiovascular tone in human disor-
ders of hypersomnolence, a potential confounding factor 
would be the effects of sleep length and relative rest/inactiv-
ity linked to sleepiness, which might also result in a lowering 
of HR and BP. More detailed rest-activity profiles in central 
disorders of hypersomnolence might be informative.

 Conclusion and Perspectives

The interactions between ANS and central disorders of 
hypersomnolence are complex. The recent integration of 
data from multiple approaches (including preclinical studies, 
animal models, and humans) has increased our understand-
ing of these relationships and provided new insights into 
their physiology, as well as the morbidity and prognosis of 
ANS deregulation in these sleep disorders. Inconsistent 
results published so far on autonomic disturbances in narco-
lepsy might be explained by a lack of standardization; differ-
ent populations involved; the use of different and often 
indirect methods to evaluate dysautonomia; and the various 
conditions tested during sleep, wakefulness, and at different 
moments of the day. The heterogeneity of age, gender, drug 
status (naive or withdrawal), and comorbidities (especially 
body weight, respiratory events during sleep, PLMS, and 
disturbed nocturnal sleep) as well as the small number of 
patients studied are elements that should also be taken into 
account when interpreting these findings. Many of these 
studies also lack data concerning cardiovascular risk factors 
such as dyslipidemia, hypertension, smoking status, physical 
activity, and associated cardiovascular treatments. In addi-
tion, even if NT1 starts in children/adolescent in most of the 
cases, narcoleptic children have been understudied in this 
regard. A recent study showed that adult NT1 patients with 
more severe autonomic disturbances had a poorer quality of 
life and more depressive symptoms [7], but the exact role of 
autonomic and metabolic impact on medical outcomes and 
lifetime expectancy in narcolepsy remains unknown. The 
non-dipping BP profile is a condition associated with greater 
cardiovascular risk, and narcoleptic patients seem to have 
greater cardiovascular morbidity [6]; however, further epide-
miological studies are warranted to clarify the clinical impor-
tance of these complex autonomic changes. Narcolepsy is an 
active area for drug development with new wake-promoting 
agents developed over the past years, and very recently, non- 
peptide ORX receptor agonists [83–85]. The effect of medi-
cations should be further evaluated with new cardiovascular 
studies using state-dependent analysis and systematic moni-
toring of 24-hour BP and cardiac function in future clinical 
trials. A recent preclinical study demonstrated that reduced 
ORX signaling was associated with increased atherosclero-
sis burden in mouse models of NT1 and also unexpectedly in 
long-term sleep fragmentation [86]. Whether this observa-
tion is applicable in humans needs to be tested, especially in 
NT1 and disorders associated with severe sleep fragmenta-
tion. Overall, further research works are needed to fully 
understand the autonomic consequences of ORX-deficient 
narcolepsy (NT1), non-ORX-deficient narcolepsy (NT2) and 
IH, and their possible relation to cardiovascular risk, with 
large systematic assessment and careful follow-up of homo-
geneous groups of well-characterized patients with central 
disorders of hypersomnolence.
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Fatal Familial Insomnia

Luca Baldelli, Giovanna Calandra-Buonaura, 
Federica Provini, and Pietro Cortelli

 Introduction

Fatal familial insomnia (FFI) was first described by Lugaresi 
et al. in 1986 [1] as a hereditary, autosomal dominant, and 
invariably fatal disease caused by a missense mutation at 
codon 178 of the prion protein gene (PRNP) cosegregating 
with methionine at methionine (M)–valine (V) polymorphic 
codon 129 on the mutated allele. The clinical hallmark of 
FFI is agrypnia excitata (AE), a syndrome characterized by 
a progressive and untreatable sleep loss with increasing dif-
ficulties in falling and remaining asleep both during the 
night and the day associated with 24-h motor and autonomic 
sympathetic overactivation and by a peculiar dream-like 
behavior known as oneiric stupor (OS) [2]. Pathologically, 
the thalamus, with severe but selective atrophy of its medio-
dorsal (MD) and anteroventral (AV) nuclei, appears to be 
the earliest and most severely affected brain structure in FFI 
[3]. Thalamic lesions cause the loss of slow wave sleep 
(SWS) and the disconnection of the limbic cortical areas 
and the cortical and subcortical regions that also regulate 
autonomic functions, resulting in an increase of autonomic 
activation [4].

Agrypnia excitata is not exclusive to FFI but it has been 
also described in Morvan syndrome (MS), an autoimmune 
limbic encephalopathy, and delirium tremens (DT), the well- 
known alcohol withdrawal syndrome [5, 6]. An anatomic 
(FFI) or functional (MS, DT) interruption of the thalamolim-
bic circuits regulating the sleep–wake cycle and the control 
of the autonomic nervous system (ANS) [7, 8] has been sug-
gested as the pathogenetic mechanism for AF.

Of major relevance is the role of the autonomic nervous 
system, permeating the clinical picture of FFI (and conse-
quently of AE), a model disease for the investigation of the 
essential role of the thalamus for the central organization of 
body homeostasis integrating both sleep and autonomic 
function control [9, 10].

 Fatal Familial Insomnia

 Historical Notes

In 1986, Lugaresi et al. reported in detail an inherited condi-
tion named fatal familial insomnia (FFI) characterized by 
severe and progressive sleep impairment, dysautonomia, and 
motor hyperactivity associated with severe atrophy of the 
anterior and medial dorsal thalamic nuclei. The proband, a 
53-year-old man, experienced a continuing inability to sleep 
associated with progressive dysfunction of the autonomic 
nervous system with pyrexia, diaphoresis, and urinary 
sphincter dysfunction over several months. Nocturnal sleep 
became disturbed by increasing movements and enacted 
dreams. Motor signs with tremor, dysarthria, clumsy gait, 
and myoclonus became more pronounced and memory defi-
cit ensued [1].

The patient progressed into stupor, became comatose, 
and expired 9 months after clinical onset. Electroencephalo-
graphic (EEG) and polysomnographic (PSG) studies 
revealed loss of sleep, spindles, K complexes, and delta 
activity throughout 24 h. Autonomic tests disclosed sympa-
thetic activation (increased heart rate, blood pressure, 
breathing rate, and core body levels temperature). Serial 
24-h monitoring of hormonal and catecholamine levels 
revealed persistently elevated plasma concentrations of cor-
tisol and especially norepinephrine (NE) levels and a lack of 
the physiological nocturnal rise of melatonin (MLT) secre-
tion. No cognitive impairment was revealed on neuropsy-
chological testing, even 7  months after disease onset. 
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Neuropathologic examination revealed 80–96% loss of 
large neurons in the anterior and medial dorsal thalamic 
nuclei with reactive astrogliosis associated with atrophy; 
these changes were also noted in the inferior olivary nucleus. 
In 1992, the mutation in FFI was associated with the substi-
tution of aspartic acid for asparagine at codon 178 (D178N 
mutation) of the prion protein (PrP) gene PRNP. These find-
ings conclusively established FFI as a new phenotype in 
familial human prion diseases [11, 12].

 Demographics

FFI typically appears between the fourth and sixth decade of 
life, most often between the ages of 51 and 60  years [9], 
although early onset cases up to 17–18 years of age [13, 14] 
have also been reported [15–17]. The patients’ genotype of 
the nonmutated allele of PRNP seems to influence both dis-
ease course and clinical presentation. FFI patients homozy-
gous at codon 129 (codifying M also in the nonmutated allele 
at codon 129 of PRNP) have a more rapid evolution 
(11.6 ± 5.1 months) than FFI heterozygous patients (codify-
ing V at position 129 of the nonmutated allele) who have a 
two- to threefold longer disease duration (21.8 ± 12.8 months) 
[18]. The reported shorter survival times in China and Japan 
(8.2 and 10.6  months, respectively) compared to Western 
countries, despite greater utilization of life-prolonging care, 
are likely to be related to the prevalence of the 129MM geno-
type in Asian countries [19–21]. The short-evolution cases 
(M-M patients homozygous at codon 129) present the most 
typical features of the disease [22], while the age at onset 
does not seem to be affected from prion protein (PrP) codon 
129 genotype [23].

Up to date, more than 70 affected families have been 
identified all over the world and in every ethnic group, com-
prising more than 130 genetically or pathologically con-
firmed cases, with China presenting the absolute highest 
number (>25 kindreds), and Germany and Spain the highest 
prevalence in relation to their population [24].

 Features

Symptoms and Signs The clinical picture of FFI can be 
divided into three categories including sleep disorders, auto-
nomic and classic prion disease neurological symptoms such 
as disorders of ocular movements, pyramidal symptoms, 
myoclonus, gait disturbances, apraxia, and cognitive impair-
ment [4, 24].

Changes in sleep with difficulties in falling asleep, early 
awakening, and inability to take usual naps is one of the 
earliest features of the disease. At the same time, patients 

appear drowsy (with head and eyelid drops) during daytime 
and apathetic, though social behavior is preserved. 
Hypertension, slight evening pyrexia, a tendency to per-
spire, lacrimate, and salivate, impotence in men and fluctu-
ating diplopia accompany early insomnia in some cases. 
Sleep and autonomic alterations progressively get worse, 
and patients become increasingly taciturn and appear indif-
ferent to their surroundings and even their fate. When left 
alone, patients lapse into a state of unresponsiveness show-
ing peculiar motor behaviors during which they mimic 
daily-life activities, such as dressing, combing the hair, 
washing, and manipulating nonexistent objects. If ques-
tioned, patients link these gestures to an oneiric scene, justi-
fying the term “oneiric stupor” [25, 26]. Disturbances of 
gait [27], disequilibrium, dysmetria, spontaneous and 
evoked myoclonus, and signs of upper motor neuron 
involvement such as hyperreflexia of muscle stretch reflexes 
and Babinski’s sign progressively appear. Later stages are 
characterized by ever-increasing oneiric stupor, inability to 
stand and walk, increasing dysarthria and dysphagia. Death 
supervenes from cardiorespiratory failure or intercurrent 
respiratory or systemic infections [22].

Patients with 129MM genotype usually present sleep and 
vegetative disturbances as earliest symptoms, compared to 
129MV who typically show visual symptoms and ataxia 
[18].Throughout the disease course, homozygotes tend to 
have more prominent insomnia, myoclonus, autonomic dys-
function, spatial disorientation, hallucinations, and weight 
loss, while heterozygotes are more likely to demonstrate 
ataxia with equilibrium impairment and latero-retropulsion, 
dysarthria, seizures, and bulbar symptoms [24, 27, 28].

Neurophysiological Features Longitudinal 24-h polysom-
nographic monitoring documents severe sleep fragmenta-
tion, reduction of total sleep time, and a sleep–wake cycle 
derangement with an early permanent and progressive reduc-
tion and consequent disappearance of sleep features (spin-
dles and K complexes become impossible to generate even 
by pharmacologic means) and diminished deep sleep (delta 
sleep–slow wave sleep—SWS) [29, 30], more severe in the 
short disease course (Fig. 18.1) [31]. This derangement of 
physiological sleep, resulting from severe damage of the tha-
lamic machinery, responsible for sleep generation, rules out 
the applicability of standard sleep scoring criteria [32].

Subwakefulness is the predominant nocturnal and diurnal 
EEG and behavioral pattern consisting of stage 1 NREM 
sleep. This stage can be interrupted by sudden onset of rapid- 
eye- movement (REM) sleep episodes with or without atonia 
lasting for a few seconds or minutes [2]. This condition rep-
resents the neurophysiological substrate of dream enactment 
behaviors characterizing oneiric stupor, which can emerge 
from any of these stages. Notably, quasiperiodic sharp wave 
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activity typical of Creutzfeldt–Jakob disease (CJD) is rarely 
recorded in short evolution patients but can occur in cases 
with long evolution just before death [9].

The loss of sleep is associated with a loss of 24-h circa-
dian motor rhythmicity documented by long-term acti-
graphic monitoring [33]. Indirect calorimetry shows that 
energy expenditure is up to 60% more than in healthy con-
trols [33], a feature associated with the severe metabolic 
exhaustion and cachexia in FFI patients [22].

Neuropsychological Features Serial neuropsychological 
examinations document an early progressive impairment of 
attention and vigilance (which varies within seconds from 
normal alertness to an oneiric status with enacted dreams), 
whereas intellectual function remains substantially intact 
until the advanced stages of disease, resembling more a dis-
turbance of consciousness (confusional state) rather than 
true dementia [34].

Neuroimaging Computed tomography (CT) and magnetic 
resonance imaging (MRI) scans are unremarkable except for 
a mild cerebral and cerebellar atrophy in the most advanced 
disease stages. Serial positron emission tomography (PET) 
(18 fluorodeoxyglucose [FDG]–PET) scans invariably show 
an impaired thalamic metabolism from the early stages of the 
disease [35] or even several months before clinical disease 
onset in FFI mutation carriers [4]. Although hypometabolism 
is invariably more pronounced in the thalamus, it extends to 
the mesial areas of the frontal lobe as the disease progresses, 
affecting the entire cortex and basal ganglia in the most 
advanced disease stages of long-evolution cases. The meta-

bolic impairment prevails in the mesial areas of the frontal 
lobe in both short- and long-evolution cases [35].

Pathology and Molecular Biology of Prion 
Protein Bilateral thalamic degeneration (with neuronal loss 
and astrogliosis) is the invariable finding of FFI.  The MD 
and AV nuclei are the thalamic structures most consistently 
and most severely affected with neuronal loss often reach-
ing 95–100% [3]. Other thalamic nuclei are variable and 
less severely involved. The inferior olives undergo similar 
atrophy in most cases. Other brain structures are usually 
unaffected, though minor and inconstant changes are repre-
sented by moderate astrogliosis of the hypothalamus and 
periaqueductal gray matter in the midbrain and basal gan-
glia [11, 36]. The involvement of the cerebral cortex is 
directly related to disease duration: mild spongiform degen-
eration confined to the orbitofrontal cortex and anterior cin-
gulate gyrus is commonly seen in short duration cases, 
whereas the cortical spongiform degeneration is widespread 
in cases of long duration. However, in accordance with PET 
findings, the cortical involvement is always most prominent 
in the corticolimbic regions regardless of the disease dura-
tion [3, 24, 37].

Immunoblot analysis of the brain homogenates shows 
that, following deglycosylation, treatment with proteinase K 
(PK), the protease-resistant (PK-res) fragment of the abnor-
mal, disease-related prion protein (PK-resPrPSc), displays 
electrophoretic mobility corresponding to a relative mass of 
19 kilodalton a (kDa) in FFI which is different from the 
21 kDa form described in familial Creutzfeldt–Jakob Disease 
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(fCJD178) [38]. Amino-acid sequencing of the PK-resPrPSc 
fragments isolated in the two diseases shows that the frag-
ment N-terminus is amino acid 97 in FFI and 82 in fCJD178 
[39]. These data show that the PrPSc species associated with 
FFI and fCJD178, respectively, are cleaved by PK at distinct 
sites (97 and 82) generating fragments of different sizes. In 
turn the finding that PK cleaves PrPSc at distinct sites in FFI 
and fCJD178 provides strong evidence that the conformation 
of PrPSc associated with these two diseases is different [23].

 Dysfunction of the Autonomic Nervous 
System: Unbalanced Autonomic Control 
and Sympathetic Hyperactivation

The main autonomic features of FFI all point toward a dys-
regulated overactivation of ANS manifesting itself by means 
of: (1) the setting of BP, HR and temperature circadian 
rhythms to a higher level and their later disruption, (2) exag-
gerated NA and BP increase in response to physiologic stim-
uli (orthostatism and Valsalva, respectively), (3) increased 
mean level of resting awake muscle sympathetic nerve activ-
ity (MSNA), (4) absent BP rise after NA infusion, (5) abnor-
mal HR increase after atropine infusion, (6) reduced effects 
of clonidine, (7) increased paroxysmal or persistent sweat-
ing, salivation and lacrimation, and (8) sphincteric dysregu-
lation leading to complete insufficiency, point out the 
presence of an increased sympathetic tone, responsive (even 
if only partially) to stimuli at early stages and completely 
dysregulated and unhinged in later phases in FFI patients 
(Figs. 18.2 and 18.3). Hence, the sympathetic hyperactiva-
tion and the loss of its control, in terms of lack of any circa-
dian rhythms and response to stimuli, are the two focal 
clinical points in FFI autonomic alterations. Illustrative of 
this condition are “autonomic storms,” a possible event in 
FFI, characterized by a paroxysmal burst of sympathetic 
activity clinically translating into episodic hyperthermia, 
hypertension, and tachycardia associated with excessive 
sweating, salivation, and lacrimation which can precede 
short periods of SWS usually felt by patients as very restor-
ative even if lasting only few minutes [40].

Unbalanced autonomic functions with a prevalent sympa-
thetic activity are of utmost clinical relevance in FFI, not 
only for the above-mentioned signs and symptoms, but also 
for the related increased risk of mortality [41–45]. Described 
as dysautonomia in more than 80% of patients reported in 
literature, it could actually be a feature of all FFI patients, as 
some authors could not have specifically looked for it. In 
many cases, cardiovascular and neuroendocrine domains 
only studied in detail. Of note, among more than 120 patients, 
only in 5 of them the absence of dysautonomia was described 
[14, 46, 47].

 Cardiovascular

Blood Pressure and Heart Rate
Cardiovascularsigns and symptoms, clinically expressing as 
increased heart rate (HR) or elevated arterial blood pressure 
(BP), are recorded or measured in about 35% of patients [48] 
(Fig. 18.4 and see also Fig. 18.2).

Nocturnal BP fall is the first component of BP circadian 
rhythm to be markedly reduced or completely lost in FFI 
patients (Fig. 18.4) [49]. However, at the early stage of the 
disease 24-h BP and HR profiles remain unchanged or mildly 
reduced in amplitude overall and patients are generally nor-
motensive [49, 50]. As the disease progresses, the amplitude 
of circadian variations of BP and HR decreases further and 
patients develop full-blown and steady hypertension and 
tachycardia [49, 51], until complete obliteration of BP and 
HR rhythm profiles in the preterminal stage of the disease 
(Fig. 18.5a, black line and dots) [1, 49].

Hormonal and Catecholamine Circadian Rhythms
In FFI early stages, although hormonal circadian rhythms are 
maintained, cortisol levels are already persistently increased, 
positively modulating vascular response to catecholamines 
and increasing sympathetic activity (Figs.  18.4 and 18.5b, 
gray shade). In later stages, further elevation in cortisol with 
normal adrenocorticotropin (ACTH) has been documented 
in association with a pathological nocturnal peak of cortisol 
and ACTH.  In addition, elevation of norepinephrine (nor-
adrenaline—NA) and epinephrine (adrenaline—A) levels 
shows synchronism with the persistent tachycardia 
(Fig.  18.5a, b, black line and dots). Only the preterminal 
stage of the disease sees complete obliteration of the hor-
monal rhythms [49].The circadian secretory patterns of 
somatotropin and prolactin [52] are abnormal, negatively 
affecting menstrual cycle [53, 54]. Moreover, melatonin 
secretion is reduced, as most of the patients lack its physio-
logical nocturnal peak, until the complete obliteration of its 
rhythm later on [55] (Fig. 18.5).A sympathetic overactivity 
in FFI patients is also supported by the responses to auto-
nomic functions tests [1, 51, 54]. Already at early stage of 
the disease, although normotensive, patients usually present 
supine tachycardia and a high rise in NA at head-up tilt test. 
Later, with disease progression, patients can develop mainly 
systolic orthostatic hypotension, probably due to the decon-
ditioning of patients, often bedridden at this stage, counter-
balanced by a greater HR, plasma NA, and A increase in 
response to orthostatism excluding sympathetic failure. At 
Valsalva maneuver, a prompt rise in HR during the hypoten-
sion phase, which is sometimes excessively marked [51], is 
followed by a greater blood pressure overshoot with main-
tained compensatory bradycardia, which is maintained also 
during deep breathing test [54]. In other cases, BP is 
increased until no further change is seen during overshoot 
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[1], suggesting that the response to sympathetic stimuli is not 
only increased but also not appropriately modulated [54], as 
it is also seen in cold pressure test where BP rise is con-
versely lower than normal rise [51]. Moreover, sympathetic 
overactivity is confirmed by abnormal diastolic BP rise 
at  handgrip test [54] and by increased resting awake 
MSNA [56].

Pharmacological Tests Evaluating Autonomic Function
Infusing noradrenaline does not lead to a rise in BP, even if 
dosage is increased, in accordance with the already markedly 
increased levels of catecholamines, which probably result in 
the downregulation of adrenoreceptors. On the other hand, 
atropine induces an abnormal rise in HR [1, 54] highlighting 
that, when parasympathetic tone is artificially withdrawn, an 
unrestrained sympathetic activity is exposed. Finally, 
although arterial hypertension can be controlled with beta-
blockers in FFI patients [57, 58], clonidine, a central sympa-
thetic inhibitor, fails to obtain its full BP depressor and 
sedative effect, which is completely lost in patients with a 
longer duration of the disease [54] suggesting a refractory 
sympathetic dyscontrol.

All these findings point to an impaired control of the car-
diovascular system in FFI characterized by a higher sympa-
thetic activity with preserved parasympathetic activity.

Breathing
Autonomic dysfunction of breathing control is reported in 
about one-fifth of literature cases (see Fig. 18.2). Nocturnal 
breathing disorders have been described at onset or within 
3 months in six patients, either as an irregular rhythm [59] or 

as respiratory pauses [42, 47] (see Fig. 18.3); in one case a 
respiratory noise functionally compatible with vocal cord 
adduction has also been clinically reported [60]. Later on, 
patients develop diurnal alterations of breathing such as per-
sistent tachypnea at rest [40] and labored breathing. Terminal 
stages of FFI are variably characterized by respiratory fail-
ure, vocal cord adduction [61], or abnormal breathing 
rhythms (Biot’s breathing) [43, 50], which often require non-
invasive ventilation [44] or intubation [22, 43, 53, 62].

Body Temperature
Increased body temperature has been observed in more than 
one-third of FFI patients at early stages (see Fig. 18.3), pre-
senting as mild forms of evening pyrexia [60] or as more 
structured intermittent fever spikes without inflammatory 
correlates [62, 63]. As the disease progresses, the patients 
can experience a stabilization of the hyperthermia, which 
remains steady and difficult to treat [1, 61]. The circadian 
rhythm of body core temperature (BCT) is progressively 
severely disrupted during the disease course with a full sup-
pression in advanced stages [40, 43]. As a matter of fact, FFI 
patients present higher mean BCT without any clear-cut fluc-
tuations during the 24-h lacking the physiological nocturnal 
reduction (Figs. 18.4 and 18.5).

Hyperstimulation of sweat glands leads to hyperhidrosis, 
described in about 40% of the patients in the literature (see 
Fig.  18.2). Frequently present at onset [64, 65], nocturnal or 
diurnal [46, 54, 66], intense sweating can be a steady condition 
or a part of an episodic “autonomic storm”  [40]. Overall, dys-
function of the thermoregulatory control of ANS is the most 
frequently reported abnormality in about 45% of the patients.
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HR circadian variation is markedly decreased; daytime HR peaks cor-
respond to assumption of orthostatism. BcT nocturnal drop is impaired. 
(Image modified from Baldelli and Provini [31], © 2019 Elsevier with 
permission)
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Gastrointestinal
Decrease of gut motility due to sympathetic hyperactivity 
is probably the cause of constipation, generally reported 
among FFI patients, sometimes at onset [14, 41]. 
Gastrointestinal control impairment can manifest also as 

diarrhea [46] or bloating feeling (abnormal digestion) due 
to rapid accumulation of gas in the gastrointestinal tract 
[67]. When the disease reaches advanced phases, dysregu-
lation of sphincter control, causing incontinence can 
appear [1, 54].
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Genitourinary
Genitourinary dysautonomia is frequent in FFI patients, 
especially at onset, in 40% of the cases presenting these 
symptoms (see Fig. 18.3). When at onset, it often presents as 
impotence in men or loss of libido in both sexes [68–70], 
while urinary symptoms are less relevant at this stage, espe-
cially in short course MM patients.

In later stages, similarly to gastrointestinal alterations, the 
impairment of sphincter control affects also micturition lead-
ing to incontinence [1, 54, 65]. Few cases, however, report 
the association of constipation and urinary retention [71, 72]. 
This manifestation could suggest a dyssynergia of urinary 
sphincters rather than an insufficiency, probably related to a 
pathological adaptation to the underlying chronic sympa-
thetic overactivity; however, urodynamic testing was never 
performed in these patients.

Salivation, Lacrimation, and Pupillary Tone
Excessive salivation and lacrimation can be found, either 
persistent [1, 73] or paroxysmal [40]. Pupillary tone altera-
tion, miotic [47, 74] or mydriatic [53] and more frequently 
delayed or nonresponsive (to light stimuli) pupils [53, 75] 
have been described.

Sporadic Familial Insomnia
Patients sharing clinical and histopathologic features with 
FFI, without any PRNP mutation or any positive familial his-
tory, have been ascribed to the clinical definition of Sporadic 
Fatal Insomnia (sFI) [22, 76], often referred to as the tha-
lamic form of sCJDMM2 [77–79].

The sFI clinical and histopathologic phenotype appears to 
be more variable than that of the FFI variant linked to the 129 
homozygous genotype [9, 24]. Consequently, although many 
symptoms of sFI overlap with those observed in FFI, insom-
nia has not been a prominent symptom in many cases of sFI 
(only 29% of patients at onset) [80], unless specifically 
investigated [77]. This is true also for autonomic symptoms, 
reported only in half of the cases and in one-third of the 
recently reviewed European patients [76]. Impaired breath-
ing control and genitourinary symptoms are the most fre-
quent, while cardiovascular features resembling FFI are 
described in just one patient with hypertension. On the one 
hand, this outcome is predictable since the specific FFI muta-
tion, D178N, is likely to impose more constraints on the ini-
tial spontaneous conversion to a prion-like conformation of 
the mutated PrP compared to the presumably idiopathic con-
version [81, 82]. On the other, autonomic symptoms may not 
have been the main focus of these reports and therefore not 
searched in detail. Several cases have been generically 
described as “with dysautonomia,” which probably, if spe-
cifically investigated, could have been more frequent in sFI 
patients [76].

Other symptoms overlap with those observed in FFI such 
as cognitive decline and/or ataxia (42%) at disease onset and 
cognitive impairment, ataxia, insomnia and myoclonus in the 
more advanced stages. Moreover, symptoms characterizing 
atypical parkinsonian syndromes, such as oculomotor symp-
toms, dyskinesia, and parkinsonism are often present in sFI 
at presentation [83, 84].

 Agrypnia Excitata in Other Neurological 
Disorders

The clinical hallmark of FFI, AE is a definite clinico- 
neurophysiological condition characterized by (1) slow 
wave sleep loss with disruption of the physiological sleep–
wake cycle, (2) a 24-h motor, sympathetic, and aminergic 
overactivity, and (3) peculiar episodes of oneiric stupor [2, 
7, 8, 26, 85]. All these criteria must be fulfilled to make the 
diagnosis. Following are the three fundamental features of 
AE: (1) Disruption of the sleep–wake cycle consists of (a) 
disappearance of spindle-delta activities and failure of (b) 
REM sleep to stabilize, appearing only in short recurrent 
episodes or mixed with stage 1 NREM sleep [25]. (2) 
Twenty-four-hour diurnal and nocturnal (circadian) motor, 
sympathetic, and aminergic overactivity. Of particular 
interest is the steady higher secretion of NA during both 
day and night along with reduced MLT levels and the 
absence of its nocturnal peak. This inverse correlation 
between the circadian secretion of NE and MLT could con-
stitute a biological marker of AE [2]. (3) Oneiric stupor 
(OSS), the third characteristic sign of AE, consists of the 
recurrence of stereotyped gestures mimicking daily-life 
activities (Fig. 18.6). OS should not be confused with REM 
Sleep Behavior Disorder (RBD), real enacted dreams, 
appearing during REM sleep without atonia. Moreover, 
while OS episodes are clinically reported by patients as a 
single oneiric scene, RBD is characterized by enactments 
of a true dream in which emotions and memories are trans-
formed into a fantastic movie-like plot [86].

Outside FFI, AE has been observed in other diseases pre-
senting different pathophysiological mechanisms, such as 
Morvan syndrome (MS) and delirium tremens (DT).

 Morvan Syndrome

Diffuse muscle contractions (myokimias and cramps), asso-
ciated with acute insomnia, anxiety and profuse perspiration 
characterize the syndrome first described by Morvan [87]. In 
most cases, MS resolves in a few weeks or months, but in 
others the progressive worsening of symptoms leads to a 
confusional-oneiric state preceding death by months or more 
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seldom years, as described by Liguori et al. [5]. MS is usu-
ally an autoimmune disease presenting serum antibodies 
against voltage-gated K+ channels (VGKC) and may have a 
paraneoplastic origin [5, 88]. Experimental laboratory data 
have shown that subfamilies of VGKCs are involved in 
wake–sleep cycle regulation [89–91]. Since Fisher- 
Perroudon’s observations polysomnographic recordings in 
MS usually document a complete absence of spindles and 
delta activity with the predominance of a state intermediate 
between stage 1 (dominant theta activity and slow eye move-
ments) and REM sleep (transient reduction of muscle tone or 

REM discharges), resembling the state of “subwakefulness” 
described in FFI patients, interspersed with intrusions of 
more definite REM epochs (Fig.  18.7, middle graph) [5, 
92–94].

Hyperhidrosis, tachycardia, fluctuations in blood pressure 
with hypertensive crisis are common findings [95], while 
laboratory examinations reveal increased and disrupted hor-
monal rhythms and altered responses to physiological stim-
uli [5].

Twenty-four-hour plasma levels of NA can be up to two-
fold higher than in healthy controls, without any physiological 

Fig. 18.6 Frame sequence of an oneiric stupor episode in a patient 
with fatal familial insomnia. The patient performs gestures such as 
pointing at something and manipulating an inexistent object, quietly 

mimicking usual daily life activities. (From Baldelli and Provini [31], © 
2019 Elsevier with permission)
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18 Fatal Familial Insomnia



208

nocturnal decrease [5] or even with an increased nychthemeral 
secretion [96]. Blood levels of ACTH and cortisol are reported 
to be slightly raised at night with preserved physiological early 
morning increases. Melatonin levels are lower than normal in 
the absence of any circadian rhythm. Prolactin and growth-
hormone levels are negatively affected too [5].

Plasma NA, already increased at supine rest, presents an 
abnormal increase in erect posture; the appearance of numer-
ous extrasystoles makes it almost impossible to measure HR 
response to further testing [5, 96]. After plasma exchange 
treatment, autonomic responses remain pathological, but to a 
lesser extent, allowing us to highlight the absence of HR 
adjustment during Valsalva maneuver and deep breathing 
test [5]. Moreover, MSNA showed that sympathetic activity 
was much more elevated than in controls during resting 
wakefulness in two MS patients [56].

 Delirium Tremens

Alcohol withdrawal syndrome (AWS) generally arises within 
48 h after the last drink in alcohol abusers. The signs and 
symptoms of AWS consist of tremors, nausea, excessive per-
spiration, anxiety, motor agitation, and insomnia. Unless 
prompt appropriate treatment is given, AWS may develop 
into a fluctuating disturbance of consciousness accompanied 
by hallucinations, delirium, and dream enactment with motor 
agitation and severe autonomic signs (profuse perspiration, 
tachycardia, and hyperventilation), an acute psychotic state 
commonly termed delirium tremens (DT) [97].

In a typical case of DT Plazzi et  al. [6] described a 
confusional- oneiric state characterized behaviorally by epi-
sodes of oneiric stupor and polygraphically by a total disap-
pearance of spindle and delta sleep during 24-h 
polysomnographic recordings.

As already described both in FFIs [22] and in seminal 
works on AWS by Japanese authors [98, 99] wake and sub-
wake EEG features mixed with intrusion of REM sleep were 
the only polygraphic feature (Fig.  18.7, lower graph). 
Profuse perspiration, tachycardia, and hypertension are par-
ticularly common in patients with DT [6, 98, 99], who pres-
ent also with increased cortisol and plasma catecholamines 
levels [8]. A dramatic change in gamma-aminobutyric acid 
(GABA) inhibitory synapses downregulated by the long-
standing alcohol abuse, together with the upregulation of the 
N-methyl d-aspartate (NMDA) glutamatergic receptors [6, 
100], is speculated to be the cause of DT [2].

 Whipple Disease

Whipple disease (WD), an infection caused by Tropheryma 
whippelii, usually occurs with gastrointestinal and rheuma-
tologic symptoms. Oculomasticatory myorhythmia (OMM), 

which is characterized by pendular vergence oscillations of 
the eyes at 1 Hz and synchronous with rhythmic contractions 
of masticatory muscles, is pathognomonic for 
WD.  Hypothalamic dysfunction, supranuclear ophthalmo-
plegia, sleep–wake cycle, and movement disorders are also 
described [101–103].

In 2013, Calandra-Buonaura et al. reported the case of a 
33-year-old man with WD [104] and features highly sugges-
tive of AE as documented by a 24-h vPSG. A severe reduc-
tion of total sleep time and the absence of spindles, 
K-complexes, slow-wave, and REM sleep were documented 
with the presence of only wake and stage 1 NREM sleep. 
Behaviorally, the patient presented with OMM during both 
wake and sleep and a subcontinuous motor activity charac-
terized by quasi-purposeful gestures mimicking daily life 
activity resembling oneiric stupor [25]. Diaphoresis, 
increased HR and a mean body core temperature 38.6  °C 
were also present.

 FFI and Agrypnia: The Role of the Thalamus 
Not Only in Sleep–Wake Organization, 
But Also in Autonomic Control

Thalamus is fundamental to govern the sleep–wake cycle in 
terms of both wake promotion with thalamocortical loops [2] 
and slow-wave sleep onset and continuity by means of its 
MD nucleus allowing extra thalamic connections for the 
reticular nucleus [9, 105], original generator of sleep spin-
dles [106]. Spindling and SWS invariably disappear in FFI 
and AE, independent of their etiology, as the thalamus is 
most severely impaired or damaged and thalamocortical and 
corticothalamic circuits are deeply involved by the patho-
logical processes [2]. REM sleep, in contrast, continues to be 
present or even becomes overrepresented (as in DT) because 
its pontine generator is undamaged and transmission of the 
signal originating from the REM-on system to the forebrain 
follows extrathalamic pathways, as originally proposed by 
Jouvet [107] and since confirmed [108, 109]. Somnolence 
and stupor are the consequences of long-lasting and severe 
sleep deprivation. However, it cannot be excluded that the 
pathologic process affecting the thalamolimbic system may 
also have an impact on wake-promoting thalamocortical 
loops, as suggested by the fact that, in FFI, continuous som-
nolence and an inability to sleep appear together at disease 
onset [2].

Several nuclei of the thalamus have connections with 
areas of the central autonomic network (CAN): the 
 paraventricular nucleus (PVT) projects to the medial pre-
frontal cortex and receives multimodal visceral and somato-
sensory inputs; the MD nucleus is connected with several 
limbic areas involved in autonomic control [10].

In FFI, postmortem examination [1, 11] and PET scan 
[4, 34, 110] indicate that the MD and the AV nuclei of the 
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thalamus are selectively affected, with sparing of the hypo-
thalamus and brainstem autonomic areas. Evidence of tha-
lamic dysfunction is also present in AE as demonstrated in 
MS and DT [2]. While AV projects primarily to areas 
involved in learning and visuospatial memory (i.e., the 
“posterior” limbic circuit), the MD nucleus is the most 
likely candidate to be involved in the mechanisms of auto-
nomic hyperactivation, and a general overactivation of 
homeostatic control [10].

From the autonomic point of view, the MD nucleus pres-
ents reciprocal connections with hypothalamus, amygdala, 
and prefrontal cortex [111]. Its medial region is connected 
with various limbic areas involved in the control of auto-
nomic functions such as anterior cingulate gyrus and insular 
cortex, while its most central part, immediately adjacent to 
the PVT, receives inputs from the infralimbic area, amyg-
dala, and lateral preoptic area, and to some extent, the dorso-
medial nucleus of the hypothalamus [10]. Functionally, the 
MD nucleus serves as an integral relay between the inhibi-
tory effect of the cortex, integrating instinctive, emotional 
and cognitive inputs, and the hypothalamus, organizing bio-
logic rhythms, endocrine, and autonomic functions [10, 
111]. Thus, disconnection caused by MD degeneration/dys-
function results in a functional imbalance of an unbridled 
and activated hypothalamus, leading to an increase of auto-
nomic activation with tachycardia, tachypnea, systemic arte-
rial hypertension, hyperthermia, and a rise in circulating 
catecholamine levels typical of AE [9, 112]. Indeed, the flat-
tening of circadian rhythmicity is a consequence of auto-
nomic hyperactivation, as in a system oscillating between 
two extremes, the amplitude of oscillations diminishes as the 
axis of equilibrium shifts toward one end [112]. Autonomic 
hyperactivity (increase in BP and tachycardia) can be repro-
duced in anesthetized and conscious rats by injections of 
GABA antagonist bicuculline into the medial portion of the 
MD nucleus of the thalamus [113]. In addition, thalamic 
neurons showing phasic neuronal activity related to systolic 
BP and thought to be involved in the integration of afferent 
baroreceptor information have been identified in humans. 
Their derangement may contribute to cardiovascular distur-
bances [114].

 Conclusion: From Homeostasis to Allostatic 
Overload

We can hypothesize that thalamic lesions introduce a dias-
chisis (from the classical Greek διά—dia = throughout, and 
σχίζω—schizò  =  to separate—“separated throughout”) 
between limbic regions involved in instinctive behavior and 
those cortical–subcortical areas (basal forebrain, hypothala-
mus, brainstem) that promote sleep, allowing for a functional 
imbalance to arise in the form of sympathergic and motor 
activation and loss of deep sleep [112].

FFI, caused by degeneration of medial thalamolimbic 
structures, mechanistically involved in deep sleep generation 
and autonomic balance, is a basic disorder of the control of 
body homeostasis, traditionally defined as a steady state in 
which all physiological parameters operate within normal 
values. In light of past and recent evidence, this condition can 
be better explained with the more dynamic process of allosta-
sis, whereby an organism maintains physiological stability by 
changing parameters of its internal milieu by matching them 
appropriately to environmental demands [115–117].

Allostasis refers to multiple adaptive and survival- 
promoting systemic and neural processes that are activated 
by novel and potentially threatening experiences. By media-
tors, not only hormonal signaling such as cortisol and adren-
alin is conceived, but also the parasympathetic nervous 
system and pro- and anti-inflammatory cytokines [116, 118, 
119].

When repeated allostatic responses are activated (e.g., 
during stressful situations) and real or interpreted threats to 
homeostasis initiate consecutive activation of sympathetic 
drive and glucocorticoid secretion, the body starts to experi-
ence the “wear and tear” of allostatic load [120]. Allostatic 
load is sustained by the very same mediators, when they 
become overused and dysregulated among themselves (e.g., 
too much or too little cortisol or inflammation, not enough 
parasympathetic tone, or insulin resistance) [119], “allostatic 
states” arise, conditions of dysregulated activity in the brain 
and body which can occur during the development of an ill-
ness [121]. At its extremes, dysregulation of allostatic 
responses, often in response to chronic stressors, leads to the 
overtly pathologic condition of allostatic overload [122], 
where sympathetic and neuroendocrine overdrive, similarly 
to sympathetic hyperactivity of FFI, leads to a condition of 
disease. In light of this, FFI could represent also a natural 
model where patients experience a maximal allostatic over-
load of exclusive internal origin due to the maladaptive effect 
of thalamic lesions on the equilibrium of the central auto-
nomic network regulation.
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Sleep-Related Epilepsy, Dysautonomia, 
and Sudden Nocturnal Death

Paola Proserpio, Thea Giacomini, Elio Clemente Agostoni, 
and Lino Nobili

 Sleep-Related Epilepsy

The strong relationship between sleep and epilepsy has long 
been documented, but it is not completely understood 
because of the multiple aspects involved and the possible 
bidirectional influences. Sleep may favor seizure occurrence 
and in some epilepsy syndromes seizures occur mostly or 
exclusively during sleep or on awakening (sleep-related epi-
lepsies [SRE]). Sleep deprivation aggravates epilepsy due to 
decreased seizure threshold; in addiction, different sleep dis-
orders may represent relevant factors in seizure control. 
Conversely, epilepsy may alter sleep structure, both directly 
through seizures and epileptiform activity and indirectly 
through antiepileptic drug’s (AED) side effects.

Evidence reported an alteration of cardiac autonomic con-
trol (CAC) in patients with epilepsy [1]. The study of the 
autonomic function in epilepsy is important for several rea-
sons. For instance, the majority of patients with epilepsy dis-
play altered interictal heart rate variability (HRV) with a shift 
in the autonomic balance toward an increase of the sympa-
thetic tone. Moreover, different types of seizures are associ-
ated with a rapid change in autonomic balance, probably 
depending on the activation of brain regions involved in the 
autonomic modulation. Finally, autonomic dysfunction has 
been identified as one of the major pathogenetic mechanisms 
of sudden unexpected death in epilepsy (SUDEP) [2]. 
Although it is well known that the autonomic balance oscil-

lates during sleep, only few studies have examined HRV in 
sleep and wakefulness in epilepsy patients.

In this chapter, we present an overview of the clinical 
aspects of SRE, reporting the available data regarding the 
modification of the cardiac autonomic modulation in each 
type of SRE. Finally, we will update the new findings about 
SUDEP, focusing on the role of sleep and the autonomic ner-
vous system (ANS) dysfunction in its pathogenesis.

 Seizures Occurring Predominantly or 
Exclusively During Sleep Associated 
with ANS Dysfunction

 Sleep-Related Hypermotor Epilepsy

Sleep-related hypermotor epilepsy (SHE)—formerly known 
as nocturnal frontal lobe epilepsy—was first described in 
1981 by Lugaresi and Cirignotta in five patients with sleep- 
related stereotyped episodes characterized by bizarre move-
ments or dystonic/tonic posturing of the limbs [3]. 
Considering the absence of electroencephalographic (EEG) 
abnormalities, the complex motor features of the manifesta-
tions and their sleep-related occurrence, the authors initially 
considered the episodes as “unusual motor disorder of 
sleep,”, coining the term of “hypnogenic paroxysmal dysto-
nia,”, modified 5 years later to “nocturnal paroxysmal dysto-
nia” (NPD) [4]. Clinicians debated for several years about 
the epileptic or nonepileptic nature of NPD. Subsequently, 
different studies conducted in patients with frontal lobe sei-
zures undergoing neurosurgical treatment for drug-resistant 
epilepsy led to a better understanding of the physiopatho-
logical mechanism based on these manifestations, suggest-
ing their epileptic origin. Therefore, the term “nocturnal 
frontal lobe epilepsy” was adopted [5–7].

In 2014, a consensus conference including experts in epi-
lepsy and sleep medicine was convened in Bologna, with the 
aim of defining the electroclinical features and the diagnostic 
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criteria of the disorder [8] (for diagnostic criteria see 
Table  19.1). One of the major outcomes of the consensus 
conference was the need to change nomenclature; the pro-
posed new name was “sleep-related hypermotor epilepsy,” 
reflecting evidence that the attacks are associated with sleep 
rather than time of day, seizures can have an extrafrontal ori-
gin and the motor features of the seizures are specific to this 
entity.

 Epidemiology
SHE is not a homogeneous disease as familial, idiopathic, 
sporadic, cryptogenetic or symptomatic forms exist [9–11]. 
The nonlesional cases of SHE seem to be predominant in the 
familial form [12]. This epileptic syndrome is characterized 
by onset during infancy or childhood with persistence in 
adulthood [13]. SHE is reported to be a rare disorder but epi-
demiologic data are scanty. In 1999, Provini et al. showed 
that SHE represented the diagnosis in 13% of patients 
referred to their tertiary center for a video-polysomnographic 

evaluation [10]. More recently, a population-based retro-
spective cohort study conducted in the northeast of Italy 
showed that SHE is a rare epileptic condition with a crude 
prevalence of 1.8 per 100,000 residents [12]. The majority of 
SHE patients show a positive response to antiepileptic drugs, 
especially carbamazepine. However, 30% of cases are resis-
tant to carbamazepine and other antiepileptic drugs [10].

 Genetic Forms of Sleep-Related Hypermotor 
Epilepsy
The first genetic form of SHE was described by Scheffer 
et al. in 1994  in a large Australian family with autosomal- 
dominant inherited SHE (ADSHE) associated with a muta-
tion of the CHRNA4 (neuronal acetylcholine receptor 
subunit alpha-4) gene coding for the alpha4 subunit of the 
neuronal nicotinic acetylcholine receptor (nAChR) [9]. 
Subsequently, further mutations in genes (CHRNA2, neuro-
nal acetylcholine receptor subunit alpha-2, and CHRNB2, 
neuronal acetylcholine receptor subunit beta-2) coding for 
other nAChR subunits (alpha2 and beta2) [14, 15] were 
found to be implicated in ADSHE with phenotype usually 
indistinguishable [16].

More recently, additional mutations in genes not coding 
for the cholinergic receptor were discovered in 
ADSHE. Specifically, mutations of the KCNT1 gene (coding 
for a sodium-activated potassium channel subunit 1) have 
been associated with a severe form of ADSHE accompany-
ing intellectual disabilities, regression, and behavioral and 
psychiatric symptoms [17]. Of note, the same gene has been 
found to be mutated also in a rare early infantile epileptic 
encephalopathy with poor prognosis, “epilepsy with migrat-
ing focal seizures of infancy” [18, 19].

In some families with ADSHE and in rare sporadic SHE 
cases mutations have been found in DEPDC5 (DEP domain 
containing 5) and NPRL (nitrogen permease regulator-like 
protein) 2 and 3, proteins coding for the mTORC1 (mam-
malian target of rapamycin complex 1)-regulating GATOR1 
(Gap Activity TOward Rags 1) complex, implicated in the 
cell growth regulation [20–22]. Of note, DEPDC5 has been 
associated with a variety of familial epilepsies, including 
familial focal epilepsy with variable foci, familial temporal 
lobe epilepsy, epileptic spasms, and epilepsies associated 
with cortical dysplasia [23–25].

Recently, mutation in the CABP4 gene, encoding the 
neuronal Ca2+-binding protein 4 (CaBP4), was found in a 
Chinese family with 11 individuals diagnosed with ADSHE 
[26]. Finally, Peres et  al. described a case of SHE with 
peri- ictal hypotension associated with syntaxin-1B gene 
mutation [27].

 Symptomatic Forms
Studies conducted in patients with drug-resistant epilepsy 
showed that the most frequent etiological substrate of SHE is 

Table 19.1 Diagnostic criteria for sleep-related hypermotor epilepsy

Core clinical features
    1.  Brief (<2 min) seizures with stereotyped motor pattern within 

individuals and abrupt onset and offset
         •  Clustering is characteristic but not obligatory
    2.  The most common motor pattern consists of “hypermotor” 

events
         •  “Hypermotor” includes seizures with vigorous hyperkinetic 

features and seizures with asymmetric tonic or dystonic 
posturing

         •  Awareness of the episode does not exclude diagnosis
    3.  Seizures occur predominantly during sleep
         •  Episodes may occur occasionally in wakefulness
    4.  Diagnosis not excluded by:
(a) Intellectual disability, neuropsychiatric features
(b) The absence of clear interictal and ictal EEG correlates
(c) Extrafrontal origin
Three levels of certainty
    1.  Witnessed (possible):
         •  Core clinical features provided by eyewitness
    2.  Video-documented (clinical):
         •  Recording of at least one but preferably two stereotyped 

events (confirmed to be typical by eyewitness)
         •  High quality audio-video, including the onset and with clear 

visualization of the entire events, showing the evolution and 
offset of the attacks

         •  Minor motor events or PA excluded, making diagnosis 
unreliable

    3.  Video-EEG documented (confirmed):
         •  Recording of at least one but preferably two stereotyped 

events during a daytime sleep recording after sleep 
deprivation, or during a full night sleep recording, with at 
least 19 EEG channels (10–20 international system), ECG, 
oculogram, and chin EMG

         •  Clear-cut ictal epileptic discharge or interictal epileptiform 
abnormalities

EEG electroencephalography, PA paroxysmal arousals, ECG electro-
cardiography, EMG electromyography
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represented by type II focal cortical dysplasia (type II FCD) 
[28]. Notably, although type II FCD is more frequently 
located within the frontal lobe, evidence demonstrated that 
regardless of its anatomical localization, type II FCD (espe-
cially the type IIb) increases the risk of sleep-related epi-
lepsy [29]. This correlation could be probably ascribed to the 
particular firing pattern of FCD IIb during non-REM sleep, 
characterized by the periodic occurrence of fast discharge 
frequently evolving into a seizure.

 Clinical Features
From a clinical point of view, patients with familial forms of 
SHE do not show a clear distinction from sporadic NFLE 
cases, except for certain ADSHE mutations frequently asso-
ciated with specific additional neurological or psychiatric 
symptoms. Seizure frequency is usually high and sometimes 
diminishes during adulthood. Almost 30–40% of SHE 
patients experience occasional seizures during wakefulness 
[10, 30]. Of note, subjective seizure manifestations, uncom-
mon during the night, are more frequently reported by 
patients during diurnal events [10, 31].

SHE patients frequently exhibit different sleep-related 
motor manifestation of increasing complexity and duration 
during a single night [10, 11, 32, 33]. These include (a) 
minor events, consisting of short-lasting (2–4 s) stereotyped 
movements involving the limbs, the axial musculature, and/
or the head; (b) paroxysmal arousals (PA), characterized by 
frequent and recurring abrupt brief arousals lasting about 
5–10 s, accompanied by stereotyped movements (trunk and 
head elevation) often associated with vocalization and fright-
ened expression; and (c) major attacks. Moreover, a minority 
of patients may show ictal ambulatory behavior (wandering 
behavior) often associated with frightened expression and 
fear, called “epileptic nocturnal wanderings.”.

It has been postulated that the increasing complexity of 
the ictal motor manifestation is strictly related to a different 
duration and propagation of the epileptic discharge. This 
hypothesis was confirmed by studies conducted in drug 
resistant SHE patients with seizure arising from supplemen-
tary motor area, studied with intracerebral implanted elec-
trodes during the presurgical evaluation [33, 34]. However, 
more recent evidence has demonstrated that minor motor 
events, whose occurrence is highly related to the presence of 
intracerebrally recorded epileptic discharges, may not be dif-
ferentiated from physiological movements [35]. In fact, 
other studies by means of stereo-EEG investigations in drug- 
resistant SHE patients showed that periodic epileptic dis-
charges, not detectable on scalp EEG, can increase arousal 
fluctuations and in turn increase and modulate the occur-
rence of physiological movements or different kinds of sleep 
disturbances such as periodic leg movements, sleep-talking, 
and bruxism [34, 36]. On the other hand, the resulting 
increased arousal instability might facilitate the production 

of epileptic discharges in a bi-directionally influenced sys-
tem [37].

Considering major attacks, early studies focusing on sei-
zure semiology in SHE have highlighted the heterogeneous 
features of the sleep-related manifestations [9, 10]. A recent 
retrospective study on 135 patients with drug-resistant SHE 
patients identified peculiar ictal semiologic patterns in this 
population of patients [31]. In particular, seizures were clas-
sified according to four semiology patterns (SPs): SP1, char-
acterized mainly by early elementary motor signs, which 
included early clonic signs, asymmetric tonic postures or an 
asymmetric facial contraction; SP2, consisting of unnatural 
hypermotor movements, that is, nonintegrated or anarchic 
gestural hypermotor movements with axial tonic postures or 
symmetric facial contractions; SP3, characterized by inte-
grated hypermotor movements, which included hyperkinetic 
behaviors (pedaling, kicking, rocking), distal stereotypies, or 
manipulation/utilization movements in the absence of a clear 
goal-directed purpose; and SP4, including gestural behav-
iors with high emotional content, such as integrated gestural 
behaviors of fear, fight or flight behavior, frightened facial 
expression or autonomic signs. Within the frontal lobe, the 
occurrence of a peculiar SP was strictly related to the loca-
tion of the seizure onset zone (SOZ) with an anteroposterior 
distribution of the SOZ in relation to the SP: SP1 was mainly 
placed in the vicinity of the precentral sulcus (posterior 
mesial or posterior lateral surface of the frontal lobe) whereas 
SP4 was located predominantly near the frontopolar and 
orbitofrontal regions; SOZ in SP2 and SP3 was more scat-
tered but followed the same anteroposterior tendency.

 Sleep-Related Hypermotor Epilepsy: Always 
a Frontal Onset?
Hypermotor (hyperkinetic or dystonic) seizures, sleep- 
related or not, have been considered for a long time the hall-
mark of frontal lobe seizures (hence the name NFLE). 
However, over the past decade many case reports and case 
series have challenged this idea, demonstrating that other 
sites of seizure onset may trigger tonic/dystonic or hyperki-
netic behaviors. Studies by means of Stereo-EEG investiga-
tions documented an extrafrontal origin in up to 30% of 
cases of drug-resistant SHE [28]. The majority of the 
described extrafrontal SHE cases displayed a temporal or an 
insular-opercular onset although cases of parietal lobe and 
even occipital lobe onset have been reported [31, 38–41]. 
Distinguishing a frontal from an extrafrontal form of SHE 
may be challenging. In the above-mentioned study [31], it 
has been shown that extrafrontal drug-resistant SHE exhib-
ited the same SPs described for frontal SHE, but certain SPs 
were more likely or unlikely to occur in some extrafrontal 
SHE subgroups. In particular, seizures characterized by ges-
tural behaviors with high emotional content (SP4) were fre-
quently observed in temporal SHE, while they were absent in 
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operculo-insular and parietal SHE, suggesting that the pres-
ence of SP4  in SHE could be strongly related to a SOZ 
involving a network between the ventromedial prefrontal 
cortex and the anterior temporal region. As far as the early 
nonmotor manifestations, the study [32] showed that some 
nonmotor features may provide useful localizing and/or lat-
eralizing information. For instance, auditory and visual man-
ifestations were observed only in extrafrontal SHE.  As 
expected, visual symptoms were associated with posterior 
cortex SOZ while auditory symptoms were found in both 
temporal and operculoinsular SOZ.  Conversely, cephalic 
symptoms were observed only in frontal SHE while a focal 
sensory onset was observed in both frontal and extrafrontal 
(parietal and operculoinsular) SHE. The characteristic of the 
sensory manifestation was sometimes very helpful to local-
ize the SOZ. For example, insular patients frequently experi-
enced pain or a choking sensation at the beginning of their 
seizures. Conversely, patients with parietal SOZ reported 
more often vertigo or falling sensation. Finally, epigastric 
and autonomic features were present in all but the posterior 
subgroup, while emotional manifestations were observed 
only in frontal and temporal SHE.

Another recent work on drug resistant SHE patients with 
different location of the SOZ found that the mean duration of 
electrographic seizures and clinically observable ictal mani-
festations were significantly shorter in frontal SHE com-
pared to extrafrontal SHE.  Moreover, the mean latency 
between the first video-detectable movement (e.g., eye open-
ing or a minor motor event) and the onset of hypermotor 
manifestations was also shorter in frontal SHE [42].

 Electroencephalographic Features
The interictal and ictal scalp electroencephalographic fea-
tures of SHE patients are often uninformative, especially in 
cases in which SOZ is located in deep brain regions [9, 10, 
43]. However, prolonged video-EEG recordings can some-
times be useful in characterizing the EEG abnormalities in 
selected subgroups of patients undergoing presurgical inves-
tigation. In the study of Gibbs et al. [32], it has been shown 
that the majority of drug resistant patients (82%) with both 
frontal or extrafrontal SHE exhibited interictal abnormalities 
during scalp EEG recordings (routine and video-EEG). 
However, this percentage decreased when the localizing 
value of EEG based on postoperative outcome was assessed 
(48%), except in temporal SHE where 93% of interictal 
abnormalities correctly localized to the epileptogenic tempo-
ral lobe [31].

 Treatment
About two thirds of SHE/ADSHE patients benefit from car-
bamazepine administration [9, 10]. More recently, studies 
conducted in small population of SHE patients demonstrated 
the efficacy of other antiepileptic drugs administered as sin-
gle or add-on therapy, such as oxcarbazepine, topiramate, 

acetazolamide, lacosamide, and fenofibrate [44]. Finally, dif-
ferent studies demonstrated the high efficacy of epilepsy sur-
gery in selected patients with drug resistant SHE [45].

 SHE and Autonomic System
Ictal and interictal abnormalities in autonomic control of car-
diac frequency have been reported in different population of 
patients with focal and generalized epilepsies. For instance, 
faster interictal heart rates and reduced parasympathetic 
drive have been reported in patients with frontal lobe epi-
lepsy [46]. However, studies analyzing modifications of car-
diac autonomic control (CAC) specifically in patients with 
SHE are scant.

From a physiological point of view, sleep is characterized 
by oscillatory changes of CAC, with a predominant sympa-
thetic modulation during REM sleep and, in contrast, a shift 
toward a vagal predominance during NREM sleep [47]. 
Furthermore, NREM sleep does not represent a stable phe-
nomenon but it is punctuated by the occurrence of “arous-
als,” consisting of transient episodes of cortical and 
autonomic activation. Notably, some studies demonstrated 
that autonomic modification can precede cortical/EEG acti-
vation during an arousal event [47]. Specifically, the physio-
logical arousal response seems to follow a hierarchic pattern, 
starting with an early autonomic activation followed by dif-
ferent phasic EEG changes and ending in delayed cortical 
activation for stimuli of greater intensity [48].

As discussed above, a bidirectional association between 
arousal fluctuations and SHE has been observed [37], and 
higher level of arousal activity during NREM sleep has been 
described in SHE patients [49]. Calandra et al. [50] conducted 
a study to investigate whether signs of autonomic activation 
precede onset of seizure motor manifestations. Analysis of 
HRV showed a shift of sympathetic/parasympathetic cardiac 
control toward a sympathetic predominance in the 10 s imme-
diately preceding seizure onset, while changes in HR were 
evident only 1 s before seizure onset. Moreover, to clarify the 
nature (epileptic or physiologic) of the CAC changes preced-
ing the seizures, they also investigated time- dependent varia-
tions in HR and HRV related to physiological cortical arousals 
associated with motor activity (phases of transitory activation 
[PAT]). Notably, patterns of CAC variation before the motor 
onset of PAT reproduced the features of the autonomic activa-
tion observed before seizures. Therefore, authors hypothe-
sized that the sympathetic activation observed before the 
onset of seizure motor manifestations may reflect the auto-
nomic preparation that preceded the cortical and behavioral 
response to spontaneous arousal and not the direct effect of 
the discharge involving cortical areas of the CAC.

More recently, a study investigated interictal CAC modi-
fication in SHE patients. In particular, authors analyzed HRV 
modification during the cyclic alternating pattern (CAP) in 
patients with SHE with respect to controls [51]. SHE patients 
showed a significant increase in LF/HF (low frequency/high 
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frequency) and LF (low frequency) power with respect to 
healthy subjects only around A1 phases. Conversely, the 
CAC control during A2 and A3 phases was similar in the two 
populations. This seems to suggest that A1 phases in SHE 
patients may be characterized by a shift in the sympatho-
vagal balance toward a more sympathetically mediated con-
trol of heart rate. Authors hypothesized that this autonomic 
behavior could be related to a higher arousal activity 
described in SHE patients [49].

 Benign Epilepsy with Centrotemporal Spikes 
(BECTS)

Benign epilepsy with centrotemporal spikes is the most fre-
quent type of idiopathic age-dependent childhood epilepsy 
(8–20% of childhood epilepsy) [52]. The onset is usually 
between 3 and 13 years and remission is frequently before 
16 years of age. Seizures are mainly characterized by hemi 
lateral clonic deviation of the mouth and tongue often associ-
ated with sialorrhea. Seizure frequency is usually low and up 
to 70% occur during NREM sleep, typically just after falling 
asleep or before awakening. EEG is characterized by the 
interictal presence of high-voltage centrotemporal spikes 
and sharp waves with amplitude and frequency increment 
during NREM sleep when they often become synchronous or 
asynchronous bilaterally. Even if this kind of epilepsy is 
often described as “benign” with good prognosis and no cog-
nitive impairment, it is known that mild cognitive impair-
ment may be present when associated with a marked 
increment of interictal discharges during sleep [53]. A recent 
systematic review and metanalysis comprising 1237 [off 
therapy) children with BECTS and 1137 healthy controls 
showed significantly lower scores predominantly in the cog-
nitive domain, regarding long-term storage and retrieval 
[54]. Cognitive impairment both in language and academic 
performance has also been observed [55]. According to other 
studies, cognitive disturbances seem to be associated with 
the presence of bilateral discharges [56]. The observed cog-
nitive dysfunction somehow fills the gap between the appar-
ently benign BECTS and the atypical variants that can 
proceed to severe epileptic encephalopathies phenotypes as 
Landau–Kleffner syndrome and electrical status epilepticus 
in sleep (ESES), supporting the concept of a clinical spec-
trum of BECTS [52]. Genetic disposition has been observed; 
about one-fourth of patients present one or more relatives 
with seizures and recently, GRIN2A, PRRT2, SRPXA, and 
ELP4 pathogenic variants were detected in some children 
with BECTS [57, 58]. Treatment (usually valproic acid, car-
bamazepine, levetiracetam, etc.) is indicated only when sei-
zures are frequent or interfere significantly with daily life.

The analysis of HRV in 50 patients with BECTS com-
pared with 50 controls revealed that during wakefulness 

BECTS patients exhibited an increased vagal and reduced 
sympathetic tone expressed by a higher HF and a lower LF/
HF index than typically developing controls [59]. Thus, the 
study revealed a negative relationship between both seizure 
load as well as frequency of interictal sleep EEG abnormali-
ties, and parasympathetic drive levels. Authors hypothesized 
that higher parasympathetic activation could be associated 
with a more effective seizure control and that failure of these 
adaptive processes might result in more difficult controlling 
seizures.

 Panayiotopoulos Syndrome

Panayiotopoulos syndrome, also known as early onset child-
hood occipital epilepsy, is another common type of age- 
related focal epilepsy (estimated prevalence of 13% in 
children aged 3–6 years) [60]. Onset is usually between 1 
and 11 years, frequently before 6 years of age. Remission 
occurs typically also without treatment within 1–2 years of 
the onset [60]. Seizures are generally characterized by nau-
sea and vomiting often associated with a various combina-
tion of autonomic symptoms such as pallor, flushing, 
thermoregulatory alterations, mydriasis, urinary inconti-
nence, and cardiorespiratory irregularities. Visual symptoms 
may be rarely present at onset and facial clonic manifesta-
tions, and loss of consciousness may follow. Evolution into 
secondary generalized seizures is common, and duration lon-
ger than 30  min may occur. Seizure frequency is usually 
extremely low, with a majority of patients reporting only one 
to five seizures in their lifetime [61]. About two-thirds of 
seizures occur during sleep, soon after falling asleep, or in 
the early hours of the morning [62, 63]. Interictal EEG is 
characterized by focal or multifocal spikes with variable 
localization, frequently involving occipital areas and with an 
increase during NREM sleep, even if less intense than in 
BECTS. A robust correlation of interictal epileptiform dis-
charges (IEDs) with sleep spindles in this and other age- 
related epilepsies was specifically observed [64]. Occipital 
interictal spikes may be “fixation off” sensitive (meaning 
precipitated by the suppression of visual fixation) and brief 
diffuse discharges of small spikes and slow waves are occa-
sionally observed [62]. Ictal EEG usually starts before clini-
cal symptoms onset; it is usually characterized by theta 
waves mixed with small spikes and fast rhythms that may 
start variably (unilateral or bilateral) and spreading to other 
brain areas. Autonomic symptoms are not associated with a 
specific localization of ictal EEG abnormalities [65]. The 
genetic background is unknown. Rectal diazepam should be 
administered for prolonged seizures. Treatment should be 
prescribed only in patients with frequent and prolonged 
 seizures; valproic acid and carbamazepine are the most fre-
quently used drugs.
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 Juvenile Myoclonus Epilepsy

Juvenile myoclonus epilepsy (JME) is also known as Janz 
syndrome. The prevalence of JME has been estimated to be 
5–10% of all epilepsies [66]. Onset is typical during adoles-
cence, even if it can seldom occur before 10 years of age or in 
early adulthood. Seizures are characterized by the presence of 
brief, spontaneous, bilateral, arrhythmic, irregular, single, or 
repetitive myoclonic jerks repeatedly occurring on or shortly 
after awakening, without loss of consciousness. Myoclonic 
jerks usually present in brief clusters with upper limbs pre-
dominant involvement, and according to a consensus meeting 
in 2011 their presence is an obligatory requisite for JME diag-
nosis [67]. Sleep deprivation and forced awakening during 
sleep are known as triggers [68]. Generalized tonic-clonic 
seizures (GTCs), absences, perioral myoclonia, and praxis 
induced seizures may also occur. In particular, generalized 
tonic-clonic seizures are often subsequent to a cluster of myo-
clonic jerks, frequently intense and associated with prolonged 
postictal asthenia. Absences are rare (prevalence 10–38%), 
short, with partial consciousness impairment, and often are 
detected only during prolonged EEG recording [68]. Perioral 
and praxis-induced seizures are often precipitated by reading, 
speaking, and other neuropsychological activation [69]. 
Photosensitivity could be also present. Interictal EEG shows 
normal background activity and sleep pattern; widespread 
polyspikes and diffuse spike and waves at 2.3–3.5  Hz 
increased during sleep onset and awakening are typical. 
Myoclonic jerks usually are associated with rapid 5–20 poly-
spikes of increasing amplitude mainly localized in the frontal 
areas, followed or preceded by high amplitude slow waves 
[70]. Sleep disturbances have been often observed in JME 
patients, such as daytime sleepiness, disturbed night sleep, 
despite adequate medications and good seizure control [71]. 
A recent study observed the absence of expected apnea medi-
ated HRV changes, including long-term HRV changes during 
sleep in JME patients compared with healthy controls, sug-
gesting an impairment of reflex baroceptor activation and 
autonomic nervous system in these patients [72]. JME is not 
usually self-limiting, although the response to pharmacologi-
cal treatment is satisfactory in most patients [61, 67]. Most 
used and efficacious drugs are valproic acid, topiramate, and 
levetiracetam. Lamotrigine may aggravate myoclonic jerks, 
carbamazepine, oxcarbazepine, gabapentin, phenytoin, and 
vigabatrin may worsen absences, GTCs (generalized tonic-
clonic  seizures), and myoclonic seizures and should be 
avoided [73].

 West Syndrome

West syndrome is characterized by infantile spasms and 
hypsarrhythmia on EEG.  Onset is usually between 3 and 

12 months of life, even if earlier or later start is not uncom-
mon. The estimated incidence is 2.5–10/10.000 newborns 
and the prevalence is around 1–2/10.000 children at the age 
of 10 years with onset within 1 year of age in 90% of cases 
[74]. The spasms usually manifest shortly before awakening 
as brief, synchronous flexor or extensor movement of head, 
trunk, and limbs and occur in clusters. Sometimes spasms 
may be very subtle presenting as a series of tonic contrac-
tions or focal jerks or even isolated eye deviation and facial 
grimacing. EEG is characterized by high amplitude pathog-
nomonic hypsarrhythmic pattern, more prominent during 
early NREM sleep and in some cases occurring only during 
sleep [75, 76]. The etiology is the most important prognostic 
factor, but also the lack of physiological sleep patterns and 
the severity of hypsarrhythmia play a role for the develop-
mental outcome [77, 78]. In particular, previous studies 
observed, similarly to ESES/CSWS, significant impairment 
of overnight slow wave sleep and alterations of NREM slow 
oscillations (with steeper slow waves] [79]. There is increas-
ing evidence of NREM sleep slow wave activity playing an 
important role in synaptic homeostasis, synaptic plasticity 
regulation, and brain reorganization [80–82]. Slow wave 
sleep alteration may be a further causative factor for cogni-
tive impairment in children with West syndrome. Possible 
etiologies are several including genetic, metabolic, hypoxic, 
ischemic, malformation, or other brain damages. Treatment 
should be started as soon as possible, and the effect fre-
quently monitored by sleep EEG recordings. According to 
international recommendations, the most effective drugs are 
vigabatrin, adrenocorticotropic hormone (ACTH), and large 
doses of oral steroids (prednisolone) [83–85].

A few studies analyzed HRV in children with epileptic 
spasms. In particular, Moller et al. found an initial and tran-
sient reduction of HRV at the time of onset of West syn-
drome, probably related to the presence of hypsarrhythmia 
[86]. Moreover, while two studies reported a sympathetic 
dominance in patients with epileptic spasms [86, 87], one did 
not find significant differences other than lower heart rate in 
slow wave sleep [88]. A fourth study analyzing HRV during 
NREM sleep found an increased orthosympathetic compo-
nent in patients with West syndrome with respect to control 
group [89]. Finally, ACTH treatment seems to induce a shift 
toward recovery of parasympathetic function [86, 87, 89].

 Lennox–Gastaut Syndrome

Lennox–Gastaut syndrome is a severe developmental and 
epileptic encephalopathy characterized by the presence of 
drug-resistant tonic, tonic-clonic, myoclonic and atypical 
absence seizures and intellectual disability. It is a rare disor-
der, representing 1–5% of all epilepsies and 3–10% of child-
hood epilepsies with an annual estimated incidence of 
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0.2–2.8/10,000 births in European countries [90]. The typi-
cal age of onset is between 2 and 8 years, and it can appear 
as apparently cryptogenic or symptomatic of various etiolo-
gies such as pre- or perinatal ischemic or hypoxic brain dam-
ages, infections, tumors, and malformations. It is often 
preceded by a West syndrome or focal seizures [90]. Tonic 
seizures typically occur during sleep, although they can be 
subtle and detectable only with video-EEG polysomno-
graphic recordings. Interictal EEG usually shows diffuse 
slow spike-wave complexes (<3  Hz) increasing during 
NREM sleep and fast rhythmic bursts (10 Hz) during sleep; 
ictal EEG typically presents diffuse fast 10–20/s activity 
often preceded by attenuation of the background activity 
[91]. The long-term outcome is poor and it is associated with 
high mortality and severe morbidity [92]. Several drugs are 
available for the treatment of Lennox–Gastaut syndrome and 
have been validated through randomized, controlled trials. 
However, at present, there is no evidence to suggest that any 
one drug is more efficacious than another [93]. 
Nonpharmacological treatment (e.g., ketogenic diet, epi-
lepsy surgery or vagus nerve stimulation) has also been tried 
with variable results and may be considered after failure of 
two-to-three drugs [93].

Koenig et  al. reported a case of a patient affected by 
Lennox–Gastaut syndrome with a severe impairment of 
HRV at baseline, which improved after implantation of a 
vagus nerve stimulator [94].

 Electrical Status Epilepticus During Slow Sleep 
(ESES)

ESES, also known as continuous spike-wave during slow 
wave sleep (CSWS), is a developmental epileptic encepha-
lopathy with seizure onset between 2 months and 12 years 
[95]. Seizures are frequent and types are various with focal 
motor or generalized seizures occurring during sleep, atypi-
cal absences, and atonic seizures during the awake state. 
Tonic seizures are not observed, allowing differential diag-
nosis with Lennox–Gastaut syndrome. EEG is characterized 
by continuous diffuse spike-waves during slow waves sleep, 
which is usually noted after seizure onset. Spike-waves index 
(SWI) is a parameter frequently used to assess ESES severity 
and it is usually ranged between 85% and 100% during all 
night NREM sleep stages [95, 96]. Global cognitive regres-
sion, either acute or insidious, is typical some months after 
seizure onset, generally associated with behavioral distur-
bances [97]. As in West syndrome, an impairment in physi-
ological decrease of slow waves during sleep has been 
observed. The impairment is directly correlated with the 
amount of SWI during sleep. The evolution of seizures is 
usually benign, but neuropsychological disorders and behav-
ioral disturbances may be pronounced, irrespective of previ-

ous cognitive functions and development [63]. The severity 
of neuropsychological impairment correlates with duration 
of CSWS EEG pattern and the topography of the spike- 
waves is associated with the type of cognitive deficit [98]. 
Half of the patients present brain malformation or lesions, in 
particular pre or perinatal thalamic lesions have been reported 
in these patients [97, 99]. Two epileptic syndromes, BECTS 
and Landau–Kleefner, show similar characteristic to ESES 
syndrome; both are characterized by a specific increase of 
spike-waves during sleep. These three syndromes have been 
indeed associated with the same genes pathogenic variants 
GRIN2A, PRRT2, SRPXA, and ELP4 and the hypothesis is 
that they constitute an electro-clinical spectrum with a con-
tinuum between these disorders [100, 101]. Treatment 
options are various comprising steroids, benzodiazepines, 
levetiracetam, ethosuximide, valproic acid, ketogenic diet, 
but there are no controlled trials establishing the efficacy of 
different antiepileptic drugs and successful treatment is often 
difficult to achieve. The primary goal of treatment is to pre-
vent cognitive deterioration or to improve neuropsychologi-
cal impairment that are directly associated with CSWS 
duration and aggressive approach including steroid use 
should be considered [102].

 Sudden Unexpected Death in Epilepsy (SUDEP)

 Definitions
Epileptic patients have a higher probability to die prema-
turely with respect to the general population. Indeed, the risk 
of sudden unexpected death is considered to be 24–40 times 
higher in patients with epilepsy compared to people not 
affected [103]. Sudden unexpected death in epilepsy 
(SUDEP) has been defined as “sudden, unexpected, wit-
nessed or unwitnessed, non-traumatic, and non-drowning 
death that occurs in benign circumstances in an individual 
with epilepsy, with or without evidence for a seizure, and 
excludes documented status epilepticus, in which postmor-
tem examination does not reveal a cause of death” [104]. In 
the 1990s, two complementary definitions were published 
[105, 106] and since then, these two definitions have been 
used in most SUDEP studies, but often with variations. For 
this reason, in 2012 Nashef et al. proposed a unified SUDEP 
definition and classification to resolve current ambiguities 
and to retrieve cases that would not have been further studied 
if the previous definitions were used [104] (for details regard-
ing the definitions see Table 19.2).

 Epidemiology
Incidence of SUDEP varies depending on several factors, 
such as the modality of assessment of the causes of death, 
selection criteria, different definitions of SUDEP, and docu-
mentation requirements. In general, the risk of SUDEP is 
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estimated in two types of studies: general community-based 
populations and clinical cohorts (for a review see Thurman 
et al. [107]). Considering community-based studies includ-
ing all age groups, estimates ranged from 0.33 to 1.35 cases 
of SUDEP annually per 1000 people with epilepsy. Nine 
clinic-based studies, mainly representing people with 
treatment- resistant epilepsy, yielded higher estimates of 
SUDEP occurrence, ranging from 1.2 to 6.3 cases of SUDEP 
annually per 1000 individuals. In 2017, the American 
Academy of Neurology (AAN) and American Epilepsy 
Society (AES) published a clinical practice parameter guide-
line on SUDEP risk factors and incidence [108]. They found 
that the SUDEP risk in children with epilepsy is low 
(0.22/1000 patient-years) and increases in adults (1.2/1000 
patient-years). However, this finding was challenged by two 
recent studies conducted with a more comprehensive study 
design employing multiple data sources to screen for SUDEP 
cases. In particular, Keller et al. [109] reported the overall 
incidence of pediatric SUDEP as 1.17 per 1000 person-years 
in the province of Ontario, Canada while Sveinsson et  al. 
[110], using linked records from the Swedish National 
Patient Registry and National Cause of Death Registry, 
reported the incidence of SUDEP to be similar across all age 
groups: 1.1 per 1000 person-years in children <16 years and 
in adults 1.13 (age 16–50 years) and 1.29 (age > 50 years), 
respectively.

Studies analyzing the frequency of SUDEP in patients 
with sleep-related epilepsy are rare. In 2015, Mostacci et al. 
conducted a retrospective study showing an incidence of 
SUDEP in SHE patients similar to that observed in the gen-
eral epilepsy population (0.36 per 1000 person-years) [13]. 
Authors hypothesized that the low prevalence of SUDEP 
could be probably related to the low occurrence of general-
ized tonic-clonic seizures in people with SHE. Considering 
that recent findings demonstrated that SOZ in SHE can be 
located also outside the frontal lobe, it is possible that SHE 
patients with an insular onset are at higher risk of 
SUDEP. Indeed, it has been shown that seizures originating 
from the insula may be accompanied by more evident auto-
nomic dysfunctions.

Three boys with a diagnosis of BECTS were identified 
among 189 cases reported in the North American SUDEP 
Registry [111]. The three patients spanned the spectrum of 
BECTS severity: one had only a few seizures, one had more 
than 30 focal motor seizures, and one had four witnessed 
generalized tonic-clonic seizures and approximately 30 sus-
pected generalized tonic-clonic seizures. None of the patients 
was prescribed antiseizure drugs, either owing to physician 
recommendation or mutual decision by the physician and 
parents. All three patients were found dead in circumstances 
typical of SUDEP.

A population study was conducted in Finland to analyze 
long-term survival and mortality among 207 patients treated 
for West syndrome in three tertiary care hospitals [112]. 
Etiology at onset was symptomatic in 87% patients and cryp-
togenic in 13%; six of the latter 26 patients later turned out 
to be symptomatic. During follow-up, 10 of 207 patients had 
died of SUDEP, representing the most common epilepsy- 
related cause of death. The mean age at SUDEP was 
27.4 years. All but one of the SUDEP cases had intellectual 
disability and all but one had an underlying neurologic 
disorder.

 Risk Factors for SUDEP
The identification of risk factors is essential to support cli-
nicians to recognize individuals at risk and to identify how 
SUDEP risk can be mitigated and prevented, but also 
potentially help understand the underlying pathophysiol-
ogy of SUDEP. Studies analyzing SUDEP risk factors are 
different with regard to the populations studied, methodol-
ogy, and study design. The above cited AAN/AES guide-
lines [108] considered the presence and frequency of 
generalized tonic- clonic seizures (GTCs) as the most 
important risk factors for SUDEP (OR 10). Other factors 
associated with higher SUDEP risk were not being seizure 
free for 1–5 years (OR 4.7) and not adding an antiepileptic 
drug (AED) when patients are medically refractory (OR 6); 
the presence of nocturnal supervision was found to reduce 
SUDEP risk (OR 0.4), as did the use of a nocturnal listen-
ing device (OR 0.1).

Table 19.2 New SUDEP definition and classification according to 
Nashef et al. ([104], © 2012 John Wiley and Sons, with permission)

Definite SUDEPa

Sudden, unexpected, witnessed or unwitnessed, non-traumatic and 
non-drowning death, occurring in benign circumstances, in an 
individual with epilepsy, with or without evidence for a seizure and 
excluding documented status epilepticus (seizure duration ‡30 min 
or seizures without recovery in between), in which postmortem 
examination does not reveal a cause of death
Definite SUDEP plusa

Satisfying the definition of definite SUDEP, if a concomitant 
condition other than epilepsy is identified before or after death, if the 
death may have been due to the combined effect of both conditions, 
and if autopsy or direct observations/recordings of terminal event did 
not prove the concomitant condition to be the cause of death
Probable SUDEP/Probable SUDEP plusa

Same as definite SUDEP but without autopsy. The victim should 
have died unexpectedly while in a reasonable state of health, during 
normal activities, and in benign circumstances, without a known 
structural cause of death
Possible SUDEPa

A competing cause of death is present
Near-SUDEP/Near-SUDEP plus
A patient with epilepsy survives resuscitation for more than 1 h after 
a cardiorespiratory arrest that has no structural cause identified after 
investigation
Not SUDEP
A clear cause of death is known
Unclassified
Incomplete information available; not possible to classify

aIf a death is witnessed, an arbitrary cutoff of death within 1 h from 
acute collapse is suggested
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Previous studies reported that specific AEDs (i.e., 
lamotrigine or carbamazepine) were associated with height-
ened SUDEP risk; however, these findings have been chal-
lenged from the results of recent studies. Therefore, the 
AAN/AES concluded that the evidence was low or low/con-
flicting for specific AED use and polytherapy, respectively, 
for SUDEP risk [108]. Conversely, optimization of AED 
therapy may reduce SUDEP risk: hence, in individuals with 
refractory epilepsy, the risk of SUDEP seems to be increased 
when an AED is not added to the treatment regimen.

Different scales are in development to help identify per-
sons at risk. DeGiorgio et al. [113] reported the first SUDEP 
Inventory (the SUDEP-7), which was drawn from a single 
large cohort study [114]. The SUDEP-7 has been proposed 
to quantify SUDEP risk in living people with epilepsy based 
upon five factors: frequency of generalized tonic–clonic sei-
zures, monthly seizure frequency, number of antiepileptic 
drugs in use, duration of epilepsy, and intellectual disability. 
Each risk factor is assigned a point score based on its respec-
tive odds ratio for SUDEP, with a possible score of 0–12. The 
revised SUDEP-7 (rSUDEP-7) combines generalized tonic- 
clonic seizures and seizure frequency measures to reduce 
score inflation [115] (Table 19.3).

 Genetics of SUDEP
Recently, several pathogenic alterations in different genes 
have been reported to increase SUDEP risk through multiple 
pathophysiological mechanisms. Specific genetic and epi-
lepsy syndromes are also associated with increased risk of 
SUDEP. Patients with Dravet syndrome (DS), a genetic epi-
leptic encephalopathy in which a SCN1A loss-of-function 
mutation is found in 80% of cases, are at increased risk of 
SUDEP and premature mortality [116]. Analogously, indi-
viduals with mutations in SCN8A, associated with early- 
infantile encephalopathy, may also be at increased risk of 
SUDEP although a recent review of all-cause mortality in 
SCN8A did not confirm this association [117]. Moreover, 
patients with isodicentric chromosome 15 syndrome —espe-
cially those with severe neurological dysfunction —have 
higher risk of SUDEP. Several other genes have been found 
to be associated with SUDEP such as, SCN2A, SCN5A, 
KCNA1, KCNQ1, KCNH2, DEPDC5 (for a detailed review 
see [118]). Notably, some of these ion channel mutations are 
co-expressed in the brain and heart and predispose to both 
epileptic seizures and cardiac arrhythmias.

 SUDEP and Sleep
Prince John the youngest child of King George V of England 
died having SUDEP during sleep. At that time, the royal doc-
tor, Alan Reeve Manby wrote: “His Royal Highness Prince 
John, who has since infancy suffered from epileptic fits, 
which have lately become more frequent and severe, passed 
away in his sleep following an attack this afternoon at 
Sandringham.” This is one of the first witnessed SUDEP case 
that happened during sleep. Subsequently, different studies 
demonstrated an association between SUDEP and night time 
or sleep [119, 120]. For instance, Lamberts et al. observed 
that 62% of SUDEP cases happened between midnight and 
noon and that 58% of SUDEP cases were sleep-related [121].
Similarly, a recent systematic review and meta-analysis 
[122] demonstrated that SUDEP is significantly associated 
with sleep as compared to wakefulness (69.3% of cases 
occurred during sleep and 30.7% occurred during 
wakefulness).

All these data suggest that sleep exert a fundamental role 
as a risk factor that can act in a particular circumstance with 
a peri-ictal coincidence of several precipitating factors. 
Moreover, other than the function of sleep as a possible pre-
cipitating factor for SUDEP, recent evidence suggests that 
sleep-epilepsy interaction could also exert a long-standing 
effect leading to an increase of SUDEP susceptibility. 
Different studies showed that ANS factors affecting cardiac 
or respiratory functions play a pivotal role in the SUDEP 
pathogenesis. However, evidence on how they might be 
related to one another or to an epileptic seizure, eventually 
leading to sudden death, especially during sleep, are not con-
clusive [2, 119].

Table 19.3 Comparing the SUDEP-7 to the revised SUDEP-7

Risk factors SUDEP-7
Revised 
SUDEP-7

GCTS in the past 12 months 0 seizures → 0 
points
1–3 
seizures → 1 
point
≥4 seizures → 3 
points

0 seizures → 0 
points
1–3 
seizures → 1 
point
≥4 seizures → 2 
points

Any seizure, frequency per 
month in the past 12 months

0 seizures → 0 
points
1–49 
seizures → 1 
point
≥50 
seizures → 3 
points

0 seizures → 0 
points
1–49 
seizures → 1 
point
≥50 
seizures → 2 
points

Epilepsy duration 0–29 years → 0 
points
≥30 years → 3 
points

Number of AEDs 0–2 drugs → 0 
points
≥3 drugs → 1 
point

Cognitive impairment IQ ≥ 70 → 0 
points
IQ < 70 → 2 
points

Total score 12 points 10 points

AED anti-epileptic drug, GCTS generalized tonic-clonic seizures, IQ 
intelligence quotient, SUDEP-7 SUDEP Risk Inventory
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 Longstanding Effects of Sleep and Epilepsy 
Interaction: Implications for SUDEP
Different studies reported autonomic changes in epileptic 
patients, especially during sleep. Interictal HRV abnormali-
ties have been described in various populations of both focal 
(especially temporal] and generalized epilepsy [1]. These 
HRV variations seem to be more pronounced during night 
time, suggesting that this period might be more vulnerable to 
impaired ANS heart control. Moreover, HRV modifications 
in epileptic patients improve after epilepsy surgery; in par-
ticular, patients with a poor surgical outcome show a more 
pronounced HRV impairment than those individuals with a 
good outcome [123]. These findings suggest that the ANS 
control could be mainly related to seizure reduction.

It is not completely clarified if HRV modifications 
reported in epileptic patients during sleep are related to a 
direct effect of interictal discharges or to their indirect effect 
on arousal instability. Indeed, as discussed above for SHE, 
periodic epileptic discharges can increase arousal fluctua-
tions, inducing in turn a chronic sympathetic over activation. 
Moreover, among drug-resistant patients, a further vulnera-
bility factor is represented by the repeated effects of seizures 
on the cardiovascular system that might also result in dam-
age to the nervous network regulating excitation of the car-
diac tissue. Indeed, sudden cardiac death (SCD) is more 
frequent in patients with underlying cardiac structural abnor-
malities. However, although several studies demonstrated 
postmortem myocardial injuries in SUDEP subjects [124], to 
date no evidence exists to support this possibility.

Some studies correlate specific AEDs use with greater 
degrees of autonomic dysfunction. For instance, carbamaze-
pine can slow cardiac conduction, reduce HRV and, rarely, 
induce atrio-ventricular (AV) conduction block in elderly 
patients [125]. Moreover, the side effects of some AEDs such 
as weight gain or hyperhomocysteinemiae may in turn cause 
an indirect dysfunction of the cardiovascular system [119]. 
Different studies analyzed the effects of weaning AEDs in 
adults, including the rapid tapering that typically occurs dur-
ing epilepsy monitoring unit admissions with conflicting 
results. While two studies demonstrated that rapid AEDs 
reduction led to acute decreases in HRV, the third study 
found instead no significant differences [1]. Another study in 
seizure-free outpatients with epilepsy on drug monotherapy 
demonstrated that slow withdrawal of AEDs appeared to 
improve HRV [126]. In summary, there is not enough evi-
dence of a negative impact of AEDs on sleep-related auto-
nomic changes; conversely, achieving complete seizure 
control represents one of the main tools to reduce SUDEP 
risk. Moreover, AEDs may show beneficial effects not only 
on the control of neuronal excitability but also on stabiliza-
tion of sleep structure, with a consequent reduction of sleep 
arousals and in turn an indirect positive improvement of 
ANS functions.

Although different studies analyzed HRV in epileptic liv-
ing patients, evaluating HRV parameters in relation to 
SUDEP risk factors and prospective data on HRV from 
SUDEP patients are scanty. In 2009, Surges et al. did not find 
significant differences in interictal HRV measures on seven 
patients with SUDEP with respect to a control group [127]. 
In a recent work, Myers et al. analyzed HRV data in wakeful-
ness and sleep from 80 patients with drug-resistant epilepsy, 
half of whom had sodium channel mutations. They found 
that patients with sodium channel mutations who died due to 
SUDEP showed more extreme HRV derangements with low 
HRV in wakefulness and extremely high or very low values 
of sleep/awake HRV ratios [1].

 Seizures During Sleep: Precipitating Factors 
for SUDEP
Studies evaluating the circumstances of death suggest that 
the most common scenario for SUDEP is a convulsive sei-
zure occurring during sleep especially in prone position. The 
MORTEMUS study represents the largest study to date 
describing cardiorespiratory function at the time of death in 
epilepsy [128]. In this study, seven of the 10 cases for which 
sleep state could be determined occurred during sleep (one 
during REM, one during stage 1, two in stage 2, and three in 
sleep stages 3 or 4). Moreover, all SUDEP death happened 
after a convulsive seizure. In summary, the triggering seizure 
was followed by a short period of normal or increased heart 
and respiratory rates, after which a combination of central 
apnea, severe bradycardia, or transient asystole occurred 
concomitant with postictal generalized EEG suppression 
(PGES), typically after 1–3 min. This cardiorespiratory col-
lapse was terminal in a third of patients. In the other patients, 
this was followed by transient restoration of cardiac function 
associated with abnormal and possibly ineffective respira-
tion, probably aggravated by the prone position. Respiration 
then progressively worsened until terminal apnea, which 
occurred before terminal asystole in all cases. These data 
suggest that the highly abnormal cardiorespiratory patterns 
seen in all these cases could have been induced by a cata-
strophic autonomic dysfunction consequent to a severe 
brainstem problem.

Although a severe cardiorespiratory dysfunction induced 
by a GTCS represents the most common pathogenetic mech-
anism in SUDEP, rare cases of ventricular tachyarrhythmia 
in near-SUDEP or SUDEP patients were described. For 
instance, Espinosa et al. reported a case of near-SUDEP in a 
51-year-old woman with refractory temporal lobe epilepsy. 
During video-EEG, a right temporal focal seizure occurred 
out of sleep, followed by a secondary generalization, which 
triggered ventricular tachycardia, requiring placement of an 
implantable cardiac defibrillator [129].

Studies conducted in animal models showed that both 
interictal and ictal epileptic activity may affect cardiac 
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rhythm. Moreover, different kind of cardiac arrhythmias 
(i.e., severe tachyarrhtythmias, bradycardia, or asystole) 
have been shown not only in GTCS but also in focal seizures, 
especially originating from the temporal lobes, the insular 
cortex, or the limbic system. A study conducted with long- 
term ECG recording via implantable loop recorders in 
patients with refractory epilepsy reported the occurrence of 
at least one episode of ictal bradycardia or asystole in 21% of 
patients [130]. A retrospective analysis of multiday ECG 
data obtained during video-EEG recording in a population of 
drug resistant patients found that patients who subsequently 
died having SUDEP had greater increases in heart rate dur-
ing seizures as compared with a clinically similar group of 
patients with refractory epilepsy. These changes in heart rate 
were particularly evident during sleep-onset seizures in the 
SUDEP group [131].

Different studies investigated the role of the respiratory 
system in the pathophysiology of SUDEP.  Indeed, ictal 
respiratory impairment, often closely linked to cardiac dys-
function, is a prominent feature in witnessed SUDEP cases 
as demonstrated by the MORTEMUS study [128]. Since 
1950s, Kaada and Jasper demonstrated that electrical stimu-
lation of different brain regions such as human insular cor-
tex, ventromedial prefrontal cortex, hippocampus, and 
amygdala produced an autonomic dysfunction which may 
cause respiratory arrest in rare cases [132]. It has been shown 
that ictal desaturations and ictal central apnea strongly cor-
relate with temporal lobe epilepsy. In particular, intracere-
bral recordings in drug-resistant epileptic patients revealed 
that ictal apnea is related to the spread of a temporal onset 
seizure to the contralateral temporal lobe rather than the sei-
zure onset itself [133]. More recently, another study with 
stereo EEG in patients with medically intractable epilepsy 
found that central apnea and O2 desaturation occurred when 
seizures spread to the amygdala. Moreover, in the same 
patient localized electrical stimulation of the amygdala 
reproduced the same respiratory dysfunction [134]. Severe 
and prolonged increases in end-tidal CO2 (ETCO2) and mod-
ification of regional cerebral oxygen saturation are also 
reported to occur with seizures. Indeed, a study conducted 
with video-EEG telemetry with recording of respiratory data 
revealed that one-third of patients with focal epilepsy had 
seizures with ETCO2 elevation above 50 mm Hg. Of note, 
ictal/postictal ETCO2 increase above baseline was recorded 
for a mean duration of 424  s [133]. Moreover, studies by 
means of near-infrared spectroscopy reported decreased 
regional cerebral oxygenation with ictal onset [135].

In the majority of SUDEP cases, the victim is found in the 
prone position [136]. It is generally agreed that ending a con-
vulsive seizure in the prone position may increase the risk of 
SUDEP. The most plausible explanation for this is that this 
position might increase the risk of an obstruction of the nose 

and mouth due to pressure against the bed clothing and alter 
ventilation by reducing vital capacity and tidal volume [137].

Serotonergic neurons seem to be implicated in the basic 
neurobiological mechanisms for SUDEP. Indeed, serotoner-
gic neurotransmission modulates different brain functions, 
such as breathing, sleep-wake transitions and circadian 
rhythmicity. Serotonin levels are highest during wakeful-
ness, reduced during NREM sleep, and almost absent during 
REM sleep [138]. Stable breathing requires serotonergic 
neurotransmission [139]. During sleep, increase in seroto-
nergic neurotransmission is essential for the arousal response 
to inspired CO2. An ictal epileptic discharge induces a sup-
pression of serotonergic neurotransmission during both ictal 
and postictal period [140]. Therefore, a disruption of normal 
serotonergic arousal mechanisms may alter the normal 
arousal response to CO2 in the postictal period during sleep, 
thus favoring death. In DBA/2 mice which lack several 5 HT 
receptor proteins in the brainstem, provoked audiogenic sei-
zures leading to death due to respiratory arrest, which can be 
prevented with oxygenation. It is noteworthy that this 
seizure- related death is reduced by use of selective serotonin 
reuptake inhibitors (SSRI) [141]. An animal study conducted 
with kainic acid to induce recurring seizures, showed that 
seizure activity caused increased firing of the recurrent laryn-
geal nerve resulting in laryngospasm and airway occlusion, 
with a consequent obstructive apnea followed by ST segment 
elevation, bradycardia, and death [142].

An electrophysiological phenomenon which can be 
observed following seizures is PGES.  This consists in the 
absence of detectable scalp EEG activity at <10 microvolts 
amplitude, typically following a primary or secondarily 
GTCS. In rare cases of SUDEP, a PGES started before the 
occurrence of any fatal cardiac or respiratory arrest [143]. A 
primary cause of this unclear phenomenon could be an alter-
ation of cerebral blood flow autoregulation that induce a sud-
den drop of cerebral perfusion and a subsequent cessation of 
electrical activity. In epileptic patients, an overactivity of the 
sympathetic drive is reported to induce an impairment of 
interictal cerebrovascular autoregulation [144]. During 
NREM sleep, a reduction of cerebral blood flow and cerebro-
vascular response to hypercapnia and especially to hypoxia 
occurs, thus suggesting that during this sleep stage cerebral 
circulation may be particularly vulnerable [145].

 Sleep Disorders Comorbidities in Epileptic 
Patients: Implications for SUDEP
Patients suffering from nocturnal epilepsy and, in general, 
from epilepsy can also suffer from primary sleep disorders. 
These can manifest themselves independently from epilepsy 
in the same patient but can negatively influence the epileptic 
disorder itself; conversely, the expression of sleep disorders 
can be negatively influenced by the epileptic condition. The 
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most frequent sleep disorder in epilepsy patients is repre-
sented by obstructive sleep apnea (OSA). The frequency of 
comorbid OSA in various epilepsy cohorts has been esti-
mated to range between approximately 10% and 30%. 
Recently, McCarter et  al. demonstrated that drug resistant 
epilepsy patients are at an increased risk of sleep disor-
dered breathing, particularly OSA [146]. Moreover, they 
also found a possible association between OSA and SUDEP 
risk. Indeed, OSA has been identified as an independent 
risk factor for sudden cardiac death [147]. The autonomic 
dysfunction and lower resting oxygen saturation observed 
in OSA patients might increase a patient’s vulnerability to 
SUDEP.  In particular, recurrent apnea/hypopnea episodes 
may lead to an increase in sympathetic tone and hypoxemia 
that, in turn, increase myocardial oxygen demand, resulting 
in cardiac ischemia and potentially fatal dysrhythmias. 
Moreover, OSA could further increase the QTc interval in 
vulnerable refractory epilepsy patients who may already 
have underlying prolonged QTc due to seizures or AEDs 
side effects [148]. Finally, OSA could induce a further 
impairment of HRV, worsening a poor pre-existing under-
lying autonomic function in patients with epilepsy that, in 
turn, could favor the development of tachydysrhythmias 
and sudden death [149]. The increased SUDEP risk in epi-
leptic patients with OSA may be also mediated by a respi-
ratory dysfunction. A chronic hypercapnia with a decreased 
ventilatory response to higher carbon dioxide levels has 
been described in patients with OSA [150]. Therefore, the 
above-mentioned dysfunctional serotonin transmission 
induced by seizures together with the blunted respiratory 
response to hypercapnia caused by chronic OSA may fur-
ther reduce the respiratory drive following postictal apnea, 
increasing the risk of SUDEP. Finally, OSA could induce a 
sleep fragmentation and a consequent sleep deprivation 
[151], lowering the seizure threshold, and increasing the 
risk for refractory seizures and, in turn, the susceptibility for 
SUDEP.

 Prevention of SUDEP
The primary purpose of understanding the incidence, risk 
factors, and biomarkers for SUDEP is to help identify indi-
viduals at risk and to determine how risk can be mitigated 
and SUDEP prevented. As discussed above, the most impor-
tant risk factor for SUDEP is the presence of GTCS.  The 
American Academy of Neurology and American Epilepsy 
Society recommend that clinicians inform their patients 
about the SUDEP risk [108]. Different survey studies 
revealed that epilepsy patients and family members prefer to 
know about the risk factors of SUDEP during the early phase 
of management [152]. However, recent evidence showed that 
only a small minority of neurologists counsel all of their 
patients about SUDEP [153]. A meta-analysis conducted by 

Ryvlin et al. found that an adjunctive AED treatment might 
reduce the SUDEP risk by seven times in drug resistant epi-
lepsy patients [154]. In case of refractory epilepsy, other 
treatments should be evaluated, such as epilepsy surgery, 
vagal nerve stimulation (VNS), responsive neurostimulation, 
and the ketogenic diet.

Considering the role of sleep as risk factor for SUDEP, 
nocturnal supervision and nocturnal listening devices have 
been proposed as preventive measures for SUDEP. In accor-
dance with the AAN/AES guideline, “for persons with fre-
quent GTCS and nocturnal seizures, clinicians may advise 
selected patients and families, if permitted by their individu-
alized epilepsy type and psychosocial circumstances, to use 
nocturnal supervision or other nocturnal precautions, such 
as the use of a remote listening device, to reduce SUDEP 
risk” [108].

Moreover, a growing number of automated devices to 
help detect seizures are now available in the market. There 
are two categories of devices: EEG-based systems (i.e., 
video EEG, ambulatory EEG, neurostimulation devices, 
VNS) and non-EEG systems, which employ several different 
technologies, such as accelerometry, electrodermal activity 
or skin resistance/conductance, near-infrared spectroscopy, 
electrocardiogram, electromyogram, and video monitoring 
[155]. However, to date, studies evaluating their efficacy are 
scanty, frequently conducted on small population of patients 
and by the same team developing the devices.

Although evidence regarding prone position as a risk fac-
tor for SUDEP is discordant, different simple preventive 
measures have been suggested, such as positioning or the use 
of antisuffocation pillow. Moreover, using early intervention, 
such as stimulating and turning the patient to the lateral posi-
tion and suction with or without supplemental oxygen 
administration could help to reduce the duration of peri-ictal 
hypoxemia and seizure [156].

Finally, Bateman et al. found that SSRIs are associated 
with reduced severity of ictal hypoxemia in patients with 
medically refractory partial seizures [157]; however, fur-
ther studies are needed to determine if SSRIs can reduce 
SUDEP risk.

In summary, epilepsy patients often display ANS dys-
function during interictal states that can be related to genetic, 
medication, and other factors. Seizures may induce acute 
cardiac and respiratory dysfunction. Indeed, during seizures 
a sinus tachycardia frequently occurs but also asystole and 
malignant tachyarrhythmias have been observed. Seizures 
can also trigger an acute respiratory dysfunction, such as 
central ictal and obstructive apnea related to laryngospasm. 
Thus, recent data suggest that the underlying autonomic dys-
function in epilepsy patients might predispose them to a sud-
den fatal cardio-respiratory dysfunction during a seizure, 
resulting in SUDEP.
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The Postural Tachycardia Syndrome 
(PoTS)

Christopher J. Mathias, Andrew P. Owens, 
and Valeria Iodice

 Introduction

The postural tachycardia syndrome (PoTS) has been increas-
ingly recognised since the start of the new millennium. The 
term ‘PoTS’ was first used in 1982 [1], and subsequently in 
1993 [2], when Schondorf and Low described it as the 
‘Postural Orthostatic Tachycardia Syndrome’. The acronym 
PoTS is ideal, but with exclusion of ‘orthostatic’ as this is 
superfluous. PoTS predominantly affects the young, between 
13 and 40  years, with a higher prevalence in females. 
Although the prevalence is not accurately known, it previ-
ously has been estimated at 170 cases per 1000,000  in the 
general population [3].

PoTS is characterised by an abnormally elevated rise in 
heart rate of >30 beats per minute (bpm) or greater in 
adults, ≥40  bpm in adolescent or younger adults (12–
19 years) within 10 minutes of head-up tilt or standing, or 
when the heart rate (HR) is over 120  bpm while upright 
(Fig. 20.1). There should be no fall in blood pressure (BP) 
or orthostatic hypotension, as may occur in high spinal cord 

injuries where HR rises due to a vagal response to falling 
BP (Fig. 20.2).

Descriptions suggestive of PoTS were made during the 
American Civil War (‘irritable heart syndrome’ [4]) and after 
the First World War (‘soldier’s heart’, Sir Thomas Lewis, 
1918 [5]). Both Da Costa and Lewis wished to separate these 
conditions from organic/valvular cardiac disease. PoTS prob-
ably was described previously as vasoregulatory asthenia, 
neurocirculatory asthenia, hyperadrenergic orthostatic hypo-
tension, and sympathotonic orthostatic hypotension. It is 
important that in addition to the key defining criteria (postural 
tachycardia and absence of orthostatic hypotension), there is 
no evidence of autonomic failure or other causes that can 
raise HR abnormally [6]. Some have considered PoTS under 
hyperadrenergic or neuropathic phenotypes [7]. Dysfunction 
of the noradrenaline transporter gene promoter region [8], 
deconditioning [9], hypovolemia, and/or poor orthostatic 
cerebral autoregulation [10] also have been reported.

Common features in PoTS include fatigue, which often 
is present when patients wake up in the morning feeling 
unrefreshed. This is not necessarily related to, but often is 
associated with, sleep disturbances that include either get-
ting to sleep or being interrupted, for reasons that could 
include nocturnal palpitations. Fatigue may occur even in 
those who sleep normally, or for prolonged periods of 
time. In a recent study of almost 5000 participants, light-
headedness, tachycardia, headache, and difficulty in con-
centration were key symptoms [11]. As this was a 
community-based study, it is uncertain how many were 
objectively diagnosed on autonomic testing and thus with 
a definitive diagnosis of PoTS.  Associated morbidities 
included headache in 40%, irritable bowel syndrome in 
30%, chronic fatigue in 21%, and features of the joint 
hypermobile form of Ehlers-Danlos syndrome (E-DS III) 
in 25%. The incidence of the last, E-DS III was lower and 
differs from our experience in London for reasons yet to be 
explained, the last lower and differing from our experience 
for reasons yet to be explained.
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 Clinical Features

The history usually is of orthostatic intolerance, with presyn-
cope and often syncope, usually after postural change from 
lying down to upright. Palpitations and dizziness, with 
 postural change, are common and many patients report an 
onset for reasons that temporally, and in retrospect, may be 
difficult to pinpoint (Box 20.1). Life events that often coin-
cide with the onset of PoTS include infection, trauma, stress 

or surgery. Patients often are young (below 40) and more 
likely to be female, although this is not exclusive, as the con-
dition is increasingly recognised in specialist autonomic units 
and has improved in primary and secondary clinical practice. 
In addition to symptoms worsening after head-up postural 
change, exacerbating factors include certain foods (such as 
carbohydrates and even small amounts of alcohol), physical 
exertion and hot weather, each of which can cause vasodilata-
tion in different vascular beds (Box 20.2). Some are aware of 
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Fig. 20.1 Blood pressure (BP) and heart rate (HR) measured continu-
ously and non-invasively in a normal subject (control) and in a subject 
with PoTS before, during, and after head-up tilt. PoTS is characterised 

by a rise in HR of >30 beats per minute (bpm) or greater within 10 min-
utes of head-up tilt or standing, or when HR is over 120 bpm while 
upright
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Fig. 20.2 Blood pressure 
(BP) and heart rate (HR) 
measured continuously in a 
normal subject (upper panel) 
and in a high spinal cord 
lesion (lower panel), before, 
during, and after head-up tilt. 
Unlike the normal subject, 
there is a fall in BP 
(orthostatic hypotension) in 
the tetraplegic when upright 
because the sympathetic 
efferent outflow in the spinal 
cord is disrupted. However, 
the brainstem is not affected 
and there is a marked rise in 
HR because of withdrawal of 
vagal nerve activity in 
response to the fall in 
BP. This differs from the HR 
rise in PoTS when upright, 
which occurs without a BP 
fall
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colour changes (red/purple discoloration or mottling) in the 
lower limbs and especially feet, when upright (Fig.  20.3), 
which resolve when lying flat. Other than postural tachycar-
dia, there usually are no abnormal cardiac findings, other than 
on auscultation, to suggest mitral valve prolapse.

A detailed clinical examination of various systems is essen-
tial, as they may be involved, in addition to cardiovascular 
autonomic features. In each of our centres, PoTS is most fre-
quently (by coincidence or otherwise) associated with the joint 
hypermobile form of Ehlers- Danlos syndrome III (E-DS III), 
now classified as the hypermobile form of Ehlers-Danlos syn-
drome (hE-DS) [6]. Clinical features of hE-DS include joint 
hypermobility (doubled jointedness, dislocations, transloca-
tions/subluxations, clicking joints), a positive Gorlin sign (the 
ability to touch the nose with the tip of the tongue), lax skin 
and subcutaneous tissue, and paper thin (papyraceous) scars.

Patients often report cognitive difficulties, and adolescent 
and young adult PoTS patients can find full-time education 
challenging. Cognitive symptoms empirically are supported by 
a growing body of literature on the cognitive-affective profile 
of PoTS. An example is their short-term memory, with atten-
tional and recall abilities poorer than age-matched controls and 
their higher score on attention deficit hyperactivity disorder 
indices [12, 13]. Inattention decreases over illness duration, 

possibly due to adaptive or treatment responses. Hyperactive 
traits often are not reported in childhood prior to PoTS onset, 
suggestive of a contributing role of PoTS to these neuropsycho-
logical symptoms. Poor quality sleep, daytime sleepiness and 
fatigue are also common in PoTS [14]. In PoTS with comorbid 
chronic fatigue syndrome, working memory, accuracy and 
information processing are impaired when upright, yet the 
cause of common ‘brain fog’ reported by many remains elu-
sive, despite investigations into cerebral blood velocity, sleep 
quality and neurotransmitter function [15, 16].

The cause of the sleep symptoms reported in PoTS and 
how they relate to autonomic and neuropsychological symp-
toms remains unclear. Children and adolescents who sleep 
less than 8 hours daily are six times more likely to contract 
PoTS [17], and around half (55%) of adult with PoTS have a 
non-dipping nocturnal BP profile [18] and prolonged REM 
stage latency [19–21]. However, the prevalence of anecdotal 
fatigue and poor sleep quality reported is not reflected in 
polysomnography (PSG) studies, which generally are unre-
markable [19, 22]. It is possible that the multisystemic nature 
of PoTS contributes to the sleep symptoms and fatigue 
reported. In a study of PoTS, a third had mild obstructive 
sleep apnoea (OSA) and also had E-DS III [21], which may 
predispose them to OSA due to upper airway collapse [23].

 Diagnosis

 Autonomic Investigations

As there is an overlap with other conditions, including anxi-
ety, it is important that key investigations are performed in a 
dedicated autonomic laboratory [24] to be certain of the diag-
nosis and to determine the common underlying pathophysiol-
ogy (Table  20.1). This ideally should be with continuous 
noninvasive techniques to record BP and HR while lying and 
standing, and with different homeostatic  challenges. In syn-
cope and pre-syncope BP and HR, responses to head-up tilt 

Fig. 20.3 The feet and distal lower limbs in a subject with PoTS while 
supine (left panel). There is violaceous discoloration when upright 
(right panel), which is the result of peripheral vascular pooling. This 
can be reversed while lying flat, emphasizing the postural component

Box 20.1 Symptoms of PoTS. These Symptoms Usually 
Occur in the Upright Position and Are Often Relieved by 
Lying Flat

Dizziness/light-headedness
Palpitations
Visual disturbances
Clamminess
Loss of consciousness
Nausea
Headache
Pain (stomach or chest)
Shortness of breath
Nonspecific symptoms, including fatigue, attentional deficits, 
brain fog

Box 20.2 Factors that Induce or Worsen PoTS

Time of day (usually worse in the morning, especially on 
wakening)
Speed of positional change
Prolonged, especially stationary standing
Raised temperature (hot weather, hot bath/shower)
Dehydration
Food ingestion (in some refined carbohydrates or large meals)
Alcohol
Physical exertion
Menstrual period
Deconditioning or prolonged recumbency
Drugs that cause vasodilatation

20 The Postural Tachycardia Syndrome (PoTS)
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will also determine if the cause is autonomic in nature, thus 
confirming the mechanisms causing autonomic- mediated 
presyncope or syncope (AMS). These include the mixed form 

with a fall in both BP and HR (Fig. 20.4a), in the predomi-
nantly vasodepressor form with a fall in BP (Fig. 20.4b) and 
in some the cardio-inhibitory form (Fig. 20.4c.) The last form 
of AMS is of particular relevance as, although rare, it can 
necessitate intervention with a cardiac pacemaker. Autonomic 
testing also should include the response to stimuli in activities 
of daily living that may worsen PoTS through vasodilatation 
in splanchnic and muscle vascular beds, such as food and 
exercise. Some patients are susceptible to raised body tem-
perature, for which facilities not widely available are needed 
to perform a thermoregulatory sweat test. Laboratory testing 
should include measurement of plasma catecholamines 
(plasma noradrenaline and adrenaline) to determine if the 
patient has the hyperadrenergic PoTS phenotype, although 
the experience in our departments indicates that this is not 
common. Moreover, elevated plasma catecholamines taken in 
the lab may be due to blood-injection-injury phobia (common 
in AMS) or ‘whitecoat syndrome’, and 24-hour urinary mea-
surements of catecholamines and their metabolites should 
follow to confirm or exclude excessive secretion.

In addition to laboratory studies, remote measurements 
should include 24-hour BP/HR autonomic profiles using the 
Mathias et al. autonomic protocol [24], time-stamping symp-
toms recorded during different activities of daily living to 
changes in BP and HR, which have additional value other 
than for diagnosis (Fig. 20.5). The autonomic profiles also 

Table 20.1 Autonomic investigations for PoTS.  These measure the 
cardiovascular autonomic responses to postural change (head up tilt and 
standing) and determine the responsiveness of the autonomic nervous 
system to stimuli in daily life. They help exclude other autonomic con-
ditions, such as those causing autonomic failure

Initial tests
Head-up tilt (at an angle of 60° for 10 min)
Standing
Pressor stimuli (to determine sympathetic vasoconstrictor function): 
with isometric exercise, cutaneous cold, Valsalva manoeuvre and 
mental arithmetic
Heart rate responses (to determine cardiac parasympathetic 
responsiveness): during deep breathing, the Valsalva manoeuvre, 
hyperventilation, standing and head up tilt
Plasma noradrenaline and adrenaline levels: supine and upright 
(during head up tilt or standing)
24-hour ambulatory blood pressure and heart rate monitoring
Additional tests
Prolonged head-up tilt (60° for up to 45 min)
Liquid meal challenge to determine pre-prandial and post-prandial 
cardiovascular autonomic responses to the transition from supine to 
head up tilt or standing
Graded supine exercise, to determine the cardiovascular autonomic 
responses while exercising while flat and to compare the responses 
before and after exercise and while standing
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Fig. 20.4 Blood pressure (BP) and heart rate (HR) measured continu-
ously in three different forms of autonomic-mediated syncope (AMS) 
induced by head-up tilt. In the mixed (cardio-inhibitory and vasode-
pressor) form (a) that is synonymous with vaso-vagal syncope, the most 

common form of AMS, there is a fall in both BP and HR. In the pre-
dominantly vasodepressor form (b), there is a fall mainly in BP. In the 
cardio-inhibitory form (c), there is a sudden fall in HR that causes the 
BP to fall rapidly
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Fig. 20.5 Ambulatory blood pressure/heart rate (BP/HR) autonomic 
profiles using the Mathias et al. autonomic protocol (MAP) recorded 
during different activities and essential stimuli (postural change, food 
exertion and modest exertion) during a 24-hour period. There are mod-
est changes in BP and HR responses in a normal subject (a), with the 
expected circadian fall in BP and HR at night when asleep. In a patient 

with autonomic failure and orthostatic hypotension (b), there can be 
marked falls in BP when upright, with hypertension while supine at 
night. There is a substantial fall in BP at night when the patient arose to 
micturate. In PoTS (c), there is a marked tachycardia in the day when 
upright, without a fall in BP
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help determine the effect of non-pharmacological and phar-
macological interventions by linking subjective measures 
and events with objective recordings.

 Differential Diagnosis

A number of factors may mimic PoTS, hence there is a need 
for detailed autonomic investigations to confirm or exclude 
the diagnosis [25]. In addition to those outlined above, more 
investigations may be needed in some, such as to definitively 
exclude a phaeochromocytoma, adrenocortical deficiency/
Addison’s disease and other endocrine conditions such as 
inappropriate ADH secretion.

In the national referral centres we run in the UK, approxi-
mately 70% of confirmed PoTS patients meet the diagnostic 
criteria for E-DS III/hE-DS [6] (Fig. 20.6). There is an asso-
ciation between hE-DS and anxiety disorders (60%–68% 
prevalence), and in particular panic disorder [26]. Like PoTS, 
comorbid hE-DS and anxiety are significantly more common 
in young females [27]. This can make initial differential diag-
nosis of PoTS from an anxiety disorder challenging, particu-
larly as comorbid psychological symptoms often are reported 
in PoTS [13]. However, recent evidence suggests that these 
psychological factors are the result rather than cause of auto-
nomic dysfunction in PoTS [28–31]. This necessitates appro-
priate autonomic testing which should differentiate 
PoTS-related orthostatic tachycardia from psychogenic sym-
pathetic overexcitation. Investigations of functional disability 
in PoTS have found day-to-day limitations closely related to 
catastrophising thoughts, which also mediate anxiety and 
somatic hypervigilance [32], the most prevalent form of anxi-
ety in PoTS [13, 29, 31]. Therefore, although PoTS and panic 
disorder may share psychological (impaired concentration, 
health anxiety, tremulousness) and physiological (palpita-
tions, tachycardia, chest pain, dyspnoea) features and can co-

exist [33], a differentiating factor is that PoTS can be provoked 
by physiological challenges. These include food ingestion 
and exertion that cause vasodilatation when upright [6, 31] 
that should be exploited during diagnostic investigations.

 Non-autonomic Investigations

This will depend upon the organ and system that need evalu-
ation. They may include echocardiography or continuous 
24-hour or longer periods of HR/ECG recordings, structural 
neuroimaging especially of the cranio-cervical junction to 
exclude a Chiari malformation such as that can occur in 
some with hE-DS, and neurophysiological studies to exclude 
a small fibre neuropathy. Specific testing of urinary bladder, 
gastrointestinal and pelvic function and anatomy also may be 
needed.

 Pathophysiology

A number of possibilities, many of which are based on asso-
ciations, as in Fig. 20.7, have been postulated. They include 
neural and vascular mechanisms, among others. The associa-
tion with hE-DS, and in some the prominence of peripheral 
vascular pooling while upright (as seen in Fig. 20.3), may be 
a contributory factor in many. Diminished connective tissue 
between structures including blood vessels may be the 
underlying mechanism. This also may explain the worsening 
of features after food, exertion and heat that involve vascular 
regions such as the splanchnic, muscle and cutaneous beds. 
A number of other factors can worsen clinical features, 
including physical deconditioning. In some, a conditioned 
response causing anxiety should be considered [30].

 Overlapping Features

Although PoTS is a syndrome with clearly defined features, 
there are a number of factors which may make the key clini-
cal features (postural tachycardia, presyncope/syncope and 
fatigue) much worse. In some it can involve many systems, 
often with multiple comorbidities. This is especially so when 
associated with hE-DS, where urinary bladder features, GI 
dysfunction, and sudomotor abnormalities along with PoTS 
and fatigue occur. This now is considered under the term 
hypermobility spectrum disorder (HSD). Depending upon 
the features which are most troublesome, presentation may 
be to specialists in differing areas. Referral initially to an 
autonomic specialist is uncommon, as many in primary or 
even secondary care are often not aware or familiar with the 
complexities of this condition, and there are relatively few in 
the autonomic super-specialty. Patients may present to a 

Familial Connective tissue disorder

PoTS

JHS -
EDS III

Fig. 20.6 Features of enhanced joint flexibility and hypermobility in 
Ehlers-Danlos syndrome (E-DS) III, now classified as the joint hyper-
mobile form of E-DS (hE-DS)
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variety of specialists – cardiologists because of tachycardia, 
neurologists because of the overlap with epilepsy, rheuma-
tologists because of joint hypermobility and fibromyalgia, 
urologists because of recurrent UTIs, gastroenterologists 
because of a variety of GI disturbances and psychiatrists 
because of anxiety, among others. Overspecialisation in clin-
ical medicine may have contributed to this issue. If auto-
nomic testing is not carried out, patients can be diagnosed 
with a functional neurological disorder or with anxiety. This 
can result in a traumatic journey for such subjects, as the 
spectrum of physiological and psychological symptoms they 
experience is believed to be psychogenic until appropriate 
autonomic referral and testing is undertaken, and appropriate 
treatment for the physical aspects of the condition initiated.

 Treatment

This should combine management of autonomic and also 
non-autonomic features. The latter, depending upon the spe-
cific features, often needs to be holistic and should include 
management of overlapping disorders. Autonomic measures 
are listed under non-pharmacological and pharmacological, 
with the first essential even if medication is to be used 
(Table 20.2). The choice of the initial drug, or drugs if used 
in combination ideally with differing mechanisms, will 
depend on the severity of the condition, the underlying 
pathophysiological basis and the initial response; hence, 
there is a need for prior investigation (Table  20.3). It is 
important that an associated disorder or condition is treated 
satisfactorily, as this may worsen PoTS features. An example 
is infection, which affects the urinary tract.

 Conclusion

PoTS is a condition characterised by orthostatic intolerance 
and tachycardia when upright. Underlying or associated dis-
orders additionally need to be considered and addressed if 
contributory. The majority of patients with PoTS have no 
additional neurological features, but in some, such as those 
with a small fibre neuropathy or a Chiari malformation 
(albeit rare), this will need consideration. A number of 
patients with PoTS, especially with associated hE-DS, in 
addition to PoTS have other features of HSD, which include 
fatigue, urinary bladder, and GI dysfunction and in some, 

Noradrenaline
transporter
deficiency

Deconditioning

Partial peripheral
autonomic neuropathy

Anxiety &
panic attacks

Chronic fatigue
syndrome

Post Traumatic
Stress Disorder

Mast cell activation
syndrome

Migraine
Mitral valve

prolapse

Joint hypermobility
syndrome

Hypovolumia

PoTS

Fig. 20.7 Associations and 
possible causes postulated 
regarding the pathophysiology 
of PoTS. The most common 
association in our autonomic 
centres is the joint 
hypermobility syndrome, 
often with Ehlers-Danlos 
syndrome

Table 20.2 Outline of key non-pharmacological measures

To be avoided
Sudden head-up postural change (especially on waking)
Prolonged recumbency
High environmental temperatures (including hot baths)
Large meals (especially of refined carbohydrate)
Alcohol
Undue exertion
Medication with vasodepressor properties
To be introduced
High salt intake
Water repletion (especially in the morning on wakening)
Small, frequent meals
Judicious regular exercise (including swimming)
Raising the head end of the bed at night
Physical manoeuvres to activate autonomic activity (such as 
sustained hand grip)
To be considered
Compression stockings and hosiery
Abdominal binders
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sudomotor abnormalities, each of which may need address-
ing. Many have had PoTS undiagnosed for years, often with 
psychological implications as a result, which will need fur-
ther consideration. Thus, a holistic view to management is 
necessary in the majority with PoTS.
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Congenital Central Hypoventilation 
Syndrome

Kevin S. Gipson and Christian Guilleminault

 Introduction and History

Breathing is a rather unique function of the body. It is driven 
automatically by the respiratory centers of the central ner-
vous system in response to physiologic and environmental 
perturbations but can come under volitional control when 
we choose to attend to it. Indeed, the conscious control of 
breathing is a critical aspect of speech, musicianship, exer-
cise, and other important activities of daily life.

Congenital central hypoventilation syndrome (CCHS) is a 
disorder of abnormal ventilatory patterning and diffuse auto-
nomic dysfunction associated with mutations of the gene 
PHOX2B.

Affected patients classically exhibit marked severe 
hypoventilation in sleep, with shallow and monotonous 
breathing patterns despite often markedly elevated arterial 
carbon dioxide (PaCO2). Clinically, CCHS manifests across 
a spectrum of severity, but the commonest presentation is that 
of a newborn infant with marked hypoventilation and carbon 
dioxide retention in sleep, requiring long-term mechanical 
ventilation. These patients also commonly exhibit diffuse 
autonomic dysfunction, which can complicate their clinical 
courses and disrupt the quality of life (QOL) significantly.

CCHS was first reported in the modern medical literature 
by pioneering pediatric pulmonologist Robert Mellins and 
colleagues in 1970 [1]. At the time of this initial report, and 
until recently, CCHS was called by the evocative, if ill- fitting, 
name Ondine’s curse; a term which had previously been used 
to describe patients with a loss of automatic breathing fol-

lowing brainstem injury. This name was used to convey, and 
perhaps dramatize, the loss of ventilatory automaticity seen 
in the classical presentations of CCHS. Of interest, though it 
is often presumed that the water nymph Ondine herself was 
the one to suffer the curse of loss of automatic respiration, or 
is perhaps the giver of the curse, this is a literary misconcep-
tion. In the classical telling of the story, it is in fact Ondine’s 
unfortunate lover, Hans, who is cursed by the king of the sea 
to this fate. In one particularly poignant passage in a 1938 
interpretation of the story by Jean Giradoux, Hans describes 
the loss of all automatic function: “I don’t see unless I tell 
my eyes to see… A moment of inattention and I forget to 
hear, to breathe…” [2, 3].

CCHS is a spectrum disorder, with severity of clinical 
presentation informed by the underlying PHOX2B muta-
tion; however, in virtually no cases do affected patients “for-
get to breathe.” Rather, CCHS is classically characterized as 
hypoventilation during sleep which is unresponsive to progres-
sive hypercapnia. The most dramatic presentations of CCHS 
involve neonates who progress to respiratory insufficiency and 
failure shortly after birth, requiring mechanical ventilation; 
however, in some cases the signs of CCHS do not manifest 
until later in childhood or even adolescence and adulthood. 
With modern methods of early diagnosis and management, 
these patients can live long, happy, and productive lives.

 Epidemiology and Genetics

CCHS is a rare disease, though there are now more than 1000 
known cases associated with confirmed PHOX2B mutation. 
It is difficult to characterize the true incidence and preva-
lence of CCHS given limited and relatively homogenous 
population studies. However, current best data and expert 
opinion suggest an estimated incidence of approximately 
1  in 148,000–200,000 births, without clear gender bias [4, 
5]. Inheritance follows a predominantly autosomal dominant 
mode, with variable penetrance [6].
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Mutations of PHOX2B are the only known cause of CCHS, 
and the identification of a PHOX2B mutation is now consid-
ered requisite to the diagnosis of this disorder. Mutation of 
PHOX2B was first implicated in the pathogenesis of CCHS 
by Jeanne Amiel and her colleagues in 2003 [7]. Later, it 
was learned that CCHS may be caused by both polyalanine 
repeat mutations (PARM) of a 20-alanine repeat in exon 3 of 
chromosome 4p13, or by non-polyalanine repeats mutations 
(NPARM) which yield frameshift, missense, and nonsense 
mutations. PARMs reflect the majority of these mutations 
and are found in approximately 90% of affected patients, 
while NPARMs are implicated in the remaining 10% of 
cases [8]. As an example, a patient with two normal copies of 
PHOX2B is notated as a 20/20 genotype, and a patient with a 
PARM mutation of one copy of PHOX2B which resulted in 
an expansion to 26 alanines is notated as 20/26.

 Genotype–Phenotype Relationship

CCHS presents with a spectrum of severity in both ventila-
tory and autonomic disease, and this clinical heterogeneity 
is determined by current understanding of the underlying 
PHOX2B mutations involved. In cases of CCHS due to 
PARMs, the length of the polyalanine repeat segment is cor-
related with the severity of the ventilatory needs and dysauto-
nomia. For example, patients with the relatively constrained 
20/25 mutation may only require ventilation at night, 
whereas patients with the longer 20/27 to 20/33 polyalanine 
repeats universally require round-the-clock invasive ventila-
tion [8]. Patients with an NPARM mutation generally have 
more severe clinical presentations, with a high incidence 
of non- pulmonary autonomic comorbidity, and increased 
risk of rarer complications of PHOX2B mutation including 
Hirschsprung disease and neural crest tumors.

 Clinical Manifestations and Natural History

 Hypoventilation and Central Apnea in CCHS

CCHS classically presents in the newborn period, with 
monotonous breathing and insufficient tidal volumes lead-
ing to severe alveolar hypoventilation during sleep and, in 
particularly severe cases, impacted ventilation during wake-
fulness. Affected newborns may exhibit shallow breathing 
of a monotonous pattern, hypoxemia, and even cyanosis, 
often prompting transfer to a neonatal intensive care unit, 
intubation, and mechanical ventilation. Initial laboratory 
evaluation may reveal hypercapnia. A hallmark of CCHS is a 
relatively insensate response to hypercapnia and hypoxemia, 
and notably these neonates will frequently not exhibit any 

overt respiratory distress (i.e., no retractions or increased 
work of breathing) despite often marked hypoxemia and 
hypercarbia. In the most severe cases, patients may require 
24/7 ventilatory support.

Many patients with CCHS can have normal and effec-
tive ventilation during wakefulness, including a relatively 
preserved response to exercise. A notable exception may be 
swimming, where the absence of normal perceptions of dys-
pnea may result in patients holding their breath for extended 
periods of time [6].

Although hypoventilation is present during all phases of 
sleep in CCHS patients, the relative magnitude of the venti-
latory defect is state-dependent and hypoventilation is most 
pronounced during non-rapid eye movement (NREM) sleep 
[8]. Transition to sleep is a period of particular vulnerabil-
ity for patients, and some vigilance is needed by parents to 
ensure appropriate transitions to ventilator support during 
sleep.

 Dysautonomia in CCHS

Patients with PHOX2B mutation may exhibit dysautonomia 
of varying severity across several organ systems (Table 21.1). 
This dysautonomia includes both parasympathetic and sym-
pathetic dysregulation. Notably, the cardiovascular system 
is frequently involved, with patients exhibiting arrhythmias 
(including periodic asystole in some cases) and dysregula-
tion of blood pressure and cerebral perfusion. In cases of 
PARM mutation, there is a known correlation between 
higher-order polyalanine repeats and increased R–R interval. 
Children with genotypes of 20/26 and beyond may exhibit 
sinus pauses of 3  seconds or longer and may benefit from 

Table 21.1 Features of dysautonomia associated with PHOX2B 
mutation

Respiratory Alveolar hypoventilation
Central apnea
Severe breath-holding spells
Absence of dyspnea or breathlessness

Cardiovascular Decreased heart rate variability
Bradyarrhythmia
Sinus pauses and transient asystole
Abnormal circadian modulation of blood pressure
Syncope with straining effort
Sudden cardiac death

Gastrointestinal Lower esophageal dysmotility
Gut dysmotility
Hirschsprung disease

Ophthalmologic Abnormal pupillary reflex and accommodation
Visual acuity problems

Endocrine Hypoglycemia
Exocrine Sudomotor dysfunction of the sweat glands

Poor heat tolerance
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cardiac pacemaker implantation, and all CCHS patients 
will need annual cardiac screening for dysrhythmias. There 
are, sadly, reports of sudden cardiac death in children with 
CCHS.  While not a pure manifestation of cardiovascular 
dysautonomia, children with CCHS are at particular risk for 
pulmonary hypertension and even cor pulmonale as a con-
sequence of intermittent hypoxemia (although pulmonary 
vascular tone alteration may be multifactorial in etiology).

Aside from the relatively common cardiorespiratory 
sequel of CCHS, patients with CCHS are susceptible to a 
broad array of often subtle autonomic dysregulation. In 
the case of PARM mutations, the severity and the number 
of autonomic symptoms experienced are positively associ-
ated with the number of alanine residues [9]. Hirschsprung 
disease, a disorder of peristalsis in the gut, is commonly 
observed in cases of CCHS. Hirschsprung disease is seen in 
20% of CCHS cases, but is more common in those patients 
with NPARM mutations, with a prevalence of 87–100% in 
cases of NPARM CCHS. In the literature, the co-occurrence 
of CCHS and Hirschsprung disease is often referred to as 
Haddad syndrome. Other manifestations of gastrointestinal 
(GI) dysmotility may be seen in CCHS, including esopha-
geal and gut issues. Patients with CCHS have been shown to 
have ophthalmologic findings such as dysfunction of pupil-
lary accommodation [10]. Affected patients may also exhibit 
abnormal sweating and temperature regulation.

 Neurocristopathy in CCHS

PHOX2B is implicated in normal neural crest cell migration, 
and one critical consideration for young patients with CCHS 
is the development of neural crest tumors (NCT), most com-
monly congenital neuroblastoma, ganglioneuroblastoma, 
and benign ganglioneuroma. Patients with NPARM are par-
ticularly at risk with a 50% lifetime incidence of NCT [8]. 
These NCTs may manifest in subtle ways, including failure 
to thrive, abdominal pain, and fatigue, among others, and so 
vigilance is warranted.

 Late-Onset Congenital Central Hypoventilation 
Syndrome

Cases of CCHS, which emerge after the newborn period 
are considered “late” onset. Commonly, these patients are 
identified after disproportionate ventilatory impairment with 
incidental respiratory illnesses of childhood or with anesthe-
sia. Late-onset congenital central hypoventilation syndrome 
(LO-CCHS) is generally seen in the more constrained 20/24 
and 20/25 PARM genotypes, though NPARM LO-CCHS has 
been reported.

 Other Genetic Hypoventilation Syndromes 
Associated with Autonomic Dysfunction

Rapid-onset obesity with hypothalamic dysfunction, 
hypoventilation, and autonomic dysregulation (ROHHAD) 
bears mention in the discussion of central hypoventilation 
and dysautonomia. The genetic etiology of this disorder 
is not yet fully characterized; however, it does not involve 
PHOX2B. These patients experience a dramatic weight gain 
accompanied by the onset of mixed central and obstructive 
nocturnal hypoventilation, usually between the ages of 1.5- 
and 7-years old. These patients frequently have cardiac dys-
autonomia, and cardiac arrest is strikingly prevalent in this 
population. These children benefit from either nasal intermit-
tent positive pressure ventilation (NIPPV) or tracheostomy 
with mechanical ventilation.

Certain forms of congenital hypoventilation with atten-
dant dysautonomia may be seen in patients with Rhett syn-
drome, related to MECP2 gene mutation, and in Prader–Willi 
syndrome.

 Sudden Infant Death Syndrome

Sudden infant death syndrome (SIDS), a major cause of 
infant mortality, is thought to be related in part to dysregu-
lation or dysmaturity of autonomic control. While SIDS is 
more common in the families of patients with CCHS, large 
case studies have not identified PHOX2B mutations as caus-
ative in the vast majority of SIDS.

 Hypothesized Pathophysiology of PHOX2B 
Mutation

PHOX2B is a paired-like homeobox gene that codes for a 
homeodomain transcription factor involved in the embry-
onic differentiation of central and peripheral autonomic 
neurons in a broad array of systems, including respiratory 
nuclei involved in normal ventilatory patterning and chemo-
sensory integration [6]. As a consequence, the deleterious 
mutation of this gene could be expected to manifest in dif-
fuse autonomic dysfunction and respiratory dysregulation. 
Polyalanine (PA) tracts are found throughout the human pro-
teome and are most commonly found in transcription factors 
where they are thought to impart the flexibility needed for 
conformational changes associated with the function of these 
proteins. There is evidence that PARMs disrupt the transcrip-
tional regulation of several proteins involved in ANS devel-
opment. PARMs may yield aberrant proteins, which exert 
either a dominant-negative or toxic gain-of-function effects 
[11]. Further, polyalanine repeats function as nuclear export 
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signals, and PHOX2B aggregation and mislocalization have 
been reported in the context of PARMs, and could contrib-
ute to a cytotoxic effect to these mutations [12]. PARMs are 
associated with at least nine heritable human diseases (one 
notable human disease which shares this pathogenesis is 
oculopharyngeal muscular dystrophy), and in most cases, 
disease is related to the resultant dysfunction in transcrip-
tion factors. The putative mechanism of PARM in CCHS is 
an unequal crossover between mispaired normal alleles [13]. 
NPARMs have experimentally demonstrated compromised 
transcriptional activity. NPARMs may result in dominant- 
negative, loss-of-function, and gain-of-function effects 
depending on the resultant reading frame [14].

PHOX2B is notably expressed in the retrotrapezoid 
nucleus (RTN) of the brainstem, a site involved in the central 
chemoreception of carbon dioxide (CO2) via a pH-sensitive 
G-protein-coupled receptor and a hypothesized driver of the 
breathing pattern generators [6, 15]. Broadly, ventilation is 
driven by central chemoreceptor detection of CO2/H+ and 
peripheral chemosensory response to hypoxemia, and in the 
normal state elevations of CO2 drive an increase in minute 
ventilation. One leading theory for the pathogenesis of the 
ventilatory defect in CCHS is a disruption of central chemo-
sensory integration at the RTN [6]. Presently, immunohisto-
chemical studies locate the RTN between the seventh cranial 
nerve and the superior olivary nuclear complex, but this is 
not definitive [6]. A broad array of research into this nucleus, 
including in vivo lesion/stimulation experiments, suggests 
strongly that hypercapnia activates RTN cells, controlling 
the rate and depth of breathing [6]. RTN neurons both intrin-
sically sense pH changes and serve an integratory role, syn-
thesizing inputs from peripheral chemoreceptors and central 
generators of respiratory drive [16]. Additionally, recent 
transgenic mouse work suggests that the hallmark loss of the 
adaptive ventilatory response to hypercapnia may be related 
to loss of PHOX2B-expressing neurons in the nucleus trac-
tus solitarius, a center of integration of myriad autonomic 
and chemoreceptor inputs in humans including the carotid 
and aortic bodies, and other baroreceptor and chemoreceptor 
signals [17].

It is noteworthy that adult patients with CCHS exhibit 
respiratory-related motor cortical activity while awake, a 
finding not seen in normal controls, and this could imply a 
synergistic waking cortical mechanism that compensates for 
the insufficient medullary generation of automatic ventila-
tory drive in CCHS [18, 19]. Movement of the limbs has 
been shown to improve ventilatory drive during wakefulness 
and sleep [20].

Imaging studies have shed some light on the potential 
pathogenesis of ventilatory and autonomic dysfunction in 
CCHS.  Specifically, structural injury has been observed 
across several centers of autonomic and ventilatory integra-
tion and regulation, including the thalamus, hypothalamus, 

midbrain, medulla, locus coeruleus (LC) in the pons, the 
nucleus of the solitary tract in the medulla, and others [21]. 
Additionally, there is evidence of progressive neural tissue/
axonal damage over time, presumably due to intermittent 
hypoxemia related to the ventilatory defect and perhaps 
hypoperfusion and other physiologic changes secondary to 
dysautonomia. Of note, evidence of damage to the insula, cer-
ebellum, and cingulate suggests a mechanism for the atten-
uation of breathlessness or dyspnea which may be seen in 
CCHS patients. However, these studies are limited by small 
sample size, heterogeneity of clinical severity, and practical 
limitations of achieving quality MRI in very young children 
without sedation [21]. Postmortem histopathological study of 
two neonatal patients with confirmed PHOX2B mutation, one 
PARM and one NPARM, suggested an abnormality of the 
locus coeruleus (LC), and this observation was strengthened 
by subsequent work by Thiago Moriera and colleagues in a 
humanized NPARM mouse model. This is intriguing, given 
the importance of the LC in autonomic control [6].

 Disordered Sleep and General Dysautonomia

One novel consideration is the possible bidirectional inter-
play of sleep disorder in CCHS with autonomic dysfunction. 
There is increasing appreciation of the deeply integral role 
of the autonomic nervous system (ANS) in the initiation 
and maintenance of sleep, and in the physiologic response 
to the disruption of sleep [22]. While suboptimal ventilation 
is perhaps likely to result in fewer respiratory arousals in the 
context of CCHS, chronic hypercapnia and hypoxemia could 
theoretically disrupt sleep architecture. The use of nocturnal 
ventilators has the potential to cause sleep disturbance (e.g., 
ventilator leak alarms and other monitors, non-invasive inter-
faces which may disrupt sleep secondary to comfort issues). 
It is plausible that the autonomic dysfunction observed in 
CCHS, while principally related to direct effects of PHOX2B 
mutation, may also be potentiated by autonomic dysfunc-
tion induced by suboptimally managed sleep-disordered 
breathing. One study of neurocognitively normal adults with 
CCHS on optimized home nocturnal ventilation (both inva-
sive and non-invasive) demonstrated normal sleep efficiency 
and architecture when compared to matched healthy adult 
controls; however, this study did not monitor autonomic 
parameters during sleep [19].

 Diagnosis

The 2010 American Thoracic Society (ATS) guidelines 
remain perhaps the best articulation to date of the standard of 
care in the diagnosis of CCHS and in longitudinal manage-
ment, and surveillance. Since the gene was identified in 2003, 
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genetic testing for PHOX2B is the gold-standard diagnostic 
test in cases of suspected CCHS. Screening is accomplished 
via targeted analysis for pathogenic variants and identifies 
approximately 95% of individuals with CCHS. Yet, in the 
case of high clinical suspicion despite a negative screening 
assay, definitive diagnosis with sequence analysis is war-
ranted to detect variants that may be missed with targeted 
analysis. Presently, commercial labs offer PHOX2B mutation 
testing via full gene sequence PCR-based analysis; however, 
care must be used in selecting these tests as not all report the 
polyalanine repeat details, which are important in planning 
surveillance studies for neural crest tumors and other issues. 
These labs cite a “turn-around” time for results of as long as 
4 weeks, and so other diagnostic pathways may be pursued 
while awaiting confirmatory results.

 Polysomnography

When CCHS is suspected, clinical diagnosis is made on the 
basis of hypoventilation and a blunted ventilatory response 
to hypercapnia and hypoxemia. Current expert opinion 
advises attended polysomnography (PSG) at the time of 
initial genetic diagnosis, followed by re-evaluation every 
6 months until age 6 or 7 years, at which time annual PSG 
with as-needed ventilator titration is reasonable if the patient 
is otherwise stable [8]. While the diagnosis of CCHS is not 
made purely via the PSG, such comprehensive physiologi-
cal testing is central in understanding the specific ventila-
tory needs of a patient within a broad spectrum of clinical 
severity. Ventilatory challenge during PSG may be achieved 
by withdrawing mechanical ventilation during NREM sleep 
and monitoring for end-tidal CO2 elevations above 55 Torr 
for greater than 5  minutes, or above 60  Torr [23]. In one 
study by Huang et al., a small cohort of children with CCHS 
did exhibit some arousal related to hypercapnia and hypox-
emia during periods off of home mechanical ventilation, and 
a mean duration of central apneas of 25 ± 19 seconds was 
observed [24]. In this study, sleep was attended by a marked 
drop in minute ventilation, both in respiratory rate and tidal 
volume, and these changes were more pronounced in non- 
REM (NREM) sleep. Similarly, central apnea events were 
more common in NREM sleep than REM. This is counter to 
the usual stability of ventilatory patterns in NREM sleep in 
the normal subject, as normally chemical control of ventila-
tion is at its highest level in NREM sleep.

ATS guidelines recommend an assessment of a patient’s 
response to a ventilatory challenge. A hypercapnic challenge 
using carbogen, a relatively available gaseous mixture of 5% 
CO2 and 95% O2, is a relatively simple assay for the pres-
ence of a normal ventilatory response to increased alveolar 
carbon dioxide in the eucapnic patient. In this test, the clini-
cian monitors for a normal increase of minute ventilation in 

response to elevated CO2. This bedside test is not sufficient 
for the diagnosis or exclusion of CCHS and should be used 
only as an adjunctive test.

 Other Diagnostic Considerations

When there is a concern for gastrointestinal dysmotility, 
or when the mutation type confers particular risk for GI 
involvement, patients should undergo a barium enema or 
manometry, and rectal biopsy to assess for aganglionic colon 
in Hirschsprung disease should be considered in patients 
with NPARM mutations. Surveillance for NCTs, including 
serial chest and abdominal imaging, is warranted particularly 
in those children with either NPARM or a PARM 20/29 to 
20/33 genotype [8].

 Differential Diagnosis

Concurrent with genetic diagnosis, screening for other more 
common causes of ventilatory defects or comorbid disease 
should be pursued. For the critically ill neonate presenting 
with apnea or respiratory insufficiency, sepsis, pulmonary 
infections, congenital heart disease, and neurologic problems 
including neuromuscular disease must be quickly excluded 
from the differential diagnosis. ATS guidelines suggest con-
sideration of chest imaging, comprehensive neurological 
and metabolic evaluation with a possible muscle biopsy, and 
echocardiogram during the initial diagnostic process. MRI of 
the brain and brainstem is warranted to rule out malforma-
tions or lesions of the centers of respiration.

Once a diagnosis of clinical CCHS and PHOX2B muta-
tion is secured, the ATS expert panel suggests twice annual, 
then annual inpatient evaluations including characterization 
of ventilatory sufficiency during both wake and sleep, and a 
comprehensive cardiac and autonomic screen.

 Current Management Strategies

The ATS expert panel on CCHS strongly suggests that 
affected patients be managed by multi-disciplinary centers 
with the experience and resources to properly evaluate and 
care for patients with this exceedingly rare disorder. While 
the need for close ventilatory management is broadly under-
stood in the pediatric pulmonary community, the autonomic 
sequel of CCHS is not as fully appreciated and adequate 
autonomic surveillance and management is not within the 
purview of most of these clinicians. In practice, a hybrid 
approach with annual follow-up at a multi-disciplinary cen-
ter and closer follow-up locally with appropriate subspecial-
ists is appropriate [8].
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 Ventilatory Management

Ventilatory support is tailored to a given patient’s clinical 
severity and is guided by annual inpatient observation and for-
mal PSG. Many patients only require ventilation during sleep, 
including naps, and this may be achieved non- invasively in 
select older patients. Patients with extended polyalanine 
repeat PARM mutations or with NPARM mutations will often 
require 24/7 mechanical ventilation. When the genetic diag-
nosis is made early, tracheostomy before 1 month of age is 
advised to facilitate early and safe ventilatory support [8].

Pressure ventilation, a type of ventilator mode which pri-
oritizes the delivery of a desired peak inspiratory pressure 
with each breath, with a back-up rate, is the recommended 
ventilator strategy for most CCHS patients. However, the 
effectiveness of any empiric ventilatory strategy must be 
assessed and settings iterated upon during clinical follow- ups 
and particularly during the annual inpatient re- evaluations. 
The ventilatory disorder in CCHS does not resolve spontane-
ously, nor is it thought to improve to any meaningful degree 
with age. As a consequence, ventilator settings are geared 
toward fully supporting a patient’s ventilatory needs and 
weaning from the ventilator is not a usual therapeutic goal.

The ATS expert panel strongly advocates for tracheos-
tomy with mechanical ventilation in infants and young chil-
dren with CCHS, citing the importance of a secure airway 
and noting that non-invasive mask ventilation has the poten-
tial for displacement. However, while tracheostomy provides 
a relatively secure definitive airway for the infant and young 
child with CCHS, a tracheostomy can be complicated by air-
way infection and can potentially disrupt normal early child-
hood development (for example, speech and swallowing 
impairments). As such, it is reasonable to consider the transi-
tion to non-invasive ventilation via a nasal mask or pillow 
interface in older children (of around 7 years of age) who do 
not require daytime ventilation, particularly when social and 
family context is stable and supportive [25]. Use of mask 
ventilation itself has trade-offs: the interface can be uncom-
fortable and prone to leak or displacement. Additionally, 
long-term use of nasal masks in children has been associated 
with the development of iatrogenic mid-facial hypoplasia 
[26]. Treatment with supplemental oxygen alone is not suf-
ficient, as it has little to no efficacy in alleviating hypercap-
nia and so will not prevent the development of pulmonary 
hypertension. Patients should be monitored with continuous 
nocturnal pulse oximetry and end-tidal CO2. Commercially 
available apnea/bradycardia monitors, which work through 
transthoracic impedance monitoring, are not suitable for use 
in CCHS, as they are insufficiently sensitive to detect the 
hypoventilation observed in most patients.

There are several practical considerations important to 
successful and safe home ventilation, including the fam-
ily’s access to spare tracheostomy tubes, emergency back-up 

power (including batteries, generator, and priority status with 
their power company), and, when possible, a second ventila-
tor to avoid emergency admission for ventilator malfunction. 
Prior to transition to college or other independent- living situ-
ations, patients must be capable of responding to high-leak 
alarms and other typical device management issues.

 Other Ventilatory Options

Diaphragmatic pacing is a potentially effective tool in the 
management of CCHS and works by stimulating the patient’s 
diaphragm via electrical pulses at the phrenic nerve bilater-
ally. Phrenic nerve pacing is effective in permitting children 
a greater freedom of movement during daytime activities, 
and has been successfully used in this population for chil-
dren as young as 9 months of age [27]. In select cases, dia-
phragmatic pacing may permit discontinuation of nightly 
ventilatory use; however, careful screening to rule out upper 
airway obstruction and ongoing continuous pulse oximetry 
and CO2 monitoring is critical. Generally, concurrent use 
of phrenic nerve pacing and cardiac pacing is possible in 
patients with both ventilatory defects and cardiac dysrhyth-
mia, though the involvement of a cardiac electrophysiologist 
is recommended [28, 29]. Negative pressure ventilation, usu-
ally via a Cuirass-style device, is another viable option in the 
select patient with no comorbid upper airway obstruction. 
However, comfort and portability issues may complicate the 
use of these types of devices. Patients with CCHS do not 
respond to respiratory stimulant pharmacotherapy.

 Management of Autonomic Nervous System 
Dysfunction

Autonomic nervous system dysfunction (ANSD) in CCHS 
outside of the hallmark ventilatory defect is common but 
broadly under-appreciated. ANSD can have marked qual-
ity of life and health impacts in this population and must be 
monitored closely during annual screening and with intercur-
rent illnesses. Comprehensive annual autonomic evaluation 
is therefore an important goal of longitudinal management. 
Optimally, this could include measures of autonomic func-
tion including tilt-table testing, controlled deep breathing, 
forced expiratory effort, and measurement of sudomotor 
function. Critically, children should receive annual cardio-
vascular screening including EKG and echocardiogram. 
Children with significant dysrhythmia should be consid-
ered for cardiac pacemakers, as the risk of sudden  cardiac 
death is real in this population. Given the common pupillary 
dysfunction seen in CCHS, annual ophthalmologic follow-
up including pupillometry is appropriate to ensure that any 
visual defects may be corrected.
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Endocrine dysfunction including hypoglycemia has been 
observed in CCHS, and may be related to some combination 
of dysfunction of the carotid bodies (which participate in 
glucose-sensing through specialized cells), pancreatic islet 
dysfunction related to PHOX2B-dependent neural crest cells 
and potentially insulin hypersecretion, and may respond to 
diazoxide in one case report [30]. Temperature regulation 
is often abnormal in these patients, further complicating the 
response to febrile illness.

 Other Management Considerations

Children with CCHS may exhibit learning disabilities. 
Measures of neurocognitive function may be reduced in chil-
dren as young as preschool-age, and older children may have 
problems with working memory function and other cogni-
tive issues [31, 32]. It is not clear if these learning issues are 
exclusively related to long-term intermittent hypoxemia, or 
perhaps also related to ventilatory loading or some other less 
overt intrinsic effect of PHOX2B mutation [33]. Annual neu-
rocognitive testing is recommended to identify these often 
subtle issues in order to facilitate early intervention [34]. In 
addition to minimizing hypercapnia and hypoxemia, early 
intervention with developmental and educational surveil-
lance and support is critical to ensuring optimal neurocog-
nitive outcomes in these patients. As patients transition to 
adulthood, needs, and abilities, such as the ability to inde-
pendently wake and respond to ventilator alarms, should be 
assessed.

Regarding exercise, CCHS patients should generally 
avoid vigorous or competitive swimming, even in the absence 
of tracheostomy, as these patients are relatively insensate to 
hypoxemia and so are at increased risk of drowning. More 
broadly, some patients will exhibit maladaptive temperature 
regulation, and so should take caution against overheating 
when playing.

Patients with CCHS may experience difficulties extubat-
ing after anesthetized procedures, and occasionally post-
operative respiratory complications are a heralding sign in 
undiagnosed LO-CCHS [35]. When a patient is known to 
have CCHS, perioperative management planning and antici-
pation of these issues is crucial to ensuring good outcomes 
following invasive procedures including phrenic nerve stim-
ulator placement. While not applicable to every anesthesia 
event, anesthesiologists and surgeons should consider the 
feasibility of regional anesthesia, the use of short-acting 
anesthetic agents, and avoidance of neuromuscular blocking 
agents during intubation [36].

In concert with direct patient care and support initia-
tives, the families of affected infants and children need and 
deserve support. It is important to be mindful of the signifi-
cant stressor that chronic ventilatory disease and its attendant 

management may have on families. Studies of CCHS fami-
lies have found worsened sleep quality and daytime func-
tion, and increased metrics of depression in the parents of 
affected children [37]. At minimum, these families should 
be directed early on to the CCHS Network family support 
group to connect with other families affected by this rare 
disease. The parents should undergo genetic counseling and 
subsequent testing, which may then inform family planning 
and drive further testing in siblings. Any identified asymp-
tomatic carriers of the PHOX2B gene mutation may benefit 
from periodic evaluation for nocturnal hypoventilation and 
cardiac dysrhythmias.

 Management Considerations in a Thriving 
CCHS Cohort

As early detection and management of CCHS have improved, 
children are experiencing improved health and neurocogni-
tive outcomes, and the expected lifespan is now well into 
adulthood for most patients. Adult CCHS patients are them-
selves now having children, and it bears noting that CCHS 
patients have a 50% chance of passing on the PHOX2B 
mutation to their children. Polyalanine repeat mutations are 
relatively stable, and so the anticipation is not seen clinically. 
Optimally, adult patients are supported with pre-conception 
genetic counseling to guide reproductive decision-making, 
and post-conception genetic testing of the fetus to antici-
pate ventilatory needs for the neonate. Pregnant women 
with CCHS may need optimization of ventilatory support, 
as mechanical loading from the fetus and distention of the 
uterus can impair ventilation. Adolescent and adult patients 
should be counseled strongly about the use of alcohol and 
other respiratory depressants, as unfortunately there are 
case reports of coma and death related to alcohol ingestion 
in young adults with CCHS. Similar to patients with other 
chronic illnesses, patients with CCHS have a relatively high 
prevalence of anxiety and depression; and should be screened 
and treated for these issues.

 Annual Surveillance in CCHS

The ATS expert panel outlines a clinically ambitious but 
appropriate plan for annual follow-up for all children with 
CCHS, and the sleep physician with autonomic expertise 
plays a central role in the successful longitudinal evaluation 
of these patients. Specifically, the ATS recommends twice 
annual and then annual inpatient physiologic monitoring 
with continuous audio–visual surveillance and recording of 
respiratory inductance plethysmography, ECG, pulse wave-
form, end-tidal CO2, sleep staging, and temperature. Thus, 
PSG with adjunctive autonomic testing is the de facto core 
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of this evaluation. Annual monitoring for cardiac arrhythmia 
and pulmonary hypertension in critical, and facilitates early 
interventions including cardiac pacemaker. This includes 
laboratory testing to rule out polycythemia and compensated 
chronic hypoventilation. Patients may benefit from annual 
ophthalmologic evaluation given the accommodative pupil-
lary defect. In those patients with severe PARM or with 
NPARM mutations, chest and abdominal imaging to sur-
veil for neural crest tumors is warranted. Barium enema or 
manometry may be warranted in cases of dysmotility.

 Outcomes

While there is no cure for CCHS to date, timely interven-
tion on the primary ventilatory defect, awareness and man-
agement of potentially serious autonomic comorbidities, 
and expert follow-up in an experienced pediatric center can 
prevent the most dreaded complications of this disease and 
ensure optimal survival and quality of life for these patients.

 Future Directions in Research 
and Therapeutics

The study of CCHS and PHOX2B mutation has yielded 
important insight into the molecular basis and neuroanat-
omy of the ANS and into the neural control of ventilation. 
Future research will continue to characterize these com-
plex systems, and to disentangle the congenital impact of 
PHOX2B mutation on the ANS from any ongoing effects. 
These mutations may have on physiologic ANS functions. 
Ongoing advancements in mechanical ventilation, includ-
ing more sophisticated ventilatory algorithms, more sensi-
tive home monitoring, and cloud-based management will 
continue to improve patient cardiopulmonary outcomes and 
comfort, as will the advancement of non-invasive ventila-
tory technologies. As CCHS is likely a principally develop-
mental disorder, the efficacy of gene-editing technologies 
including CRISPR Cas-9 may be limited in their ability to 
modulate the ventilatory and autonomic defects seen post-
natally, though it is conceivable that prenatal genetic inter-
ventions may be feasible one day. Pharmacotherapy trials 
are few, but one animal study suggested that the hormone 
desogestrel could improve resting ventilation in CCHS 
patients by increasing baseline respiratory frequency [38]. 
At the time of this writing, clinicaltrials.gov lists one ongo-
ing international registry of CCHS patients, which is esti-
mated to complete in 2021. Such a registry of PHOX2B 
mutations and data on clinical outcomes will be helpful in 
guiding future clinical research.

 Conclusions

CCHS is a rare but clinically impactful disorder of ventila-
tion and autonomic function caused by mutation of the gene 
PHOX2B, a transcription factor that is critical in the develop-
ment of the ANS. The sleep clinician with autonomic exper-
tise plays a central role in the diagnosis and management 
of patients with CCHS, and early intervention and effective 
longitudinal management of these patients have the poten-
tial to dramatically improve health and neurocognitive/func-
tional outcomes, and to promote longevity and good quality 
of life.
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Autonomic Dysfunction in Parasomnias 
of REM Sleep

Jennifer Zitser and Mitchell G. Miglis

 Introduction

The balance of the autonomic nervous system (ANS) during 
sleep is highly dependent on the stage of sleep. While non- 
rapid eye movement (NREM) sleep is a state of parasympa-
thetic control and metabolic recovery, rapid eye movement 
(REM) sleep is a more active stage of sleep and a dynamic 
state of autonomic balance. Periodic surges in sympathetic 
activity during phasic REM can lead to variability in heart 
rate, blood pressure, and respiration, shifting the autonomic 
balance toward sympathetic dominance. The fluctuating 
activity of this stage of sleep was recognized early in the 
field of sleep research, prompting Michel Jouvet to propose 
the term “paradoxical sleep (PS)” in 1965, well before any 
human or animal studies objectively analyzed such auto-
nomic activity during REM sleep.

The discovery of REM-sleep behavior disorder (RBD) 
in 1986 by Carlos Schenck and Mark Mahowald expanded 
the clinical realm of the REM parasomnias, and subse-
quent longitudinal studies by these researchers and other 
have documented a clear association between RBD and 
the neurodegenerative disorders of α[alpha]-synuclein 
(α[alpha]-syn) deposition, collectively termed the α[alpha]-
synucleinopathies—namely Parkinson’s disease (PD), mul-
tiple system atrophy (MSA), dementia with Lewy bodies 
(DLB), and pure autonomic failure (PAF)—conditions that 

are associated with a high rate of autonomic dysfunction [1]. 
Animal studies by Jouvet and others established the dorsal 
pons as the primary control center of REM sleep, an area of 
the brainstem closely situated to cell populations integral to 
autonomic control. Thus, it is not surprising that disorders 
of REM function are also associated with disorders of auto-
nomic function, and vice versa. This chapter will cover the 
available literature to date on these associations, the relevant 
anatomy and physiology of REM sleep and the central auto-
nomic network (CAN), as well as the type and severity of 
autonomic dysfunction in REM parasomnias.

 Anatomy of REM Sleep and the Central 
Autonomic Network

REM sleep is one of the two states of human sleep, char-
acterized by mixed-frequency electroencephalogram (EEG) 
activity, rapid eye movements, and active inhibition of motor 
neurons, leading to near complete skeletal muscle paraly-
sis. Multiple neurotransmitter systems are responsible for 
muscle atonia during REM sleep [2, 3], including brainstem 
glycinergic and GABAergic premotor neurons that promote 
inhibition of spinal (except those responsible for eye move-
ments) and cranial motor neurons [4]. The perilocus coeru-
leus alpha, located in the dorsal pons, exerts an excitatory 
influence on the medullary reticular formation through the 
lateral tegmentoreticular tract. These neuronal groups hyper-
polarize spinal motor neurons through the ventrolateral retic-
ulospinal tract, leading to muscle atonia (Fig. 22.1).

Much of the knowledge of REM sleep pathophysiology 
comes from lesion studies, many of which were performed 
by Jouvet and colleagues. All structural lesions identified 
to date have been localized to the dorsal midbrain, pons, 
or medulla [5]. Neuroimaging studies of at least 20 cases 
of RBD have shown that lesions within or near the mes-
encephalic and pontine tegmentum can produce dream-
enacting behaviors with loss of REM atonia [6]. More 
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recent neuroimaging of the voltage-gated potassium chan-
nel  complex- associated RBD cases, however, have demon-
strated abnormalities in the mesial temporal lobe structures 
and not exclusively in the brainstem [7]. These unique cases 
underscore the fact that while some of the networks and neu-
rotransmitter systems involved in RBD remain unclear, most 
consistently relate to brainstem networks and their efferent 
or afferent connections.

Even though the relationship between REM parasomnias 
and autonomic impairment is likely anatomical, the exact 
pathways involved remains unclear. In addition to REM 
control networks, the brainstem contains much of the neural 
circuitry responsible for the control of nocturnal and diurnal 
autonomic function. The higher-order regulation system of 
the CAN consists of a group of interconnected areas distrib-
uted throughout the neuraxis and is involved in visceromo-
tor, neuroendocrine, complex motor, and pain-modulating 
control mechanisms (Fig. 22.2) [2, 8–20]. The periaqueduc-
tal gray in the midbrain, the parabrachial nucleus of the pons 
and several regions in the medulla, including the dorsal motor 
nucleus of the vagus (DMV), the nucleus tractus solitarius 
(NTS), and the nucleus ambiguus, are critical components 
of the CAN [8]. It is significant that the CAN is state depen-
dent, and certain pathways that are activated in the waking 
state are deactivated during sleep, and vice versa. The most 
illustrative condition of CAN and peripheral autonomic dys-
function in the REM parasomnias is RBD.

 Rapid Eye Movement Sleep Behavior 
Disorder

RBD is a parasomnia characterized by loss of the nor-
mal skeletal muscle atonia that accompanies REM sleep. 
Consequently, patients may talk, gesture, punch, kick, or 
perform other complex motor behaviors in association with 
dream content [21]. RBD is common, affecting an estimated 
1% of those over the age of 60 [22, 23]. In addition, over 
a third of patients may be unaware of their sleep behav-
iors, suggesting that the diagnosis may be detected second-
arily when patients present with other sleep problems [24]. 
Much interest has arisen around the association between the 
α[alpha]-synucleinopathies and idiopathic RBD (iRBD), or 
clinically isolated RBD without signs of CNS neurodegen-
eration. Recent studies have documented that patients with 
iRBD are at substantial risk of developing a CNS α[alpha]-
synucleinopathy within their lifetime, although time to phe-
noconversion is variable, spanning from years to decades. 
Most longitudinal studies of patients initially diagnosed with 
iRBD have demonstrated a phenoconversion rate of greater 
than 80%, approximately 6–10% per year from diagnosis, 
establishing iRBD as a clear and early marker of neurode-
generation [6, 25–28]. In a recent longitudinal, multicenter 
pooled cohort of 1280 patients with iRBD, the median time 
to phenoconversion was 8 years, with an overall phenocon-
version rate of 6.25% per year. More specifically, the risk of 

Lower motor neuron

Muscle atonia

Spinal inhibitory interneuron

PC
SLD

MCRF

Fig. 22.1 Neuroanatomical 
structures involved in REM 
sleep (PC precoeruleus—
studied in cats, SLD 
sublaterodorsal nucleus—
studied in rats, MCRF 
magnocellularreticular 
formation)

J. Zitser and M. G. Miglis



251

phenoconversion on Kaplan–Meier analysis was 10.6% after 
2 years, 17.9% after 3 years, 31.3% after 5 years, 51.4% after 
8 years, 60.2% after 10 years, and 73.5% after 12 years [28].

RBD is a common feature of all CNS α[alpha]-
synucleinopathies and is often present at the time of diagno-
sis. It is estimated to occur in 30–50% of patients with PD, 
50–80% of patients with DLB, and 80–95% of patients with 
MSA [5, 29]. Like RBD, autonomic impairment is extremely 
common in the α[alpha]-synucleinopathies. Orthostatic 
hypotension (OH), for example, occurs in 20–50% of 

patients with PD, 30–70% of patients with DLB, 80% of 
patients with MSA and 100% of patients with PAF [30]. The 
similarity between prevalence of RBD and OH in these con-
ditions is striking.

The reason for this association is anatomical, as α [alpha]-
syn-induced neurodegeneration of autonomic brainstem 
centers likely results in a significant portion of the disease 
burden seen in these patients. Neuropathological stud-
ies in patients with RBD have demonstrated α[alpha]-syn 
deposition in several areas of the CAN including the locus 
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Fig. 22.2 Human brainstem templates showing the proposed nuclei 
involved in REM sleep control (left column), published cases of REM 
sleep behavior disorder associated with brainstem lesions and their 
approximate locations of the lesions based on magnetic resonance 
imaging data (central column), and the most important areas of the cen-
tral autonomic network and their approximate location (right column). 
Letters represent cross-sectional views through the brain stem, with (a) 
corresponding to the ponto-mesencephalic junction, (b) to the upper/
mid pons, (c) to lower/mid pons, and (d) just rostral to the ponto- 

medullary junction. Abbreviations: LDT laterodorsal tegmental 
nucleus, PPN pedunculopontine nucleus, PAG periaqueductal grey 
matter, LPT lateral pontine tegmentum, PR parabrachial region, RN 
raphe nucleus, PC precoeruleus, LC locus coeruleus, SLD sublat-
erodorsal nucleus, NA nucleus ambiguus, PBC Pre-Bötzinger complex, 
NTS nucleus of the tractus solitaries, DMVN dorsal motor vagal 
nucleus, VLM ventrolateral medulla. (Adapted from Boeve et  al. [2] 
and Benarroch [8])
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coeruleus (LC), raphe nuclei, amygdala, thalamus, and ento-
rhinal cortex [31, 32]. Peripheral autonomic nerves are also 
involved early in the disease process, as evidenced by several 
studies that have demonstrated post-ganglionic sympathetic 
denervation in patients [33, 34]; however, the timing of cen-
tral versus peripheral neurodegeneration remains unclear. In 
the staging system of PD proposed by Braak et al. [35], both 
parasympathetic structures (DMV) and sympathetic struc-
tures (postganglionic cardiac and sudomotor nerves) show 
inclusion of Lewy bodies at early stages of PD pathology. 
However, the pattern and severity of α[alpha]-syn-induced 
autonomic impairment are quite variable in patients with 
RBD.  While most patients initially presenting with iRBD 
will likely phenoconvert to a CNS α[alpha]-synucleinopathy 
within their lifetime, a minority of patients will remain in the 
isolated form of the disease [36], and phenoconversion rates 
are variable between patients. Each of the CNS α[alpha]-
synucleinopathies manifests their own unique patterns of 
autonomic dysfunction, and all have different prognoses. In 
addition, recent studies suggest that there may be different 
subtypes of PD with respect to disease onset, clinical pheno-
type, disease progression, and association with mild cogni-
tive impairment or dementia [37–44]. These subtypes seem 
to show different associations with RBD, another illustra-
tion that α[alpha]-syn spread may be highly individual. For 
example, in those patients with PAF, the presence of RBD, 
especially early in the disease course, may suggest a greater 
risk of phenoconversion [45]. In addition, studies investigat-
ing PD have identified OH and RBD as risk factors for early 
development of postural instability and dementia [46, 47]. 
In patients with PD, OH is strongly correlated with reduced 
survival, falls, and an increased risk of dementia, while 
RBD is also associated with an increased risk of dementia 
and postural impairment, thus supporting the concept of the 
RBD-OH phenotype as a more aggressive and malignant PD 
subtype.

 Autonomic Symptoms in Patients with RBD

Autonomic symptoms are common in RBD, reported in up to 
94% of patients [33]. Furthermore, the severity of autonomic 
symptoms may be correlated with an accelerated rate of phe-
noconversion from iRBD to manifest CNS disease [27]. An 
early multicenter case-control study compared the presence 
of autonomic symptoms in 318 patients with iRBD to an 
equal number of sex- and age-matched controls by means 
of the Scale for Outcomes in PD-Autonomic (SCOPA- 
AUT), a self-assessment measure that addresses autonomic 
symptoms in patients with PD [48]. iRBD patients had sub-
stantially more symptoms of autonomic impairment when 
compared to controls, with the most severe symptoms in the 
gastrointestinal, urinary, and cardiovascular domains. In a 

similar study of patients with iRBD, those who converted to 
PD or DLB had higher baseline cardiovascular SCOPA-AUT 
scores than those who did not [49].

Ferini-Strambi et  al. reported that iRBD patients had 
significantly higher SCOPA-AUT scores when compared 
to controls, with the gastrointestinal domain being the most 
severely affected [48]. Notably, constipation may be more 
common in PD patients with RBD than in those without RBD 
[50], and it is well known that constipation is an early pre-
motor symptom of PD. In an important longitudinal study, 
Li et al. administered the SCOPA-AUT to 43 patients with 
iRBD and followed them annually until the development of 
parkinsonism or cognitive impairment. Eighteen patients in 
this cohort (41.9%) developed a synucleinopathy, and those 
with more severe autonomic symptoms had an accelerated 
rate of phenoconversion [27].

Aguirre-Mardones et  al. reported that iRBD patients 
scored higher than controls on the Non-Motor Symptoms 
Questionnaire (NMSQuest), a scale that includes some 
questions assessing autonomic function, though it was not 
designed specifically as an autonomic questionnaire [51]. 
Schrempf et al. [52] found that when different domains of 
the NMSQuest were analyzed, iRBD patients scored high-
est in the domains assessing cardiovascular (33%), urinary 
(50%), gastrointestinal (17%), and sexual (22%) function.

While the literature on autonomic symptom severity 
in iRBD is consistent, the literature on autonomic impair-
ment in PD patients with RBD is less so. To help determine 
if the manifestations of PD are related to the presence of 
RBD, Postuma et  al. assessed autonomic impairment with 
subjective (Unified Multiple System Atrophy Rating Scale 
[UMSARS]) and objective outcome measures (1-minute 
active stand test) in a cohort of patients with PD [38]. Motor 
manifestations did not differ in patients with and without 
RBD; however, the presence of RBD was strongly associ-
ated with orthostatic intolerance and an orthostatic BP fall at 
1 minute. There was no association between RBD and other 
autonomic symptoms (constipation, urinary dysfunction, or 
erectile dysfunction) on the UMSARS. In a later study by the 
same group, the authors noted that symptoms of urinary fre-
quency were reported in iRBD patients up to 7 years before 
conversion to PD, with an extrapolated prodromal interval 
of 13 years, and erectile dysfunction was observed 7 years 
before disease conversion, with an extrapolated prodromal 
interval of 11  years [53]. In a large follow-up multicenter 
study, the presence of constipation increased phenoconver-
sion risk by 1.67, and erectile dysfunction by 2.13 in those 
with iRBD [28].

In support of the theory that ANS functions are affected 
in a heterogeneous pattern in PD, and that the progression 
of ANS dysfunction follows an erratic rather than stepwise 
progression, a study of 45 PD patients found no correlation 
between axial motor impairment, RBD, and either autonomic 
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symptoms (NMSQuest, SCOPA-AUT) or objective auto-
nomic impairment (cardiovascular autonomic reflex testing) 
[54]. Furthermore, based on prospective  investigations of 
RBD as a predictor of motor deterioration in PD, RBD has 
been associated with the progression of bradykinesia [55] 
but not with other motor symptoms, as measured by Hoehn 
and Yahr scores, conversion to postural instability gait dis-
turbance (PIGD) subtype, worsening of tremor [55], or the 
development of freezing of gait or falls [56].

There are some studies that have reported greater auto-
nomic symptom severity in PD patients with RBD, com-
pared to those without [57]. The discrepancies reported in 
patients with PD  +  RBD (as opposed to iRBD only) may 
be due to several factors, including a more advanced dis-
ease state, greater cognitive impairment affecting self-
reporting measures, and more confounding variables, such 
as a polypharmacy and medical comorbidities. Nonetheless, 
autonomic symptoms are common in RBD, with the most 
common complaints involving the gastrointestinal, genito-
urinary, sexual, and cardiovascular systems.

 Objective Markers of Autonomic Impairment 
in RBD

 Heart Rate Variability

It is difficult to measure autonomic fluctuations during sleep 
due to the uncomfortable and disruptive nature of most auto-
nomic recording techniques. Heart rate variability (HRV) 
analysis of the RR interval offers an indirect, noninvasive 
alternative. Spectral analysis of HRV is often referenced as 
an estimate of sympathetic and parasympathetic tone during 
sleep, termed the sympathovagal balance. High-frequency 
(HF) RR signal (>0.15  Hz) is associated with parasympa-
thetic tone, due to the vagal respiratory sinus arrhythmia, 
where heart rate increases on inspiration and decreases on 
expiration. Conversely, low-frequency (LF) RR signal (0.04–
0.15 Hz) may be associated with sympathetic tone [58] and 
may be influenced by baroreceptor function. A greater LF/
HF ratio is suggestive of greater sympathetic drive, while a 
lower LF/HF ratio is suggestive of greater parasympathetic 
drive. It is notable, however, that this correlation is not uni-
versally accepted and may be too simplistic a metric to cap-
ture the myriad exchanges involved in ANS balance during 
sleep. While HRV analysis is noninvasive and easy to per-
form, it is prone to artifact and is thus a nonspecific marker 
of cardiac autonomic impairment. Nonetheless, HRV can be 
easily obtained from overnight polysomnography (PSG) and 
has been utilized in a wealth of studies of autonomic func-
tion in various disease states including RBD.

Reduced HRV has been well-documented in RBD and has 
been established as one of the earliest signs of ANS impair-

ment. Most studies in this patient population have demon-
strated results consistent with sympathetic impairment [43, 
59, 60], while some have demonstrated both sympathetic and 
parasympathetic impairment [61, 62], depending on sleep 
stage [62], or severity of motor dysfunction [60]. Some stud-
ies have evaluated HRV only in the waking state [43], while 
others assessed PSG sleep data, finding differences between 
REM and non-REM stages [60, 61, 63]. Reduction in the HR 
response to arousals or periodic limb movements has been 
documented in both iRBD and PD, with the HR response for 
the iRBD group being intermediate with respect to the con-
trol and the PD groups, with a lower LF/HF ratio in REM, 
suggestive of sympathetic impairment [64]. It is noteworthy 
that this is the opposite of what is typically seen in normal, 
healthy sleep and is reflective of the sympathetic impairment 
that these patients manifest. In addition, reduced HRV alone 
may be an independent risk of developing PD. In one large 
population-based study, a reduction in HRV was associated 
with a 1.5–3× risk of PD [64]. The mean interval between 
detection of the abnormalities and onset of PD was 18 years, 
suggesting that this marker has a very long lead time. This 
finding was not replicated in a slightly smaller study that 
involved a 14-year follow-up [65].

Impaired nocturnal HRV in RBD has also been associ-
ated with signs of diurnal ANS impairment. In one study, 
patients with iRBD had not only reduced tonic and phasic 
HRV during sleep, but the majority of these patients also had 
abnormalities in one or more tests assessing cardiovascular 
reflex function during wakefulness [66]. However, no signifi-
cant difference was found in ANS function between iRBD 
patients and those with diagnosed CNS synucleinopathy. 
Further supporting this notion, Lanfranchi et al. evaluated 10 
subjects with iRBD and compared them to 10 age-matched 
controls, with the hypothesis that REM-related cardiore-
spiratory activation is altered in subjects with iRBD [67]. 
The authors found that REM-related cardiac and respira-
tory responses were absent in subjects with iRBD, but were 
preserved in non-REM sleep, suggesting that iRBD prefer-
entially affects the sympathetic control that is most active 
during REM.

Postuma et al. retrospectively analyzed overnight HRV in 
patients with iRBD and compared patients who had pheno-
converted to those who had not [68]. Patients who remained 
as iRBD demonstrated clear evidence of cardiovascular auto-
nomic dysfunction, as evidenced by reduction in RR-standard 
deviation, very low frequency (vLF) and LF spectra, again 
suggestive of sympathetic impairment. However, this car-
diovascular autonomic dysfunction, measured at baseline, 
did not predict phenoconversion rates, indicating that HRV 
abnormalities do not predict prognosis. More recently, 
Barone et  al. evaluated HRV in 21 patients with isolated 
rapid eye movement sleep without atonia (RSWA) without 
dream enacting behaviors and 21 patients with normal REM 
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atonia [69]. Significant differences between groups were 
demonstrated in RR standard deviation, HRV power and LF 
spectra, suggesting that cardiovascular sympathetic impair-
ment is present well before patients are noted to have their 
first RBD event.

In summary, many studies have demonstrated reduced 
HRV in patients with RBD, most prevalent in the sympathetic 
power spectra, indicative of sympathetic cardiac impairment. 
However, the presence of this impairment does not seem to 
correlate with disease severity or risk of phenoconversion 
from iRBD to CNS synucleinopathy, as it occurs early in the 
disease course for most patients and is present in both iRBD 
and in RBD patients with CNS disease.

 Cardiac Scintigraphy

Studies utilizing metaiodobenzylguanidine (MIBG) scintig-
raphy in RBD offer similar findings to those of HRV studies. 
MIBG scintigraphy is based on evidence that norepinephrine 
(NE) and 123I-MIBG have the same mechanisms for uptake, 
storage, and release [70], thus an abnormal MIBG scan sug-
gests post-ganglionic sympathetic denervation. Results are 
often referenced as the heart to mediastinum (H/M) ratio, 
which represents the capacity of MIBG uptake in the ter-
minal post-ganglionic sympathetic fibers, with lower ratios 
indicating impaired neuronal uptake [71]. Studies of cardiac 
MIBG scintigraphy in patients with iRBD have demonstrated 
abnormalities similar to those seen in PD [3, 72]. These find-
ings have also been demonstrated in DLB with and without 
autonomic failure [71, 73], but less so in MSA, which tends 
to preferentially involve preganglionic autonomic fibers. 
These MIBG studies provide a direct neuroanatomical cor-
relate of the cardiac sympathetic impairment seen in HRV 
studies.

Kashihara et al. performed MIBG scintigraphy in patients 
with iRBD and compared the findings to patients with PD 
and controls [74], reporting that H/M ratios were lower for 
iRBD patients than PD patients at Hoehn and Yahr stages 1 
and 2, but equal to those at Hoehn and Yahr stages 3, 4, and 
5. This suggests that the autonomic denervation responsible 
for reduced MIBG uptake may be more closely associated 
with the presence of RBD than with PD. The authors also 
reported that cardiac sympathetic denervation is more severe 
in iRBD than in early PD, suggesting that the presence of 
RBD might predict more widespread autonomic impairment 
in patients with an underlying α[alpha]-synucleinopathy.

In 2008, Oguri et al. reported on two RBD patients with 
differing clinical progression in whom cardiac scintigraphy 
was performed. One 69-year-old patient had more than a 
20-year history of iRBD and demonstrated a decrease in myo-
cardial MIBG radioactivity. The other 69-year-old patient 
began to manifest nocturnal behaviors at age 62, then mild 

parkinsonism at age 68, and demonstrated a similar decrease 
in myocardial MIBG radioactivity both before and after the 
onset of parkinsonism. These cases suggest that RBD can 
develop in diverse patterns of clinical progression, and that 
an abnormal MIBG result does not necessarily predict sever-
ity of disease [75]. Other studies have demonstrated reduced 
MIBG uptake in iRBD compared to early PD [74], and in PD 
with RBD compared to PD without RBD [76, 77], suggesting 
that cardiac post-ganglionic sympathetic denervation may be 
more closely associated with the presence of RBD than with 
PD. In support of this theory, Kim et al. demonstrated that 
PD patients with RBD were more likely to have orthostatic 
hypotension (OH) and reduced H/M ratios when compared 
to those without RBD, suggesting that cardiac sympathetic 
denervation could be the driving mechanism behind OH in 
patients with RBD [78].

While MIBG abnormalities may not predict disease 
severity in patients with RBD, they do seem to be much more 
common in the α[alpha]-synucleinopathies than in other 
neurodegenerative diseases. Miyamoto et al. reported on the 
pattern of MIBG scintigraphy abnormalities in iRBD, DLB, 
and MSA, and compared them to progressive supranuclear 
palsy (PSP), a tauopathy [79]. The results were normal in the 
MSA, PSP, and control groups; however, they were mark-
edly reduced in 93.5% of the patients with iRBD, 75.0% 
patients with PD, and 100% patients with DLB [79]. In most 
cases of iRBD, a marked reduction in 123I-MIBG accumula-
tion occurred soon after the onset of the disease. Barateau 
et al. performed a different disease-state comparison, evalu-
ating MIBG scintigraphy in a population of 34 patients with 
type-1 narcolepsy (NT1) and in 15 patients with iRBD. The 
authors found that reduced MIBG uptake was associated 
with iRBD but not with NT1, again supporting the observa-
tion that cardiac sympathetic impairment seen in RBD may 
be unique to the synucleinopathies [80].

In summary, like HRV, several studies have demon-
strated abnormal MIBG scintigraphy in patients with RBD, 
indicative of sympathetic cardiac impairment. However, the 
presence of this impairment may not correlate with disease 
severity or phenoconversion rate, but it may help differenti-
ate RBD related to an underlying α[alpha]-synucleinopathy 
from RBD due to other disease states, such as NT1. In addi-
tion, it may be useful in differentiating certain subtypes of 
synucleinopathy, such as MSA and PD.

 Cardiovascular Reflex Testing and Blood 
Pressure Analysis

Cardiovascular reflex testing has been validated as the 
most quantitative and comprehensive method of assess-
ing ANS function. Autonomic cardiovascular reflex test-
ing can include many specialized tests, but at a minimum 
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should include measures of HRV with paced deep breath-
ing  (cardiovagal parasympathetic), the Valsalva maneuver 
(sympathetic adrenergic) with Valsalva heart rate ratio (car-
diovagal parasympathetic and sympathetic adrenergic), and 
70° head- up tilt test (HUTT) (sympathetic adrenergic) for a 
minimum of 10 minutes, all performed with continuous BP 
and HR monitoring. Testing is performed in the autonomic 
laboratory under controlled conditions, and patients should 
refrain from large meals, alcohol, nicotine, caffeine, or any 
medications that might alter the test results.

The first study to investigate cardiovascular reflex 
testing in iRBD was by Ferrini-Strambi et  al. [66]. The 
authors compared a cohort of 10 iRBD, one PD, one AD, 
and two MSA patients to controls and found that the BP 
response to standing was abnormal in six patients (43%). 
Frauscher et al. investigated autonomic function in iRBD 
by performing cardiovascular reflex testing in 15 iRBD 
patients and compared them to PD patients and controls 
[81]. On HUTT, BP changes were similar between iRBD 
patients and controls; however, OH was present in two 
iRBD patients, the same frequency as in the PD group. 
Orthostatic BP changes were more pronounced in the PD 
group. The Valsalva ratio was significantly lower in PD 
patients and iRBD patients.

In another small cohort, Lee et al. performed testing on 
17 patients with iRBD. Ninety-four percent of these patients 
demonstrated sympathetic adrenergic and/or parasympa-
thetic cardiovagal deficits [33]. In contrast to the earlier work 
by Fraucher, in which the authors found relatively little OH, 
10/17 (59%) of patients in this cohort had OH. Sympathetic 
cholinergic dysfunction was found in 7/17 (41%) of patients 
with iRBD, as evidenced by abnormal QSART results [33], 
suggesting post-ganglionic sympathetic impairment. These 
results suggest widespread autonomic impairment in iRBD, 
with both central and peripheral autonomic involvement. 
Others have reported no difference in sudomotor function 
using the SudoScan device, which utilizes electro-chemical 
skin conductance (ESC) to measure the sweat gland func-
tion through reverse iontophoresis [82]. The authors of 
this study compared a cohort of iRBD, PD with RBD, PD 
without RBD, and atypical Parkinson’s patients to controls, 
and found that ESC was reduced in PD with RBD as com-
pared to PD without RBD and controls, while ESC in iRBD 
patients was no different from controls. This finding illus-
trates the need for further studies to investigate peripheral 
autonomic involvement in RBD, to better understand the 
spread of α[alpha]-syn in the progression of neurodegenera-
tive disease.

In summary, while studies are limited, cardiovascular 
autonomic reflex testing has demonstrated clear abnormali-
ties in both central and peripheral autonomic function in 
patients with iRBD and provides the most comprehensive 
analysis of autonomic function in the waking state.

 Gastrointestinal Motility

Several studies have reported a high prevalence of gastro-
intestinal (GI) symptoms in iRBD cohorts, equal to that of 
diagnosed PD [48, 51]. One study evaluated objective mea-
sures of GI function in iRBD with GI transit time, colonic 
volume, and peristaltic movements and compared the results 
to previously published data from early stage PD patients and 
controls [83]. GI transit time and total colonic volume were 
significantly increased in iRBD patients when compared to 
controls, but not as severely affected as in PD patients. As 
the innervation of the GI tract decreases from the proximal to 
the distal segments, the functional consequence of neuronal 
death is expected to become progressively more severe. The 
authors of this study found a clear gradient of GI dysfunc-
tion in patients with iRBD, as measured by 3D-transit, with 
gradually more severe involvement from stomach to colon, 
thus supporting the hypothesis that intestinal neuronal inner-
vation is affected very early in the prodromal phase of the 
α[alpha]-synucleinopathies.

In another study, the same authors enrolled 21 
patients with iRBD and utilized functional imaging with 
11C-donepezil PET and computed tomography (CT) to 
assess cholinergic gut innervation along with MIBG car-
diac scintigraphy and other imaging techniques to assess 
cell integrity in the locus coeruleus and striatum [84]. The 
authors also performed orthostatic BP measurements in 
their cohort. As demonstrated in prior studies, both iRBD 
and PD groups had reduced H/M ratios on MIBG scintigra-
phy, with no significant difference between groups. OH was 
present in 7/13 iRBD patients (54%), but there was no cor-
relation between H/M ratios and severity of OH. Compared 
with controls, iRBD patients had significantly lower uptake 
in the small intestine, with impairment comparable to those 
with PD. Similar results were seen in the CNS imaging tests. 
Idiopathic RBD patients had significantly lower locus coe-
ruleus: pons ratios compared to controls, but not compared 
to PD patients. These studies indicate that patients with 
iRBD demonstrate peripheral autonomic nervous system 
dysfunction on par with diagnosed PD, and that both central 
and peripheral structures are affected early in the spread of 
α[alpha]-synuclein-induced neurodegeneration.

 Biopsy and Tissue Analysis

As the results of the studies discussed would indicate, phos-
phorylated α[alpha]-synuclein (pSyn) containing inclusions 
in neurons (Lewy bodies, LB) and nerve terminals (Lewy 
neurites, LN) are not confined to the CNS in RBD, but are 
readily found in peripheral tissues and in autonomic nerves. 
There is pathologic evidence that pSyn accumulation in dis-
tal autonomic axons in PD occurs early and may precede 
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the involvement of more proximal autonomic structures 
[85]. This provides rationale for the use of tissue α[alpha]-
syn as a biomarker in these conditions [86], to both identify 
patients for future clinical trials and to measure disease pro-
gression [87–89]. However, the utility of pSyn detection in 
tissues accessible to biopsies as a reliable biomarker in iRBD 
remains unclear. Most studies have focused on the detection 
of pSyn in PD, and only recently have investigators turned 
their focus to tissue biopsy in iRBD.

The GI tract was one of the first sites outside of the CNS 
in which α[alpha]-syn was detected, with the first descrip-
tions of enteric nervous system involvement dating back to 
1960 [90]. Several groups have subsequently demonstrated 
pSyn deposits in the colon of patients with PD on screen-
ing colonoscopy [91, 92]. Other studies have found pSyn in 
the salivary glands of iRBD patients [93], and more recently 
the epidermis of the skin. Skin biopsy has emerged as the 
most promising biopsy site to date. It is easy to perform, 
minimally invasive, and thus represents an ideal potential 
site for biomarker tissue analysis. Michell et al. first reported 
α[alpha]-syn in human skin biopsies in 2005. Positive sam-
ples were identified in both PD and control groups, and most 
samples were negative. Furthermore, the authors found no 
apparent correlation between the amount of α[alpha]-syn 
detected and diagnosis or disease severity [87]. Following 
up on that study, Miki et  al. examined Lewy pathology in 
20 patients with clinically diagnosed PD, using 6-mm punch 
biopsies obtained from the skin of the chest wall and leg. 
Abnormal accumulation of pSyn was found in the chest of 
10% of patients, but not in the leg [94]. Other studies failed 
to localize pSyn in biopsies of the ventral forearm and distal 
leg in patients with PD [95, 96]. These initial studies and 
others used techniques optimized for CNS tissue, relied on 
small tissue volumes, and did not systematically study auto-
nomic substructures, and therefore detected α[alpha]-syn in 
only a minority of their subjects [87, 88, 94, 97, 98].

In 2013, Donadio et al. reported novel methods of indi-
rect immunofluorescence to detect pSyn in a group of 21 
patients with chronic peripheral autonomic neuropathy, a 
subset of whom had acquired forms, such as diabetes, and a 
subset of whom had pure autonomic failure (PAF), a known 
α-synucleinopathy [99]. In this study the authors reported 
methods that would be later employed in iRBD cohorts. They 
performed 3-mm punch biopsies at the cervical (C7) paraspi-
nal level and the proximal and distal leg, and immunostained 
with PGP 9.5 and autonomic markers, such as vasoactive 
intestinal peptide to localize sudomotor cholinergic fibers in 
sweat glands and dopamine-β-hydroxylase to localize nor-
adrenergic vasomotor and pilomotor fibers, and co-localized 
with pSyn mouse antibodies. pSyn was found in the samples 
of all patients with pure autonomic failure (PAF) but in none 
of the patients with acquired autonomic neuropathy and in 
none of the controls. Analysis showed a higher percentage 

of pSyn in the proximal compared to the distal leg, and a 
similar percentage of pSyn in the proximal leg and cervical 
site. Synuclein deposits did not differ between cholinergic 
and adrenergic autonomic structures and did not correlate 
with disease duration; however, most patients in this study 
have similar disease duration. These findings have been con-
firmed by other groups in patients with PD [100, 101], and 
in follow-up studies, pSyn ratios were noted to higher in PD 
patients with autonomic failure, more advanced stages of 
disease, and disease of longer duration [102].

Doppler et al. performed the first study of dermal pSyn 
analysis in iRBD patients [103]. The authors enrolled 18 
patients with PSG-confirmed iRBD and compared them to 
25 patients with early PD and 20 controls. They performed 
biopsies at cervical (C7) and thoracic (Th10) paraspinal 
regions, as well as the upper and lower leg, and analyzed 
samples for pSyn deposits in dermal nerve fibers. Patients 
were considered positive if at least one biopsy site had pSyn- 
immunoreactive nerve fibers. In the 10 pSyn-positive iRBD 
patients (sensitivity 55.6%), most pSyn-positive nerve fibers 
were found in the cervical and thoracic sites. In the 20 pSyn- 
positive PD patients (sensitivity 80%), there was a trend of 
more pSyn-positive fibers to be found in the periphery; how-
ever, the differences of affected biopsy sites were not sig-
nificant. There was no pSyn in control samples (specificity 
100%).

In 2017, Antelmi et  al. addressed the same question in 
12 iRBD patients and compared them to 55 healthy controls 
[104]. Skin biopsies were taken from the cervical paraspinal 
region and the distal leg. pSyn deposits were detected in 9/12 
(75%) patients with iRBD and in none of the controls. In 
iRBD, the sensitivity of the test was higher at the cervical 
site (67%) when compared to the leg site (58%) [104], simi-
lar to the results of Doppler et al. [103].

Observations in these skin biopsy studies support the 
hypothesis of peripheral nerve fiber loss as an intrinsic fea-
ture of PD, and growing evidence suggests this to be also 
true in iRBD [105]. As discussed in the section on Cardiac 
Scintigraphy, skin biopsy may also serve as a test of 
α[alpha]-synucleinopathy subtype. In one study, all patients 
with PD had pSyn depositions within at least one dermal 
nerve fiber innervating autonomic skin structures (sensitiv-
ity 100%), while patients with MSA did not. In fact, MSA 
patients exhibited a different pSyn staining pattern, with 
abnormal aggregates found predominantly in somatosensory 
skin fibers, mainly those located in the subepidermal plexus. 
In contrast, PD, DLB, and PAF patients demonstrated pSyn 
deposits in autonomic fibers and plexuses close to autonomic 
annexes. The patterns of staining in MSA were also differ-
ent, consisting of dot-like patterns, as opposed to the more 
homogenous staining of PD, DLB, and PAF.

In conclusion, skin biopsy has thus far emerged as the 
most promising tool thus for the analysis of α[alpha]-syn. It 
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is minimally invasive, easily reproducible, and requires min-
imal operator training, thus represents an exciting technique 
for use in future longitudinal studies of phenoconversion risk 
in iRBD.

 Nightmare Disorder and Trauma-Associated 
Sleep Disorder

Nightmare disorder is characterized by nightmares occur-
ring at least once weekly, accompanied by emotional dis-
tress and impaired daytime function [106]. The literature 
on autonomic impairment in nightmare disorder is limited; 
however, some data suggest that frequent nightmares may 
lead to augmentation of EMG tone during pre-REM periods 
[107], accompanied by reduced HF spectra, indicating lower 
parasympathetic tone during sleep. Several studies have also 
demonstrated markers of increase sympathetic tone in those 
with post-traumatic stress disorder (PTSD), such as elevated 
LF spectra and the LF/HF ratio during sleep. Others have 
reported elevated plasma, urinary, and cerebrospinal fluid 
catecholamines in PTSD patients, the levels of which corre-
lated with the severity of the patient’s symptoms [108]. The 
use of central alpha blockers such as prazosin for nightmare 
disorder speaks to the involvement of the sympathetic ner-
vous system in the genesis or propagation of nightmares.

The observation of a shift toward a sympathetic dominant 
state may also be related to the complaint of dream-enacting 
behaviors in those with PTSD. This has led to expansion of 
the term PTSD into the concept of “trauma-associated sleep 
disorder” (TSD), defined as sleep disorders sharing char-
acteristics of both PTSD and RBD. There are several case 
reports and case series of sympathetic hyperactivity, and 
even REM-without atonia, described in younger combat vet-
erans, a demographic quite distinct from that of the typical 
α[alpha]-synucleinopathy patient [109, 110]. This implies 
that the pathophysiology of PTSD may involve disordered 
REM sleep pathways; however, the mechanism is unclear, 
and may be multifactorial, with fragmented sleep, substance 
abuse, antidepressant use, and hyperarousal all potential con-
tributing factors in this patient population. However, there 
is also precedent for a neuroanatomical basis; post-mortem 
studies in PTSD patients have demonstrated a significant 
reduction in the number of locus coeruleus (LC) neurons. 
In addition, reduced firing rates of LC neurons may lead to 
disinhibition of the pedunculopontine nucleus (PPN), pro-
ducing some of the symptoms of PTSD [111]; however, 
this reduction in noradrenergic outflow to the PPN may also 
result in REM without atonia. With a growing population of 
younger combat veterans with PTSD and nightmare disor-
der, the overlap with RBD deserves further investigation, 
and future longitudinal studies are needed in this group of 
patients.

 Conclusions

Autonomic dysfunction is common in REM parasomnias, a 
fact that is not surprising given the neuroanatomical prox-
imity of the REM and autonomic control nuclei and their 
reciprocal connections. This dysfunction may take the form 
of sympathetic adrenergic impairment in RBD, or sympa-
thetic hyperactivity in nightmare disorder and TSD. Patients 
with iRBD may develop prodromal symptoms of auto-
nomic dysfunction decades before any manifest signs of 
CNS disease, with the most commonly reported symptoms 
occurring in the urinary, gastrointestinal, sexual, and car-
diovascular domains. The severity of symptoms may cor-
relate with phenoconversion rate; however, this has not been 
definitely established. Patients with iRBD have clear evi-
dence of post- ganglionic cardiac sympathetic denervation, 
as evidenced by HRV and cardiac scintigraphy studies, and, 
like autonomic symptoms, this impairment is likely pres-
ent decades prior to diagnosis. The severity of these deficits 
has not been correlated with severity of RBD or with phe-
noconversion rate. While the data on cardiovascular reflex 
testing are limited, we believe this testing has the greatest 
potential to measure minor autonomic changes in individu-
als with iRBD. Measures of sudomotor function (QSART) 
may help quantify peripheral denervation and small fiber 
neuropathy, which may correlate with peripheral α[alpha]-
synuclein deposition. Measures of HRV during wake pro-
vide a measure of cardiovagal tone, and Valsalva and HUT 
testing provide controlled measures of sympathetic tone 
and baroreceptor function. Combining such measures with 
quantification of dermal alpha-synuclein on skin biopsy 
may provide the most comprehensive assessment of auto-
nomic function in RBD and should be considered in future 
longitudinal trials.
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Multiple System Atrophy

Roberto Vetrugno

 Introduction

Multiple system atrophy (MSA) is an adult-onset, progres-
sive, and fatal neurodegenerative disease characterized by 
a variable combination of parkinsonian features, cerebellar 
impairment, corticospinal signs, and autonomic dysfunction 
[1]. The latter includes orthostatic hypotension (OH) and 
bladder, bowel, sexual, and breathing disorders. Moreover, 
sleep disorders are frequent and severe in MSA, consist-
ing of insomnia, daytime sleepiness, restless legs syndrome 
(RLS), REM sleep behavior disorder (RBD), and sleep dis-
ordered breathing (SDB).

MSA is a unifying term introduced by Graham and 
Oppenheimer in 1969 [2] to bring together a group of neu-
rodegenerative syndromes with overlapping clinical fea-
tures and brain pathology, i.e., olivopontocerebellar atrophy 
(OPCA) [3], striatonigral degeneration (SND) [4], and Shy- 
Drager syndrome (SDS, parkinsonism with autonomic fail-
ure) [5]. The clinical abnormalities are due to a complex 
pathophysiology that reflects neurodegeneration of cortical 
areas, the basal ganglia, brainstem, and cerebellum [6–10]. 
Widespread neuronal degeneration results in a short median 
survival time, ranging across studies from 6 to 10 years [11].

Although MSA is regarded as a sporadic disease, genetic 
factors have been implicated in the etiology of this disorder 
in some cases. These include copy number loss of C-terminal 
Src homology 2 Adapter Protein 2 (SHC2) [12], SNCA gene 
(synuclein alpha) single-nucleotide polymorphisms [13, 
14], and mutation in the CoQ2 gene which encodes for 4 
hydroxbenzoate polyprenyltransferase, an enzyme involved 
in coenzyme Q10 biosynthesis [15, 16]. Notably, a genome- 
wide association study in MSA identified single nucleotide 
polymorphisms in four genes which did not include SNCA 
or CoQ2 [17].

According to clinical diagnostic criteria, two major sub-
types may be distinguished by their predominant motor fea-
tures. The variant characterized by parkinsonian features is 
designed MSA-P (parkinsonian subtype), while cerebellar 
ataxia is the main motor presentation in MSA-C (cerebellar 
subtype) [7, 18]. Nevertheless, autonomic failure is observed 
almost universally in both motor presentations [1].

The pathologic hallmark is the accumulation of aggre-
gated alpha-synuclein (α-syn), which qualifies MSA as a 
synucleinopathy together with Parkinson’s disease (PD) and 
dementia with Lewy bodies (DLB). In Lewy body diseases 
(PD and DLB), α-syn aggregates in neurons such as Lewy 
bodies (LBs) and Lewy neurites. In contrast, MSA is charac-
terized by the accumulation of α-syn in oligodendrocytes as 
glial cytoplasmic inclusions (GCIs). Moreover, it seems that 
pathological α-syn such as GCIs and LBs (GCI-α-syn and 
LB-α-syn) are conformationally and biologically distinct, 
with GCI-α-syn forming more compact structures and being 
~1000-fold more potent than LB-α-syn in seeding α-syn 
aggregation, which is consistent with the highly aggressive 
nature of MSA [19, 20].

 Epidemiology and Natural History

MSA affects 3–5 people out of every 100,000 in the general 
population [7]. The estimated annual incidence of MSA in 
the population >50 years old is approximately 3 per 100,000 
[21]. The estimated prevalence of MSA is between 2 and 
5 cases per 100,000 population [22, 23]. There is no spe-
cific racial predilection, and the disease has been reported in 
Caucasian, African, and Asian populations.

Retrospective and prospective studies report survival 
between 6.2 and 10 years in MSA [24–27], with average age 
of onset ranging from 53 to 63 years [26–28]. Few patients 
have been reported surviving more than 15 years [29].

The onset of MSA before 40 is referred to as young-onset 
MSA [30], and some specific clues (e.g., the presence of 
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 dystonia, myoclonus, or pyramidal signs) may help identify 
these young-onset MSA patients [31]. A great variability in 
clinical factors have been reported as predictive of shortened 
survival. In particular, older age of onset [24, 32–35], gen-
der (male or female) [25, 32, 34], MSA-P subtype [24, 25, 
36, 37], and early or initial autonomic symptoms [27, 28, 
34, 35, 38] seem to be associated with worse survival, while 
late development of autonomic failure has been reported as a 
favorable prognostic factor [29, 39]. However, with regard to 
the natural history of the disease whether there are any dif-
ferences between the MSA-P and MSA-C subtypes remains 
a matter of debate [11]. In this regard, Coon and co-work-
ers investigated the role of autonomic testing as a mean of 
evaluating survival in a large number of patients with MSA 
(n  =  685) and concluded that the results of such tests can 
serve as a prognostic marker [40]. All MSA patients under-
went comprehensive standardized autonomic testing. The 
median survival was 7.51 years with no difference between 
MSA subtype and gender. Older age of onset and both motor 
and autonomic clinical features predicted shorter survival. 
In particular, motor symptoms of falls within 3 years, auto-
nomic manifestations of bladder symptoms (e.g., urinary 
catheterization) within 3  years, and symptoms related to 
orthostatic intolerance developing within a year from the 
onset were the strongest predictors of shorter survival. The 
finding that early and generalized autonomic dysfunction 
over the disease course (though not the prevalent motor phe-
notype) is associated with shorter survival in MSA under-
scores the importance of standardized autonomic testing not 
only as a means of identifying this disease but also as an 
important prognostic indicator.

 Clinical Features

Bradykinesia and rigidity, postural instability and freezing 
(akinetic rigid form) characterizes the motor presentation of 
the parkinsonian subtype of MSA. The presence of classi-
cal pill rolling rest tremor, which is common in Parkinson’s 
disease, is unusual in MSA patient, whereas postural 
action tremor with superimposed jerks is seen in half of all 
patients. In particular, abnormal hand and finger movements 
in patients with MSA-P are a form of postural and action 
myoclonus described as mini- polymyoclonus [41]. Postural 
stability is massively impaired, and freezing of gait may 
be observed in the majority of MSA patients still ambulant 
[18]. Other warning signs that herald parkinsonism in MSA 
include falls usually within 3 years of motor onset, pyrami-
dal signs with extensor plantar response, and rapid progres-
sion regardless of dopaminergic treatment [42].

Cerebellar ataxia dominates the motor disorder of MSA-C 
patients, but it is also present in nearly half of MSA-P 
patients, underpinning the multisystem character of this dis-

ease [18]. Cerebellar dysfunctions manifest as gait ataxia, 
limb ataxia, ataxic dysarthria, and cerebellar-type of abnor-
mal eye movement disorders, i.e., gaze-evoked nystagmus, 
impaired smooth pursuit with saccadic intrusion, and ocular 
dysmetria.

“Abnormal postures” may be associated with the motor 
presentation of MSA in 16–42% patients and include Pisa 
syndrome (reversible lateral bending of the trunk), dispro-
portionate antecollis and/or contractures of hand or feet 
(excluding Dupuytren disease or contracture due to other 
known cause) [43].

The speech pattern in patients with MSA is also character-
istic. In addition to the hypophonic monotony, patients with 
MSA-P also have an increase in pitch and quivering, strained 
element to their speech. By contrast, patients with MSA-C 
have a more typical cerebellar scanning dysarthria [11].

Dysphagia is prominent in both MSA-P and MSA-C. The 
characteristics of dysphagia in MSA-P are consistent with 
the parkinsonian syndrome, which manifests as swallowing 
dysfunction in the oral phase, such as delayed bolus transport 
from the oral cavity to the pharynx and disturbance of bolus 
holding in the oral cavity. This is as a result of bradykinesia 
and rigidity of the tongue, which is related to parkinsonism 
[44, 45]. In addition to the oral phase, parkinsonism disrupts 
the normal sequencing of the pharyngeal phase, causing a 
reduction or absence of relaxation of the cricopharyngeal 
muscle [46–48]. On the other hand, in MSA-C, disturbed 
coordination of tongue movement by cerebellar dysfunction, 
rather than parkinsonism, results in swallowing dysfunction 
in the oral phase [45]. Patients with MSA-P commence diet 
modification earlier than those with MSA-C, despite no sig-
nificant difference in the latency to onset of tube feeding. 
Deterioration of dysphagia may be more pronounced in the 
oral function (such as lip, tongue, and masticatory function) 
of MSA patients [49].

Dysautonomia is a core clinical criterion for MSA [50]. 
Autonomic dysfunction can precede the onset of motor 
symptoms of MSA in up to 50% of patients [51]. Urinary 
dysfunction and orthostatic hypotension (OH) are the most 
frequent dysautonomic symptoms of MSA, with an earlier 
onset of urinary symptoms particularly in the cerebellar 
phenotype [51, 52]. In MSA, severe dysautonomia and the 
early combination of dysautonomic and motor symptoms 
are poor prognostic factors, regardless of the phenotype 
[40, 53].

OH, the main clinical feature of cardiovascular autonomic 
dysfunction, is defined as sustained drop in systolic pressure 
of at least 20 mm Hg or a sustained diastolic drop of at least 
10 mm Hg within the first 3 min after standing up [54]. This 
time cutoff might not be sensitive for α-synucleinopathies, 
in which the presentation is most commonly that of delayed 
OH; therefore, measuring blood pressure for at least 10 min 
has been recommended. Delayed OH has been documented 
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as a risk factor for MSA, which frequently progresses to OH 
with a high mortality [55]. OH affects around 43% of patients 
with MSA from early stages of the disease, and of these, 50% 
also display post-prandial hypotension as well as nocturnal 
and supine hypertension [51, 56, 57]. This condition is more 
frequent and more severe in the cerebellar subtype of MSA 
when compared to the parkinsonian subtype [58].

Constipation is defined as a frequency of less than three 
bowel movements in 1  week [59]. Constipation has been 
reported in MSA and may precede up to 10 years the onset 
of motor symptoms [60].

Up to 96% of MSA patients display urinary symptoms 
(i.e., nocturia, altered urinary frequency, urinary inconti-
nence, and detrusor hyperactivity), which tend to be more 
severe than in PD. In 60% of MSA patients, urinary symp-
toms start before the onset of motor symptoms (with a mean 
of 4 years before diagnosis), mostly with post-residual vol-
ume alterations [56, 61, 62].

Erectile dysfunction, defined as the incapacity to achieve 
or maintain a penile erection long enough to allow a sexual 
relation [63], is present in up to 97% of men diagnosed with 
MSA. It is the initial symptom in 48% of male patients, pre-
ceding motor symptoms for as long as a decade [51, 60, 62].

Sleep and breathing disorders in MSA are frequent and 
severe. Their consequences on life quality and life expec-
tancy are very important and justify a precise and effica-
cious management [64–66]. MSA patients complain about 
insomnia, daytime sleepiness, restless legs syndrome (RLS), 
rapid eye movement (REM) sleep behavior disorder (RBD), 
and breathing disorders mainly sleep disordered breathing 
(SDB). Sleep recordings (i.e., videopolysomnography  – 
VPSG) confirm these disorders and show their severity.

RLS is an urge to move mostly the legs, usually asso-
ciated with paresthesia that occurs or worsens at rest and 
during the evening or the night and is relieved by activity. 
RLS prevalence in MSA varies from 4.7% to 28% [67–70]. 
This prevalence may be overestimated since many symp-
toms of MSA may mimic those of RLS, including wearing 
off, dystonic and overnight motor symptoms, or akathisia. A 
diagnosis of RLS in MSA may therefore be quite challeng-
ing even when applying well-established diagnostic criteria 
[71]. On the other hand, RLS in MSA could be sometimes 
underestimated since almost a third of the patients explored 
undergoing a VPSG study presents RLS features with obvi-
ous restlessness at night, but without ever reporting it before 
in most of the cases [72]. Moreover, even if the prevalence 
of RLS seems to be increased in MSA compared to that in 
the general population, its pathophysiology remains unclear.

Periodic limb movements during sleep (PLMS) are ste-
reotypic, repetitive, non-epileptiform movements of the 
legs, usually consisting of dorsiflexion of the ankle. They 
are usually reported by the co-sleeper and confirmed on the 
sleep recordings. They often increase sleep fragmentation. 

In MSA, PLM indexes (asleep, asleep with awakenings, 
and while awake) vary a lot across the studies [73–75]. The 
high indexes observed in some studies could be the result of 
the degeneration of the spinocerebellar pathways involved 
in PLM generation, probably more affected in MSA than in 
PD patients. Moreover, a decrease in the cortical and auto-
nomic arousal responses to PLMS has been reported in MSA 
patients [76].

The most frequent abnormal movement disorder dur-
ing sleep observed in MSA is RBD. RBD is a parasom-
nia characterized by the abnormal persistence of muscular 
tone during REM sleep allowing prominent motor activity 
accompanying dreaming, e.g., laughing, talking, shouting, 
kicking, fighting [77]. The dream-enacting behaviors can be 
violent leading to self or co-sleeper injuries [78] (Fig. 23.1). 
RBD can be idiopathic, but follow-up studies have shown 
that most patients tend to develop a neurodegenerative disor-
der, synucleinopathies most of the time (PD, DLB, or MSA) 
[79]. A recent meta-analysis has explored the prevalence of 
RBD in MSA and has shown very high summary prevalence 
of clinically suspected RBD with 73% in a total sample of 
324 patients and a summary prevalence of VPSG-confirmed 
RBD even higher of 88% in a total sample of 217 patients 
[80]. This prevalence is much higher than that in PD where 
prevalence of RBD is usually reported in about 50% of the 
patients. The natural course of RBD in patients with MSA 
has been compared to patients with PD [81]. RBD symp-
toms in patients with MSA displayed a limited appearance 
in the period shortly before the onset of other neurological 
symptoms, but mostly disappeared within a few years after 
the onset of neurological symptoms. The number of MSA 
patients with RBD symptoms did not increase with the 
course of the disease. In PD, on the contrary, RBD symptoms 
seemed to increase with the course of the disease. As brain 
lesions in MSA spread more rapidly and widely than those 
in PD [82], RBD symptoms in MSA patients could disap-
pear due to progressive neurodegeneration of the brainstem 
structures responsible for RBD. This could be linked to the 
occurrence of status dissociatus evolving from RBD over the 
course of the disease as previously reported [83].

Stridor is a harsh, high-pitched inspiratory sound due 
to a laryngeal narrowing, which may appear first during 
sleep in MSA patients and as the initial manifestation of 
the disease (Fig.  23.2). Specifically, stridor could be also 
expiratory when it is caused by an obstruction in the intra-
thoracic region, whereas inspiratory stridor is due to an 
extrathoracic obstruction in the upper airway. The reported 
prevalence of stridor in MSA varies from 15% to 40% of 
patients, depending on the methods of assessment [84]. 
Stridor is a red flag for the diagnosis of MSA with a high 
diagnostic positive predicted value [7, 85, 86] because it 
is rarely observed in other parkinsonian syndromes such 
as PD or progressive  supranuclear palsy. Laryngoscopy is 
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Fig. 23.2 NREM sleep recording (excerpts) in a multiple system atro-
phy patient with predominant cerebellar ataxia (MSA-C) and inspira-
tory stridor (Microphone). The activity of the microphone is in phase 
with the downward (inspiratory) deflection of the respiratory tracks. 
Dystonic subcontinuous muscle recruitment patterns are also seen in 
intercostalis and diaphragm muscles spanning almost continuously 
across the entire respiratory cycle (the inspiratory and especially expi-
ratory phases). Note the absence of significant oxyhemoglobin satura-
tion (SaO2) changes. (EOG  electro-oculogram, Mylo. mylohyoideus 

muscle, EKG electrocardiogram, Wrist Ext. wrist extensor muscle, Tib. 
Ant tibialis anterior muscle, Intercostalis intercostalis muscle*, Diaph. 
diaphragmatic muscle†, O-N Resp.  oro-nasal respiratory trace, Thor. 
Resp.  thoracic respiratory trace, Abd. Resp.  abdominal respiratory 
trace)
*Intercostalis electrodes are placed at least 2 cm apart on the second 
anterior intercostal space lateral to the sternum
†Diaphragmatic electrodes are placed at the seventh intercostal space 
on the anterior axillary line on the right to reduce cardiac artifact
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Fig. 23.1 Abnormal behavior with vigorous, mainly upper limb (Wrist 
Ext.), movements and vocalization (Microphone) emerging during 
REM sleep consistent with REM sleep behavior disorders in a multiple 
system atrophy patient with predominant parkinsonism (MSA-P). 
(EOG electro-oculogram, Mylo. mylohyoideus muscle, EKG electro-

cardiogram, Wrist Ext. wrist extensor muscle, Tib. Ant tibialis anterior 
muscle, Intercostalis  intercostalis muscle, Diaph. diaphragmatic mus-
cle, O-N Resp. oro-nasal respiratory trace, Thor. Resp. thoracic respira-
tory trace, Abd. Resp. abdominal respiratory trace, SaO2 oxyhaemoglobin 
saturation)
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very useful in the diagnosis of stridor showing the reduc-
tion of the glottis aperture in the larynx, paradoxical cord 
movements, and floppy epiglottis [87]. Serial examination 
may be needed because of the fluctuation of the symptom. 
The partial or complete reduction of the vocal cord abduc-
tion has been attributed to denervation of laryngeal muscles 
[85] or to adduction dystonia of vocal cords [88]. Stridor is 
a life-threatening condition as it may lead to acute respira-
tory failure and sudden death. Tracheostomy or continuous 
positive airway pressure (CPAP) are the two main options 
to treat stridor [89–91]. Both treatments are effective but 
CPAP as a noninvasive therapy is usually considered first. In 
cases where CPAP is not well tolerated, if stridor is present 
during the daytime and if immobile vocal cords on laryn-
goscopy appear, tracheostomy should be preferred. It has 
been reported that tracheostomy may increase central sleep 
apneas in some cases [92]. However, in a recent study based 
on a large number of MSA patients with stridor (n = 136), 
Giannini et al. have shown that treatment is associated with 
longer survival and that tracheostomy tends to increase life 
expectancy in patients more than CPAP [66]. Botulinum 
toxin, unilateral cordectomy, and laser arytenoidectomy 
have also been proposed [89]. Giannini et al. again in their 
large study have demonstrated that it was not the presence of 
stridor but its presence in early stage of the disease that was 
an independent risk factor for shorter survival [66]. Early 
stridor may be indeed the harbinger for severe early change 
in autonomic centers controlling respiration and other vital 
functions, accounting for the reduction in life expectancy in 
MSA [88, 93, 94].

Central breathing disorders in MSA include central 
apnea, Cheyne-Stokes breathing during sleep, sometimes 
wakefulness, and sleep-related dysrhythmic breathing pat-
terns [95]. These disorders are usually observed in later 
stages of MSA but may be a presenting feature [96]. 
Moreover, obstructive disorders can become central in the 
evolution of the disease [97]. Central sleep apnea may be 
a manifestation of impaired ventilatory chemosensitivity 
but, despite its potential pathophysiological significance, 
ventilatory chemosensitivity has rarely been studied sys-
tematically in MSA.  Diminished ventilatory response to 
hypercapnia has been reported in one MSA case [98], 
whereas impaired ventilatory responses to hypoxia, but 
not to hypercapnia, have been documented in cerebellar 
predominant MSA cases [99]. Patients with MSA may 
also exhibit dysrhythmic breathing [100, 101], including 
Cheyne-Stokes respiration [98], cluster breathing [102], 
periodic inspiratory gasps [83, 103], and arrhythmic 
respiration with central alveolar hypoventilation [104]. 
Central breathing disorders in MSA result from the neu-
rodegeneration of the brain stem causing dysfunction of 
the centers for regulation of respiration [93]. In patients 

with central breathing disorders, CPAP therapy may not be 
beneficial and the use of adaptive servo-ventilation is also 
recommended.

In MSA, obstructive sleep apnea (OSA) occurs more fre-
quently than central sleep apnea, ranging from 15% to 37% 
of the cases [74, 105]. OSA results from narrowing of the 
upper airway at the level of the vocal cords, laryngeal inlet, 
base of the tongue, and soft palate [106]. Hypokinesia, rigid-
ity, dystonia, and paralysis of the upper airway muscles may 
also predispose to OSA in MSA [107]. CPAP may be an 
effective treatment for eliminating obstructive sleep apnea 
in MSA patients [65, 90, 108], mainly in patients at early 
stages of the disease. Adaptation to CPAP may be difficult 
in advanced cases [108]. Moreover, floppy epiglottis can be 
a contraindication of CPAP in patients with MSA. A floppy 
epiglottis may indeed cause laryngeal obstruction when the 
epiglottis is sucked into the laryngeal inlet during inspiration, 
and CPAP may exacerbate upper airway obstruction by fur-
ther promoting the downward displacement of the epiglottis 
into the laryngeal inlet [109]. Moreover, MSA patients could 
experience sudden death despite CPAP use [110].

 Clinical Assessment of MSA

Clinical tests designed to measure the end-organ responses 
to the autonomic nervous systems can be used to quantita-
tively analyze autonomic dysfunction, playing an important 
role in the clinical assessment of MSA. Tests of cardiova-
gal function include heart rate variability with deep breath-
ing, postural changes (such as the head-up tilt test), or the 
Valsalva maneuver, in which the patient forcefully exhales 
into a sphygmomanometer with an open glottis at a pres-
sure of 40 mmHg for 15 s. Sympathetic adrenergic function 
can be assessed by measuring blood pressure response to 
postural change, Valsalva maneuver or isometric exercise, 
as well as by the cold pressor test, in which the subject is 
instructed to immerse his or her hand in ice water for 1 min 
[111]. The decrease of heart rate and blood pressure variabil-
ity can be accurately demonstrated through power spectrum 
techniques, which provide a quantitative assessment of such 
variability [112]. Ambulatory blood pressure monitoring can 
also provide sensitive markers of autonomous nervous sys-
tem failure, such as post-prandial hypotension and noctur-
nal/supine hypertension [113, 114]. Clinical assessments of 
sudomotor function include thermoregulatory sweat testing, 
quantitative sudomotor axon reflex testing, silicone impres-
sion, sympathetic skin response, acetylcholine sweat-spot 
test, and quantitative direct and indirect axon reflex testing, 
as well as electromyographic skin potentials [115–117]. 
Cutaneous autonomic pilomotor testing, in which iontopho-
resis of phenylephrine induces a local neurogenic pilomotor 
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erection (“goose bumps”) as a measure of functional integrity 
of autonomic skin nerve fibers, is an approach to capture the 
progression of autonomic nerve dysfunction and α-synuclein 
deposition [118]. Differential diagnosis of the parkinsonian 
subtype of MSA and PD or other parkinsonian syndromes 
is mostly based on the evaluation of autonomic dysfunc-
tion [51, 119]. Clinical autonomic cardiovascular tests can 
distinguish MSA and PD with a sensitivity of 91% and a 
specificity of 92%. 123-I-myocardial metaiodobenzylguani-
dine (123-IMIBG) scintigraphy can distinguish these entities 
with a sensitivity of 90% and specificity of 82% [51, 120]. 
Cardiovagal baroreflex is also sensitive for the differentia-
tion between MSA and PD, being disproportionally affected 
in MSA [121]. Added sweating and thermoregulation tests 
have also been found to improve differential diagnostic reli-
ability [122, 123].

Current consensus guidelines include neuroimaging crite-
ria for the diagnosis of possible MSA [7] (Table 23.1). These 
include the presence of atrophy of the putamen, middle cer-
ebellar peduncle, pons, or cerebellum on brain magnetic 
resonance imaging (MRI), and putamen, brainstem, or cere-
bellum hypometabolism on brain fluorodeoxyglucose (FDG) 
positron emission tomography (PET), as well as dopaminer-
gic denervation on PET or single photon emission computed 
tomography (SPECT) [124].

As sleep disorders in MSA are frequent and severe, sleep 
recordings should be recommended to all patients with 
MSA, sometimes without delay when stridor is suspected. 
Explorations should be repeated in time since sleep disorders 
can vary with the evolution of the disease.

The latest consensus diagnostic criteria for MSA con-
sider dementia as a non-supporting feature of the disease 
[7]. There is increasing evidence, however, showing that 
cognitive impairment may be an integral part of the disease 
[125–127]. Cognitive disturbances in MSA occur across a 
wide spectrum ranging from mild single domain deficits to 
impairments in multiple domains and even to frank demen-
tia in rare cases. Frontal-executive dysfunction is the most 
common presentation, while memory and visuospatial abili-
ties may also be impaired [126, 128]. Thus, all patients with 
MSA should be screened for cognitive impairment with a 
standardized test, even if operational guidelines for the diag-
nosis and treatment of cognitive impairment in MSA are 
lacking.

 Diagnosis

Due to overlapping clinical presentations, the distinction 
between early-stage MSA, PD, and atypical parkinsonian 
disorders (including pure autonomic failure or adult-onset 
cerebellar ataxia) may be difficult [129–133]. Revised 
 consensus guidelines define three degrees of certainty of the 

clinical diagnosis of MSA: definite, probable, and possible 
[7] (Table 23.1).

Definite MSA requires postmortem evidence of wide-
spread α-syn positive inclusions with concomitant SND or 
OPCA [6].

Probable MSA is defined as a sporadic, progressive dis-
order in adults, clinically characterized by severe autonomic 
failure, urinary dysfunction, and poor levodopa-responsive 
parkinsonism or cerebellar ataxia.

Possible MSA can be diagnosed, when a sporadic, pro-
gressive adult-onset disorder with parkinsonism or cerebel-

Table 23.1 Current consensus criteria for the diagnosis of multiple 
system atrophy (MSA)

Criteria for definite MSA include neuropathological findings during 
postmortem examination of:
  (a)  Widespread and abundant cerebral α-synuclein-positive glial 

cytoplasmic inclusions
  (b)  Neurodegenerative changes in striatonigral or 

olivopontocerebellar region
Criteria for probable MSA include a sporadic progressive adult 
(>30 years old) onset disease characterized by the following:
  (a)  Autonomic failure involving urinary incontinence (inability to 

control the release of urine from the bladder with erectile 
dysfunction in males) or an orthostatic decrease of blood 
pressure within 3 min of standing by at least 30 mm Hg 
systolic or 15 mm Hg diastolic, and

  (b)  Poor levodopa-responsive parkinsonism (bradykinesia with 
rigidity, tremor, or postural instability), or

  (c)  A cerebellar syndrome (gait ataxia with cerebellar dysarthria, 
limb ataxia, or cerebellar oculomotor dysfunction)

Criteria for possible MSA include a sporadic progressive adult 
(>30 years old) onset disease characterized by the following:
  (a)  Parkinsonism (bradykinesia with rigidity tremor or postural 

instability), or
  (b)  Cerebellar syndrome (gait ataxia with cerebellar dysarthria 

limb ataxia or cerebellar oculomotor dysfunction), and
  (c)  At least one feature suggesting autonomic dysfunction 

(otherwise unexplained urinary urgency frequency or 
incomplete bladder emptying, erectile dysfunction in males, or 
significant orthostatic blood pressure decline that does not 
meet the level required in probable MSA), and

  (d)  At least one of the following features:
     Babinski sign with hyperreflexia
     Stridor
     Rapidly progressive parkinsonism
     Poor response to levodopa
     Postural instability within 3 years of motor onset
      Gait ataxia, cerebellar dysarthria, limb ataxia, or cerebellar 

oculomotor dysfunction
     Dysphagia within 5 years of motor onset
      Atrophy on MRI of putamen middle cerebellar peduncle, 

pons, or cerebellum
       Hypometabolism on FDG-PET in putamen, brainstem, or 

cerebellum
      Presynaptic nigrostriatal dopaminergic denervation on SPECT 

or PET

MRI  magnetic resonance imaging, FDG-PET fluorodeoxyglucose- 
positron emission tomography, SPECT single photon emission com-
puted tomography
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lar ataxia is accompanied by at least one of the additional 
features suggesting autonomic or urogenital dysfunction 
plus one other clinical or neuroimaging abnormality.

Recognition of patients with early or possible MSA may 
be supported by including one or more “red flags” (warning 
signs); two or more out of six red flags had a specificity of 
98.3% and a sensitivity of 84.2% [18, 31, 43].

No reliable diagnostic and prognostic fluid biomarkers 
are currently available, although many studies suggest that a 
combination of CSF biomarkers, such as DJ-1, phospho-tau, 
light chain neurofilament protein, and Aβ42 may be helpful in 
the differential diagnosis between MSA and other parkinso-
nian disorders [134, 135].

As cardiac sympathetic postganglionic denervation distin-
guishes PD from MSA patients showing intact innervation, 
123-IMIBG scan can help differentiate the two disorders [136]. 
Despite some overlap with PD (reduced 123-IMIBG uptake), 
the presence of normal or only mildly reduced tracer uptake 
supports the diagnosis of MSA-P [137]. In patients with iso-
lated autonomic failure, 123-IMIBG myocardial scintigraphy 
may be a valuable predictor of conversion to MSA [138].

Odor identification tests showing severe loss of smell may 
exclude MSA [139], separating PD from MSA with a sensi-
tivity of 76.7% and a specificity of 95.7% [140].

MRI abnormalities including the “hot-cross bun” sign, a 
cruciform hyperintensity in the pons [141], and the “putam-
inal rim sign” (that marks hyperintensity bordering the 
dorsolateral margin of the putamen in T2-weighted MRI 
reflecting degeneration and iron Fe3+ deposition) may dif-
ferentiate MSA-P from PD [142–144]. They are, however, 
non- specific signs and, therefore, not included in the recent 
consensus criteria [7], while putaminal atrophy shows 92.3% 
specificity but low sensitivity (44.4%) for distinguishing 
MSA-P from PD [145]. The combination of “swallow-tail” 
sign and putaminal hypointensity can increase the accuracy 
of discrimination between MSA and idiopathic PD [146].

Ancillary investigations for MSA have been summarized 
recently [1]. Skin biopsy is a promising diagnostic tool for 
the in vivo diagnosis of synucleinopathies, and in MSA, a 
peculiar pattern of skin misfolded α-syn aggregates has been 
reported [147–150].

 Current Therapies

Although symptomatic therapies are available for parkinson-
ism and autonomic failures, their response is often poor if 
not absent, and no effective disease-modifying therapies are 
currently available. However, due to remarkable progress in 
our understanding of the etiopathogenesis of MSA, novel 
therapeutic targets have emerged from preclinical studies 
and interventional trials [1, 151]. Levodopa responsive-

ness has been reported initially in 83% of MSA-P patients, 
but the effect is usually transient and only 31% showed a 
response for a period of 3.5 years. According to international 
diagnostic criteria, a “poor” levodopa response is indeed the 
hallmark of probable MSA with predominant parkinsonism 
(MSA-P), while a “good” and sustained response is diagnos-
tic for PD. At this regard, estimation of pharmacodynamic 
variables after a subacute low levodopa dose test may be 
also a simple and practical clinical tool to aid the differential 
diagnosis between MSA-P and PD [152].

In some patients, motor fluctuations with wearing-off 
phenomena or off-bound dystonia have been observed. 
Deep brain stimulation could not be recommended for MSA 
[153], while active immunization against α-syn and com-
bination with anti-inflammatory treatment may be promis-
ing therapeutic strategies [154]. Clarifying the pathogenic 
mechanisms of MSA will improve the therapeutic approach 
to disease.
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 Introduction

Wagner cited the first clinical account of orthostatic hypoten-
sion by Piorry in 1826 [1]. In 1925, Bradbury and Eggleston 
described, in exquisite detail, three men with severe ortho-
static hypotension and anhidrosis of over 3 years’ duration 
[2]. The authors described clinical, physiological, and phar-
macological observations in the patients and tried symptom-
atic treatment. They reported that one patient had transient 
shortness of breath, dizziness, and blindness upon climb-
ing stairs. Another patient reported dizziness upon standing 
which improved by crouching in a chair and pressing the 
folded arms over the abdomen. All three suffered from recur-
rent syncope, more often in the morning, during or after exer-
tion, or even after standing for several minutes. Additional 
complaints were loss of sweating even in a Turkish bath, 
weakness, exhaustion, loss of sexual power, and increased 
nocturnal urinary excretion. Case one had marked consti-
pation for many years, 26  lb. weight loss in 1  year, and a 
period of profuse sweating preceding loss of perspiration. 
The authors described “slight and indefinite changes” in the 
nervous system. Case two showed brisker right knee jerk and 
case three demonstrated hyperactive knee jerks with bilateral 
Babinski signs. There was no progression noted during the 
“several” years of follow-up.

All patients demonstrated severe orthostatic hypoten-
sion. Case two had supine hypertension (165/100 mm Hg). 
Case one developed syncope following exercise with dilated 
pupils, convulsive limb movements, pallor, unconscious-
ness, and imperceptible radial pulse during the spell. He 
regained consciousness with blood pressure of 60/40 mm Hg 
at 10 minutes. The heart rate was slow and was essentially 
unchanged by the changes in blood pressure. A 40° head-
up tilt in case two caused a decline in blood pressure from 

156/106 to 90/78 with a pulse rate change from 56 to 52 
beats/minute. Conversely, a 40° head-down tilt increased the 
blood pressure from 158/108 to 180/122 mm Hg with little 
change in heart rate, suggesting cardiovagal impairment. 
Markedly increased urine output was documented when 
supine and especially at night. Lowered basal metabolism 
was also observed. Subcutaneous or intramuscular adminis-
tration of 2.5 mg atropine did not increase the heart rate. The 
rate of phenolsulfonphthalein excretion in urine was higher 
when supine than in erect position. Although patients did 
not sweat in response to hot environment, 6 mg pilocarpine 
administration resulted in profuse sweating, indicating an 
intact end organ.

Pharmacologic management of case one with thyroxine, 
digitalis, atropine, strychnine, pituitrin, and dried suprare-
nal substance was without benefit. Hypodermic epinephrine 
reduced orthostatic hypotension and improved the patient’s 
capacity to ambulate. In case two, application of abdominal 
binder and tight bandages around the lower limbs allowed 
the patient to walk for several hours.

The authors concluded that failure of these patients to 
maintain blood pressure in the head-up and head-down posi-
tions was due to dysfunction of sympathetic vasoconstrictor 
endings and cardiac acceleration. In addition, these patients 
had cardiovagal impairment and anhidrosis with pharmaco-
logically intact sweat glands. In brief, the authors described 
neurogenic orthostatic hypotension of “unknown” etiology 
with sympathetic adrenergic, sympathetic cholinergic, and 
cardiovagal dysfunction.

Over the next three decades, additional cases of orthostatic 
hypotension of known and unknown etiology were reported. 
Known causes included endocrinologic-metabolic disorders 
such as adrenal or pituitary insufficiency and diabetes melli-
tus, and diseases of the peripheral or central nervous system. 
Examples of neurological disorders included diabetic neu-
ropathy, amyloidosis, tabes dorsalis, syringomyelia, acute 
and chronic cervical/thoracic spinal cord transection, brain 
tumor in the floor of the fourth ventricle, and parkinsonism 
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[1]. Barker reviewed 13 cases of unknown etiology from the 
literature and added one patient of his own. The most con-
sistent features in these patients were orthostatic hypoten-
sion (orthostatic fall of systolic blood pressure by >50 mm 
Hg) and anhidrosis. Autonomic function tests suggested 
predominantly efferent sympathetic failure [3]. Luft and 
Von Euler demonstrated reduced urinary excretion of nor-
epinephrine [4]. Parasympathetic dysfunction was evident 
by the absence of atropine-induced tachycardia, absence of 
bradycardia during norepinephrine administration, failure of 
hypoglycemia to increase gastric acidity, and erectile failure 
in men. Treatment included underlying disease management 
(e.g., penicillin for tabes dorsalis), plasma volume expan-
sion with normal saline infusion, and ephedrine by mouth. 
Hickler and co-workers introduced treatment with 9-alpha-
fluorohydrocortisone [5]. In summary, two separate forms 
of chronic orthostatic hypotension were recognized, the sec-
ondary variety and the primary or idiopathic type.

Primary or idiopathic orthostatic hypotension of insidi-
ous onset with progression associated with somatic neuro-
logic symptoms and signs was described by several authors. 
Young, for example, stated that this is a disorder of the ner-
vous system, probably in the hypothalamic region, exert-
ing depressing effect on the function of the sympathetic 
nervous system [6]. He did not link idiopathic orthostatic 
hypotension with somatic neurologic deficit. However, Shy 
and Drager, in 1960, described clinical features of two men 
who developed genitourinary dysfunction and orthostatic 
hypotension followed by somatic central nervous system 
(CNS) dysfunction [7] (see Chap. 23). Their second patient 
complained of impotence and nocturia at age 49 years fol-
lowed by orthostatic dizziness in a course of a few months. 
Slowness of movements, fainting spells, and worsening 
bladder function developed within the next 18  months; 
staggering gait and were noted by the third year. Six years 
after the onset, the patient demonstrated severe orthostatic 
hypotension with fixed heart rate, unequal sluggishly reac-
tive pupils, iris atrophy, weak medial recti muscles, pau-
city of facial expression, slow tongue movements, slurred 
speech, increased muscle tone, resting tremor, equivocal 
Babinski response, unsteady gait, falling backward with 
eyes closed, impaired coordination, atonic bladder, and 
relaxed anal sphincter. Sensation was intact. Laboratory 
tests revealed several abnormalities: pneumoencephalogra-
phy demonstrating cortical atrophy; muscle biopsy of the 
vastus lateralis showing neurogenic atrophy; cold pressor 
test showing no response to BP and HR; phentolamine test 
revealing severe decrease in blood pressure; skin resistance 
test showing absent response below T10; and sweat test 
showing sweating only over the upper lip and axillae. The 
patient died after 6.5 years. Neuropathological examination 
displayed widespread neuronal cell loss and gliosis in the 
following regions: autonomic ganglia, intermediolateral, 

and Clarke’s cell columns of the spinal cord; inferior olives, 
dorsal motor and ambiguus nuclei of the vagus nerves, 
hypoglossal nucleus and the lateral cuneate nucleus of the 
medulla; Purkinje cells of the cerebellum; tegmentum and 
locus caeruleus of the pons; substantia nigra, oculomotor 
nucleus, and Edinger-Westphal nucleus of the midbrain; 
nucleus intercalatus of mammillary body and posterior 
region of hypothalamus; and putamen and globus pallidus 
region of the basal ganglia. The authors concluded that this 
constellation of features involving autonomic and somatic 
nervous system plus neuropathological findings constituted 
“a definite disorder of the nervous system . . . which may be 
one of the etiological factors of orthostatic hypotension.” In 
brief, these two authors were the first to relate the clinical 
and neuropathological features of this syndrome to a pri-
mary neuronal degeneration disorder, hence the designation 
Shy-Drager syndrome [7]. In 1966, Johnson et al. described 
two cases of idiopathic orthostatic hypotension with neuro-
pathological data. They performed a quantitative study of 
the intermediolateral column cells demonstrating 70–90% 
loss of neurons, and attributed orthostatic hypotension to 
the degeneration of preganglionic sympathetic neurons. In 
addition, case one had Lewy body inclusions in substan-
tia nigra, locus coeruleus, and dorsal vagal nucleus. Case 
two displayed pathological features of olivopontocerebellar 
degeneration [8]. Graham and Oppenheimer reviewed the 
clinicopathological data of eight cases, including two with 
autonomic failure and parkinsonism, and suggested the term 
multiple system atrophy (MSA) to encompass overlapping 
multisystem degenerations [9].

Physiological and morphological evidence incriminated 
central or efferent sympathetic dysfunction as a cause of 
orthostatic hypotension. Biochemical data provided fur-
ther elucidation. Infusion of precursor of nonadrenaline, 
3-hydroxytyramine-2-14C, in three idiopathic orthostatic 
hypotension patients was followed by a marked decrease 
in the urinary excretion of radioactive nonadrenaline, sug-
gesting reduced biosynthesis of nonadrenaline [10]. In Shy- 
Drager syndrome, intra-arterial administration of tyramine 
produced a normal vasoconstrictor response and norephi-
nephrine infusion did not provide evidence of denervation 
supersensitivity, suggesting intact postganglionic function. 
In contrast, idiopathic orthostatic hypotension patients 
showed absence of vasoconstrictor response to tyramine and 
supersensitivity to norepinephrine, indicating a postgangli-
onic defect. This finding was confirmed by absence of the 
catecholamine-specific fluorescence in the walls of blood 
vessels from the deltoid muscle biopsy [11]. Ziegler and 
colleagues measured catecholamine levels supine and after 
5–10 minutes of standing in six patients with MSA and four 
patients with idiopathic orthostatic hypotension. In patients 
with MSA, plasma norepinephrine levels were normal when 
patients were supine but did not increase upon standing. 
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In patients with idiopathic orthostatic hypotension without 
central neurologic signs, plasma norepinephrine levels were 
low when the patient was supine and did not increase upon 
standing, indicating peripheral sympathetic dysfunction 
[12]. In brief, these studies distinguished two different forms 
of orthostatic hypotension, central and peripheral. The cen-
tral form, designated MSA, was characterized by autonomic 
dysfunction, parkinsonism, and ataxia in any combination. 
The peripheral form characterized by isolated autonomic 
failure became known as pure autonomic failure (PAF). 
Recent clinical and neuropathological data, however, chal-
lenge the “purity” of PAF [13].

The Consensus Committee of the American Autonomic 
Society and the American Academy of Neurology defined 
PAF as an idiopathic, sporadic disorder characterized by 
orthostatic hypotension usually with evidence of more 
widespread autonomic failure. Reduced supine plasma nor-
epinephrine levels are considered characteristic of PAF. No 
other neurological features are present [14].

 Clinical Features

 Symptoms

In PAF, autonomic dysfunction afflicts middle-aged or older 
individuals of either sex. The condition progresses slowly 
and may plateau for a few years. Orthostatic hypotension and 
sudomotor impairment may precede gastrointestinal, geni-
tourinary, and ocular symptoms. Orthostatic hypotension, a 
manifestation of sympathetic vasoconstrictor failure, can be 
disabling enough to cause the patient to seek medical atten-
tion. Orthostatic hypotension may be asymptomatic; but these 
patients become symptomatic when exposed to stress such 
as physical exertion, eating, warming or symptomatic with 
any orthostatic stress leading to lightheadedness and frank 
syncope. Severity may vary in the same individual on differ-
ent occasions [15–18]. Mathias and colleagues reported diz-
ziness, syncope, visual disturbances, and coat-hanger ache 
as common symptoms of orthostatic hypotension caused by 
PAF [19]. Patients develop headache, provoked by upright 
posture, that affects the entire cranium, occipital region, 
nape, and shoulders in a coat-hanger configuration. This 
headache may be attributable to ischemia of neck muscles, 
nociceptive input from the infratentorial arteries and dura 
mater of the posterior fossa, epidural hypotension, or altered 
headache threshold due to vagal dysfunction. Coat- hanger 
ache may develop within 3–5 minutes of standing or after 
10 minutes to 2  hours of sitting. It is reported more often 
during daily activities than during a head-up tilt test. Some 
patients may present with buckling of knees and falls [20, 
21]. For quantitative assessment, Kaufmann and colleagues 
designed a 10-item questionnaire which included six items 

pertaining to symptoms of dizziness/lightheadedness, vision 
disturbance, weakness, fatigue, trouble concentrating, and 
head/neck discomfort. Four items evaluate activities of daily 
living (e.g., standing short or long time as well as walking 
short or long time) [22].

Sudomotor dysfunction usually presents with heat intoler-
ance. Episodic unprovoked sweating of asymmetrical com-
pensatory hyperhidrosis may precede the development of 
anhidrosis [23]. Gastrointestinal symptoms include dyspha-
gia, early satiety, diarrhea, and constipation. Occasionally, 
PAF may present with chronic intestinal pseudo obstruc-
tion [24]. Urinary disturbances may manifest as hesitancy, 
urgency, retention, and overflow incontinence [25]. In men, 
parasympathetically mediated penile erection and sympa-
thetically mediated ejaculation are impaired. Ocular symp-
toms of hypoperfusion such as white out, gray out, enhanced 
brightness, and tunnel vision can also occur.

Sleep disturbance due to nocturia is common in PAF 
patients. They wait to empty the bladder before going to 
bed and wake up frequently to void urine. Daytime hyper-
somnolence/nocturnal vocalization and vivid dreams have 
been reported [26–28]. A 1991 study of four PAF patients 
described a prolonged and highly variable sleep latency and 
increased stage 3 sleep [29]. Recently, occurrence of rapid 
eye movement sleep behavior disorder (RBD) in PAF has 
acquired clinical significance. Plazzi and colleagues stud-
ied 10 PAF patients with polysomnography and followed 
them for a period of two to seven (mean 4.8) years. Four 
patients developed MSA, including one in whom RBD 
symptoms began 20 years after the onset of autonomic fail-
ure. The authors noted that RBD provided a clear separation 
between PAF and MSA, whereas supine norepinephrine lev-
els showed an overlap. The authors concluded that RBD was 
confined to MSA [30]. In another case series of three PAF 
patients, RBD was confirmed with video-polysomnography. 
These patients had a disease duration of 3–7 years [31]. The 
latest report contains a series of eight PAF patients with 
autonomic failure of 11.2  years duration in whom video-
polysomnography was performed to evaluate symptoms of 
excessive daytime sleepiness. It showed sleep fragmenta-
tion, snoring, dream enactment, and RBD.  Mean duration 
of RBD was 3.75 years. According to the authors, the tim-
ing of emergence of RBD versus autonomic symptoms may 
help distinguish PAF from other synucleinopathies [32]. 
Since the neural circuitry of RBD is localized in the brain-
stem (pedunculopontine nucleus, sublaterodorsal tegmental 
nucleus, and medullary magnocellular reticular formation), 
occurrence of RBD is considered a harbinger of the appear-
ance of other central nervous system manifestations [33, 34]. 
Because of its importance, the patient should be asked about 
dream enactment behavior during sleep. It may range from 
simple repetitive jerking to complex and seemingly purpose-
ful activity such as punching, kicking, or falling out of bed. 
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The patients may shout or yell as well. They are unaware of 
the episode except upon awakening; they become alert and 
recall the dream. The history of RBD can be best obtained 
from the bed partner.

 Signs

A carefully taken history should precede bedside examina-
tion. Patients may appear pale and younger than stated age 
[2]. Loss of sweating should be assessed by gliding the 
back of a spoon over the skin to detect friction [35]. A dis-
tended bladder is readily palpable as a suprapubic swelling. 
Stomach fullness, character of bowel sounds, and anal tone 
may provide useful information. Reduced anal tone should 
raise suspicion of MSA [36].

Orthostatic hypotension is the most important and easily 
documentable component of the evaluation. It is defined as 
a fall in blood pressure of >20 mm Hg systolic and >10 mm 
Hg diastolic within 3 minutes of standing or during head-up 
tilt of at least 60° [37]. In patients with supine hypertension, 
a sustained reduction in systolic blood pressure of 30 mm Hg 
is considered a more appropriate criterion [37]. The cardinal 
test for orthostatic hypotension is measurement of change in 
blood pressure from supine to standing. Blood pressure and 
heart rate should be measured after 5  minutes supine rest 
and after 1 and 3 minutes of standing. The author prefers to 
extend the recording of blood pressure after 5, 7, and 10 min-
utes of standing to identify patients with delayed orthostatic 
hypotension. Measuring heart rate change from supine to 
standing also provides evidence of neurogenic involvement. 
Heart rate increase upon standing depends on withdrawal of 
vagal activity and sympathetic activation. Heart rate increase 
of <15 beats per minute during orthostatic hypotension sug-
gests neurogenic orthostatic hypotension [14, 16, 37].

Supine hypertension, observed initially by Bradbury and 
Eggleston in 1925, is seen in over 50% of patients [38]. It is 
defined as systolic blood pressure ≥150 mm Hg and diastolic 
blood pressure ≥90 mm Hg while in supine position. Supine 
hypertension is an important manifestation from manage-
ment perspective. It can be exacerbated by drugs used to treat 
orthostatic hypotension. Hypertension when supine at night 
can contract blood volume through natriuresis and worsen 
orthostatic hypotension in the morning. Furthermore, hyper-
tension when supine at night can cause end-organ damage 
such as left ventricular hypertrophy and renal impairment 
[39, 40]. Although one can record blood pressure at night, 
the frequency and severity of supine hypertension can be 
better diagnosed with 24-hour ambulatory blood pressure 
monitoring [41].

A standard neurologic examination may reveal abnormal-
ities of memory recall, nominal, and calculation functions 
[42]. Hyposmia can be a feature of PAF but to a lesser degree 

than found in Parkinson’s disease (PD) [43]. The presence of 
obvious or even subtle parkinsonian, cerebellar, or pyramidal 
signs should exclude the diagnosis of PAF in favor of other 
synucleinopathies.

 Pathology

The clinical phenotype of PAF is characterized by severe 
orthostatic hypotension in association with other features 
of autonomic failure and at least a five-year history with-
out development of other neurological signs to diminish the 
probability of the diagnosis of MSA, PD, or dementia with 
Lewy bodies [44]. Less than a dozen neuropathological stud-
ies have been reported. Bradbury and Eggleston, in 1927, 
reported autopsy findings on their second patient. Brain and 
spinal cord were not examined; adrenal and thyroid glands 
were normal [2, 45]. Case one of Johnson et al. demonstrated 
severe intermediolateral column cell loss, Lewy bodies in the 
brain and spinal cord, preserved pigmented brainstem nuclei, 
and occasional degenerating fibers in the sympathetic gan-
glia [8]. Vanderhaeghen et  al. (Case 1) described cell loss 
and Lewy bodies in the substantia nigra, locus coeruleus, 
intermediolateral column, dorsal nuclei of vagus, and sym-
pathetic ganglia [46]. Both cases, however, survived less than 
5 years after the onset of symptoms. A patient reported by 
Roessmann et al. had symptoms exceeding 11 years, but the 
patient had embolic strokes and showed blood pressure rise in 
response to cold pressor test and mental arithmetic test [47]. 
A review of the pertinent literature reveals seven cases with 
symptoms duration of 5–15 years (Table 24.1) [48–53]. The 
brain and spinal cord were examined for pathological changes 
with emphasis on substantia nigra, locus coeruleus, dorsal 
nuclei of vagus, thoracolumbar intermediolateral columns, 
and sympathetic ganglia. Neurons of the craniosacral out-
flow, previsceral or terminal ganglia, and myentertic plexus 
were infrequently examined. Two significant pathological 
changes reported were neuronal loss and Lewy bodies (see 
Table 24.1). Loss of neurons was consistently observed in the 
cells of intermediolateral column. The relationship between 
the degree of preganglionic neuronal loss and severity of 
orthostatic hypotension was described by Johnson et al. [8]. 
The case reported by Rajput and colleagues showed minimal 
neuronal loss in the intermediolateral cell column and marked 
cell loss in the sympathetic ganglia [51]. Matthews, in a his-
topathological examination of sympathetic ganglia, found a 
significant reduction in the packing density of ganglionic neu-
rons [54]. Rajput and Rozdilsky concluded that the lesions of 
the sympathetic ganglia may play a major role in the produc-
tion of orthostatic hypotension [51]. Neuronal cytoplasmic 
inclusions (Lewy body) containing insoluble deposits of 140 
amino acid  protein α-synuclein constitute the characteristic 
histopathological finding, making PAF a synucleinopathy.
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In 2017, Isonaka and colleagues reported a 50-year-old 
man with severe orthostatic hypotension, exertional chest 
pain, heat intolerance, constipation, and dream enactment 
behavior. Neurologic examination displayed somnolence 
and mild neuropathy. Neurogenic orthostatic hypotension 
was documented with blood pressure responses to head-up 
tilt and the Valsalva maneuver. Norepinephrine and its intra- 
neuronal metabolite 3,4-dihydroxyphenylglycol levels were 
low in the plasma and cerebrospinal fluid. Plasma levels 
of norepinephrine and its metabolite further declined after 
3 years. Thoracic 6-[18F]fluorodopamine positron emission 
tomography showed reduced radioactivity in the left ven-
tricular apex. Tyrosine hydroxylase immunoreactivity was 
diminished in arrector pili muscle of the skin. Contrary to 
expectation in a patient with neuropathy, quantitative sudo-
motor axon reflex test was normal. Approximately 10 years 
after the onset of symptoms, postmortem study failed to show 
Lewy bodies, Lewy neurites, or α-synuclein deposits in the 
brain, brainstem, or sympathetic ganglia. Neurochemical and 
immunofluorescence studies of the harvested tissues demon-
strated generalized sympathetic noradrenergic denervation 
involving myocardium and sympathetic ganglia. Putamen 
dopamine and 3,4-dihydroxyphenylacetic acid contents 

were also reduced [26]. This case differs from the previous 
seven cases and highlights the possibilities that biochemical 
changes may precede the development of structural pathol-
ogy and that PAF may be a heterogeneous disorder.

 Antemortem Pathology

Severe orthostatic hypotension is an early feature of PAF and 
three other synucleinopathies: diffuse Lewy body dementia 
(DLBD), PD, and MSA. Each of them has a different clinical 
course, response to pharmacotherapy, and prognosis. A long 
follow-up is required to exclude central neurodegeneration 
to ensure that autonomic failure is indeed isolated. In vivo 
pathology may help exclude autonomic failure of secondary 
origin and to differentiate PAF from other synucleinopathies 
at an early stage. Biopsies of muscle, sural nerve, gastroin-
testinal tract, skin, and superficial veins have been studied for 
demonstration of α-synuclein protein and for the morphol-
ogy and biochemical physiology of autonomic innervation.

Muscle Biopsy In 1975, Kontos et al. provided an early 
histochemical demonstration of absence of catecholamine- 

Table 24.1 Neuropathological findings (cell loss and Lewy bodies) in seven patients with pure autonomic failure

Author/year

Duration 
of illness 
(y)

Cerebral 
cortex

Substantia 
nigra

Locus 
coeruleus

Intermedio- 
lateral 
column

Dorsal 
nucleus of 
vagus

Sympathetic 
ganglia Other sites of pathology

Cell 
loss

Lewy 
bodies

Cell 
loss

Lewy 
bodies

Cell 
loss

Lewy 
bodies

Cell 
loss

Lewy 
bodies

Cell 
loss

Lewy 
bodies

Cell 
loss

Lewy 
bodies

Oppenheimer, 
1980 [48]

5 − − − + + + + + + + − −

Van Ingelghem 
et al., 1994 
[49]

7 − − − − − − + + − − + +

Terao et al., 
1993 [50]

8 − + + + + + + + − + − + Lewy bodies in the 
Auerbach plexus

Hishikawa 
et al., 2000 
[27]

8 − − − + + + + + + + − +

Rajput and 
Rozdisky, 
1976 [51]

14 − − + + + + + − + + + +

Hague et al., 
1997 [52]

15 − − − + − + + + − − − + Lewy bodies in sacral 
spinal cord, ubiquitin 
positive nerves in 
muscularis of the urinary 
bladder, epimyocardial 
fat, and adrenal capsule

Arai et al., 
2000 [53]

15 − − + − − + + + + + − + Cell loss in the sacral 
intermediolateral 
column
Lewy bodies in 
Edinger-Westphal 
nucleus, ciliary ganglia, 
and myenteric neurons
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specific fluorescence in the adrenergic vasomotor nerves 
from the deltoid muscle biopsy of four PAF patients com-
pared with four normal subjects [11]. Bannister and col-
leagues studied perivascular sympathetic nerve plexus 
from quadriceps muscle biopsy of two PAF patients [55]. 
Electron microscopy revealed intact nerve endings but 
with reduced number of catecholamine-containing vesi-
cles. Histochemistry showed almost complete absence of 
catecholamine fluorescence. Both these studies were con-
sistent with efferent sympathetic adrenergic dysfunction.

Sural Nerve Biopsy An ultrastructural study of sural nerve 
biopsy in seven Japanese patients with PAF demonstrated 
reduction of unmyelinated nerve fiber density by 40% of con-
trol values. In addition, increased numbers of clusters of colla-
gen pockets with missing unmyelinated axons were observed 
in five of seven patients. The authors postulated existence of 
postganglionic sympathetic efferents in sural nerves and their 
loss resulting in clusters of collagen pockets [56].

Gastrointestinal Tract Gastric and colonic tissues resected 
for suspected malignancy in PAF patients have demonstrated 
α-synuclein deposits. Symptoms of autonomic failure ranged 
from 6 months to 15 years [57, 58].

Skin Skin is an easily accessible tissue containing a large 
number of sympathetic adrenergic (arrector pili muscle) and 
sympathetic cholinergic (sweat glands) fibers. It can serve as 
a biomarker for the diagnosis of synucleinopathy-related 
PAF, differentiate it from other causes of sympathetic effer-
ent dysfunction such as amyloidosis, and allow for a longitu-
dinal follow-up. A study used immunofluorescent analysis of 
skin biopsy to compare autonomic innervation of PAF with 
MSA showing marked sympathetic denervation in PAF 
patients [59]. In 2010, Shishido and colleagues reported 
phosphorylated α-synuclein accumulation in the unmyelin-
ated nerve fibers and around blood vessels in the dermis and 
subcutaneous tissue of a 73-year-old PAF patient. 
Sympathetic failure was supported by the evidence of lack of 
tyrosine hydroxylase immunoreactivity in nerve fascicles 
and blood vessel walls [60]. Subsequently, other authors 
demonstrated phosphorylated α-synuclein deposits in the 
postganglionic sympathetic adrenergic and cholinergic neu-
rites from proximal (paravertebral C-8) and distal (thigh and 
leg) locations. Immunostaining for native and misfolded 
phosphorylated α-synuclein demonstrated that antibodies 
against α-synuclein phosphorylated at Ser 129 provided the 
highest sensitivity and specificity in detecting α-synuclein 
aggregates in the cutaneous nerves [61, 62]. The authors 
compared the innervation pattern and spatial distribution of 
P-syn inclusions of idiopathic PD patients with those of PAF 
patients. The idiopathic PD patients showed a proximal- 
distal gradient with highest positivity (100%) at the cervical 
level and only 31% staining rate at the leg. In contrast, PAF 

patients showed 100% positive staining at the proximal and 
distal sites, thus differentiating the two disorders [63].

Veins Ultrastructural and histochemical studies of blood 
vessels within the muscle and skin have been commonly 
studied. Direct studies of biopsies of accessible veins, 
although limited, provide a unique ability to evaluate abnor-
malities in metabolism, storage, and release of norepineph-
rine. Klein and colleagues studied the ultrastructure of 
saphenous vein, a major capacitance vessel with rich adren-
ergic innervation. They observed the presence of very few 
noradrenergic axons and terminals with sparse vesicles [64]. 
In a 2018 neurochemical study, forearm subcutaneous vein 
biopsies from 11 PAF patients were compared with MSA 
patients and control subjects. PAF patients showed abun-
dance of the norepinephrine transporter protein (low or 
absent in sympathetic denervation), very low levels of tyro-
sine hydroxylase (rate-limiting enzyme in catecholamine 
synthesis), reduced vesicular monoamine transporter 2 
(VMAT 2), and a significantly higher ratio of plasma 3, 
4-dihyroxyphenylglycol (DHPG):norepinephrine. These 
findings suggest intact sympathetic nerves but reduced nor-
epinephrine synthesis with a shift toward intraneuronal 
metabolism over sequestration into sympathetic nerve vesi-
cles [65]. This study complimented the study by Isonaka and 
colleagues in supporting the possibility that biochemical 
sympathetic dysfunction precedes structural denervation.

 Diagnosis

Patients usually present with inability to tolerate upright 
posture because of typical symptoms of dizziness, visual 
disturbance, presyncope, or syncope. However, others may 
present with subtle symptoms such as fatigue, legs buckling, 
and coat-hanger ache. Orthostatic hypotension can be eas-
ily diagnosed by measuring blood pressure supine and after 
3–10  minutes of standing. Concomitant measurements of 
heart rate are important. Inadequate compensatory heart rate 
rise is typical of neurogenic orthostatic hypotension, whereas 
exaggerated heart rate increase suggests possibly reversible 
etiologies such as drugs, dehydration, and deconditioning. 
Drugs are perhaps the most common cause of orthostatic 
hypotension, especially diuretics, antihypertensives, tricy-
clic antidepressants, tizanidine, and tamsulosin. One should 
identify reversible causes and withdraw “suspicious” drugs. 
If orthostatic hypotension persists, then patients should be 
investigated for chronic autonomic failure.

Chronic autonomic failure implies impaired regulation 
not only of circulation but also of other visceral functions 
including sphincter control, sexual function, and sweating. 
Symptoms of chronic autonomic failure are similar whether 
they are caused by conditions such as diabetes mellitus, amy-
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loidosis, and Addison’s disease or by primary neurologic dis-
orders. Central neurologic signs such as ataxia, rigidity, and 
bradycardia help distinguish other syncleinopathies from 
PAF. However, PAF can be the initial presentation of central 
neurodegenerative disorders. 

Therefore, the goals of autonomic evaluation are as 
follows:

 1. To document that orthostatic hypotension is due to effer-
ent adrenergic failure

 2. To document abnormality of other visceral functions if 
needed

 3. To exclude other causes of autonomic dysfunction such as 
endocrinopathies, paraneoplastic disorders, and other 
autoimmune autonomic neuropathies

 4. To differentiate PAF from other syncleinopathies present-
ing with neurogenic orthostatic hypotension to provide 
presumptive diagnosis, appropriate treatment, and 
approximate prognosis.

 Orthostatic Hypotension due to  
Adrenergic Failure

The neurogenic origin of orthostatic hypotension was ascer-
tained by Bradbury and Eggleston by documenting severe 
orthostatic hypotension without rise in pulse rate during head-
up tilt, increased blood pressure without decrease in heart 
rate during head-down tilt, and absence of tachycardia fol-
lowing parenteral administration of 2.5 mg atropine [2, 66]. 
Since then, advances in technology and science have allowed 
the development of a standard battery of noninvasive, rela-
tively precise, and quantifiable tests. The neural pathways 
and normal and impaired responses of these tests are shown 
in Table 24.2 [66–76]. Head-up tilt test and Valsalva maneu-
ver evaluate baroreflex-mediated adrenergic functions. 
Blood pressure response to the cold face test utilizes a dif-
ferent afferent pathway without engaging baroreceptors for 
the assessment of adrenergic function. Mental arithmetic test 
does not involve the afferent pathway. Patients with effer-
ent sympathetic dysfunction should demonstrate orthostatic 
hypotension with subnormal rise in heart rate in response to 
head-up tilt and reduced to absent blood pressure responses 
to Valsalva maneuver, mental arithmetic, and cold face test. 
Heart rate responses to Valsalva maneuver, deep breathing, 
and cold face test assess cardiovagal function. Valsalva ratio 
is baroreflex mediated and based on heart rate reciprocat-
ing blood pressure alterations. Heart rate response to deep 
breathing and cold face test assess cardiovagal function via 
different afferent pathways. These tests, in combination, 
allow the investigator to localize cardiovagal dysfunction to 
the central or efferent pathway. Thermoregulatory sweat test 
evaluates the integrity of central and efferent (preganglionic 
and post ganglionic) sympathetic pathways. The patterns of 

sweat loss depend on the site of the lesion along the sudo-
motor pathway. These noninvasive tests document efferent 
sympathetic, cardiovagal, and sudomotor abnormalities.

Additional Visceral Involvement

The term PAF has become synonymous with efferent 
adrenergic failure almost to the exclusion of cholinergic/
parasympathetic dysfunction. Bradbury and Eggleston 
[2] documented cardiovagal and sudomotor impairments 
in their patients. Barker and colleagues [3] reported lack 
of hypoglycemia- induced increase in gastric acidity and 
erectile failure as components of cholinergic dysfunction. 
Neuropharmacological investigations by Polinsky and col-
leagues demonstrated impaired pancreatic polypeptide 
response to insulin-induced hypoglycemia and elevated fast-
ing gastrin levels as indices of cholinergic dysfunction in 
PAF [77, 78]. These studies revealed significant cholinergic 
parasympathetic dysfunction. Unfortunately, there have been 
no further studies in this area.

Autonomic dysfunction in patients with Shy-Drager 
syndrome was also attributed almost entirely to efferent 
adrenergic failure. A study of two patients with Shy-Drager 
syndrome revealed widespread cholinergic dysfunction. 
Postmortem pathology was consistent with Shy-Drager syn-
drome or MSA. Subsequently, a prospective study of 11 MSA 
patients confirmed cholinergic dysfunction involving lacri-
mal glands, salivary glands, esophagus, urinary bladder, and 
sweat glands. Subcutaneous administration of bethanechol 
chloride demonstrated hyperresponsiveness and transient 
reversal of cholinergic dysfunction [79, 80]. In 2006, Ogata 
and colleagues reported a possible case of PAF with com-
plaints of dry mouth, difficulty in urination, impotence, and 
progressive constipation. Cevimeline hydrochloride, a mus-
carinic agonist, improved these functions [81]. These data 
indicate the need for further investigations in this area.

Although orthostatic hypotension is the cardinal manifes-
tation, chronic autonomic failure affects several additional 
organs requiring multidisciplinary evaluation. Therefore, 
autonomic evaluation should be individualized by using sev-
eral diverse tests, based on clinical assessment, to comple-
ment the described battery (see Table 24.2) and to quantify 
the autonomic deficit in terms of severity and organ involve-
ment [25, 43, 82–86].

 Exclusion of Other Causes of Autonomic 
Dysfunction

There are many causes of chronic autonomic failure. Clinical 
evaluation can guide the selection of laboratory tests to detect 
potentially treatable disorders before labeling a patient with 
PAF.  Uncommon presentations of common disorders such 
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as diabetes mellitus, amyloidosis, and Sjogren’s syndrome 
should be kept in mind [87, 88]. Paraneoplastic disorders, 
especially those caused by small cell lung cancer and 
immune-mediated autonomic neuropathies, may mimic PAF 
[89, 90]. For example, Goldstein and colleagues described a 
patient who had pandysautonomia and weight loss of more 
the 30 lbs over several months. Laboratory data showed cir-
culating antibody to the ganglionic nicotinic acetylcholine 
receptor and normal myocardial sympathetic innervation 
consistent with the diagnosis of autoimmune autonomic 
ganglionopathy [91]. One can speculate that case one of 
Bradbury and Eggleston [2], who lost 26 lbs in 1 year, may 
have had paraneoplastic or autoimmune disorder.

 Distinguishing Postganglionic (e.g., PAF) 
from Preganglionic/Central Autonomic Failure 
(e.g., MSA)

The biochemical, pharmacologic, and pathologic studies have 
supported the hypothesis that PAF is a primary disorder of 
postganglionic sympathetic neurons in contrast to the pregan-
glionic/central pathology of MSA. In 1959, a subnormal rise 
in norepinephrine upon standing and hyper- responsiveness 
of the blood pressure to an intravenous infusion of levarte-

renol were reported [5]. Other investigators described PAF 
patients lacking vasoconstriction in response to tyramine, an 
indirectly acting amine that must release norepinephrine from 
sympathetic nerve endings and denervation supersensitivity 
to intravenously administered norepinephrine. These patients 
also showed marked depletion of catecholamine-specific flu-
orescence in the wall of the blood vessels from muscle biop-
sies [92]. Polinsky and colleagues observed that the increased 
slope of pressor response to intravenous norepinephrine was 
due to deficient baroreflex modulation, but PAF patients did 
exhibit a shift to the left of their dose-response curve charac-
teristic of denervation supersensitivity [93]. This was recently 
supplemented by the demonstration of cutaneous postgangli-
onic denervation in PAF [59].

Clinician investigators developed tests to advance the 
concept of separating postganglionic PAF from pregangli-
onic/central disorders represented by MSA and other synu-
cleinopathies. Table  24.3 [94–101] provides an overview 
of commonly employed tests. Low plasma norepinephrine 
levels under standard resting conditions that fail to rise with 
upright posture, abnormal QSART response, and cardiac 
sympathetic denervation demonstrated by MIBG SPECT 
affirm postganglionic sympathetic dysfunction consistent 
with PAF.  Hypotension-induced rise of vasopressin and 
increase of growth hormone during clonidine infusion indi-

Table 24.2 Tests to document efferent sympathetic, cardiovagal, and sudomotor dysfunction

Test Pathway
Response
Normal Autonomic failure

Head -up tilt >60° Aortic and carotid baroreceptor afferents 
→ medulla →sympathetic and 
cardiovagal efferents

Varies based upon duration and 
angle of tilt. At 90° tilt:
3 min: SBP 13.05 ± 6.68 mm Hg, 
DBP 10.26 ± 3.94 mm Hg, HR 
18.21 ± 3.09 bpm
10 min: SBP 5.74 ± 7.09 mm Hg, 
DBP 10.95 ± 3.33 mm Hg, HR 
18.79 ± 2.27 bpm

Sustained drop in SBP ≥ 20 mm Hg 
and DBP ≥ 10 mm Hg. HR increase 
<15 bpm [37, 68]

Valsalva maneuver Strain → baroreceptor afferents → 
medulla → sympathetic efferents
Release → baroreceptor afferents → 
medulla → vagal efferents

SBP recovery time 2.00 ± 1.98 s Markedly prolonged, usually >10 s 
[69]

Mean IV phase SBP overshoot: 
38.1 mm Hg

Markedly reduced or absent [70]

Valsalva ratio (cardiovagal index): 
1.8 ± 0.3 SD (declines with age)

Markedly reduced or absent [71]

Mental arithmetic Cerebrum → brainstem → sympathetic 
efferents

Mean arterial pressure elevated by 
about 15%

Reduced or absent [72]

Cold face test Trigeminal afferents →brain stem → 
sympathetic and vagal efferents

Latency of SBP rise 13.8 ± 16.6 s,
SBP rise 15.5 ± 15.5%

Reduced or absent [73, 74]

Latency of bradycardia 5.6 ± 4.6 s 
bradycardia 16.6 ± 4.3%

Markedly reduced or absent

Heart rate response to 
deep breathing

Vagal afferents → medulla → vagal 
efferents

Declines with age;
> 60 y: 11.8 ± 5.4 bpm

Reduced significantly [75]

Thermoregulatory 
sweat test

Increased blood temperature → 
hypothalamus → sympathetic efferents 
→postganglionic cholinergic nerve 
endings

Moisture from sweat alters the 
color of the indicator
Generalized and symmetrical 
sweating.

Loss of sweating
Pattern of anhidrosis may localize 
the site of pathology along the 
efferent sudomotor pathway [76]

DBP diastolic blood pressure, HR heart rate, SBP systolic blood pressure, SD standard deviation

R. K. Khurana



281

cate sparing of central autonomic pathways in PAF patients. 
These tests, however, are not foolproof. Plasma norepineph-
rine levels when supine may be normal in PAF patients 
[102]. Plasma kinetics using tritiated norepinephrine reveal 
that norepinephrine levels may rise with head-up tilt because 
of reduced clearance from plasma [103]. PAF patients who 
demonstrate generalized anhidrosis with thermoregulatory 
sweat test may have normal QSART suggesting pregangli-
onic dysfunction, whereas MSA patients who display anhi-
drosis with thermoregulatory sweat test may have absent 
QSART, indicating postganglionic involvement, presumably 
due to transsynaptic dysfunction [102]. The clonidine infu-
sion test, although highly sensitive, lacks specificity to be a 
diagnostic test [104]. Hypotension-induced vasopressin rise 
may differentiate PAF from MSA [99], but its specificity has 
not been studied.

In summary, several tests are available to differentiate 
postganglionic PAF from preganglionic/central synucle-
inopathies, but none of them are so specific as to be a diag-
nostic test. Traditionally neuropathological data provide 
confirmation of diagnosis. Table 24.2, however, shows that 
neuropathologic studies rarely show isolated involvement of 
sympathetic ganglia and postganglionic structures.

Other tests that assess the odds of phenoconversion of PAF 
into other synucleinopathies are also relevant. A University 
of Pennsylvania Smell Identification Test may show impair-
ment in PAF and PD patients, whereas it is normal in MSA 
patients. Hyposmia is also a feature of PAF, but to a lesser 
degree than in PD [43, 82]. Video polysomnography docu-

ments rapid eye movement sleep behavior disorder (RBD). 
As described in the symptoms section, RBD may occur in 
PAF patients less frequently and usually after the onset of 
orthostatic hypotension. Micturition disturbances are com-
mon. If post-micturition bladder scan shows >100  ml of 
urine volume, urodynamic studies should be obtained to 
delineate the type of urinary dysfunction [25]. Urethral 
sphincter electromyography is more likely to be abnormal 
in MSA than in PD or PAF [83]. Based on gastrointestinal 
symptoms, patients may need esophageal manometry, gas-
tric emptying, colonic transit time, anorectal manometry, or 
anal sphincter electromyography. Electromyography show-
ing reinnervation of the anal sphincter during the early stages 
of PAF may favor MSA [84, 85]. Brain magnetic resonance 
imaging can help in the diagnosis of MSA. Hot cross-bun 
sign representing the degeneration of the pons and ponto-
cerebellar fibers with the preservation of corticospinal tracts 
produces a cruciform shape of T2 signal hyperintensity. A 
hyperintense rim to the putamen on T2-weighted imaging 
(putaminal rim sign), hyperintensity of the middle cerebellar 
peduncle, and atrophy of the cerebellum and brainstem are 
additional features of MSA [86].

 Phenoconversion and Predictors

Recently, the Autonomic Disorders Consortium reported 
a prospective 4-year follow-up of 74 PAF patients. One-
third of patients (34%) phenoconverted: 13 to dementia 

Table 24.3 Tests differentiating central/preganglionic from postganglionic autonomic failure

Test Pathway
Response
Normal Autonomic failure

Quantitative 
sudomotor axon 
reflex test (QSART)

Axon reflex stimulated sweat output Presence of sweating indicates 
intact postganglionic pathway

Prolonged latency and diminished to 
absent sweat output in postganglionic 
lesions [94, 95]

Plasma 
norepinephrine 
levels

Baroreceptors →medulla →sympathetic 
neuronal activity →release of 
norepinephrine from adrenergic nerve 
terminals

Recumbent levels: 250–350 pg/
mL
A twofold to threefold rise on 
standing

Low levels of supine and no rise when 
standing in postganglionic lesions
Normal levels of supine and no rise 
when standing suggests preganglionic 
dysfunction [12]

123I-MIBG 
myocardial 
scintigraphy

MIBG taken up by postganglionic 
presynaptic nerve endings via the 
norepinephrine transporter mechanism and 
stored in vesicles

Correlates with adrenergic 
innervation density

Markedly reduced or absent in 
PAF. Normal in MSA [96, 97]

Hypotension- 
induced plasma 
vasopressin levels

Hypotension → stretch receptors left 
atrium → brainstem → paraventricular 
nucleus of hypothalamus → posterior 
hypophysis →vasopressin release in 
systemic circulation

Increase 
1.3 ± 0.2 → 3.2 ± 0.3 pmol/L

Small rise in central autonomic failure 
0.5 ± 0.1 to 1.5 ± 0.3 pmol/L
Marked rise in postganglionic 
autonomic failure 1.1 ± 0.3 to 
38.0 ± 8.0 pmol/L (indicates normal 
central afferent baroreceptor pathway) 
[98, 99]

Clonidine infusion 
test

An α2-adrenoreceptor agonist stimulates 
GHRH neurons in the hypothalamus → 
anterior pituitary → growth hormone

Growth hormone rise peaked at 
60 minutes in normal subjects

Growth hormone rise in postganglionic 
failure. Absent response in 
preganglionic involvement [100, 101]

GHRH growth hormone releasing hormone, MSA multiple system atrophy, PAF pure autonomic failure
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with Lewy bodies, 6 to PD, and 6 to MSA [44]. Kaufmann 
and colleagues had previously described a patient with iso-
lated autonomic failure who developed PD after 20 years 
[105]. Therefore, the diagnosis of PAF should remain ten-
tative until more specific biomarkers become available. In 
the meantime, information combined from history, physical 
examination, sleep data, smell identification test, autonomic 
data, and neuroimaging can provide a tentative diagnosis 
for management and approximate prognosis. In PAF, faint-
ing or sudomotor dysfunction precedes constipation and 
urinary dysfunction [106]. MSA patients are likely to be 
of younger age at onset, display dream enactment behav-
ior during sleep, and suffer from severe bowel or bladder 
dysfunction. The combination of normal myocardial MIBG 
uptake with genitourinary dysfunction favors the diagno-
sis of MSA [107]. Neurological examination is normal in 
PAF patients. MSA patients may show subtle motor signs 
with preserved olfaction. RBD (although described in PAF 
patients) is more likely to occur in other synucleinopathies 
such as MSA, DLBD, or PD. Autonomic data favoring con-
version from PAF to MSA includes preganglionic sweat 
loss, supine norepinephrine levels >100 pg/mL, mild car-
diovagal impairment, and severe bladder dysfunction [108]. 
Neuroimaging yields characteristic features of putaminal 
and brainstem involvement in MSA.

 Treatment

PAF is a slowly progressive disorder. Although orthostatic 
intolerance is the most disabling manifestation, other auto-
nomic symptoms such as bowel or bladder dysfunction may 
also adversely affect quality of life and require active man-
agement. There is no treatment to slow or halt progression of 
disease. Symptomatic treatment is intended to reduce symp-
tom burden and improve daily functioning.

Nonpharmacologic treatment may be effective in patients 
with mild to moderate symptoms and may significantly delay 
the use of medications. It also provides psychological benefit 
by making the patient an active partner in his/her manage-
ment. Box 24.1 lists instructions which may be helpful to the 
patient [109]:

Additionally, patients should be made aware of the ben-
efits of increased salt intake, rapid water drinking, abdominal 
compression, and physical counter maneuvers. Salt intake 
can be increased up to 12 capsules of 10 mmol sodium chlo-
ride/day to expand intravascular volume and can be moni-
tored in an individual by obtaining 24-hour urine for sodium. 
In general, a 24-hour urinary sodium >170 mmol/day is con-
sidered adequate [111, 112]. A rapid ingestion of 480 ml of 
water may improve systolic blood pressure by 37 ± 7 mm 
Hg within about 5  minutes and benefit may persist for up 
to 50  minutes. Water, being hyposmolar, stimulates osmo-

sensitive afferent neurons in the portal tract and reflexively 
increases norepinephrine levels. Water consumption in the 
morning and before meals can be helpful but it should be 
avoided before bedtime [113]. As described by Bradbury and 
Eggleston [2], abdominal compression improves orthostatic 
blood pressure. Compression of legs and thighs may pro-
vide added benefit [114]. Physical counter-maneuvers are an 
excellent addition to our physiologic management. They are 
effective, easy to apply, can be applied when needed, and can 
be unobtrusive. Leg crossing (crossing one leg in direct con-
tact with the other while actively standing on both legs) and 
active muscle tensing for 30–60 seconds raise blood pressure 
to improve cerebral perfusion [115, 116].

 Pharmacologic Interventions

Orthostatic hypotension in the absence of symptoms does 
not require drug therapy. When orthostatic hypotension is 
symptomatic, nonpharmacologic intervention should be the 
first-line management. Pharmacotherapy should be offered 
when response to nonpharmacologic treatment is insuffi-
cient. It should be aimed at improving orthostatic tolerance 
and not just correcting blood pressure values to “normal 
range.” Usually small blood pressure increase of 10–15 mm 

Box 24.1 Nonpharmacologic Measures to Treat Patients 
with Mild-moderate PAF
• Avoid getting out of bed rapidly, especially in the 

morning. Arise slowly and in stages (e.g., sitting 
with dangling of feet, standing, and walking).

• Avoid standing motionless especially in shower 
stalls.

• Avoid straining at stool or lifting heavy objects.
• Avoid not only strenuous exercise but also physical 

inactivity or prolonged supine bed rest.
• Avoid excessive heat. Stay in air-conditioned sur-

roundings in the summer.
• Avoid large meals. Frequent small meals reduce 

orthostatic symptoms. Drinking coffee with meals 
may be helpful.

• Sleep with head elevated by 6  inches, which may 
improve orthostatic tolerance by reducing nocturia 
and supine hypertension [110].

• Use derby chair when needed. It is a cane when 
folded and a chair when unfolded.

• Avoid potential physical injury by learning to rec-
ognize symptoms of presyncope.

• Contact your physician immediately if you have 
diarrhea or vomiting.
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Hg may shift mean arterial pressure from just below to just 
above the critical level of cerebral perfusion.

Several drugs are available, but none mimics the physi-
ologic effects of norepinephrine, which is released by the 
body in proportion to demand (more is released with upright 
posture). Uncertain bioavailability of drugs due to decreased 
gastrointestinal motility and impaired drug absorption, 
reduced orthostatic hepatic perfusion altering drug metab-
olism, variable degeneration of adrenergic nerve terminals 
affecting storage and release of neurotransmitters, and lack 
of baroreflex modulation pose a challenge for the physician 
and the patient. A small group of patients remain refractory 
to multiple therapeutic modalities.

A variety of drugs have been prescribed off-label on the 
basis of pharmacologic mechanisms to raise blood pressure. 
The 2006 European Federation of Neurological Societies 
Guidelines for orthostatic hypotension recommended 
 fludrocortisone as a first-line drug and sympathomimetics 
such as midodrine and droxidopa as second-line drugs. In 
the USA, only two pressor agents have received approval 
by the US Food and Drug Administration (FDA), the sym-
pathomimetic midodrine and the norepinephrine-producing 
droxidopa. These three drugs, however, lack long-term evi-
dence-based data. For information on other drugs, the reader 
is referred to Table 24.4 and to recent reviews on these drugs.

Fludrocortisone Acetate Fludrocortisone acetate is a min-
eralocorticoid analog used for the treatment of orthostatic 
hypotension since 1959 [5]. This drug is not FDA approved 
for treatment of neurogenic orthostatic hypotension. It 
increases sodium reabsorption in distal renal tubules, 
decreases urinary sodium excretion, and expands plasma 
volume. Schmid and colleagues reported increased vascular 
responses of the human forearm to norepinephrine infusion 
after fludrocortisone treatment [117]. Chobanian and col-

leagues observed blood pressure elevation with sodium 
retention and plasma volume expansion during the first 
10 days of treatment. After 6 months of treatment, plasma 
volume had decreased to control levels despite further rise in 
blood pressure. Plasma catecholamines were not affected 
[118]. The drug is available as an oral tablet of 0.1 mg. It is 
prescribed at doses of 0.1–0.3 mg daily. Its clinical benefit is 
evident within 1–2 weeks, but blood pressure response may 
continue to increase over a long period, requiring dose 
adjustments. Patients should be watched for breathlessness 
and peripheral edema. The drug can cause hypokalemia even 
in the first week of treatment. In a recent study, fludrocorti-
sone was associated with increased risk of all-cause hospital-
izations, especially among patients with congestive heart 
failure [119]. Additional side effects include headache, 
supine hypertension, hypertensive retinopathy, cardiac fibro-
sis, and muscle weakness. Combining head-up tilt during 
sleep with fludrocortisone provides further benefit [120]. 
Concurrent use of desmopressin may increase the risk of 
hyponatremia. Periodic monitoring of serum electrolytes and 
supine, as well as standing blood pressure, is recommended.

Midodrine Hydrochloride Midodrine is a direct alpha-1 
agonist approved by the FDA in 1996. It raises blood pres-
sure by causing arteriolar constriction and venoconstriction 
of the capacitance vessels. It is devoid of central nervous sys-
tem side effects because it does not cross the blood–brain 
barrier. It is a prodrug that is hydrolyzed in the liver to its 
active form, desglymidodrine. The half-life of midodrine is 
~30  minutes, but the half-life of its active metabolite is 
~4 hours. Its peak effect is evident at 1 hour with a duration 
of action of 4–6 hours. The drug is available as an oral tablet, 
2.5 mg, 5 mg, and 10 mg. It should be dosed three times a 
day. The author has prescribed it for intermittent use in 
patients with anticipated exacerbation of mild to moderate 
orthostatic hypotension. It improves not only symptoms of 
orthostatic intolerance but also fatigue, low energy level, and 
feelings of depression [121]. No differences were noted in 
pressor responses to 10 mg dose in patients with pregangli-
onic versus postganglionic lesions [122]. Therefore, the 
starting dose can be the same in both. However, dosage 
should be individualized. Dosage should be reduced in 
patients with hepatic or renal dysfunction. The side effects 
are pruritus of scalp, chills, paresthesiae, and urinary reten-
tion. The frequency and severity of side effects are dose 
dependent. Occurrence or aggravation of supine hyperten-
sion is another important side effect. Therefore, midodrine 
should not be administered after the evening meal or less 
than 4 hours before bedtime.

Droxidopa L-threo-3,4-dihydroxyphenyl serine, a synthetic 
amino acid (droxidopa) is an orally active prodrug of norepi-
nephrine approved for use in Japan since 1989. The US FDA 

Table 24.4 Pharmacologic approaches to the treatment of neurogenic 
orthostatic hypotension

Expand 
intravascular 
volume Promote vasoconstriction

Diminish 
vasodilatation

Fludrocortisone Midodrine hydrochloride Indomethacin
Desmopressin 
acetate

Droxidopa Metoclopramide 
hydrochloride

Erythropoietin Pyridostigmine bromide
Atomoxetine 
hydrochloride
Ephedrine
Pseudoephedrine 
hydrochloride
Yohimbine
Phenylpropanolamine 
hydrochloride
Dihydroergotamine
Octreotide acetate
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approved it in 2014 for use in neurogenic orthostatic hypoten-
sion based on improvement in symptoms rather than just 
improvement in orthostatic blood pressure. Unlike norepi-
nephrine, droxidopa crosses the blood–brain barrier. It is con-
verted into norepinephrine both centrally and peripherally by 
aromatic L-amino acid decarboxylase and may exert its 
effects as central stimulant of sympathetic activity, as a 
peripheral sympathetic neurotransmitter, or as a circulating 
hormone [123]. It acts by increasing sympathetic muscle tone 
as measured by microneurography and increased forearm 
vascular resistance [124]. Short-term placebo-controlled clin-
ical trials demonstrated significant reduction in orthostatic 
hypotension, but long-term studies showed conflicting results 
[125]. The drug is available as an oral capsule, 100  mg, 
200 mg, and 300 mg. Treatment should be initiated at 100 mg 
three times daily and titrated in increments of 100 mg three 
times daily every 48 hours to a maximum dose of 1800 mg/
day. Patients with supine plasma norepinephrine levels below 
220 pg/mL seemed to show a more robust pressor response. 
Headache, dizziness, nausea, fatigue, and hypertension are 
common side effects. A 1 year of follow-up of 350 patients 
receiving droxidopa revealed cardiovascular side effects 
(24%), but these effects were not attributed to the drug [126]. 
The prescriber should monitor supine blood pressure before 
and during treatment to manage hypertension and avoid co-
prescribing tricyclic antidepressants and monoamine oxidase 
inhibitors. The FDA has alerted prescribers by a black box 
warning about the increased risk of supine hypertension.

The subset of patients who do not respond to a single 
agent may benefit from a combination of drugs and from 
stricter adherence to nonpharmacologic therapy. Those who 
do not respond to commonly prescribed therapy deserve a 
trial with adjunct medications (see Table  24.4) [127–130]. 
In general, the data regarding the efficacy of these drugs are 
inconsistent and the quality of evidence is low.

Two co-morbidities, postprandial hypotension and supine 
hypertension, are often overlooked and usually require addi-
tional management. The impact of postprandial hypotension 
can be minimized by timing the meal about an hour after tak-
ing midrodrine or droxidopa, by rapidly drinking 480 mL of 
water 5–10 minutes before meals, and by consuming coffee 
with the meal. If postprandial hypotension is too severe to 
respond to these approaches, then a trial of the α-glucosidase 
inhibitor acarbose or the somatostatin analog octreotide may be 
warranted. The severity and frequency of supine hypertension, 
if suspected, should be confirmed with 24-hour ambulatory 
blood pressure monitoring. Mild to moderate supine hyper-
tension may respond to adjustment of timing/dose of the pre-
scribed vasopressor agent by having the patient consume the 
meal just before bedtime [131] and by sleeping in a reclining 
chair. In patients with severe and sustained hypertension, short-
acting antihypertensive agents such as the angiotensin recep-

tor antagonist losartan potassium, calcium channel antagonist 
nifedipine, or transdermal nitroglycerine may prove helpful.

Although symptomatic orthostatic hypotension is the 
most consistent, disabling, and often the presenting mani-
festation of PAF, other features such as bowel and bladder 
disturbances, impaired thermal regulation, sexual dysfunc-
tion, and RBD may adversely affect quality of life at vari-
ous stages of the illness. Bowel disturbances may range from 
mild gastroparesis and constipation to occasional presenta-
tion with chronic intestinal pseudo-obstruction [24]. Mild 
gastroparesis may respond to intake of frequent small meals. 
However, metoclopramide should not be used to promote 
motility because of extrapyramidal side effects. Dietary 
alterations with increased roughage and use of bulk laxatives 
such as psyllium husk may improve constipation. Urinary 
dysfunction may initially respond to regular voiding habit. 
RBD may be severe enough to injure the patient or the bed 
partner. Awareness and frequent inquiry of these symptoms 
from the patient and the bed partner should aid the treating 
physician in seeking specialty consultations for appropriate 
management [132].

 Conclusion

It took almost 70  years after the original description 
by Bradbury and Eggleston [2] to define the entity of 
PAF. However, the deconstruction of this entity had already 
started with the publication of a clinical neuropathologi-
cal study by Johnson and colleagues reporting Lewy bodies 
in the substantia nigra [8]. Subsequent studies demonstrat-
ing RBD [32] and central dopamine deficiency [133] added 
to the presence of central nervous system abnormalities. 
Postmortem findings and antemortem biopsy data showing 
synuclein pathology in the peripheral and central autonomic 
structures linked PAF, idiopathic PD, and dementia with 
Lewy body disease. Editorials labeling PAF as an immaculate 
misconception and a restricted Lewy body synucleinopathy 
[13, 134] declared that PAF was an entity with a disappearing 
identity. The clinical picture, response to pharmacotherapy, 
and prognosis of PAF differ significantly from other synucle-
inopathies. One cannot be certain that the strains of synuclein 
found in PAF, idiopathic PD, dementia with Lewy body dis-
ease, and MSA are identical [135] or that α-synuclein is the 
culprit when PAF cases without synuclein pathology are dis-
covered [26]. Instead of labeling PAF as an entity in search of 
an identity, these factors as discussed above should provide 
us with an impetus to revise the diagnostic criteria, identify 
promising predictors, and develop biomarkers to diagnose 
PAF before the development of structural pathology.
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Acute Autonomic Neuropathy

Walter Struhal

 What Is an Acute Autonomic Neuropathy?

An acute autonomic neuropathy is a disease of the peripheral 
autonomic nervous system developing acutely (e.g., within 
hours, days, or a few weeks). A number of these diseases are 
immune-mediated or of paraneoplastic origin. These condi-
tions are in contrast to the pathophysiology of autonomic 
disorders noted in neurodegenerative diseases. The recogni-
tion of autoimmunity in conditions originally termed acute 
pandysautonomia directed our attention to the diagnostic and 
therapeutic approach in patients with acute autonomic neu-
ropathies. In the last 20 years, an understanding of these con-
ditions has progressed considerably and is still evolving. As 
an example, the novel autoimmune encephalitides like 
dipeptidyl-peptidase-like protein-6 (DPPX), which may also 
point to the fact that the diseases discussed in that chapter did 
not entirely exclude the central nervous system involvement. 
This chapter will focus on the clinically most significant dis-
eases (Box 25.1).

 When to Think of an Acute Autonomic 
Neuropathy

An important clue is the speed of development of the condi-
tion. Severe autonomic failure develops within hours (e.g., 
Guillain–Barré syndrome [GBS]), days, or weeks (paraneo-
plastic autonomic neuropathy and autoimmune autonomic 
ganglionopathy [AAG]). In GBS or AAG, a triggering event 
is commonly present like a respiratory or gastrointestinal 
tract infection. Autonomic failure may be cholinergic (e.g., 
AAG) or noradrenergic (seronegative autonomic ganglion-
opathy). Most of these diseases may also present with a lim-

ited presentation (e.g., only gastrointestinal or other focal 
manifestation).

The age at onset does not necessarily help; acute auto-
nomic neuropathies may develop in younger or older sub-
jects. Since other autonomic disorders including pure 
autonomic failure may be clinically similar to acute auto-
nomic neuropathies, the differential diagnosis of an acute 
autonomic neuropathy should always be kept in mind until 
excluded (see below).

 How to Diagnose Acute Autonomic 
Neuropathies

A concise history is crucial to evaluate the time course of 
onset and the clinical presentation. History as obtained from 
the patient should be followed by a structured autonomic 
evaluation, for example, COMPASS-31 [1]. A number of 
scales are available, including a scale for diabetic neuropathy 
[2]. The Movement Disorder Task Force summary paper 
may help to introduce several of the tests [3].

The primary goal is to get an idea on the organs involved 
in the pathologic process. This may be helpful as seroposi-
tive AAG has prominent cholinergic (e.g., pupillary involve-
ment) whereas seronegative patients more likely will develop 
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orthostatic hypotension [4] (OH), there are, however, con-
trary reports opposing those differences [5]. Red flags for an 
autoimmune cause include a personal or family history of an 
autoimmune disorder (autoimmune thyroiditis, type 1 diabe-
tes mellitus, rheumatoid arthritis, or myasthenia gravis) or 
cancer [4].

The history will in addition try to highlight symptoms for:

• Orthostatic hypotension (sympathetic dysfunction)
• Heat intolerance (sympathetic sudomotor dysfunction)
• Intolerance of bright light (impaired pupillary light 

reflex—parasympathetic dysfunction)
• Dry eyes or dry mouth (parasympathetic dysfunction)
• Sexual dysfunction, urinary retention (urogenital 

dysfunction)
• Abdominal pain, diarrhea, constipation, or nausea (gas-

trointestinal dysfunction)

A number of patients may only show limited presenta-
tions of autonomic failure [6], rather than the full clinical 
picture of pronounced autonomic dysfunction.

Neurologic examination may give valuable clues: the 
presence of sensory symptoms is unusual in seropositive 
AAG apart from eventual mild paresthesia but may be pres-
ent in seronegative patients [7] and in acute autonomic sen-
sory neuropathy (AASN) [8]. Paraneoplastic patients may 
have a history of smoking or cancer. Coexisting features 
including sensory ganglionopathy, neuromuscular features, 
or symptoms pointing to limbic encephalitis, or paraneoplas-
tic cerebellar degeneration need to be searched for. 
Eventually, paraneoplastic patients may only show an enteric 
neuropathy with weight loss, dysphagia, vomiting, early sati-
ety, or constipation [9].

In addition, other diseases including rheumatologic disor-
ders may cause acute autonomic neuropathy. An important 
example is the primary Sjögren syndrome with a large female 
predominance (female: male ratio of 9:1), and is estimated to 
have a prevalence of up to 1% in the adult US population. 
Autonomic involvement may be quite divergent including 
orthostatic intolerance, gastrointestinal, sudomotor, and gen-
itourinary symptoms [10]. In fact, autonomic testing in 
Sjögren patients may resemble POTS.

 Additional Tests

History taking, clinical examination and an assessment of 
autonomic failure using the autonomic function, and anti-
body testing should be the initial approach to acute and sub- 
acute autonomic failure [11].

Cardiovascular reflex and sudomotor testing have been 
standardized to evaluate the sympathetic and parasympa-
thetic cardiovascular autonomic innervation, as well as the 

sympathetic sudomotor function [12]. (See also Chap. 9 for 
details).

 Antibody Testing

Identification of an immunological disturbance in some 
cases of acute autonomic neuropathies is an important devel-
opment in designing a specific therapy. In 2000, Vernino 
et al. first described the occurrence of a ganglionic receptor 
binding antibody in idiopathic autonomic neuropathy and 
paraneoplastic autonomic neuropathy [13]. This antibody is 
directed against the alpha3 (ganglionic) subunit of nicotinic 
acetylcholine receptors (gAChR-AB). The nicotinic acetyl-
choline receptor is a fast-synaptic transmitter in all auto-
nomic ganglia. Within the ganglion, two alpha-3 subunits 
and usually three beta-4 subunits are found. Typical patterns 
of acetylcholine receptors are:

• (α1)2β1δε and (α1)2β1δγ motoric unit
• (α3)2(β4)3 autonomic ganglion
• (α4)2(β2)3 brain
• (α3)2(β4)3 brain

In a number of experimental models, this antibody was 
proven to be pathogenetic in Autoimmune Autonomic 
Ganglionopathy as well as other syndromes (see below). An 
active immunization of rabbits caused a syndrome similar to 
AAG in humans including gastrointestinal hypomotility, uri-
nary retention, impaired light reflex, and even premature 
pupillary redilation [14, 15].

However, if conditions other than paraneoplastic cause 
are suspected, gAChR-AB should not be the only antibody to 
be tested (Table 25.1) [7]. Paraneoplastic autonomic neurop-
athy most often is associated with gAChR, anti-Hu, and anti- 
CRMP5 [9]. Anti-Hu and anti-CRMP5 are specific antibodies 
against intracellular antigens, are associated with a tumor. 
The immune process is T-cell mediated and the response to 
immunomodulatory treatment is frequently mild. These 
patients are generally older [16].

 How to Differentiate Among a Variety 
of Acute Autonomic Neuropathies?

 Autoimmune Autonomic Ganglionopathy 
(AAG)

Acute Phenotype Patients are typically middle-aged and 
predominantly women [17]. Patients had been typically 
healthy prior to the acute onset of AAG. An antecedent event 
(e.g., respiratory infection) is often the trigger for the clinical 
presentation. The onset evolves during days to weeks.
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Chronic Phenotype After identification of the gAChR-
AB as pathologic agent, it became clear that some patients 
have a chronic course of disease that mimics pure auto-
nomic failure. If the clinical nadir of autonomic failure is 
reached after 3 months only, the AAG patients are classi-
fied as chronic phenotype. In fact, up to 50% account for 
this chronic phenotype [9]. The clinical presentation may 
be related to the level of antibody titer found. Prominent 
cholinergic impairment in this group was linked to 127-
fold higher antibody titers than in the group lacking cho-
linergic impairment [17].

In both phenotypes, patients typically develop diffuse 
sympathetic, parasympathetic, and enteric dysfunction. 
Among the sympathetic syndrome patients often present 
with symptoms of orthostatic hypotension. Parasympathetic 
and enteric neuropathic symptoms are sicca-symptoms (dry 
mouth and dry eyes), light and temperature intolerance, 
sexual dysfunction, and urinary bladder symptoms (neuro-
genic bladder). Severe gastrointestinal symptoms may 
occur and have to be addressed to prevent chronic damage 
(Fig. 25.1) [18]. Some degree of extra-autonomic manifes-
tation is quite common, including sensory disturbances 
(46%), as well as other comorbid autoimmune diseases 
(e.g., Sjögren syndrome) [19]. However, there is consider-
able variation in manifestation. Eventually, only a focal 
autonomic dysfunction (e.g., dry eyes, dry mouth, OH, or 
gastrointestinal symptoms) may be present [20]. It is nota-
ble that pure autonomic failure may mimic AAG, but may 
not typically include gastrointestinal dysmotility, and 
impaired pupillary light reflexes [8, 17].

Autonomic function testing is necessary to confirm the 
diagnosis of autonomic dysfunction, as well as its extent and 
severity. Cardiovascular autonomic testing should be per-
formed including supine and standing heart rates and blood 
pressures. Pupillometry may be especially valuable to diag-
nose AAG. Antibody Testing (see above) is a crucial part in 

Table 25.1 Paraneoplastic antibody testing in autonomic neuropathy. (From Golden and Vernino [9], with permission from Springer Nature)

Antibody Autonomic manifestations Other manifestations

Cancer 
frequency 
(%) Cancer type

Antigen 
location

Anti-Hu 
(ANNA-1)

Diffuse autonomic failure, enteric 
neuropathy

Sensory ganglionopathy, 
sensorimotor neuropathy, 
cerebellar ataxia, limbic 
encephalitis

88 SCLC Intracellular

Anit- 
CRMP5(CV-2)

Diffuse autonomic failure, enteric 
neuropathy

Somatic neuropathy, cerebellar 
ataxia, dementia, chorea, cranial 
neuropathy

91 SCLC, thymoma Intracellular

Anti-gAChR Diffuse autonomic failure, enteric 
neuropathy

None 15 SCLC, thymoma, 
adenocarcinomas

Cell surface

Anti-P/Q VGCC Cholinergic impairment (dry mouth, 
constipation, and erectile 
dysfunction)

Proximal leg weakness with 
areflexia, mild oculobulbar 
weakness

60 SCLC Cell surface

Anti-VGKC 
complex

Hyperhidrosis, tachycardia, urinary 
symptoms, blood pressure 
abnormalities, and postganglionic 
sudomotor deficits

Peripheral nerve 
hyperexcitability, 
encephalopathy, and limbic 
encephalitis

13–44 Thymoma, SCLC Cell surface

gAChR Ganglionic nicotinic acetylcholine receptor, SCLC Small-cell lung carcinoma, VGC Voltage-gated calcium channel, VGKC Voltage-gated 
potassium channel

Fig. 25.1 A 24-year-old woman with autoimmune autonomic gangli-
onopathy—unclear gAChR-AB status. Abdominal X-ray for colon 
transit time investigation: radiopaque pellets show slow transit obstipa-
tion; lower left: remains of X-ray contrast medium 14 days after irrigo-
scopic application. (From Struhal et  al. [18] with permission from 
Springer Nature)
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these patients. One has to keep in mind that half of the 
patients are seronegative. Paraneoplastic Autonomic 
Neuropathy (see below) may clinically resemble AAG.

The patient and caregiver should be advised about 
supportive care (Box 25.2). Specific management 
includes intravenous immunoglobulin (IVIG) and plasma 
exchange as first-line therapies (Table  25.2) [7–9, 21–
23]. However, in some cases, rituximab has shown bene-
ficial results [22, 24, 25].

 Seronegative Autoimmune Autonomic 
Ganglionopathy

Currently, there is a controversy as to whether this is a dis-
tinct entity [7] or not [5]. This condition is most likely an 
autoimmune disorder. Its length-dependent pattern suggests 
the pathology to be in the peripheral autonomic nerves rather 
than in the ganglia. Furthermore, prominent sensory deficits 
and severe neuropathic pain do occur in seronegative AAG in 
contrast to seropositive AAG.  It is hoped that this contro-
versy will be settled soon.

Management is similar to that in seropositive autoim-
mune autonomic ganglionopathy with one important differ-
ence, in these patients, cortisone treatment may be successful 
[7]. That cortisone is more effective than other immune ther-
apies as noted in Table 25.2 suggests that this condition is a 
T-Cell mediated rather than an antibody-mediated disease.

 Acute Autonomic and Sensory Neuropathy

In AASN, an autoimmune cause is likely, but until now, there 
has been no specific antibody identified. Two-thirds of the cases 
suffer an antecedent event (e.g., upper respiratory tract infection 
with cough or sore throat) [8]. Initial symptoms consist of sen-

Table 25.2 Current therapeutic options for acute autonomic neuropathy syndromes

Syndrome (Study) Corticosteroids IVIG Plasma exchange Rituximab Other
Seropositive AAG
(Bouxin et al. [21]; 
Golden and Vernino 
[9]

Eventually in 
combination with 
first-line therapy

First-line therapy First-line therapy Multiple case 
reports 
positive

Mycophenolate mofetil azathioprine 
combination therapy

Seronegative AAG 
(Bouxin et al. [21]; 
Golden et al. [7])

Some show 
tremendous response 
to high-dose steroids

Same as 
seropositive AAG

Same as 
seropositive AAG

Some case 
reports 
positive

Same as seropositive AAG

AANS (Koike et al. 
[8]

First-line therapy First-line therapy First-line therapy – —

Limited autonomic 
neuropathy (Golden 
and Vernino [9])

Idiopathic anhidrosis 
may respond

Gastrointestinal 
dysmotility may 
respond

Gastrointestinal 
dysmotility may 
respond

— —

Paraneoplastic 
autonomic 
neuropathy

For cellular 
autoimmunity

May be helpful in 
the presence of 
gAChR ab

May be helpful in 
the presence of 
gAChR ab

— Treat underlying malignancy

LEMS (Titulaer et al. 
[22])

— — — — 3,4-diaminopyridine screen and treat 
underlying malignancy in case of 
P-LEMS

VGKC May be helpful May be helpful May be helpful – Treat underlying malignancy
GBS (Willison et al. 
[23])

— First-line therapy First-line therapy — Symptomatic treatment for blood 
pressure and heart rate fluctuations 
and anti-arrhythmics—may 
exacerbate symptoms

Sjögren syndrome – May be helpful – –

AAG Autoimmune autonomic ganglionopathy, gAChR Ganglionic nicotinic acetylcholine receptor, GBS Guillain-Barré syndrome, IVIG Intravenous 
immunoglobulin, P-LEMS Paraneoplastic Lambert–Eaton myasthenic syndrome, VGKC Voltage-gated potassium channel

Box 25.2 Supportive care for acute autonomic 
neuropathy

Orthostatic hypotension
  Nonpharmacologic means
    Compression stockings, sufficient fluid intake, 

abdominal binder, enough salt intake
  Pharmacologic means
    Midodrine, L-DOPS (L-threo-3,4-

dihydroxyphenylserine), fludrocortisone
  Sicca syndromes
   Artificial tears, artificial saliva
Bowel regimen for constipation
Urologic management for neurogenic bladder
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sory features (impaired superficial or deep  sensation including 
vibration or joint position) and gastrointestinal manifestation 
(vomiting, abdominal distention, and diarrhea). Subsequently, 
severe and diffuse autonomic dysfunction develops (sympa-
thetic [OH and anhidrosis], parasympathetic [mydriasis and 
flaccid bladder], and enteric [vomiting, distension, diarrhea, and 
ileus]), as well as small fiber involvement with neuropathic 
pain. In half of the patients a sensory ataxia develops. Of note, 
sensory loss tends to be asymmetrical and segmental, eventually 
interrupted by patchy areas with minor or no sensory deficit.

Autonomic function testing reveals severe autonomic 
dysfunction. Nerve conduction studies may reveal a reduc-
tion of sensory nerve action potential amplitude. The MRI of 
the spinal cord may show a high signal intensity in the poste-
rior column in patients with sensory ataxia [4]. The auto-
nomic dysfunction may improve to some extent during the 
course of the disease, but there may not be an improvement 
in sensory symptoms.

Treatment consists of i.v. methylprednisolone, IVIG, 
and plasma exchange as well as supportive care including 
lifestyle modification to improve the quality of life (see 
Box 25.2).

 Limited Autonomic Neuropathy

This syndrome overlaps with AAG and other autonomic dis-
eases. It has been associated with very low levels of gAChR 
antibody titers [9]. It was earlier proposed as the cause in 
some cases of postural orthostatic tachycardia syndrome 
[26]. This entity may present with pure autonomic failure or 
isolated pure cholinergic neuropathy including anhidrosis 
[27] or enteropathy (e.g., gastroparesis). In terms of treat-
ment, anhidrosis responds better to methylprednisolone [28], 
whereas gastroparesis responds better to IVIG and plasma-
pheresis (Fig. 25.2).

Fig. 25.2 A 30-year-old patient with acquired idiopathic generalized 
anhidrosis, gAChR-AB negative, severely impaired thermoregulatory 
sweat test: A, C, E, G, no cooling on thermography: I, and missing 
QSART response: K; after three cycles of high dose methylpredniso-

lone (1 g on each of 3 consecutive days) improvement: B, D, F, H, cool-
ing on thermography: J, QSART response regained on the left forearm. 
(From Pargfrieder et al. [28], with permission from Elsevier)
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 Paraneoplastic Autonomic Neuropathy

The presentation of paraneoplastic autonomic neuropathy 
(PAN) may be similar to AAG. The presence of additional 
symptoms, such as those noted in ataxia and sensory gan-
glionopathy, limbic encephalitis, and myasthenic syn-
drome should raise the suspicion of a paraneoplastic 
syndrome [29].

Autonomic function testing in addition to antibody test-
ing is essential in confirming the diagnosis (see Table 25.1). 
Most often anti-Hu and anti-CRMP5 antibodies are detected. 
Screening for determining antibody titers may suggest an 
underlying type of cancer (e.g., positive ANNA-1: anti-Hu 
antibodies may suggest a small-cell lung cancer responsible 
for such positive titers). Sometimes, patients present with a 
focal enteric neuropathy only.

Eventually, the gAChR-AB is the paraneoplastic anti-
body. In that case, the clinical picture is identical with typical 
AAG, and the cause often is small-cell lung cancer, thy-
moma, among others [30, 31].

Management includes supportive and immune- 
modulatory therapy; however, the utmost important endeavor 
is to search for the underlying neoplastic cause. Therefore, 
an intensive effort should be made by ordering a computer-
ized tomographic (CT) scan of the thorax and abdomen, and 

if needed additional tumor markers as well as positron emis-
sion tomographic (PET) scan should be obtained.

 Other Important Conditions Causing 
Autonomic Neuropathies

 Lambert–Eaton Myasthenic Syndrome (LEMS)

In LEMS, patients report weakness that improves with exer-
cise, dry eyes, and dry mouth. The onset is often insidious 
and the condition slowly progresses. Typical motor symp-
toms include proximal muscle weakness (legs often precede 
arms) and areflexia with the reappearance of reflexes after 
muscle contraction [32]. While ocular and bulbar symptoms 
(ptosis, diplopia, dysphagia, and dysarthria) are less com-
mon compared to myasthenia gravis, these may be present as 
well.

Dysautonomia in LEMS is very common and reported 
in up to 96% of the patients [22]. Autonomic impairment 
is predominantly cholinergic (dry mouth, dry eyes, erec-
tile dysfunction, and constipation). In addition, ortho-
static dizziness with OH and altered sweating may occur 
less commonly.

More than half of the patients suffer from a paraneo-
plastic form (P-LEMS), usually caused by a small-cell 

Fig. 25.2 (continued)
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lung carcinoma (SCLC). The autoimmune LEMS is less 
common and often overlaps with other autoimmune 
diseases.

When LEMS is suspected, it is important not to miss 
autonomic signs and if needed autonomic function testing 
should be performed to confirm the diagnosis. However, the 
clinical examination and the distinctive electrophysiological 
pattern seen with repetitive nerve stimulation are to be tested 
prior to ordering other tests.

Antibody testing plays a major role in the diagnosis of 
LEMS.  Two antibody types of the voltage-gated calcium 
channel (VGCC) are to be screened (e.g., P/Q-type VGCC 
and the N-type VGCC). The P/Q-type percentage is higher in 
patients with SCLC and also occurs sporadically in SCLC 
patients without LEMS or even in healthy individuals. 
Antibody testing was regarded as highly specific in LEMS, 
but recent data challenged this view. VGCC antibody positiv-
ity is therefore only to be interpreted in the clinical context of 
LEMS [33].

 Immune Encephalitides

Voltage-Gated Potassium Channels (VGKC) 
Encephalitis Autonomic manifestations are also observed 
in VGKC encephalitides, particularly those with the leucine- 
rich glioma inactivated protein 1 (LGI1) and the contactin- 
associated protein-like 2 (Caspr2).

Disorders associated with these antibodies again do not 
represent a distinct clinical entity [34]:

LGI1 Sixty to seventy percent of this entity occurs in men 
who suffer from limbic encephalitis.

Caspr2 Again, men constitute 80–90% of such cases and 
suffer from hyperexcitability of peripheral nerves, Morvan 
syndrome, and Limbic encephalitis.

Morvan syndrome is associated with Caspr-2 antibodies, 
but seronegative patients were also reported [35, 36]. This 
rare disease shows a complex clinical presentation with 
neuromyotonia, hyperhidrosis, and limbic encephalitis. 
Neuromyotonia may resemble cramp fasciculation syn-
drome with muscle cramps in all muscles to some extent as 
well as myalgias. In neuromyotonia, walking is compli-
cated because of cramps [37, 38]. Muscle relaxation is pro-
longed resembling pseudomyotonia. In addition, patients 
suffer from insomnia, hallucinations, memory loss, disori-
entation as well as constipation, and incontinence [39]. 

There is a strong male predominance and thymoma is pres-
ent frequently.

Gadoth et  al. described an expanded phenotypic spec-
trum and long-term outcomes in 196 LGII-IgG O positive, 
51 CASPR2-IgG positive, and 9 with double positivity 
patients identified through neural autoantibody evaluation 
[40]. Clinical manifestations included pain, peripheral neu-
ropathy, paroxysmal dizzy spells, OH, postganglionic 
sudomotor deficits, cognitive decline, chronic fatigue, psy-
chiatric symptoms, T2 hyperintensity in mesiotemporal 
region (more common in LGII-IgG than in CASPR2-IgG 
positive patients), faciobrachial dystonic seizures and an 
underlying cancer (one-third had thymoma) in varying 
combination. Age was found to be the only strongest pre-
dictor for central neuron system involvement. Most of the 
patients responded to an initial immunotherapy but some 
required long-term immunotherapy and antiepileptic 
medication.

In Morvan syndrome, Na-channel blocking agents includ-
ing carbamazepine, phenytoin, lamotrigine, and valproate 
may be helpful.

 Anti-NMDA Receptor Encephalitis

This, in fact, is the most common autoimmune encephalitis, 
more than 80% are noted in women, often below the age of 
50 years [41]. A prodromal stage with fever, headache, other 
signs of infection and eventually mild meningeal sign is fol-
lowed by psychiatric and amnestic dysfunction. A typical 
sign consists of bizarre hyperkinetic movement disorder or 
orofacial dyskinesias eventually followed by mutism and 
catatonic syndromes.

Patients may show severe autonomic symptoms including 
episodes of mydriasis, tachycardia, or bradycardia eventu-
ally leading to asystole, alternating hypertension and hypo-
tension. Transient sleep dysfunction may occur while 
recovering. Anti-NMDA-R encephalitis may develop several 
weeks after recovering from herpes simplex encephalitis 
[42]. Tumors associated with the anti-NMDA-R antibody are 
most commonly teratomas, followed by carcinomas.

 Dipeptidyl-Peptidase-Like Protein-6 (DPPX)

DPPX is a potassium channel complex antibody. Cognitive 
disorder and brainstem or spinal cord dysfunction are promi-
nent manifestations [43, 44]. Sleep disorders including 
insomnia, periodic limb movements, sleep apnea, or hyper-
somnia are common. Around half of the patients suffer from 
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autonomic dysfunction causing cardiac dysrhythmias, dia-
phoresis, and temperature dysregulation. Treatment includes 
corticosteroids, IV immunoglobulin, plasmapheresis, ritux-
imab, and cyclophosphamide.

 Guillain–Barré Syndrome (GBS)

GBS is caused by an autoimmune response to peripheral 
nerves. In the western hemisphere, 40% are preceded by a 
Campylobacter jejuni infection. GBS is characterized by 
ascending symmetrical weakness, sensory symptoms, and 
absent deep tendon reflexes. Acute autonomic dysfunction in 
GBS is common and may increase the mortality. In some 
patients, autonomic dysfunction precedes the onset of motor 
dysfunction [45]. During the acute phase, sympathetic hyper-
activity dominates and patients are prone to have hyperten-
sion, hyperhidrosis, and tachycardia. In patients with 
baroreflex failure, blood pressure fluctuations with swift alter-
ations are observed [46]. Gastrointestinal dysfunction is regu-
larly seen and 15% of the cases may progress to ileus [47].

Autonomic function (arrhythmia, sweating, blood pressure 
instability, and ileus) evaluation plays a crucial role in investi-
gating the severity of autonomic nervous system involvement 
and in deciding whether to transfer the patient to an ICU [23]. 
Bradyarrhythmia may occur occasionally in GBS patients 
without the need for artificial ventilation and may need a tran-
sient pacemaker [46]. The 24-h heart rate power spectrum 
analysis may be a valuable surrogate marker to identify those 
patients who may develop clinically significant arrhythmias 
[48]. A clinically valuable method to investigate GBS patients 
at risk for Dysautonomia was reported by Pfeiffer et al. (more 
than 85 mmHg blood pressure variation daily is a sensitive 
indicator for autonomic dysfunction) [49].

During recovery, parasympathetic failure is common. 
Autonomic neuropathy may improve in concert with motor 

improvement; however, some patients suffer from dysauto-
nomia for quite a long time. First-line therapy for GBS pat-
ents is IVIG or plasma exchange.

 Sjögren Syndrome

Sjögren syndrome is a common rheumatic disease in the 
adult population with a female predominance (female: male 
ratio of 9:1) and a common cause of autonomic neuropathy. 
It is characterized by sicca symptoms and lymphocytic infil-
tration in exocrine glands. Autonomic dysfunction is present 
in more than half of the patients [50]. Structured autonomic 
testing reveals decreased cardiovagal function, tachycardic 
response to head-up tilt, and impaired sympathetic vasomo-
tor function. Results may resemble postural tachycardia syn-
drome [10]. Management for Sjögren syndrome: those 
presenting with isolated symptoms do not always need ther-
apy, but in the more pronounced disease, steroid treatment is 
necessary.

 Summary

Acute autonomic neuropathies are extremely burdensome to 
patients and especially autonomic involvement of the heart 
may be life threatening. Although diagnosis may be a chal-
lenge, it is important to consider those entities (described 
above) presenting with an acute onset of autonomic 
dysfunction.

Antibody testing is in many of the above–mentioned syn-
dromes a diagnostic hallmark; however, antibody testing is 
only a piece in the complex puzzle. In addition, antibody test 
results may take days or even weeks which should not deter 
initiation of treatment. Figure 25.3 outlines a decision tree 
for an early diagnosis.
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Limited autonomic neuropathy

Aucte autonomic and sensory neuropathy

Paraneoplastic autonomic neuropathy

Sjögren syndrom

LEMS

Voltage gated Potassium Channel

Pupillomotor dysfunction

gAChR AK

Paresthesia

Gastrointestinal involvement

Neurologic signs

Autonomic signs

OH

Anhidrosis

Sensomotor neuropathy

Small fibre neuropathy

Cerebellar ataxia

Anti-Hu

Sensory ganglionopathy

Anti-CRMP5

Limbic encephalitis

Proximal leg paresis, areflexia

Dry eyes

Peripheral hyperexcitability

Tachycardia

Urogenital symptoms

Anti-P/Q VGCC

Hyperhidrosis

CASPR2

LGI1

Antibody

Autoimmune autonomic ganglionopathy

Fig. 25.3 Acute autonomic neuropathy syndromes disease finder—close interconnection of autonomic symptoms, neurologic symptoms, and 
antibodies
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Familial Dysautonomia

Jose-Alberto Palma and Horacio Kaufmann

 Introduction

Familial dysautonomia (FD, also known as Riley–Day syn-
drome, hereditary sensory and autonomic neuropathy type 
III) is a rare autosomal recessive disease. It was first described 
in 1949  in children with Jewish Ashkenazi ancestry [1, 2]. 
The disease is caused by a founder mutation in the IkB 
kinase-associated protein gene (IKBKAP or ELP1) resulting 
in increased levels of mutant, defective, ELP-1 (IKAP) pro-
tein, mostly in central and peripheral nervous systems. Lack 
of functional ELP-1 causes impaired development of pri-
mary sensory and autonomic neurons [3–6] resulting in a 
severe neurological phenotype, which includes arterial baro-
reflex and chemoreflex failure with high frequency of sleep- 
disordered breathing and sudden death during sleep [7–12]. 
FD represents a unique template to study the interactions 
between sleep-disordered breathing and abnormal chemo- 
and baroreflex function. We summarize in this chapter recent 
developments in the understanding of sleep-disordered 
breathing in patients with FD, the risk factors for sudden 
death during sleep, and the specific interventions that could 
prevent it.

 Phenotype of Familial Dysautonomia

ELP-1 deficiency in FD affects the development of primary 
sensory (afferent) neurons, resulting in a complex neurologi-
cal phenotype. Impaired development of primary sensory 
nerves results in reduced pain and temperature sensation, 
absent deep tendon reflexes and gait ataxia [13], as well as 
optic neuropathy [14], and neurogenic dysphagia contribut-
ing to chronic lung disease [15, 16]. In addition, abnormal 
development of mechano- and chemosensory neurons results 

in baro- and chemoreflex failure with orthostatic hypoten-
sion, paroxysmal hypertension, and abnormal control of 
heart rate and ventilatory responses to hypoxia and hyper-
capnia [17, 18]. These contribute to early-onset target organ 
damage [2, 19, 20] and chronic respiratory disease.

 Chemoreflex Failure

Physiology of Respiration and the Chemoreflex The che-
moreceptor reflex is a negative feedback mechanism that 
regulates ventilatory drive to maintain arterial pressures of 
oxygen (PaO2) and carbon dioxide (PaCO2) and pH within a 
narrow range. The afferent part of the chemoreflex includes 
peripheral multimodal chemoreceptor cells in the carotid 
body and central CO2-H+-sensing chemoreceptor neurons in 
the brainstem. Peripheral chemoreceptor cells in the carotid 
bodies, which derive from the neural crest, monitor the par-
tial pressure of oxygen (pO2), pCO2, and pH in arterial blood. 
They synapse with nerve terminals of chemoreceptor neu-
rons, with cell bodies in the petrosal ganglia of the glosso-
pharyngeal nerve, which transmit chemosensory information 
to neurons in the nucleus of the solitary tract (NTS) in the 
medulla. These NTS neurons project to the pre-Bötzinger 
complex, a group of neurons that generates the rhythmic sig-
nals underlying the periodic drive for inspiration [21]. 
Neurons in the pre-Bötzinger complex project to neurons of 
the dorsal and ventral respiratory groups in the medulla, 
which control spinal motoneurons innervating respiratory 
muscles (diaphragm, intercostal and abdominal), as well as 
pre-motoneurons projecting to vagal (cranial nerve X) and 
hypoglossal (cranial nerve XII) motor neurons that control 
the upper airway muscles and tongue [22, 23].

Central breathing networks are also modulated by input 
from mechanoreceptors sensing the stretch of the respiratory 
muscles (e.g., diaphragm) and lungs. Stretch receptors 
(mechano-sensors) in smooth muscle of bronchi and bron-
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chioles send information via the vagus nerve to the pre- 
Bötzinger complex and other areas in the brainstem. Lung 
stretch-receptor afferents conveying signals to brainstem 
interneurons rhythmically inhibit the pre-Bötzinger complex 
and activate the lateral parafacial nucleus when lungs are 
inflated (inspiratory termination reflex) and conversely excite 
the pre-Bötzinger complex and inhibit the lateral parafacial 
nucleus when lungs are deflated. This feedback underlies the 
Hering-Breuer reflexes, essential in controlling inflation and 
deflation of the lungs.

In normal individuals, most of the respiratory control is 
exerted by brainstem neurons—central chemosensory neu-
rons and glia located in the ventral parafacial nucleus and 
other regions respond to changes in partial pressure of CO2 
(pCO2) and pH in the cerebrospinal fluid. These neurons 
project to the pre-Bötzinger complex – the primary neurons 
generating the essential periodic drive for inspiration – and 
other sites to coordinate the breathing cycle [21].

Breathing in humans is extremely sensitive to changes in 
the levels of pCO2 in arterial blood, as they directly affect 
acid-base balance. For instance, in healthy subjects, an 
increase in arterial pCO2 from 40 to 41  mmHg (~2.5%) 
stimulates central and peripheral chemoreceptors and 
increase minute ventilation from 5 to 7 liters (~40%). In 
contrast, under normal conditions, breathing is relatively 
insensitive to changes in levels of pO2 in arterial blood. 
However, when oxygen levels decrease and arterial pO2 is 
less than ~60  mmHg (e.g., high altitude or intense exer-
cise), hypoxia becomes a powerful stimulus increasing 
ventilation at any given pCO2 level [24]. Decreases in pH 
(i.e., increases in H+ concentration) stimulate central and 
peripheral chemoreceptors resulting in hyperventilation. In 
healthy subjects, reductions in pO2 cause tachycardia and 
moderate increases in blood pressure, and both hypoxia and 
hypercapnia increase ventilatory drive and central sympa-
thetic outflow. Baroreflex activation normally abolishes the 
increase in sympathetic activity induced by hypoxia, but 
not by hypercapnia [25–27].

Cardiorespiratory Consequences of Chemo- and 
Baroreflex Failure Neurological disorders affecting central 
or peripheral chemoreceptor neurons can manifest with 
hypoxia and hypercapnia due to hypoventilation and most 
disturbingly episodes of apnea. In patients with FD, ventila-
tory responses to hypercapnia are reduced and to hypoxia are 
almost absent. In response to hypoxia, thee patients develop 
paradoxical hypoventilation, hypotension, bradycardia, and, 
potentially, death [7–11]. Impaired ventilatory control due to 
chemoreflex failure achieves special relevance during sleep 
when conscious control of respiration withdraws. Virtually 
all patients with FD have some degree of sleep-disordered 
breathing [9, 28–30], which is a risk factor for sudden unex-
pected death during sleep [12].

In patients with FD, cardiorespiratory responses to 
hypoxia and hypercapnia are markedly abnormal, likely due 
to impaired afferent chemo- and baroreflex neurons. Several 
investigations have consistently reported these responses 
[7–11]. Specifically, in patients with FD (Table 26.1):

 (a) Hypercapnia decreases the ventilatory response, instead 
of increasing it, as it occurs in normal subjects.

 (b) Hypoxia results in little or no increase in ventilatory 
response, rather than the marked increase seen in normal 
subjects.

 (c) During hypoxia and hypercapnia, patients with FD expe-
rience bradycardia and hypotension, with some patients 
experiencing convulsive syncope (frequently misdiag-
nosed as “grand mal seizures”), instead of tachycardia 
and a moderate increase in blood pressure as in normal 
subjects.

Studying six subjects with FD, Edelman and colleagues 
[8] described that sudden relief of hypoxemia (e.g., with 
the administration of intranasal 100% O2) was followed by 
complete apnea of variable duration (10–56  seconds) in 
four subjects, instead of only a mild decrease in ventilation 
(−40% in tidal volume) as in normal subjects. The apnea 
following the abrupt relief of hypoxia in some subjects with 
FD might be a consequence of cessation of the hypoxic 
drive from the peripheral chemoreceptors, suggesting that, 
at least in some patients, residual peripheral chemoreceptor 
function might remain.

One dramatic clinical consequence of these cardiorespi-
ratory abnormalities is breath-holding episodes. These are 
relatively frequent in children with FD after crying or 
laughing and can result in severe hypotension, hypoxia, and 
decerebrate posturing before breathing resumes [31]. In 
addition, during respiratory infections, patients with FD 
have no compensatory tachypnea and can suffer hypoten-
sion and syncope in low-oxygen environments, such as 
high altitude, airplane travel (although modern airplane 
cabins are pressurized, partial pressure of O2 may be low), 
and underwater swimming [15].

Table 26.1 Cardiorespiratory responses to different setups of hypoxia 
and hypercapnia in patients with familial dysautonomia compared to 
healthy controls

Healthy subjects Familial dysautonomia
Isocapnic hypoxia
[11]

V ↑↑
HR ↑↑

V NC
HR NC/↓

Hyperoxic 
hypercapnia
[8, 11]

V ↑↑
HR ↑

V ↑
HR ↑

Hypoxic 
hypercapnia
[8]

V ↑↑↑
HR ↑↑

V NC/↑
HR. NC

V Ventilation, HR Heart rate, ↑ Increase, ↓ Decrease, NC no change
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 Sleep-Disordered Breathing

Several studies, some performed decades ago, suggested 
high prevalence of sleep-disordered breathing in patients 
with FD [9, 10, 28, 29]. All studies had important limitations, 
including small sample size, inclusion of subjects before 
genetic confirmation of the disease was available, lack of 
end-tidal CO2 (EtCO2) measurements, selection bias due to 
inclusion of only symptomatic patients, and inclusion of 
either adult or pediatric patients only. To overcome these 
limitations we conducted a large comprehensive study 
reporting the results of in-hospital polysomnography from 
75 consecutive adult and pediatric patients (with genetically 
confirmed IKBKAP mutation) performed regardless of the 
presence of sleep-related symptoms [30].

Overall, almost all adult (85%) and pediatric (95%) 
patients had some degree of sleep-disordered breathing [30]. 
Obstructive apnea events were more frequent in adults, 
whereas central apnea events were more severe and frequent 
in children. While the number of central events decreased 
with advancing age, the severity of hypoventilation (average 
and maximum EtCO2 levels) progressively worsened with 
age, suggesting that the mechanisms driving central events 
tended to have less influence as the brain matured.

The amygdala and hippocampus are specifically involved 
in breathing control and the pathophysiology of central 
apneas [32]. Because ELP-1 is required for the normal CNS 
development and is highly expressed in amygdala and hip-
pocampus [33], it is possible that abnormal development and 
maturation of these regions may underlie the high frequency 
of central events during the pediatric years in FD. As these 
regions mature with age, central events become less 
frequent.

Not surprisingly, a higher apnea hypopnea index was 
associated with increased severity of hypoxia and hypoventi-
lation. Notably, in 46% of patients hypoventilation and 
hypercapnia occurred with no accompanying apnea [30]. 
This finding has key clinical implications: episodes of hyper-
capnia not associated with apneas might be missed in poly-
somnography studies that do not include EtCO2 monitoring. 
Expert consensus guidelines now recommend EtCO2 moni-
toring in all sleep studies performed in patients with FD [15].

In addition to chemoreflex failure, additional factors con-
tribute to sleep apnea and the rapid development of hypox-
emia in patients with FD.  Patients have craniofacial 
abnormalities with large tonsils and adenoids that predispose 
to upper airway obstruction, and a smaller thorax and vital 
capacity due to a physically smaller body habitus and limited 
chest wall expansion caused by kyphoscoliosis. Additionally, 
if anemia is present, oxygen-carrying capacity is decreased. 
Finally, gastroesophageal reflux, frequently present in FD, 
can cause reflex laryngeal closure resulting in apnea. This 
laryngeal closure reflex has been implicated in the pathogen-

esis of sudden-infant death syndrome [34, 35] and could 
potentially play a role in sleep-disordered breathing in 
FD.  These factors may contribute to prolonged apnea, as 
well as poor tolerance of environments with low partial pres-
sure of oxygen, such as pressurized airplane cabins and high 
altitude [15].

 Sudden Unexpected Death During Sleep 
(SUDS)

The two most common causes of death in FD are sudden 
unexpected death during sleep (SUDS) and respiratory dis-
orders. SUDS is defined as a sudden, unexpected, witnessed 
or unwitnessed, nontraumatic, and non-drowning death 
occurring during sleep, with or without evidence of a sei-
zure. Until recently, the risk factors for SUDS in FD remained 
unidentified. In a recent study, we hypothesized that the high 
incidence of SUDS in patients with FD was linked to the 
presence of respiratory abnormalities during sleep. To test 
this hypothesis, we analyzed the clinical features and poly-
somnography findings of patients with FD who died sud-
denly during sleep and compared them to age- and 
sex-matched patients with FD who remained alive at the time 
of the study.

This study was based on the New  York University 
(NYU) FD Patient Registry, an ongoing, prospective study 
of the natural history of patients with FD. The study began 
in 1970 and contains clinical and diagnostic data, including 
cause of death, on 670 patients at the time of the study. Of 
these, 327 (49%) remained alive at the time of the study. All 
patients have genetic confirmation of FD; more than 99% 
are homozygous for the same founder mutation (6T>C 
change) in the IKBKAP gene. The majority of patients 
included in the Registry (above 50%) are from the United 
States. Patients are followed closely and seen at least once 
a year [2].

We found that the annual incidence rate of SUDS in 
patients with FD is 3.4 per 1000 person-year, compared to 
0.5–1 per 1000 person-year of sudden unexpected death in 
epilepsy (SUDEP) [36]. The Registry search specifically 
identified 32 (14 women) patients with FD and SUDS who 
had undergone polysomnography in the 18-month period 
before death. SUDS occurred most frequently during the 
second and third decades of life (mean age at death was 
29.3 ± 12.4 years old). Autopsy was available in six cases. 
All of them showed brainstem, spinal cord, and dorsal root 
ganglia atrophy, which are neuropathological hallmarks of 
FD [37, 38]. These six cases showed no structural cardiac 
pathology and no acute brain lesions that could otherwise 
explain their death. Most of them had nonspecific pulmonary 
congestion or focal hemorrhage, typically seen as a conse-
quence, rather than a cause, of asphyxia.
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Multivariable analysis disclosed that treatment with 
fludrocortisone, plasma potassium levels below 4  mEq/L, 
and untreated sleep apnea were factors independently associ-
ated with increased risk of SUDS in patients with 
FD. Conversely, treatment with nocturnal noninvasive venti-
lation was associated with a reduced risk of SUDS.

Taken together, these findings indicate that in patients 
with FD, sleep-disordered breathing with chemoreflex fail-
ure results in episodes of severe hypoxia, hypercapnia, hypo-
tension, and bradycardia. In some patients, hypokalemia is 
an added factor, potentially contributing to fatal cardiac 
arrhythmias.

 Therapeutic Implications

 Noninvasive Ventilation

The finding that untreated sleep apnea and fludrocortisone 
are independent risk factors for SUDS in patients with FD 
has important therapeutic implications. Early identification 
of sleep abnormalities with polysomnography and imple-
mentation of noninvasive ventilation with CPAP or BiPAP 
when required are now encouraged in expert consensus 
guidelines for the diagnosis and management of respiratory 
disorders in FD [15].

Treatment with noninvasive ventilation not only decreases 
the risk of apneas, hypopneas, and sudden death during sleep 
but also improves daytime ventilatory responses, as recently 
described [39]. Indeed, treatment with nocturnal noninvasive 
ventilation in patients with FD results in a marked reduction 
in daytime arterial pCO2 suggesting that nocturnal noninva-
sive ventilation contributes to maintain arterial pCO2 levels 
during wakefulness by, perhaps, resetting the chemoreceptor 
to lower pCO2 levels.

 Role of Potassium

The finding that potassium levels in the low range of normal-
ity and treatment with fludrocortisone were associated with 
SUDS was somewhat unexpected. Fludrocortisone 
(9α-fluorocortisol) is a synthetic mineralocorticoid that 
increases renal sodium and water reabsorption, expands 
intravascular volume, and increases blood pressure. 
Fludrocortisone for the treatment of orthostatic hypotension 
in patients with FD became widespread in the 1990s, some-
times at very high dosages (up to 0.6 mg/day). Hypokalemia 
is a very frequent side effect of fludrocortisone therapy [40]. 
Thus, it is likely that lower serum potassium levels in cases 
with SUDS were the result of fludrocortisone treatment. In 
the general population, hypokalemia and plasma potassium 
levels in the lower range of normality are independent risk 

factors for life-threatening arrhythmias and sudden cardiac 
death [41]. Of note, all drugs proven to reduce mortality and 
morbidity rates in patients with cardiovascular disease 
increase plasma potassium concentration [41]. Because spe-
cific potassium (TASK-1) channels are key components of 
the arterial chemoreceptors [42, 43], it is tempting to hypoth-
esize that in patients with FD, lower potassium levels may 
worsen chemoreceptor failure. Indeed, dysfunction of the 
TASK-1 receptor in mice results in attenuated cardiorespira-
tory responses to hypoxia [42], a similar phenotype to that 
described in patients with FD.

Therefore, reduction or, when possible, discontinuation 
of fludrocortisone treatment is now recommended. 
Alternatives to fludrocortisone for the treatment of ortho-
static hypotension include non-pharmacological measures 
and midodrine. Frequent monitoring of plasma potassium 
concentration during the first 2 weeks following discontinu-
ation is recommended as some patients may develop hyper-
kalemia. Fludrocortisone discontinuation has other benefits, 
as long-term treatment with fludrocortisone is associated 
with target organ damage, including left ventricular hyper-
trophy and renal failure [44].

 Conclusions

The interactions between sleep disorders and autonomic ner-
vous system abnormalities inducing potentially fatal cardio-
vascular consequences are increasingly recognized in a 
variety of neurological disorders [45–48]. In FD, discoveries 
in the last decade have defined the phenotype of the disease, 
characterized by deafferentation resulting in baroreflex and 
chemoreflex failure with a high frequency of sleep disor-
dered breathing and SUDS [2, 12, 30]. The recent identifica-
tion of specific risk factors for SUDS has resulted in the 
widespread implementation of noninvasive ventilation and 
reduction or discontinuation of fludrocortisone therapy [12]. 
Noninvasive ventilation in FD may also have the potential of 
reversing daytime hypercapnia [39].

A number of questions regarding the pathophysiology of 
sleep-disordered breathing in FD remain. Chemoreceptor 
failure should result in central sleep apnea, which is the phe-
notype in children, but not in adults with FD who have pre-
dominantly obstructive sleep apnea. Other factors, such as 
upper airway abnormalities or interactions between the che-
moreceptor signals and upper airway regulation might be 
responsible and need to be studied. Airway stretch mechano-
sensing neurons are important for maintaining normal 
breathing in adults. Functional ablation of mechanosensing 
neurons in mice abolishes Hering-Breuer reflexes and causes 
apnea, respiratory failure, and death [49, 50], not unlike the 
phenotype of FD.  It is likely that mechanical signals from 
airway-innervating sensory neurons are also impaired in FD, 
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but this has not been specifically studied neither in patients 
nor in animal models of FD [51, 52]. Further investigation of 
the ventilatory responses during sleep in patients with FD 
and elucidation of the role of potassium in chemoreceptor 
function may prove valuable to identify novel therapeutic 
approaches.
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Diabetic Autonomic Neuropathy

Anastasios Tentolouris and Nikolaos Tentolouris

 Diabetic Autonomic Neuropathy

Diabetic autonomic neuropathy (DAN) is among the most 
common but least recognized microvascular complications 
of diabetes mellitus (DM). DAN often coexists with periph-
eral neuropathy and other diabetic complications or is iso-
lated, causing increased morbidity, mortality as well as 
impaired quality of life in subjects with DM [1]. The main 
clinical manifestations of DAN result from involvement of 
cardiovascular (CV), gastrointestinal, and urogenital system; 
sudomotor dysfunction (SD) is also common [2]. In addi-
tion, cardiac autonomic neuropathy (CAN) is associated 
with “hypoglycemia unawareness,” and the American 
Diabetes Association (ADA) recommends that patients with 
hypoglycemia unawareness should be screened for the pres-
ence of CAN [3, 4].

The established pathophysiology mechanisms that lead 
to the development of DAN are common among all micro-
vascular complications of DM and involve mainly long-
standing hyperglycemia [5]. First, the activation of the 
polyol pathway leads to increased production of polyols and 
particularly sorbitol [1, 6]. The resultant accumulation of 
sorbitol causes an increase in intracellular osmotic pressure 
with consequent cell expansion and lysis [1, 6]. In addition, 
oxidative stress is increased since glutathione, which is an 
important intracellular antioxidant, decreases [1, 6]. The 
activation of the polyol pathway may cause a reduction of 
neuronal blood flow in addition to a direct cellular injury [1, 
6]. Second, hyperglycemia reinforces the production of 
advanced glycation end products (AGEs) [5]. Every part of 
nerve tissue can be glycated in diabetic nerves including the 

axoplasms of nerve fibers and the endoneurial vessels [7]. 
Intracellular increase of AGEs affects gene transcription, 
while the interaction of AGEs with their receptor leads to 
severe structural neuronal changes [7]. Furthermore, AGEs 
are involved in the damage of the microvasculature [7]. 
Increased blood glucose levels also activate protein kinase C 
(PKC) and the hexosamine pathway, leading to vasocon-
striction, reduced neuronal blood flow, and neuronal injury 
[1, 5]. Apart from these four pathways, oxidative stress is 
another underlying mechanism that causes direct neuronal 
damage [1, 5]. Hyperglycemia results in increased oxidative 
stress with generation of free radicals, leading eventually to 
vascular endothelium damage and decreased bioavailability 
of nitric oxide [1, 7, 8].

Other factors that may be involved in alteration of nerve 
function and neuronal damage include immune mechanisms, 
inflammation, neurovascular insufficiency, reduction of neu-
rotrophic growth factors, activation of genes, and deficiency 
of fatty acids [1, 7, 9–13]. Moreover, it is known that the 
ability of neuronal regeneration is impaired in people with 
DM [14].

 Cardiac Autonomic Neuropathy

According to the ADA and the Toronto Consensus Panel on 
diabetic neuropathy, CAN is defined as “the impairment of 
autonomic control of the CV system in the setting of DM 
after exclusion of other causes” and is the most common, and 
studied manifestation of DAN [2–4].

The prevalence of CAN was found to vary between 16.6 
and 20% in two studies that recruited subjects with type 1 
and type 2 DM [15, 16]. The Diabetes Control and 
Complications Trial (DCCT) demonstrated that among peo-
ple with newly diagnosed type 1 DM, the prevalence of CAN 
was low at baseline (3.9% in the intensive and 5.3% in the 
conventional treatment group); however, the prevalence rate 
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increased to 30% after 20 years of DM duration in the DCCT/ 
Epidemiology of Diabetes Interventions and Complications 
(EDIC) study [17–19]. Similarly, among subjects with long- 
standing type 2 DM, CAN was found in up to 60% of the 
population [4]. Prospective studies have shown that the prev-
alence of CAN increases approximately 6% per year in type 
2 and 2% per year in type 1 DM patients [3, 18]. CAN is also 
diagnosed in subjects with prediabetes, metabolic syndrome, 
and insulin resistance [20, 21]. The discrepancy between the 
prevalence rates of CAN may be attributed to the different 
tests used for the diagnosis of CAN, the different diagnostic 
criteria, the use of age-related normative values, and the pop-
ulations studied (differences mainly in patients’ age and 
duration of DM) [2, 3].

The EURODIAB prospective study showed that over a 
mean period of 7.3 years, baseline age, glycemic control, sys-
tolic blood pressure (BP), and presence of peripheral neurop-
athy as well as retinopathy were the main predictors for the 
development of CAN in patients with type 1 DM [22]. In type 
2 DM, prospective and cross-sectional studies have demon-
strated that CAN is associated with age, disease duration, 
degree of glycemic control, presence of other microvascular 
complications (retinopathy, nephropathy, and peripheral neu-
ropathy), hypertension, and dyslipidemia. In addition, several 
other factors such as female gender, CV disease, smoking, 
obesity, hyperinsulinemia, and waist circumference have 
been associated with the presence of CAN [3, 23, 24].

In the earliest stages, CAN is asymptomatic and can be 
detected only by decreased heart rate variability (HRV) dur-
ing deep breathing [2, 4]. HRV (see further on) is a function 

of the autonomic nervous system that modulates the response 
of cardiac rhythm to body’s activity [13]. In more advanced 
stages, CAN causes resting sinus tachycardia and exercise 
intolerance [2, 4]. Heart rates of approximately 100 beats per 
minute reflect the damage of the parasympathetic and com-
pensatory increase of the sympathetic activity [13]. Exercise 
intolerance in people with CAN who are free from CV dis-
ease results from the inability of the CV system to increase 
heart rate and BP in order to increase cardiac output during 
situations where the body has high energy needs, such as 
exercise (Table 27.1).

Other common symptoms of CAN include weakness, 
faintness, visual impairment, light headedness, dizziness, or 
syncope as a result of orthostatic hypotension (a fall in sys-
tolic BP by >20 mmHg or diastolic BP by >10 mmHg within 
2  minutes of standing without an appropriate increase in 
heart rate [3, 4]. Moreover, subjects with CAN have more 
often a blunted or no physiological fall in the nocturnal arte-
rial BP (nondipper) or even a rise of nocturnal BP (reverse 
dipper) as compared with subjects without CAN, in whom a 
normal nocturnal BP drop of more than 10% of the diurnal 
BP values occurs [13, 25].

All people with DM should be questioned about the pres-
ence of CAN symptoms while taking medical history and 
signs of CAN should be carefully evaluated. Nevertheless, 
the association between clinical manifestations and auto-
nomic dysfunction is weak [4]. The ADA recommends (with 
low level of evidence) that symptoms and signs of CAN 
should be assessed in subjects with microvascular complica-
tions [4].

Table 27.1 Symptoms and signs of diabetic autonomic neuropathy

Cardiac autonomic 
neuropathy

Gastrointestinal 
neuropathy Urogenital neuropathy

Sudomotor 
dysfunction Ocular manifestations

Metabolic 
manifestations

Anhidrosis
Dry skin
Resting tachycardia
Exercise intolerance

Esophageal dysfunction
Heartburn Dysphagia

Neurogenic bladder: 
Frequency Urgency 
Weak stream Dribbling 
Urinary incontinence

Anhidrosis
Dry skin
Gustatory 
sweating
Heat intolerance

Pupillomotor function 
impairment
Argyll-Robertson-like 
pupil

Hypoglycemia 
unawareness

Abnormal blood pressure 
regulation

Gastroparesis:
  Nausea
  Bloating
  Loss of appetite
  Early satiety
  Vomiting

Male sexual 
dysfunction:
  Erectile dysfunction
  Decreased libido
  Retrograde 

ejaculation
Orthostatic hypotension:
  Lightheadedness
  Weakness
  Faintness
  Visual impairment
  Syncope
Silent myocardial 
ischemia
Arrhythmias

Diabetic enteropathy:
  Watery diarrhea
  Fecal incontinence
  Constipation

Female sexual 
dysfunction:
  Decreased sexual 

desire
  Increased pain 

during intercourse
  Decreased sexual 

arousal
  Inadequate 

lubrication
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An electrocardiogram (ECG) or commercially available 
software programs can be used for the assessment of CV 
autonomic function. Ewing et al. proposed five simple non-
invasive tests: heart rate response to deep breathing, heart 
rate response to standing up, BP response to standing up, 
Valsalva maneuver, and BP response to sustained handgrip 
[26, 27]. The first test is the heart rate response to deep 
breathing and reflects the parasympathetic activity. The per-
son lies quietly and breathes deeply with a frequency of six 
breaths per minute while a heart monitor records the differ-
ence between the maximum and minimum heart rates [1]. 
The second (30:15 ratio) and the third test examine the heart 
rate response and the BP response to standing. Normally, on 
standing a rapid increase in heart rate followed by a reflex 
bradycardia is recorded, while BP changes slightly. In people 
with CAN only a progressive increase of heart rate is 
recorded. An ECG is used to determine the 30:15 ratio, 
which is the ratio of the longest R-R interval (found at about 
beat 30) to the shortest R-R interval (found at about beat 15) 
[1]. Regarding BP, the test is abnormal when the systolic BP 
falls more than 20  mmHg within 2  minutes after standing 
[26]. The fourth test is the CV response to the Valsalva 
maneuver. Under normal circumstances, the response to the 
Valsalva maneuver is tachycardia and peripheral vasocon-
striction followed by reflex bradycardia. In people with 
CAN, this response is altered and a blunted heart rate 
response or a lower than normal decline in BP is recorded 
[1]. The patient is sitting in a supine position and exhales 
forcibly for 15  seconds against a standard resistance of 
40 mmHg [1]. The Valsalva ratio is calculated by measuring 
the longest R-R interval after the maneuver to the shortest 
R-R interval during or shortly after the maneuver (Valsalva 
ratio) [1]. The final test is the diastolic BP response to sus-
tained handgrip. Herein, the patient holds a handgrip dyna-
mometer causing sustained muscle contraction. In healthy 
people systolic and diastolic BP increase, while individuals 
with CAN may present a small diastolic BP rise [1].

The tests proposed by Ewing are easy to perform by a 
general practitioner. They are valid if potential factors such 
as concomitant illness, drug use (antidepressants, diuretics, 
b-adrenergic blockers, etc.), and end-organ failure have been 
excluded [1]. In addition, exercise, smoking, and caffeine 
intake may alter the CV autonomic function. Normal values 
that are affected predominantly by age have been recom-
mended for these tests [26].

Apart from Ewing tests, time and frequency domains 
(power spectral analysis) can be used for the assessment of 
CAN [1, 13]. Spectral analysis has the advantage that less 
patients’ participation is required, since the subject is lying 
for several minutes or a 24-hour ECG recording can be per-
formed. The spectrum of heart rate is divided into high- 
frequency domain that reflects parasympathetic activity and 
the low-frequency domain that assesses both sympathetic 

and parasympathetic activity [28]. In addition, baroreflex 
sensitivity (BRS) examines the capability to increase vagal 
activity and decrease sympathetic activity when BP increases 
[13]. QT prolongation has also been proposed as a marker of 
cardiac autonomic dysfunction [24]. In terms of imaging 
techniques, quantitative scintigraphy of sympathetic inner-
vation of the human heart with positron emission tomogra-
phy can be used for the assessment of CAN [13] (for 
autonomic function laboratory tests.

The presence of CAN is associated with increased mortal-
ity due to cardiac arrhythmias and sudden death [13, 29, 30]. 
In the EURODIAB prospective study after 7 years of follow-
 up, CAN was the strongest predictor of mortality, exceeding 
that of traditional CV risk factors in people with type 1 DM 
[31]. A meta-analysis of 15 studies with 2900 individuals 
with DM showed that the relative risk of mortality of patients 
with CAN is 3.45, and increases with the number of abnormal 
CAN function tests [32]. In addition, another meta- analysis 
demonstrated that CAN is associated strongly with silent 
myocardial ischemia [1]. Similarly, CAN predicted silent 
ischemia and CV events in subjects with type 2 DM [33].

Several potential mechanisms have been proposed for the 
increased mortality rate in people with DM.  First, people 
with CAN have hypoglycemia unawareness and are not able 
to recognize and recover from hypoglycemic events [1]. 
Second, CAN damages respiratory responses to hypoxemia 
and drugs affecting the respiration that should be avoided 
[1]. In addition, the concomitant presence of other microvas-
cular complications such as nephropathy and end-stage renal 
disease increases the risk of CV events. Other potential risks 
include sudden death due to asymptomatic ischemia and 
fatal arrhythmias [1]. QT prolongation that is a marker of 
CAN predisposes to cardiac arrhythmias [1].

The first treatment approach is optimization of glycemic 
control to prevent or delay the development of CAN [4]. The 
DCCT trial demonstrated that in subjects with type 1 DM, 
intensive treatment reduced the incidence of CAN by 53% 
when compared with conventional management [17]. In 
addition, in the EDIC trial, the prevalence of CAN increased 
in both treatment groups; however, CAN remained lower in 
the intensive treatment arm [18]. In people with type 2 DM, 
the impact of glycemic control on CAN is not well estab-
lished. The Steno-2 trial demonstrated that a multifunctional 
approach involving glycemia and other CV risk factors 
reduced the prevalence of CAN in people with type 2 DM 
and microalbuminuria [34]. On the other hand, another study 
showed that there was no difference in the prevalence of 
CAN in subjects with type 2 DM after tight glycemic control 
in comparison with subjects without tight control [35].

Symptomatic treatment includes management of ortho-
static hypotension. Patients with CAN should be advised to 
avoid sudden changes in body posture and medications that 
enhance hypotension such as tricyclic antidepressants. In 
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addition, physical maneuvers such as leg crossing, muscle 
pumping, and squatting are encouraged to maintain BP 
 during intense physical activity [13]. Volume repletion, salt, 
and low dose of fludrocortisone can be used with caution [4].

Regarding pharmacological treatments, midodrine, which 
is a peripheral selective alpha-1 adrenoreceptor agonist, is 
the only medication approved by the FDA in doses of 2.5–
10 mg three times per day with a gradual titration [4, 13]. 
Recently, droxidopa was approved by the FDA for the man-
agement of neurogenic orthostatic hypotension but not spe-
cifically for people with DM [4]. In addition, erythropoietin, 
nonselective beta-blockers, clonidine, somatostatin analogs, 
and pyridostigmine bromide have been used for the manage-
ment of orthostatic hypotension with controversial results 
and limited use [4, 13].

 Gastrointestinal Neuropathy

Gastrointestinal neuropathy (GIN) may affect any part of 
the gastrointestinal tract such as the esophagus, the stom-
ach, the intestine, and abdominal organs [4, 36]. The main 
clinical manifestations of GIN are esophageal dysfunction, 
gastroparesis, diabetic enteropathies including small 
bowel dysmobility syndromes (e.g., diabetic diarrhea and 
fecal incontinence) as well as gallbladder atony and 
enlargement [1, 4, 37].

Epidemiological data regarding the prevalence of GIN are 
conflicting probably due to studies with small amount of 
population, difference in methodology, and inconsistency of 
gastrointestinal symptoms [37–39]. Notably, symptoms are 
more common when asked by a gastroenterologist than by a 
diabetologist [38]. In the only community-based study, the 
cumulative incidence rates for the development of gastropa-
resis over a 10-year time period were 5.2% in type 1 DM, 1% 
in type 2 DM, and 0.2% in controls [40]. On the other hand, 
one-third of subjects with gastroparesis have DM and 26.7% 
of people hospitalized for gastroparesis have also DM as a 
comorbidity [37, 39, 41]. Older reports from tertiary care 
centers reported that up to 60% of people with a long dura-
tion of type 1 DM and gastrointestinal symptoms were diag-
nosed with diabetic gastroparesis [39, 42]. In addition, 
delayed gastric emptying was found in 27–65% of subjects 
with type 1 DM and in up to 30% of people with type 2 DM 
[37]. Disorders of esophageal motility affect up to 50% of 
the diabetic population [38]. Overall data suggest that gas-
trointestinal symptoms related to GIN are common among 
people with DM, and the risk of diabetic gastroparesis and 
enteropathy is higher in type 1 than in type 2 DM [39, 43]. In 
terms of gender, most studies have shown a predominance of 
female sex in diabetic gastroparesis; however, data are not 
unanimous [37].

In the DCCT-EDIC study, diabetic gastroparesis was 
associated with the presence of microvascular complications 
such as severe retinopathy, nephropathy as well as with poor 
glycemic control [37, 44]. Data are conflicting about the 
association between DAN and diabetic gastroparesis since 
one study showed a strong association, while another did not 
[45, 46].

Esophageal dysfunction is clinically presented with heart-
burn and dysphagia for solids [1]. The main clinical manifes-
tations of diabetic gastroparesis are nonspecific and include 
nausea, bloating, loss of appetite, abdominal pain, postpran-
dial fullness, or vomiting [4, 38]. Nevertheless, often gastro-
paresis is asymptomatic, while the presence of symptoms 
does not show the extent of gastroparesis [4]. Gastroparesis 
may cause increased blood glucose variability due to disrup-
tion of food absorption, a situation described as “brittle dia-
betes.” Subjects treated with insulin may experience 
postprandial hypoglycemia, widely known as gastric hypo-
glycemia, due to delayed food absorption [38]. Hence, peo-
ple with unexplained poor glycemic control and hypoglycemic 
events should be tested for diabetic gastroparesis [38]. 
Complications of gastroparesis include esophagitis, Mallory- 
Weiss syndrome (gastroesophageal laceration or tear), mal-
nutrition, electrolyte disturbances, volume depletion, and 
acute renal injury [37].

Exclusion of gastric obstruction or peptic ulcer is needed 
before testing for gastroparesis [4]. Moreover, other causes 
that affect gastric emptying such as acute changes in blood 
glucose levels and medications including opioids or 
glucagon- like peptide 1 receptor agonists should be evalu-
ated before the diagnosis of diabetic gastroparesis is estab-
lished [4]. The American College of Gastroenterology 
(ACG) recommends that a combination of symptoms, signs, 
and delayed gastric emptying is needed in the absence of 
gastric outlet obstruction or ulceration to establish the diag-
nosis of diabetic gastroparesis [47].

Diabetic enteropathy is presented with profuse watery 
diarrhea, constipation, and fecal incontinence [43]. Diarrhea 
occurs commonly at night in patients with uncontrolled DM 
who also have peripheral neuropathy [43]. Even though con-
stipation may affect up to 60% of the diabetic population, 
complications such as perforation and overflow diarrhea are 
rare [43]. Fecal incontinence is also predominantly nocturnal 
and is linked with internal and external anal sphincter dys-
function [43]. The symptoms of diabetic enteropathy have a 
great impact on the quality of life and people may experience 
relationship difficulties or social isolation; hence, often psy-
chological support may be needed [43]. However, since anti-
diabetic medication such as metformin, alpha-glucosidase 
inhibitors, incretin-based therapies or anticholinergic agents, 
and psychotropic drugs may cause similar symptoms, titra-
tion of dose or discontinuation may be required before test-
ing for diabetic enteropathy [43].
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The diagnosis of GIN is based on medical history, physi-
cal examination, and imaging techniques. Questions that 
examine the presence of symptoms related to GIN should be 
asked to every patient with DM. Physical examination should 
be focused on the presence of gastrointestinal signs such as 
abdominal distention and findings of other forms of DAN 
[37]. Two clinical scoring systems are commonly used for 
the diagnosis of GIN: the Gastroparesis Cardinal Symptom 
Index (GCSI) and another multidisciplinary scoring system 
that is qualitative [37, 48]. Moreover, obstruction caused by 
a mass or ulcer should be excluded using diagnostic imaging 
or upper gastrointestinal endoscopy [37]. Antral hypomotil-
ity or pylorospasm can be detected with manometry [1].

The gold standard method for the diagnosis of gastropare-
sis is radiolabeled scintigraphy to quantify the emptying of a 
physiologic meal and examine stomach’s motor function 
[37]. Acute changes in blood glucose affect gastric emptying 
and thereby, blood glucose levels should be within normal 
range before and during the procedure. Alternatively, the 
13C-octanoic acid breath test can be used for the assessment 
of gastric emptying [4]. It is a simple, noninvasive technique 
without radiation exposure that measures the rate of gastric 
emptying of the 13C-octanoic acid in a solid meal that is 
reflected by breath excretion of 3CO2 [37]. This technique 
can be used in circumstances when radiation cannot be per-
formed, such as in pregnant women, women who are breast-
feeding or children [37].

In addition, transabdominal ultrasound has been used to 
measure emptying of a liquid meal by assessing sectional 
changes in the volume remaining in the gastric antrum over 
time [37]. Magnetic resonance imaging (MRI) with gado-
linium is able to measure with high accuracy semisolid emp-
tying of stomach using sequential transaxial scans [37]. 
Furthermore, measurement of regional gastric volumes in 
real time can be examined using single-photon emission 
computed tomography with 99-Tc administered intrave-
nously [37]. Other methods such as the wireless motility 
capsule or electrogastrography can be also used [37].

For the diagnosis of constipation methods such as anorec-
tal manometry, assessment of colonic segmental transit time, 
pelvic examination can be used [1]. Regarding diarrhea, his-
tory and specific examination should be performed to exclude 
several other causes [1].

Dietary management is essential for this disorder and 
instructions should be given by an experienced dietician who 
is able to identify patient’s tolerance to solids and liquids. 
Foods with high-fiber or fats should be minimized, since 
they inhibit gastric emptying, while small-portion multiple 
meals should be encouraged [49]. People with gastroparesis 
are advised to take fluids during the meal and to sit or walk 
for 1–2 hours after meals [37]. If these methods are not effec-
tive, the meals should be transformed to liquid, since liquid 
emptying is not affected. In parallel, behavioral modification 

and particularly a humanistic approach should be used from 
health professionals with sympathy for patients’ needs [37].

Moreover, glycemic control should be optimized and gly-
cemic variability minimized to avoid acute symptoms of dia-
betic gastroparesis [37]. Regarding antidiabetic medication, 
sulfonylureas should be used with caution given the risk of 
hypoglycemia, whereas glucagon peptide 1-receptor agonists 
may worsen symptoms [37]. Prandial insulin can be adminis-
tered after meals to minimize the risk of postprandial hypo-
glycemia in these patients. In addition, continuous glucose 
monitoring and insulin pump therapy can be used to optimize 
glycemic control and minimize glucose variability [37].

The only pharmacological agent that is approved by the 
FDA for the management of diabetic gastroparesis is meto-
clopramide [4]. Nevertheless, the level of evidence about the 
benefits of this drug is weak and the adverse events are com-
mon, and hence, its use should not extend beyond 5 days [4]. 
It is recommended that metoclopramide should be prescribed 
in severe cases that do not respond to other strategies. Other 
pharmacological interventions that have been used for the 
treatment of gastroparesis include prokinetic agents (dom-
peridone, erythromycin, and cisapride), antiemetics (pheno-
thiazines), and low dose of tricyclic antidepressants [37]. 
Alternative therapy options for severe gastroparesis include 
intrapyloric botulinum injection, pyloroplasty, or gastric 
electric stimulation [37]. Surgical options are venting gas-
trostomy or jejunostomy and gastrectomy, while novel thera-
pies include ghrelin agonists and new generation of 
5-hydroxytryptamine receptor 4 agonists [50].

In terms of enteropathy, almost half of the people with 
diabetic diarrhea have bacterial overgrowth and therefore, 
antibiotics such as rifaximin or metronidazole may be useful 
[43, 51]. Furthermore, opioid-based drugs and somatostatin 
can be used in cases of severe refractory diarrhea [43, 52], 
while laxatives can be administered when constipation is 
present [43].

 Urogenital Autonomic Neuropathy

Urogenital autonomic neuropathy (UAN) is another clinical 
manifestation of DAN and refers to bladder and sexual dys-
function in both genders [53, 54]. It is estimated that more 
than 50% of men and women with DM have bladder dys-
function [53]. DM increases the risk of urinary incontinence 
by 30–100% [54–56], while the prevalence of lower urinary 
tract symptoms is twofold higher in men with DM in com-
parison with those without DM [54, 57]. Regarding sexual 
dysfunction, epidemiological data suggest that the preva-
lence ranges between 35% and 90% in men with DM [58]. In 
a prospective epidemiological study, the 10-year incidence 
for the development of erectile dysfunction (ED) was 25% 
among people with type 1 DM [59]. In addition, the risk for 
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ED in males with DM increases when related comorbidities 
such as CV disease, nephropathy, diabetic foot ulcer, or reti-
nopathy are present [60]. In women, sexual dysfunction is 
more common in those with DM than those without DM 
with an estimated prevalence between 18% and 42%; how-
ever, epidemiological data are limited [53].

The main clinical manifestation of bladder dysfunction in 
women is urinary incontinence that leads to limitations in 
daily functioning and poor quality of life [53, 61]. On the 
other hand, men experience lower urinary tract symptoms 
such as straining, intermittent and post-void dribbling of 
urine, and weak stream, which are often attributed to 
increased age and benign prostatic hyperplasia [53, 54]. In 
addition, urgent, frequent, and nocturnal urination may be 
present. Generally, there is confusion between bladder dys-
function and prostatic hyperplasia since these two morbidi-
ties often coexist [53, 54]. Sexual dysfunction in women 
presents with dyspareunia, inadequate lubrication, obstructed 
intercourse, vaginal laxity, and decreased sexual desire/
libido or orgasm [1, 53, 54]. In men, sexual dysfunction is 
presented as ED, reduced libido, orgasmic dysfunction, and 
retrograde ejaculation [1]. ED is defined as the inability to 
attain and/or maintain penile erection sufficient for sexual 
activity [54].

The ADA recommends screening for ED in men who 
have other forms of DAN with simple questions about libido 
and inability to reach and maintain an erection [4]. In addi-
tion, women with DM that have other forms of DAN should 
be screened for bladder and female sexual dysfunction in the 
presence of recurrent urinary tract infections using targeted 
questioning regarding specific symptoms [4]. Nevertheless, 
before the diagnosis of ED is established, a hormonal evalu-
ation (testosterone and prolactin) should be performed to 
exclude hypogonadism, as well as organic causes and medi-
cations [4].

The assessment of bladder function can be performed 
using postvoid ultrasound to assess residual volume and 
upper urinary tract dilation [1]. In addition, cystometry 
including voiding cystometry can be used to evaluate bladder 
sensation and pressure changes [1].

Regarding ED, measurement of nocturnal penile tumes-
cence and measurement of penile and brachial BP, and calcu-
lation of the penile-brachial pressure index can be performed 
[1]. Moreover, the sacral outflow, which represents the sacral 
parasympathetic activity and the response to intracavernosal 
injection of vasoactive compound may be useful [1]. In 
women, sexual dysfunction can be examined with vaginal 
plethysmography to measure lubrication and vaginal flush-
ing; however, this method is not standardized [1].

The management of ED requires a multifactorial 
approach. First, in people with type 1 DM optimal glycemic 
control is associated with lower incidence of ED, while evi-
dence is limited for type 2 DM [62, 63]. Apart from glycemic 

control, the management of other risk factors such as hyper-
tension and dyslipidemia may improve ED [4]. In addition, 
lifestyle modifications including increased physical activity, 
reduced calorie intake, and Mediterranean diet may be help-
ful by improving endothelial function that is the fundamental 
issue in ED [8, 60, 64].

Phosphodiesterase type 5 inhibitors (PDE5-i) are the first- 
line treatment option for men with ED. The mode of action 
of PDE5-i is the delay of cyclic guanosine monophosphate 
degradation. Sildenafil (25, 50, and 100  mg on demand), 
tadalafil (10 and 20 mg on demand; 2.5 and 5 mg for daily 
dosing), vardenafil (5, 10, and 20 mg on demand; 10 mg on 
demand in the form of orodispersible tablet), and avanafil 
(50, 100, and 200 mg on demand) are commercially avail-
able [60]. These agents differ in the time to onset and their 
duration, while safety and efficacy are similar [64]. However, 
it is known that people with DM respond less to PDE5-i 
when compared with people without DM [64].

The second line of treatment in patients who do not 
respond to PDE5-i is intracavernosal injections of prosta-
glandin E1 (alprostadil), papaverine, or phentolamine [60, 
64]. However, patients’ education and dose titration are 
needed. Intraurethral or topical alprostadil can be also deliv-
ered without the use of injection. Other treatment options are 
vacuum erection devices that offer a passive penile engorge-
ment rather than a “true” erection and low-intensity wave 
therapy [60]. In severe cases, penile prosthesis may be 
recommended.

Regarding female sexual dysfunction, lifestyle modifica-
tions, glycemic control, and psychotherapy can be used; 
however, no specific guidelines exist [64].

 Sudomotor Dysfunction

SD can be presented as dry skin, itching, anhidrosis, and gus-
tatory sweating [4, 65]. Subjects with SD may also experi-
ence increased sense of sweating during high environmental 
temperatures or heat intolerance [66]. It is associated with 
epidermal moisturization, hyperkeratosis, diabetic foot 
ulcers, and impaired quality of life [67, 68].

Even though ADA recommends that routine screening for 
SD in every day practice should not be performed, several 
methods that examine the integrity of the cholinergic seg-
ment of sympathetic nervous system have been developed [4, 
65, 66]. First, the thermoregulatory sweat testing (TST) is 
the gold standard method for the assessment of peripheral 
and central sympathetic sudomotor function [66]. The main 
limitations of this method are that it is time consuming, can-
not differentiate pre- from postganglionic lesions, and TST 
requires special equipment [66]. Another method to examine 
SD is the indicator plaster (Neuropad®; Miro Verbandstoffe, 
Wiehl-Drabenderhöhe, Germany), which is an adhesive 
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patch measuring skin hydration [69, 70]. The patch contains 
the blue complex salt anhydrous cobalt (II) chloride. When 
adequate water is present (sweat), each molecule of this salt 
absorbs six water molecules and its color changes from blue 
to pink [69]. The main strength of this method is the high 
degree of reliability and easiness to perform suggesting that 
it is proper for self-testing [71]. The quantitative sudomotor 
axon reflex test (QSART) examines the postganglionic sudo-
motor function [66]. However, it is expensive, not available 
in every laboratory, and cannot detect preganglionic lesion 
[65]. Other methods to assess SD include the sympathetic 
skin response (SSR) that measures electrodermal activity, 
the Sudoscan that measures electrochemical skin conduc-
tance, and silicone impressions [65, 66].

Regarding management of SD, daily application of glyco-
pyrrolate that is a topical antimuscarinic agent has shown 
efficacy in the treatment of gustatory sweating [72]. There is 
little evidence that the use of lubricants on the skin of the feet 
improves the quality of skin and reduces the incidence of 
diabetic foot ulceration.

 Ocular Manifestations

Ocular manifestations of DAN include pupillomotor func-
tion impairment (e.g., decreased diameter of dark-adapted 
pupil), reduced corneal sensation, eye dryness, and Argyll- 
Robertson- like pupils [1].
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Spinal Cord Lesion and Dysautonomia

Valeria Iodice and Christopher J. Mathias

 Introduction

 Autonomic Features in Patients with Spinal 
Cord Lesions

Neurogenic Shock There are differences between the auto-
nomic problems affecting recently and chronically injured 
patients following a spinal lesion.

Soon after transection there is initially a transient state of 
hypoexcitability of the isolated cord, leading to ‘spinal 
shock’ with flaccid paralysis of the muscles, and lack of ten-
don reflexes. Analogous to spinal shock, spinal autonomic 
reflexes are also absent after acute cervical myelopathy and 
patients experience a transient ‘neurogenic shock’ character-
ized by failure of the sympathetic nervous system that results 
in loss of vascular tone in parts of body deprived of auto-
nomic control (Table 28.1) [1, 2].
Blood pressure is low in the supine posture (SBP < 90 mmHg). 
Severe bradycardia and even asystole may occur in patients 
with cervical injuries with the majority requiring admission 
to intensive care due to haemodynamic instability [3–5].

The pathophysiology of neurogenic shock is not fully 
understood but is likely to be due to the imbalance in 
autonomic control, with a relative absence of sympathetic 

activation leading to an overactivity of vagal activity 
especially if the functional disconnection is relatively 
acute and complete [1, 6].

Urinary bladder and large bowel are usually atonic, and 
there is dilatation of blood vessels particularly in the skin. 
This stage of spinal cord depression may last from a few 
days to a few weeks, after which isolated activity of the spi-
nal cord usually returns with the emergence of certain groups 
of reflexes.

The descriptions below largely relate to tetraplegics and 
high thoracic spinal cord lesions, unless otherwise 
indicated.

 Cardiovascular Dysfunction

Acute Stage The basal supine blood pressure in recently 
injured tetraplegics in spinal and neurogenic shock is usually 
lower than normal, and is likely to be secondary to marked 
diminution in sympathetic nervous activity, confirmed by the 
low levels of both plasma noradrenaline and adrenaline from 
the second day after injury [7].

In tetraplegics in neurogenic shock the basal heart rate is 
usually below 100 beats/min, unlike in patients with low 
spinal-cord injuries in whom the heart rate is often higher. 
This is probably due to a reduction in neural and hormonal 
sympathetic-mediated chronotropic influences in 
tetraplegics.

The efferent cardiac parasympathetic pathways, however, 
are intact and the absence of sympathetic activation may pre-
dispose susceptible patients to vagal overactivity. This may 
result in bradycardia and cardiac arrest, as has been noted 
during tracheal stimulation [8].

Chronic Stage In the chronic stage, the basal level of both 
systolic and diastolic blood pressure in high lesions is lower 
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than in normal subjects. A number of secondary mecha-
nisms, particularly hormonal, attempt to compensate for and 
help maintain blood pressure, including the renin–angioten-
sin–aldosterone system [7].

In chronic high lesions, the basal heart rate may be mar-
ginally lower, or no different, from that of normal subjects. 
Power spectral analytical techniques in tetraplegics indicate 
a diminished low-frequency (presumed sympathetic) com-
ponent with preservation of the high frequency (presumed 
parasympathetic) component. There are changes in heart rate 
and RR intervals (heart periods) in response to a rise or a fall 
in blood pressure suggesting preservation of cardiac vagal 
function.

Orthostatic Hypotension Patients with high spinal-cord 
lesions are prone to hypotension, which commonly occurs 
during postural change from the horizontal to the upright 
position (Fig.  28.1). This occurs in both recently injured 
patients in neurogenic shock and in chronically injured 
patients, especially in the early stages during rehabilitation 
[9, 10]. Their mobility, even in a wheelchair, can be consid-
erably impeded and patients can experience frequent symp-
tomatic falls in BP with mobilization [11].

The fall in blood pressure is accompanied by symptoms 
mainly related to diminished cerebral perfusion (Box 28.1). 
The symptoms can vary in nature and intensity and are not 
necessarily related to the degree of hypotension [9, 10].

Orthostatic hypotension in individuals with SCI is due to 
the interruption of efferent pathways from the brainstem pro-

jections to the autonomic centres in the intermediolateral cell 
columns of the Tl to L2 or L3 cord segments involved in 
vasoconstriction causing failure of short-term blood pressure 
regulation [9].

As a result of interruption of efferent sympathetic path-
ways, resting catecholamine levels are lower in acute and 
chronic phases of SCI and do not significantly increase in 
tetraplegics undergoing head-up tilt [7, 12].

During head-up postural change the fall in blood pressure 
is accompanied by a reduction in central venous pressure, 
stroke volume and cardiac output, which is probably the 
result of venous pooling, diminished venous return, and the 
inability to increase sympathetic cardiac inotropic activity. 
Venous pooling often causes cyanotic discoloration of the 
legs and may account for ankle oedema, as observed in those 
with high lesions and in wheelchairs. Urine volume when 
upright can be reduced to low levels, probably due to a 
 combination of causes that include a fall in blood pressure, 
thus reducing renal plasma flow and glomerular filtration 
rate, and an elevation in levels of the antidiuretic hormone, 
vasopressin [12].

Clinical observations indicate that the symptoms of pos-
tural hypotension are often diminished with frequent pos-
tural change in the head-up position, along with elevation of 
the head end of the bed at night. The activation of the renin–
angiotensin–aldosterone axis, with both early and longer- 
acting effects resulting from vasoconstriction and plasma 
volume expansion, probably helps buffer the fall in blood 
pressure during head-up postural change. Another possibility 
is an improved ability to autoregulate cerebral blood flow, 
which such patients often can do at lower perfusion pres-

Table 28.1 Clinical features of spinal and neurogenic shock

Spinal shock Neurogenic shock
Definition Marked reduction or complete loss of motor and 

reflex function below the injury level and due to a 
transient inexcitability (or hypoexcitability) of the 
lower motor neuron in spinal cord segments 
disconnected from corticospinal pathway

Failure of sympathetic nervous system resulting in loss of vascular tone 
in part of body deprived from autonomic control

Onset Within hours of the injury Within hours of the injury
Level of injury Any Above T6
Duration 4–6 weeks post-injury Into chronic injury
Symptoms and sign

Flaccid paralysis Hypotension: SBP < 90 mmHg in supine posture in absence of low 
intravascular volume (blood loss and dehydration)

Loss of deep tendon and superficial reflex Bradycardia: HR < 60 bpm
Vagal hypersensitivity usually lasting for 2–3 weeks. In some cases, 
implantation of a temporary or permanent pacemaker is required
Risk of AV conduction block and cardiac arrest, as has been noted 
during tracheal stimulation
Orthostatic hypotension risk with mobilization
Autonomic dysreflexia in minority of patients
Atonic bladder and large bowel
Flushed warm skin due to dilatation of blood vessels
Anhidrosis of cutaneous areas below the lesion
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sures than normal subjects [13]. Whether changes in other 
circulating and locally produced hormones acting on the 
cerebral vasculature also contribute is not known [9].

Management of OH in SCI A multi-pronged approach, 
combining non-pharmacological and pharmacological mea-
sures, is usually needed in the acute and chronic phase. A 
variety of physical methods have been used to prevent pos-
tural hypotension; these include abdominal binders and thigh 
cuffs that prevent pooling [14, 15]. Activation of spinal sym-
pathetic reflexes, by induction of muscle spasms or tapping 
of the anterior abdominal wall suprapubically to activate the 
urinary bladder, may be of value in some by causing auto-
nomic dysreflexia and thus elevating blood pressure.

Although a range of drugs, as used in patients with auto-
nomic failure, may alleviate postural hypotension in high 
spinal-cord lesions, spinal patients are prone to paroxysms of 
hypertension, which may be severe and exacerbated by such 
drugs. Usually the need for drugs is for limited periods, when 
postural hypotension is a particular problem, as in the early 
stages of rehabilitation and after prolonged recumbency.

Ephedrine, in a dose of 15 mg half an hour before postural 
change, is often of value. Its ability to act directly on adreno-
ceptors and indirectly by releasing noradrenaline is probably 
the basis of its efficacy. Dihydroergotamine and other 
α-adrenoceptor agonists may have a role, especially if they 
have short-lived effects. Indomethacin, a prostaglandin syn-
thetase inhibitor, also elevates basal blood pressure and 
reduces the blood pressure fall during postural change but 
has potential side effects. In the majority of patients, how-
ever, drugs are not needed.

Autonomic Dysreflexia Patients with SCI, in addition to 
orthostatic hypotension, are prone to develop transient exag-
gerated rise in BP associated with a constellation of symp-
toms (Fig.  28.2) and triggered by afferent noxious or 
non-noxious stimuli below the neurological level of injury 
[6, 16–19].

Autonomic dysreflexia (AD) is frequently associated 
with complete traumatic spinal cord injury, but has been 
described in inflammatory disorders, spinal cord tumours 
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Fig. 28.1 (a, b) Blood 
pressure and heart rate 
measured continuously with 
the Finometer (Finapres, 
Enschede, the Netherlands) in 
a patient with a high cervical 
spinal cord lesion. There is a 
fall in blood pressure because 
of impairment of the 
sympathetic outflow disrupted 
in the cervical spine. Heart 
rate rises because of 
withdrawal of vagal activity 
in response to the rise in 
pressure. (From Mathias [10], 
with permission of Elsevier)

Box 28.1 Clinical manifestations of postural 
hypotension

Symptoms of orthostatic hypotension
Giddiness, buzzing and ringing in ears
Blurring, greying out and loss of vision
Facial pallor
Syncope
Clinical signs of orthostatic hypotension
Hypotension and elevation in heart rate
Venous pooling and cyanotic discoloration of lower limbs
Reduced urine secretion
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or neurosurgical interventions [20]. AD mainly occurs in 
the chronic phase of SCI but it has also been documented in 
a minority (5.7% with SCI above T6) in the acute phase of 
the injury [16].

Stimulation of the skin, abdominal and pelvic viscera or 
skeletal muscles, can cause a paroxysmal rise in blood pres-
sure (Fig. 28.3), which usually is accompanied by a fall in 
heart rate because of increased vagal activity [1].

•  Pupillary dilatation
    and eyes watering
•  Flushing of face and
    neck
•  Sweating

Elevated blood pressure by
at least 20 mmHg from
baseline and bradycardia

•  Cold peripheries and
    piloerection
•  Contraction of
    urinary bladder and 
    large bowel
•  Penile erection and
    seminal fluid
    emission

Nexious stimulation of the 
skin, abdominal and pelvic
viscera, or skeletal muscle
below the level of lesion

Level of lesion (above T5)

Fig. 28.2 Schematic of 
clinical manifestation of 
autonomic dysreflexia (AD). 
Afferent noxious or non- 
noxious stimuli below the 
neurological level of injury 
lead to paroxysmal rise in 
blood pressure, which usually 
is accompanied by a fall in 
heart rate because of 
increased vagal activity. A 
constellation of signs and 
symptoms above and below 
the level of injury

Fig. 28.3 Changes in blood pressure (BP) and heart rate (HR) of a 
chronic tetraplegic patient undergoing passive postural change from 
supine to sitting. Sustained increase in BP (episode of autonomic dys-

reflexia, AD) was documented and associated with reduction in 
HR. Patient reported recurrent episodes of AD while home, induced by 
changes in posture
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There is an elevation in both stroke volume and cardiac 
output, suggestive of activation of spinal cardiac reflexes. 
These changes occur soon after stimulation, the rapidity indi-
cating that they are of neurogenic origin and likely to be due to 
reflex sympathetic activity through the isolated spinal cord.

There is a marked reduction in peripheral blood flow 
which may result in cold limbs, thus accounting for poikilo-
thermia spinalis, in addition to occluded venous pressure, 
indicating contraction of capacitance vessels.

Increased pressor responses to stimuli do not occur in 
patients with lesions below the fifth thoracic segment, indi-
cating that the sympathetic neural outflow above that level is 
of major importance in blood pressure homeostasis. It is 
likely that in the lesions below T5 there is sparing of the 
neural control of the large splanchnic circulatory bed [2, 21].

 Complication and Management 
of Autonomic Dysreflexia

Autonomic dysreflexia can be of major clinical importance. 
Mild episodes probably occur intermittently through the day, 
often are not noticed, and may be of little consequence (silent 
autonomic dysreflexia) [6, 17] (Fig. 28.4).

When autonomic dysreflexia is prolonged there may be 
considerable morbidity, as a result of excessive sweating 
over the head and neck, and a throbbing headache. Other 
complications include myocardial failure and neurological 
deficits such as epileptic seizures, visual defects and cerebral 
haemorrhage [18, 21]. These may result in extensive and per-
manent neurological deficits or death.

The key factor in the management of AD is prevention. It 
is necessary to determine the provoking cause and to rectify 
it (Fig. 28.5) [10, 17].

In some patients, autonomic dysreflexia may be a major 
and recurring problem because of difficulty in either defining 
or resolving the precipitating cause. A more common exam-
ple, which may easily be missed, is an anal fissure. Despite 
recognizing the cause, it may be extremely difficult to resolve 
problems which include severe skeletal muscle spasms or 
recurrent urinary bladder infection. Autonomic dysreflexia 
can be a particular problem during surgery, especially if the 
urinary bladder or the large bowel is involved. In these 
patients either spinal anaesthesia or a general anaesthetic, 
such as halothane, along with an increase in positive pressure 
ventilation, is often successful in controlling the hyperten-
sion. Short-acting ganglionic blockers, such as trimethaphan, 
have been used successfully during surgery.
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night (loss of the circadian regulation of blood pressure, reversed pro-

file) and multiple episodes of a raised blood pressure due to autonomic 
dysreflexia in a complete tetraplegic
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 Thermodysregulation

Hypothermia, hyperthermia and poikilothermia may be 
observed in tetraplegics [6].

Hypothermia in tetraplegia is mainly due to lack of acti-
vation of skeletal muscles and shivering as a major propor-
tion of skeletal muscle mass is not directly under voluntary 
control. Tetraplegics maintain the ability to shiver in inner-
vated areas as the body temperature falls, but this often 
results only in a small increase in metabolism which may 
be inadequate for body temperature homeostasis. In 
recently injured tetraplegics in neurogenic shock, cutane-
ous vasodilatation, and the inability to appropriately vaso-
constrict, enhances heat loss and lowers body temperature 
further [22, 23].

Hyperthermia may occur particularly in tetraplegics and 
high spinal-cord lesions when environmental temperature is 
elevated, or in response to infection. Heat loss is dependent 
on two major mechanisms, vasodilatation and sweating, both 
of which are impaired in spinal lesions [24].

The maintenance of a suitable environmental temperature 
is of importance in the prevention of hyperthermia in high 
spinal lesions. When hyperthermia occurs, cooling with the 
aid of tepid sponging and increased air flow with a fan accel-

erates heat loss by a combination of evaporation, conduction 
and convection. In severe cases, ice-cooled saline by intrave-
nous infusion or urinary bladder irrigation and in extreme 
cases immersion of the whole body in an ice bath may be 
necessary. In hyperpyrexia associated with infection, drugs 
such as aspirin and paracetamol appear to be effective in 
lowering body temperature. The mechanisms by which they 
do this are unclear. Chlorpromazine is also effective but has 
the potential to induce hypotension.

 Gastrointestinal Dysfunction

The autonomic nervous system richly innervates the gastro-
intestinal tract which is often affected especially in the early 
stages, after spinal-cord lesions.

In recently injured patients increased vagal activity may 
cause hyperacidity, along with high gastrin levels which also 
may contribute to gastric hypersecretion and ulceration and 
gastrointestinal bleeding (Box 28.1).

Paralytic ileus can occur in spinal shock and may be 
accompanied by gastric dilatation. It may cause meteorism 
interfering with the movement of the diaphragm, often the 
only major functional muscle of respiration in these patients.

Cutaneous stimulation

GastrointestinalGenito-urinary stimuli

Miscellaneous

Ureter calculus
Bladder distension by blocked catheter
Bladder infection
Bladder washout
Contraction during pregnancy
Menstruation, occasionally
Ejaculation
Vaginal dilatation
Uretra- insertion of catheter or abscess

To lower blood
pressure rapidly

To identify the
provoking cause

To prevent
precipitating
cause

Gastric dilatation
Gastric ulceration
Cholecystitis or cholelithiasis
Enemas
Faecal retention
Anal fissure

Intrathecal neostigmine
Fracture of bones
Skeletal muscle spasms

Pressure sore
Infected ingrowing toenails
Burns

•  Head up tilt
•  Loosen tight clothing and constrictive devises
•  Preventing afferent stimulation (use of a local anaesthetic)
•  Clonidine
•  Short acting agents such as topical or sublingual nitrates should be
   considered

Fig. 28.5 Management of acute autonomic dysreflexia: identify the 
provoking cause and rectify it. Head-up tilt (which causes venous pool-
ing) may be used initially. Various drugs are helpful: preventing afferent 

stimulation, for instance by the use of a local anaesthetic such as ligno-
caine in the urinary bladder, can be effective
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Paralysis of the sacral parasympathetic results in atony of 
the colon and rectum with risk of faecal retention. Digital 
evacuation is often necessary in the early stages.

In the chronic stage, tetraplegics are still prone to para-
lytic ileus especially after undergoing general anaesthesia 
and abdominal surgery.

After the initial stage of neurogenic shock, autonomous 
function of the lower bowel returns is regulated at a spinal 
level and bowel activity is mainly stimulated by increased 
volume and distension [25]. The diet should therefore include 
high residue foods together with mild laxatives and stool 
softeners, to ensure regular bowel evacuation.

 Genito-urinary Dysfunction

Function of the urinary bladder is dependent upon higher 
centres in the brain and function of sympathetic and para-
sympathetic nerves and is therefore affected to varying 
degrees in patients with spinal-cord lesions [14, 26].

In spinal shock there is usually complete paralysis of 
bladder function with retention of urine followed by disten-
sion and urinary overflow after excessive intravesical pres-
sure has developed [25]. With return of parasympathetic 
activity within the isolated sacral cord there is detrusor mus-
cle contraction, which occurs in response to filling of the uri-
nary bladder or following stimuli such as tapping of the 
anterior abdominal wall suprapubically. This is the automatic 
reflex bladder, or neurogenic bladder (Table  28.2). During 
detrusor contraction there is a need for simultaneous relax-
ation of the sphincters and pelvic floor to allow the free pas-
sage of urine. Retained urine often results in infection, which 
can involve the kidneys, especially when there is retrograde 
pressure in the urinary tract. In such patients an indwelling 
catheter, or various forms of urological and neurological sur-
gery, may be needed to relieve the functional obstruction and 
prevent autonomic dysreflexia. There are emerging treat-
ments for neurogenic detrusor overactivity which may also 
reduce the risk of AD in this patient group.

Penile erection is dependent largely upon the sacral para-
sympathetic nerves with ejaculation dependent upon the 
sympathetic nerves. In spinal shock there is an absence of 
both erectile and ejaculatory function. In some patients, 
however, passive penile enlargement and priapism may 
occur, probably due to paralytic dilatation resulting in 
engorgement of the corpora cavernosa. Following the return 
of isolated spinal-cord reflex activity, penile erection may 
occur if the glans penis is stimulated, or as part of autonomic 
dysreflexia. Ejaculation is usually retrograde, as the associ-
ated contraction of muscles at the bladder neck which pre-
vents seminal fluid flowing back into the bladder does not 
usually occur. In spinal-cord injuries, therefore, procreation 
in the male is largely dependent on the collection of seminal 
fluid for artificial insemination.

In women transient disruption of the menstrual cycle is 
often observed after spinal lesions, as may occur during 
other traumatic conditions or illnesses. There is usually a 
return to normal menstrual periods within a year. 
Successful pregnancies have been reported in both tetra-
plegics and paraplegics. In those with high lesions a par-
ticular problem is severe autonomic dysreflexia and 
paroxysmal hypertension which may be accompanied by 
cardiac dysrhythmias, especially during uterine contrac-
tions. Such patients are particularly prone to epileptic sei-
zures and cerebral haemorrhage, and it is essential to lower 
their blood pressure.

 Sleep Disorders in SCI

Sleep problems are common in spinal cord injury (SCI) and 
contribute to poor quality of life and to increased cardiovas-
cular risk [27, 28].

Patients often present with poor or decreased sleep, 
mainly related to increased risk for sleep-disordered breath-
ing (SDB), including intermittent hypoxemia and sleep frag-
mentation and contributing to nocturnal hypertension [29].

SDB is also frequent in non-traumatic spinal cord disor-
ders such as spinal muscular atrophy, myelomeningocele, 
multiple sclerosis, rheumatoid arthritis, tumours or infec-
tions [30, 31].

The pathogenesis of sleep dysfunction is not fully under-
stood and likely to be multifactorial, including the level and 

Table 28.2 Gastrointestinal and genito-urinary dysfunction in spinal 
cord injury

In recently injured Chronic injured
Gastrointestinal dysfunction
Upper gastrointestinal bleeding with 
gastric hypersecretion and ulceration 
Greater risk in those with higher 
lesions

Tetraplegics and high 
thoracic lesions are at risk of 
paralytic ileus

Risk of perforation Return of autonomous 
function of the lower bowel 
regulated at a spinal level

Paralytic ileus and gastric dilatation Increased volume and 
distension stimulate bowel 
activity

Atony of the colon and rectum with 
faecal retention
Genito-urinary dysfunction
Complete paralysis of bladder 
function with retention of urine

Neurogenic bladder with risk 
of retention, infection and 
autonomic dysreflexia

Absence of both erectile and 
ejaculatory function

Penile erection with glans 
penis stimulation and 
retrograde ejaculation

Priapism Transient disruption of the 
menstrual cycle
Pregnancies carry the risk of 
severe autonomic dysreflexia 
and paroxysmal hypertension
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completeness of injury. Low concentrations of melatonin in 
serum, plasma and saliva have been documented in combina-
tion with lack of diurnal rhythm in cervical complete SCI 
patients [32–34].

Impaired core body temperature rhythmicity might also 
play a role in sleep onset and maintenance [35, 36].

Bladder dysfunction with urinary retention and increased 
risk of autonomic dysreflexia may contribute to sleep 
fragmentation.

Pain and secondary complications have been correlated 
with poor sleep after paediatric-onset SCI [37].

Increasing interest in systematic assessment of sleep in 
patients with SCI might shed some light on pathophysiology, 
diagnosis and management of sleep disorders in this 
population.

 Assessing Cardiovascular Autonomic 
Function in Patients with Spinal Cord Lesion

 Autonomic Screening Tests

Autonomic screening tests, in addition to head-up tilt testing, 
help determine the extent of the cardiovascular autonomic 
abnormality [6].

Pressor stimuli dependent on sympathetic activation that 
either originate in, or are modulated by, the brain do not raise 
blood pressure in patients with complete cervical cord trans-
action. Stimuli such as mental arithmetic, a loud noise and 
cutaneous stimulation by either pain or cold in areas above 
the lesion have no effect in tetraplegics, unlike in normal 
subjects in whom they elevate blood pressure. The lack of 
response to these stimuli provides evidence of severance of 
sympathetic pathways descending within the cervical spinal 
cord.

Orthostatic hypotension is a common manifestation in 
both the acute and chronic phase of spinal injury. Patients 
may have a fall of ≥20 mmHg of systolic or a decrease in 
diastolic blood pressure of ≥10 mmHg when moved from 
the supine to the upright position. In the laboratory head-up 
tilt to 60° often is used as the postural stimulus, and blood 
pressure and heart rate can be accurately measured using 
automated non-invasive and continuous techniques.

During head-up postural change, as on a tilt table, there 
usually is an immediate fall in both systolic and diastolic 
blood pressure in high lesions. The pressure may fall to 
extremely low levels that may cause loss of consciousness in 
recently injured tetraplegics or in chronic tetraplegics fol-
lowing prolonged recumbency. Tolerance to a low cerebral 
perfusion pressure often occurs in patients with chronic 
autonomic failure, who are also able to autoregulate their 
cerebral circulation despite an extremely low perfusion 
blood pressure [13].

Following an initial fall in blood pressure when upright, 
subsequent responses vary including a further fall in BP in the 
early stage of the disease, (Fig. 28.1), or a partly recovery in 
blood pressure in chronically injured patients. In some, espe-
cially in the early stages, blood pressure continues to fall 
(Fig. 28.1). There is no rise in levels of plasma noradrenaline in 
the early phases following head-up postural change, consistent 
with their inability to reflexively increase sympathetic nervous 
activity in response to postural change, as should occur nor-
mally. In many chronically injured patients, however, if tilt is 
prolonged, the blood pressure tends to partly recover, often 
with oscillations. This recovery may be related to activation of 
the renin–angiotensin–aldosterone system [12]. A further 
mechanism contributing to blood pressure recovery during tilt 
is the activation of spinal reflexes either from stimulation of the 
skin, the skeletal muscles or the viscera. This is more likely to 
account for the reduction in peripheral blood flow and rise in 
occluded venous pressure observed during head-up tilt in tet-
raplegics than the spinal postural reflexes that were previously 
proposed. Local sympathetic reflexes (veno-arteriolar reflexes) 
may operate in high lesions during postural change.

During head-up postural change there often is a rapid rise 
in heart rate, which is inversely related to the fall in blood 
pressure [1, 26]. This is likely to be due to withdrawal of 
vagal tone in response to unloading of baroreceptor affer-
ents, as it is markedly attenuated, although not abolished, by 
atropine. Propranolol also reduces the heart rate rise during 
tilt, suggesting that beta-adrenoceptor stimulation may par-
tially contribute. In the majority heart rate does not usually 
rise above 100 beats/min when upright, even when there is a 
marked fall in blood pressure. This therefore is different 
from patients with an intact sympathetic nervous system who 
are in ‘shock’ with a similarly low level of blood pressure.

Valsalva Manoeuvre In high spinal lesions the responses 
to the Valsalva manoeuvre are abnormal because the barore-
ceptor reflex is impaired due to the disruption of sympathetic 
efferent pathways through the cervical and thoracic spinal 
cord. When intrathoracic pressure is elevated there is a fall in 
blood pressure, despite a fairly modest increase in intratho-
racic pressure that is often difficult to achieve and maintain 
because of the inability to activate intercostal muscles. There 
is no recovery in blood pressure while the intrathoracic pres-
sure is elevated. Heart rate rises with the fall in blood pres-
sure because the cardiac vagi respond to the fall in blood 
pressure. On reducing the elevated intrathoracic pressure, 
there is a gradual recovery of blood pressure with a reduction 
in heart rate that does not fall below the basal level.

This ability to lower blood pressure has also been used to 
the benefit of patients, to prevent hypertension during uro-
logical surgery by increasing positive pressure during 
assisted ventilation.

V. Iodice and C. J. Mathias
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Additional investigations may be needed to determine 
factors causing or contributing to orthostatic hypotension. 
These include the responses to food ingestion and exercise.

 Liquid Meal Challenge Tests

In tetraplegics, unlike patients with chronic primary auto-
nomic failure, ingestion of food does not result in a substan-
tial fall in supine blood pressure. The modest fall in blood 
pressure is accompanied by an elevation in heart rate [38]. 
Levels of forearm venous plasma noradrenaline do not 
change, excluding a generalized increase in sympathetic 
nerve activity. The mechanisms responsible for preventing a 
substantial fall in blood pressure in tetraplegics are unclear; 
these could include the stimulation of reflexes from the gas-
trointestinal tract and mesentery.

 Exercise Testing

This is not possible in patients with complete lesions but pos-
sible in those with incomplete lesions.

Responses are obtained during graded incremental supine 
exercise using a bicycle ergometer with measurement of pos-
tural responses before and after exercise.

 Ambulatory 24 BP and HR Monitoring

Intermittent ambulatory blood pressure and heart rate record-
ings over a 24- or 48-hour period using small computerized 
lightweight devices are of particular value, especially at 
home, in determining the effects of various stimuli in daily 
life and assessing the occurrence of BP and HR abnormali-
ties of circadian rhythm. It is essential that an accurate diary 
of events is maintained to determine the effects of postural 
change, food and exercise.

Non-invasive ambulatory 24-hour recordings indicate 
loss of the nocturnal circadian fall in blood pressure, as 
should occur normally.

 Plasma Catecholamines

Plasma catecholamine measurements are available in spe-
cialized laboratories and may be of value in acute and chronic 
phase to evaluate severity of autonomic impairment.

Plasma noradrenaline (norepinephrine) provides a mea-
sure of sympathetic neural activity and plasma adrenaline 
(epinephrine) of adrenal medullary activity [7].

 Conclusion

This chapter has focused on patients with cervical and high 
thoracic spinal cord injuries, as these patients often have 
major clinical problems resulting from autonomic dysfunc-
tion. The level of the last functioning cord segment is impor-
tant in autonomic cardiovascular problem, with lesions at or 
above T5 causing the most disabling orthostatic hypoten-
sion, and severity of autonomic dysreflexia. Clinicians 
should be aware of the most common noxious and non- 
noxious stimuli below the level of injury capable of trigger-
ing an exaggerated sympathetic response and hypertension 
which may result in potentially fatal complications.

Loss of supraspinal control over sympathetic pregangli-
onic neurons and reflex sympathetic activity through the iso-
lated spinal cord are the primary cause of disordered blood 
pressure regulation and AD after spinal cord injury
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Dysautonomia and Sleep Dysfunction 
in Pediatric Practice

Suresh Kotagal

 Introduction

The control of heart rate and breathing is intimately related 
to sleep. The continuous neuromaturation that is characteris-
tic of infancy and childhood brings with it the need for adap-
tation to the internal and external milieu. There are several 
conditions with sleep-related autonomic dysfunction that are 
unique to infants and children. They form the substance of 
this overview.

 Physiological Changes in Cardiorespiratory 
Control

Rapid eye movement (REM) (active) sleep constitutes about 
80% of total sleep in preterm infants at 32–34 weeks post-
conceptional age. By full term or 40 weeks postconceptional 
age, REM sleep has decreased to about 50% of total sleep, 
and by the age of around 3 years to 20–25% of total sleep 
time [1]. The preponderance of REM sleep in infancy con-
fers a mortality and morbidity risk to patients of this age. For 
instance, upper airway collapsibility is increased during 
REM sleep and at the same time, the central nervous response 
to hypercarbia remains blunted during this stage of sleep [2]. 
In other words, while there is increased risk of sleep-related 
upper airway obstruction, the ability of the central nervous 
system to compensate for hypoxia and hypercarbia is 
limited.

 Sudden Infant Death Syndrome (SIDS)

SIDS is defined as the sudden death of an infant below 1 year 
of age which remains unexplained despite thorough case 
investigation, including a complete autopsy, examination of 
the death scene, and review of the clinical history [3]. The 
prevalence is about 0.6/1000 live births. Sixty percent of the 
deaths occur by the age of 3  months and 85% by age 
6 months. Infants are generally between 1 and 6 months of 
age. The infant is usually found cold, limp, unresponsive, not 
breathing, and lifeless in the crib by the parent or guardian. 
Risk factors include premature birth, maternal cigarette 
smoking, overheating and prone sleeping position, and bed 
sharing with the parent [4]. Soft bedding may increase the 
risk of compression of the face against the mattress and pre-
dispose to hypercarbia and consequent respiratory depres-
sion. There is increased risk of rebreathing and hypercarbia 
in the prone position. The Back to Sleep program that was 
initiated by the Centers for Disease Control in 1992 is cred-
ited for significantly reducing the incidence of SIDS. While 
for the most part infants are now placed to sleep in the supine 
position, occasional instances of infants being placed in the 
prone position still do occur.

The triple risk model hypothesis for SIDS consists of the 
vulnerable infant, environmental factors, and critical neuro-
developmental stage of the infant (Fig.  29.1) [5]. 
Neuropathological examination of the brain stem may reveal 
lesions in the ventral medullary surface, especially involving 
the arcuate nucleus that has a role in the automatic control of 
breathing and is part of the medullary serotonergic network. 
Other components of the medullary serotonergic network 
that have been implicated in SIDS are the raphe nucleus, the 
gigantocellular nucleus, the lateral paragigantocellular 
nucleus, and the intermediate reticular zone (Fig. 29.2) [5, 
6]. The medullary serotonergic network contains pH sensi-
tive K+ channels, and is involved in chemosensitivity, and in 
the regulation of blood pressure and temperature. It also 
projects to the hypoglossal and phrenic nuclei. The  hypocretin 
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system might also be implicated in SIDS as it projects from 
the hypothalamus to the nucleus tractus solitarius, and medi-
ates central arousal responses, the failure of which may be a 
key agonal process in SIDS [7]. Incidentally, the highest 
levels of CSF hypocretin are in infants, with a gradual 
decline thereafter [8]. Cardiac rhythm disturbances such as 
long QT interval may also contribute to SIDS in about 12% 
of cases [9]. Mutations implicated are known to involve 
seven different genes—KCNQ1, KCNH2/HERG, SCN5A, 
KCNE2, CAV3, SCN4B, and SCNTA1 that predispose to 
long QT interval [9]. A small percentage of cases may have 
inborn errors of metabolism, such as fatty acid oxidation 
disorders that can now be detected on newborn screening 
panels, for example, medium chain acetyl coenzyme A 
dehydrogenase deficiency. A targeted assay utilizing a com-
bination of direct injection mass spectrometry and reverse 
phase mass spectrometry recently found seven acyl carni-
tines (involved in fatty acid metabolism) to significantly dif-
fer in concentration in brains from SIDS patients as 
compared to controls [10].

Management strategies are essentially preventative in 
nature and include avoidance of smoking by the mother 

during pregnancy, teaching adult caretakers to always 
place infants in the crib in the supine position, and avoid-
ance of pillows and soft mattresses that can pose a suffoca-
tion hazard. Newborn screening methods on dried blood 
spots and urine are able to identify disorders of acylcarni-
tine and amino acid metabolism that have been implicated 
in SIDS [11].

 Brief Resolved Unexplained Events (BRUE)

BRUE occurs in infants less than 1 year. The observer reports 
a sudden, brief, and now resolved episode of cyanosis or pal-
lor/absent, decreased or irregular breathing/marked change 
in muscle tone (decreased or increased), and altered respon-
siveness [12]. The previous diagnosis term was apparent life- 
threatening episodes but it has now been dropped due to the 
fact that the episodes are not always “life threatening.” The 
prior clinical course during pregnancy and the perinatal 
period is normal. Development overall up to the point of 
occurrence of the event is also normal. An event qualifies for 
the diagnosis of BRUE only if no clear etiology has been 

Vulnerable infant
(prenatal nicotine
exposure,
prematurity, SGA,
channelopathy/
metabolic disorder,
brainstem lesion)

SIDS

Critical neuro-
developmental period

(0–3 months)

Exogenous stress

(prone sleeping, co-sleeping,
raised ambient temperature, etc.)

Fig. 29.1 Venn diagram, 
depicting the interaction 
among host, environment, and 
vulnerability at a critical 
neurodevelopmental stage that 
is associated with sudden 
infant death syndrome 
(SIDS). (Adapted from 
Kinney et al. [5], with 
permission of Oxford 
University Press on behalf of 
the American Association of 
Neuropathologists)
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identified. Consequently, an episode of choking or gagging 
due to gastroesophageal reflux does not qualify for the BRUE 
diagnosis. There is no increased risk of SIDS in BRUE 
patients, but child maltreatment may be a concern in this 
category.

Risk stratification is important [13]. High-risk BRUE 
patients are those of less than age 2 months, those born pre-
maturely with gestational age <32  weeks, suspected child 
abuse, need for cardiopulmonary resuscitation, and a history 
of more than one event. They need hospitalization for further 
observation and work up for cardiopulmonary, gastrointesti-
nal, neurological, metabolic, and traumatic etiologies. Low- 
risk BRUE patients are those who are older than age 60 days, 
gestational age is >32 weeks, first episode, duration <1 min-
ute, no need for cardiopulmonary resuscitation, and no con-
cerning features on history or examination. Low-risk BRUE 
patients may not require hospitalization or extensive diag-
nostic work up, though screening overnight oximetry is still 
appropriate to conduct. Chest radiographs are not usually 
indicated in the low-risk BRUE category, and the same 
applies to blood gas analysis.

 Congenital Central Hypoventilation 
Syndrome (CCHS)

CCHS is characterized by failure of the automatic control of 
the breathing. Onset of symptoms is generally in the new-
born period. Patients show hypoxemia and hypercarbia in the 
absence of any significant cardiopulmonary disease. Those 
requiring ventilators for initial apnea, hypercarbia or oxygen 
desaturation experiences difficulty in weaned off the ventila-
tor despite otherwise healthy lungs. Respiratory function is 
normal initially during wakefulness but impaired in quiet 
(NREM) sleep and less impaired during active (REM) sleep. 
Autonomic dysfunction can be widespread, with associated 
pupillary abnormalities, prolonged sinus pauses, constipa-
tion, Hirschsprung disease, and neural crest tumors like neu-
roblastoma and ganglioneuroma [14].

Nocturnal polysomnography shows decreased respiratory 
rate and elevated levels of transcutaneous CO2 or end tidal 
CO2. A ventilatory challenge with a mixture of 5% CO2 and 
95% oxygen during NREM sleep is not accompanied by the 
physiologic three- to fivefold increase in minute volume. 
Capillary blood gas analysis may reveal hypercarbia and 
respiratory acidosis. Respiratory function is generally nor-
mal during wakefulness till the late stages when it gets 
affected. Cognitive and language development remains nor-
mal to mildly impaired.

Dysfunction in the automatic control of breathing is due 
to lesions affecting the brain stem ventilatory control appara-
tus, which includes the arcuate nucleus, nucleus tractus soli-

tarius, the nucleus ambiguous, and the chemosensitive 
ventral medullary surface. CCHS occurs as a consequence of 
disruption in function of the PHOX2B gene that localized to 
chromosome 4 [15]. The PHOX2B gene is a transcription 
factor. It modulates differentiation of the neural crest cells 
that ultimately form the mature autonomic nervous system. 
This gene has three exons. Mutations in the PHOX2B gene 
are present in over 90% of cases of CCHS, with increased 
number of polyalanine repeats in exon 3. Normally, each of 
the two alleles of third exon of PHOX2B has 20 polyalanine 
repeats in the tail. CCHS is associated with a heterozygous 
polyalanine expansion mutation in one of the alleles, with 
the end result of a genotype that is 20/25 or 20/24–20/33. 
Larger polyalanine expansions are associated with more 
severe disease [15]. Some patients do not have expansion of 
the polyalanine tail but show nonpolyalanine repeat expan-
sion mutations (NPARM). Disease severity is more in those 
with NPARMS. These mutations can be missense, nonsense, 
or frame shift in type. Hirschsprung disease is likely to occur 
in close to 90% of patients with NPARM. Neuroblastoma is 
also more likely to occur in NPARMS [16]. Those with 
PARMs are predisposed to develop ganglioneuroma or 
ganglioneuroblastoma.

Testing for the PHOX2B gene abnormalities in CCHS is 
recommended in a step-wise manner. The first step is to ana-
lyze for the polyalanine expansions. If this test is noninfor-
mative, the next step is to proceed to gene sequence testing 
for nonsense, missense, and frame shift mutations. If this 
step is also not informative, one obtains multiplex ligation 
dependent probe amplification to look for large deletions of 
exon 3 [14].

Management consists of supportive care. Families are 
informed of the life-long nature of the disorder. Infants may 
require tracheostomy combined with home ventilators. 
Monitoring of oxygen saturation and end tidal CO2/transcu-
taneous CO2 in the home environment is needed on a routine 
basis. Older children may be able to tolerate noninvasive 
home ventilation. Diaphragmatic pacing can help older chil-
dren. Autonomic dysfunction may involve the cardiovascular 
system also, hence periodic monitoring of heart rhythm 
using Holter studies is indicated. A cardiac pacemaker may 
be needed if there are recurrent sinus pauses of 3 seconds or 
longer [14]. Periodic surveillance for neural crest tumors 
may require 24-hour urinary catecholamine measurements, 
chest radiographs, and magnetic resonance imaging of the 
posterior mediastinum and retroperitoneal region. 
Comprehensive management also requires a skilled multi-
disciplinary team of experts that is familiar with the disorder 
[14, 15]. Ideally, the patient is admitted to the hospital annu-
ally for 3–5 days for the purpose of undergoing this multidis-
ciplinary assessment and for making periodic changes to the 
management plan.
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 Central Hypoventilation Secondary to Other 
Brainstem Lesions

Patients with brainstem cavernomas [17], brainstem tumors 
[18], paraneoplastic encephalitis [19], bulbar poliomyelitis 
[20], and less frequently, patients with Chiari malformations 
[21] may be vulnerable to developing sleep-related hypoven-
tilation. Patients generally present with symptoms of fatigue, 
and early morning headache. Nocturnal polysomnography 
shows sleep-related hypoventilation levels of end tidal CO2 
or transcutaneous CO2 are above 50 mm for 25% or more of 
the total sleep time. Morning capillary blood gas analysis 
may also confirm hypercarbia. Those with Chiari type 1 mal-
formation may require suboccipital decompression with the 
help of neurosurgical colleagues. Management is otherwise 
supportive, with use of noninvasive home ventilation or tra-
cheostomy plus home respirator. There is insufficient experi-
ence with modalities like diaphragmatic pacing.

 Rapid-Onset Obesity with Hypoventilation, 
Hypothalamic, Autonomic Dysregulation 
(ROHHAD)

ROHHAD is a recently established pediatric multisystem 
entity. Onset is in the first decade, with the child being pre-
viously well. It is slightly more common in girls than boys. 
The median age of onset in a recent meta-analysis was 
around 4 years [22]. There is abrupt onset of obesity which 
is associated with fatigue, hypersomnia, behavioral dys-
regulation, and a variety of neuroendocrine abnormalities. 
Besides sleep-related hypoventilation, the patients may 
exhibit endocrine abnormalities such as hyperprolac-
tinemia, hyponatremia, hypernatremia, diabetes insipidus, 
or growth hormone deficiency [23]. Autonomic dysfunc-
tion generally manifests itself as impaired gastrointestinal 
motility, cold intolerance, excessive sweating, urinary 
incontinence, and altered perception to pain. Nocturnal 
polysomnography consistently shows obstructive or central 
sleep apnea in association with hypoventilation. About half 
the patients have associated neuroendocrine tumors (NET), 
hence the label ROHHAD- NET.  Most commonly associ-
ated neuroendocrine tumors were ganglioneuromas and 
ganglioneuroblastomas. The tumors are generally located 
in the posterior mediastinum or the retroperitoneal space. 
No specific genetic mutation has been identified. The con-
dition is progressive, and in some instances may be fatal. 
Management is essentially symptomatic. It requires moni-
toring of serum sodium levels, and sleep-related breathing. 
Respiration may need to be supported by noninvasive ven-
tilation or in rare cases, using tracheostomy and home 
ventilators.

 Autonomic Dysfunction in Pediatric Primary 
Hypersomnia Syndromes

Primary hypersomnia syndromes include narcolepsy types 1 
and 2, idiopathic hypersomnia, and the Kleine Levin syn-
drome. There is a well-defined physiological basis for altera-
tions in autonomic function in narcolepsy because neurons 
of the orexin system influence autonomic function via 
descending projections to the intermediate reticular zone of 
the medulla, the nucleus tractus solitarius, and the interme-
diolateral column in the spinal cord [24]. In rats, the orexin 
system has also been found to influence sympathetic activity 
and cardiovascular activity [25].

Orthostatic intolerance (OI) is the most common clinical 
manifestation of the autonomic nervous system dysfunction. 
It is defined as impaired ability to tolerate the upright posi-
tion due to symptoms that subside when the supine position 
is assumed [26]. The most common manifestations of OI are 
lightheadedness, fatigue, nausea, heat intolerance, headache, 
and memory and attention impairment [26]. More severe 
cases of OI can be associated with postural orthostatic tachy-
cardia syndrome (POTS), a condition that can be comorbid 
with narcolepsy type 2 and lesions in the thalamus and 
amygdala [27].

Autonomic dysfunction in pediatric primary hypersomnia 
syndromes has not been investigated. In a retrospective study 
(unpublished observation) at our institution, the author 
reviewed the medical records of patients with primary hyper-
somnia syndromes, age less than 18  years, who had been 
seen between 2000 and 2017 at our sleep disorder center. 
Inclusion criteria were diagnosis of narcolepsy type 1, narco-
lepsy 2, or idiopathic hypersomnia. The age at initial presen-
tation was less than 18 years. Subjects with comorbidities, 
like obstructive sleep apnea, depression, or other sleep disor-
ders were excluded. The medical records were reviewed for 
symptoms of orthostatic intolerance (see above). If ortho-
static symptoms were present, the medical chart was 
reviewed in more detail to determine whether an autonomic 
reflex screening (ARS) battery had been conducted. The 
ARS is a composite of the tilt table test, heart rate response 
to the Valsalva maneuver and deep breathing, the quantita-
tive sudomotor axon reflex test, and sweat test [28]. The 
autonomic studies were reviewed and reported indepen-
dently of knowledge of the diagnosis of the primary hyper-
somnia syndrome by a specialist in autonomic neurology. 
Medication history at the time of autonomic reflex screen 
testing was also extracted from the chart.

There were 89 patients with primary hypersomnia disor-
ders. The diagnoses had been established on the basis of his-
tory, polysomnogram and multiple sleep latency test (46 
patients with narcolepsy type 1; 17 patients with narcolepsy 
type 2; 18 with idiopathic hypersomnia; 1 with Klein Levin 
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syndrome; and 7 with medical disorders). Symptoms of OI 
were not associated with any one specific hypersomnia disor-
der. Thirty-three of 89 subjects (37%) had symptoms of OI, 
hence had undergone the autonomic reflex test battery. The 
mean age at hypersomnia diagnosis for the 33 subjects with 
autonomic testing was 13.6 ± 2.9 years; 25/33 were not on 
medications at the time of autonomic testing. The male:female 
ratio in the OI subgroup was 1:2 (n = 33), whereas in the sub-
group without OI, it was reversed (2.1:1[n = 56; p = 0.0015]). 
Symptoms of OI included fatigue in 25/33, headache in 15/33, 
palpitations in 6/33, nausea and vomiting in 4/33, and consti-
pation in 3/33. OI symptoms were reproducible during the tilt 
table test in 17/33 subjects. In 5 of these 17, they were severe 
enough to qualify for the diagnosis of postural orthostatic 
tachycardia syndrome (POTS). Overall, around the time of 
initial hypersomnia syndrome diagnosis, one-third of the 
group of 89 children had OI, with female predominance. One-
half of this subgroup exhibited heart rate perturbations that 
were detectable on the autonomic reflex screening battery.

A limitation of our findings is that they are retrospective in 
nature. Nevertheless, we feel that autonomic dysfunction is 
common in children with primary hypersomnia disorders. It 
frequently goes unrecognized and can masquerade as fatigue. 
Once the patients get started on stimulants, wake promoting 
agents, sodium oxybate, or tricyclic agents for the treatment of 
the hypersomnia syndrome, proper testing for autonomic dys-
function is no longer feasible. Nevertheless, the importance of 
enquiring about orthostatic intolerance at the time of primary 
hypersomnia syndrome diagnosis and when appropriate, 
obtaining a comprehensive evaluation of the autonomic ner-
vous system is emphasized. Prospective studies are also 
needed in this area. The pathophysiology of OI is unclear, but 
it may simply be a manifestation of hypersomnia patients 
spending excessive time in the recumbent or sitting positions.

 Conclusion

Autonomic dysfunction with cardiorespiratory disturbance 
may be the sole initial manifestation of pediatric sleep–wake 
disorders (e.g., CCHS) or may constitute a significant comor-
bidity (e.g., narcolepsy). History and assessment of the auto-
nomic system utilizing a comprehensive test battery and 
molecular genetic studies are needed for diagnosis. A team 
management approach is required.
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Autonomic Regulation of Sleep-Related 
Gastrointestinal Function

William C. Orr and Samih Raad

 Introduction

Alterations in gastrointestinal (GI) function during sleep 
have been shown via an avalanche of recent research to be an 
integral part of normal function and an important element in 
the pathogenesis of GI disease [1]. Since the autonomic ner-
vous system (ANS) is integrally involved in the control of GI 
function, it is essential to understand the role of the ANS to 
allow a more complete understanding of the pathogenesis 
and optimal treatment of GI disease. A cogent example of the 
role of ANS in sleep-related alterations of GI function relates 
to the pathogenesis of duodenal ulcer disease (DUD). Gastric 
acid secretion plays an important part, along with the pres-
ence of Helicobacter  pylori, in the pathogenesis of 
DUD. Among the early successful treatments for DUD was 
a vagotomy which markedly diminished gastric acid secre-
tion and promoted the healing of duodenal ulcers. Gastric 
acid secretion reaches a peak during sleep, and the inhibition 
of sleep-related acid secretion is an essential element for the 
healing of duodenal ulcers. In the development of H2 block-
ers such as ranitidine, the inhibition of nocturnal acid secre-
tion was considered important and the 24-hour measurement 
of gastric pH became an important variable in the assessment 
of acid inhibition, particularly during the sleeping interval 
[2]. Two of the most common GI diseases are those with con-
siderable involvement of autonomic function and sleep alter-
ations associated with the clinical presentation, and 
pathogenesis of the diseases: gastroesophageal reflux disease 
(GERD) and irritable bowel disease (IBS). Disturbed sleep 

has also been shown to be involved with other less common 
disorders such as inflammatory bowel disease (IBD) and 
nonalcoholic fatty liver disease, but this review will focus on 
GERD and IBS.

Esophageal function is largely regulated by the vagus 
nerve. Swallowing induces a relaxation of both the upper 
esophageal sphincter (UES) and the lower esophageal sphinc-
ter (LES). These responses allow the transit of a bolus of food 
into the cervical esophagus and this initiates a peristaltic wave 
which transits the entire esophagus moving the bolus into the 
stomach via the relaxation of the LES. The main mechanism 
which allows this is the transient relaxation of the LES 
(TLESR) which is a spontaneous decrease in the resting LES 
pressure to near the intragastric baseline. These functions are 
initiated and perpetuated by the autonomic nervous system, 
predominately via afferent and efferent branches of the vagus 
nerve. This neural innervation allows the relaxation of the 
skeletal cricopharyngeal muscle and smooth muscle of the 
lower esophageal sphincter which is initiated by a swallow. 
Esophageal transit is also largely mediated via the vagal 
innervation of the esophagus, but also involved in this process 
are the glossopharyngeal, hypoglossal, and trigeminal cranial 
verves. LES relaxation is mediated by the afferent sensory 
branch of the vagus nerve. This stimulates the nucleus of the 
tractus solitarius which in turn activates the efferent branch of 
the vagus through the dorsal motor nucleus of the vagus 
which then initiates relaxation of the LES.  Together, this 
innervation allows the coordinated contraction of the esopha-
gus and transit of a swallowed bolus from the pharynx to the 
stomach. These autonomic functions mediating swallowing 
and esophageal peristalsis are essential in the normal func-
tioning of the esophagus. These mechanisms are substantially 
altered during sleep [2]. Since swallowing is a volitional act, 
it is markedly diminished during sleep.

The main stimulus for the induction of a TLESR is gastric 
distention which occurs predominately subsequent to food 
ingestion. Since food ingestion does not occur during sleep, 
TLESRs are rare during sleep and it is well established that 
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reflux events are relatively fewer during sleep in GERD 
patients, and in fact rarely occur in normal individuals. Thus, 
patients and normal individuals do often observe belching 
and occasionally, heartburn, after a meal, but sleep-related 
reflux, and heartburn are relatively rare. It has been demon-
strated that, although TLESRs are essentially absent during 
sleep, they do occur during transient arousals from sleep [3]. 
Along with the marked reduction in salivation and swallow-
ing during sleep, esophageal clearance of refluxed gastric 
contents during sleep is substantially prolonged. The pro-
longed acid contact resulting from sleep-related gastro-
esophageal reflux (GER) is now accepted as a major factor in 
the pathogenesis of esophagitis [4]. Furthermore, sleep- 
related GER and its consequences have been suggested to 
constitute a distinct clinical entity that deserves special con-
sideration and altered approach to treatment [5].

 Gastroesophageal Reflux Disease (GERD)

A rational hypothesis regarding the pathogenesis of GERD 
would be altered vagal function. This hypothesis was tested 
by Chakraborty and colleagues in a study in which they 
assessed a variety of cardiovascular autonomic functions in 
addition to pupil cycle time which is a nonvagal function [6]. 
The study revealed that 40% of the GERD patients had sig-
nificant abnormalities in vagally mediated autonomic func-
tion. Only a few patients showed any abnormal pupillary 
response suggesting that the autonomic abnormalities are 
part of a generalized vagal dysfunction. This study was pub-
lished in 1989 and since then other studies have been done 
using somewhat more sophisticated methods of autonomic 
function assessment. A subsequent study in 2001 was con-
ducted by Campo and colleagues in which they measured not 
only several standard cardiovascular tests of autonomic func-
tion, but they also did a spectral analysis of heart rate vari-
ability (HRV) in GERD patients and controls [7]. Spectral 
analysis of HRV is a more sophisticated technique of auto-
nomic assessment which calculates heart rate functioning in 
the frequency domain rather than in the time domain. The 
power spectral analysis reveals relative activity in the high 
and low-frequency bands of heart rate functioning. The high- 
frequency (HF) band reflects vagal tone, the low-frequency 
(LF) band reflects sympathetic tone, and the LF/HF ratio 
reflects the sympathovagal balance. Figure 30.1 depicts nor-
mal autonomic function during sleep. It can be seen that 
there are two peaks in this analysis reflecting vagal and sym-
pathetic tone. Twenty-four-hour esophageal pH monitoring 
was also measured. Results showed no significant heart rate 
variability changes associated with a reflux event (defined as 
a decrease in the esophageal pH below 4 for at least 5 min-
utes). A decrease in sympathetic tone was noted in the GERD 
group with only one of the cardiovascular measures. 

However, total reflux time did show an inverse correlation 
with sympathetic tone in the GERD group. Thus, there 
appears to be some evidence for decreased sympathetic 
activity in the GERD group. The authors speculate that these 
changes could result in a decrease in intrinsic inhibitory con-
trol and thereby facilitate an increase in spontaneous relax-
ations of the LES.

It is of note that sleep disturbances in GERD patients have 
been shown to induce an alteration of visceral perception and 
pain thresholds [8]. This investigation showed that in GERD 
patients with sleep disturbance documented via actigraphy 
chest pain induced by acid infusion was clearly exacerbated 
after three nights of poor sleep. These functions are modu-
lated by the afferent branch of the vagus nerve. This observa-
tion prompted study by Chen and Orr to test the hypothesis 
that altered autonomic function may be playing a role in the 
pathogenesis of GERD [9]. This was accomplished via the 
use of the spectral analysis of heart rate variability during the 
esophageal infusion of 0.1 N hydrochloric acid. In this study, 
water and acid infusion produced decreased vagal tone in 
GERD patients compared to normal controls. There was 
enhanced sympathetic dominance during acid infusion in 
GERD patients which was not noted in controls. This is most 
likely due to the decreased vagal tone noted in GERD 
patients. This provides support for the notion of altered auto-
nomic function via the combined effects of enhanced sympa-
thetic tone and decreased vagal input in GERD patients in 
response to acid mucosal contact. This is in contrast to the 
study noted by Campo et al. [7], which did show evidence of 
decreased sympathetic tone correlating with the percent acid 

112.1

89.7

78.5

67.3

56.1

44.9

33.6

22.4

11.2

0.0
0.00 0.05 0.10 0.15 0.20 0.25

Hz

0.30 0.35 0.40 0.45 0.50

100.9

(bpm)2/Hz

Normal

Fig. 30.1 Heart rate variability spectral analysis showing normal vagal 
and sympathetic responses to resting heart rate. Vagal tone is the peak 
in the high-frequency range and sympathetic tone is depicted in the 
low-frequency peak

W. C. Orr and S. Raad



335

contact time. The different measures of autonomic function 
are difficult to compare, but there does seem to be some 
agreement that sympathetic tone, as reflected in the overall 
sympathovagal balance may be associated with the patho-
genesis of or a consequence of GERD.

In a subsequent study, Dobrek and colleagues examined 
autonomic functioning in GERD patients with and without 
esophagitis [10]. They examined the question of whether 
autonomic functioning would differentiate patients with 
esophagitis (i.e., mucosal inflammation) from those with 
heartburn symptoms but without esophagitis. If autonomic 
functioning was more altered in the esophagitis, it would 
suggest that the mucosal inflammation per se resulted in the 
autonomic changes since both groups have similar symptom 
manifestations. If autonomic functioning is not significantly 
different, it would suggest that any autonomic changes would 
be more generic and not related to the inflammation noted in 
the esophagitis group. In this study, spectral analysis was 
again used to assess autonomic functioning in three groups: 
patients with erosive esophagitis (EE); patients with nonero-
sive reflux disease (NERD) and normal controls. Autonomic 
functioning was assessed via HRV.  Vagal tone was also 
decreased, but significantly more in the esophagitis patients. 
Thus, overall both patient groups showed a decrease in sym-
pathetic tone while the EE group also had a more pronounced 
decrease in vagal tone. Both groups did show decreased 
vagal tone compared to controls suggesting that inflamma-
tory changes alone do not account for these findings. Since 
the authors did not present any data on the LF/HF ratio, these 
results remain somewhat difficult to interpret definitively.

A similar subsequent study was conducted by Chen and 
colleagues in which they also examined autonomic function-
ing in patients with erosive and nonerosive esophagitis [11] 
Again, the primary measure of autonomic function was the 
spectral analysis of heart rate variability. This study demon-
strated that the high-frequency power (vagal tone) was lower 
in patients with EE compared to NERD patients and con-
trols, while the LF and LF/HF ratio was significantly lower 
in the NERD patients compared to the EE patients and con-
trols. No relationship was noted between symptom severity 
score in either patient group. The authors concluded that 
autonomic changes do distinguish EE from NERD patients 
in that the EE patients tended to show decreased vagal tone 
while diminished sympathetic modulation distinguishes the 
NERD group. This study demonstrates that, in contrast to the 
results noted by Dobrek et al. [10], autonomic function does 
vary in terms of mucosal involvement. As noted above, Chen 
and Orr addressed this issue directly by assessing autonomic 
responses to acid mucosal contact via esophageal acid infu-
sion [9]. The patient group experienced a greater degree of 
heartburn as would be expected. There were no changes in 
sympathetic tone as measured by HRV; however, there was a 
significant decrease in vagal tone and a corresponding 

increase in sympathovagal balance (LF/HR ratio). This 
would suggest that mucosal inflammation does have some 
effect on autonomic function, but it remains to be determined 
as to whether these changes represent a cause or an effect of 
the inflammatory process. These data are somewhat in agree-
ment with the Campo study noted above which showed 
decreased sympathetic tone in GERD patients although no 
information was provided as to whether or not these patients 
had esophagitis.

In conclusion, autonomic changes have been clearly doc-
umented in GERD patients. These relate largely to a dimin-
ished sympathetic tone and an enhanced sympathetic 
dominance which appears to be related to decreased vagal 
tone. None of these investigations involved sleep or circa-
dian rhythm assessments. It is, however, of interest to note 
that in a study of diabetic patients with autonomic neuropa-
thy showed impairment of the circadian cycle of both the LF 
and HF components compared to diabetics without neuropa-
thy [12]. This suggests that there may be some sleep-related 
alterations in the autonomic functioning of GERD patients 
which may further distinguish GERD patients with and with-
out inflammatory changes in the esophageal mucosa.

 Irritable Bowel Syndrome

Irritable bowel syndrome (IBS) is an enigmatic but extremely 
prevalent GI disorder [13]. The prevalence in the general 
population is noted between 10% and 25% [13]. In addition, 
it is thought to be the most commonly encountered func-
tional GI disorder encountered in primary care [14]. IBS is 
vaguely defined as a disorder which is characterized by 
abdominal pain with relief with defecation, altered bowel 
habits (diarrhea, constipation or alternating constipation and 
diarrhea), and abdominal bloating [15, 16]. Although numer-
ous pathophysiological mechanisms have been proposed 
there is no definitive biomarker for IBS.  Among the pro-
posed pathophysiological mechanisms associated with IBS 
is autonomic dysfunction. The autonomic nervous system is 
critical in the modulation and transformation of environmen-
tal and psychological variables into physiological function or 
dysfunction during sleep. Thus, alterations in autonomic 
function will affect physiological functioning during sleep 
and conversely autonomic dysfunction can alter physiologi-
cal function in sleep. Sleep is largely a parasympathetic state 
with periodic bursts of sympathetic activity noted with 
arousals from sleep and during phasic REM sleep as noted 
with episodes of gastroesophageal reflux or upper airway 
obstruction in sleep apnea. The transient relaxation of the 
LES (TLESRs) is largely modulated by vagal function, and 
it is well known that these relaxations are inhibited during 
sleep resulting in a marked decrease in reflux events. 
Furthermore, a disruption in the brain–gut axis via altered 
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sleep was suggested in a study which showed an increase in 
REM sleep and disruption in gastric electrical rhythms in 
IBS patients [16]. In addition, visceral pain sensitivity, a 
vagally mediated function, has been shown to be enhanced 
as a result of sleep disturbance [8]. In addition, a study by 
Jarrett and colleagues has shown a link between sleep distur-
bance and GI symptoms [17]. In this study, they demon-
strated a significant relationship between daytime GI 
symptoms and poor sleep on the subsequent night. This was 
maintained when stress and other psychological variables 
were controlled. This relationship is likely mediated via the 
ANS. There is, therefore, a clear and important integration of 
sleep, autonomic function, and gastrointestinal disorders.

The most commonly used technique to assess autonomic 
dysfunction is HRV. Studies utilizing HRV in IBS have been 
reviewed by Mazurak and colleagues [18]. This review 
points out the variability of results and the many variables 
that can affect results such as BMI, age, and respiratory rate 
that need to be routinely controlled. They also note that there 
are many issues which impair the comparability of results 
such as use of a small number of validated parameters in 
many studies and the inherent variability of the measures 
making comparability of results difficult. In addition, HRV 
analysis and autonomic activity are very sensitive to many 
modulators such as BMI, respiratory rate, age, menstrual 
cycle, and medications use. Furthermore, the computation of 
Fourier transforms is complicated and dependent on many 
physiological characteristics such as how closely the mea-
sured cycle simulates a perfect sine wave. These factors all 
mitigate comparability of results.

Relevant studies on autonomic functioning in IBS involve 
both waking and sleep studies. The ANS plays an integral 
role in symptom manifestation in IBS due to the pervasive 
role of the ANS, particularly the vagus nerve, in GI function-
ing. IBS symptoms involve alterations in both sensory and 
motor functioning. It has been suggested, for example, that 
IBS patients have a visceral hyperalgesia which makes them 
more susceptible to pain from stimuli that would be consid-
ered part of normal GI functioning; these pain symptoms are 
modulated by the ANS.  A seminal study addressing these 
issues was conducted by Iovino and colleagues [19]. In this 
study, they assessed the effects of sympathetic activation via 
enhanced lower body negative pressure. Autonomic reflexes 
were measured by duodenal and gastric barostat measures. 
Visceral but not somatic pain responses were enhanced by 
increased sympathetic activation. These results offer an 
explanation as to how symptoms of abdominal pain and 
bloating can occur to normal intestinal distention in patients 
with IBS. Abnormal responses to normal levels of intestinal 
gas may be a common culprit in generating abdominal pain 
and bloating which are classic symptoms of IBS.  Further 
emphasizing these symptoms is the relief of abdominal pain 
after a bowel movement which constitutes one of the corner-
stones of the diagnosis of IBS.

 Sleep and Irritable Bowel Syndrome

Also important in the pathogenesis of IBS symptoms are the 
very prevalent comorbid symptoms of anxiety and depres-
sion, and disturbed sleep [20]. Of particular importance is 
the coincidental symptom of insomnia commonly noted with 
complaints of anxiety and depression, and the very common 
occurrence of sleep complaints in IBS patients [18, 21]. It is 
well established that depression has a negative impact on 
sleep and that IBS patients have significant symptoms of 
clinical depression [21, 22]. There is a bidirectional relation-
ship: IBS is 33% more common in patients with sleep distur-
bance, and the risk of having IBS is 1.6 times greater in 
individuals with sleep disturbance compared to those with-
out sleep disturbance [20]. These data are of particular inter-
est since, as noted above, sleep disturbance can exacerbate 
visceral pain responses. For example, Chen and colleagues 
have shown that patients with subjective sleep disturbance as 
assessed by the Pittsburg Sleep Quality Index (PSQI) 
revealed enhanced sensitivity to rectal distention [23]. Thus, 
it has been suggested that this may result in a vicious cycle 
of enhanced pain that creates and causes an enhanced sleep 
disturbance as noted in the study by Maneerattanaporn and 
Chey (Fig. 30.2) [24]. This brain–gut connection is modu-
lated through the ANS. It is relevant that insomnia has been 
noted to be associated with autonomic abnormalities. For 
example, Bonnet and Arand showed a significant sympa-
thetic dominance in insomnia patients using HRV analysis 
[25]. In a study from our laboratory, Elsenbruch et al. noted 
that subjective sleep abnormalities were noted in IBS patients 
compared to controls, but objective PSG measures were not 
significantly different [26]. It was pointed out that this pat-
tern is commonly noted in insomnia patients and is described 
as sleep state misperception (paradoxical insomnia). Similar 
results have been noted by Heitkemper et al., which showed 
only a very weak relationship between the objective and sub-
jective sleep measures [27]. However, their study related 
PSG measures to subjective sleep quality the following 
morning while the Elsenburch study utilized the Pittsburg 
Sleep Quality Index to assess sleep quality over the previous 
month. Insomnia complaints have also been associated with 
high-frequency EEG activity and Maes et al. have correlated 
this subjective complaint with K complexes and alpha intru-
sion, and an ANS pattern of reduced parasympathetic activ-
ity and increased sympathetic dominance [28]. Thus, the 
presence of difficulty sleeping, associated ANS changes, and 
poor sleep-related visceral hyperalgesia coalesce to help 
explain the symptoms commonly noted in IBS patients. An 
understanding of the pathogenesis of IBS, its sleep, and 
 autonomic correlates requires an assessment of the sleep and 
autonomic consequences resulting from comorbidities such 
as anxiety and depression [20, 22].

Among the first studies to utilize HRV analysis in long- 
term recordings with IBS patients was accomplished by 
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Heitkemper et al., and our group [29, 30]. Our study utilized 
HRV analysis during PSG-monitored sleep. The results 
revealed an increase in the low-frequency HRV band during 
waking in IBS patients corresponding to increased sympa-
thetic dominance. No differences were noted in the high- 
frequency band corresponding to vagal tone during any state. 
However, the LF/HR ratio was significantly greater in IBS 
patients during REM sleep. These results are consistent with 
increased sympathetic activity in IBS patients and this is par-
ticularly noted during REM sleep. It was observed by the 
authors that these data could support the hypothesis of an 
enhanced sympathetic activity contributing to increased 
waking susceptibility to pain. The Heitkemper study did not 
specifically note sleep-related changes in autonomic func-
tioning, but rather employed ANS functioning utilizing EKG 
data from a 24-hour Holter monitoring system. Vagal tone 
was significantly decreased and the LR/HF ratio was 
increased in the constipation (IBS-C) predominant group. 
These differences were most notable in patients with more 
severe symptoms. Thus, sleep state, symptom severity, and 
IBS subgroup are all important variables in understanding 
autonomic functioning during sleep.

As stated above, visceral sensitivity is modulated largely 
by the ANS and subtle abnormalities in autonomic function-
ing may contribute to the clinical presentation of patients in 
IBS symptom subgroups. It is well established that auto-
nomic function is altered during sleep and particularly dur-
ing REM sleep. Alterations in sleep patterns have not shown 
consistent differences in IBS patients, but it seems clear that 
changes in sleep functioning are an important element in the 
pathogenesis of IBS [21]. Results of various studies and the 
suggestion that ANS functioning may be different during 
sleep in IBS subgroups demonstrate the complexity of the 
pathogenesis of IBS and that the presenting bowel habit pat-
tern (constipation, diarrhea or alternating) may constitute 
phenotypical presentations of this complicated disease entity. 

Differences in autonomic function likely play an important 
role in the expression of the clinical symptoms in these IBS 
subgroups. In the Heitkemper study [27], the overall 24-hour 
assessment of HRV noted differences in ANS function in 
IBS symptom subgroups. Subsequent studies have looked 
more closely at this issue. Two studies from our laboratory 
have addressed the issue of ANS functioning during sleep in 
different IBS symptom subgroups. Shortly after the publica-
tion of the study by Heitkemper et  al., we embarked on a 
more detailed study in which HRV was assessed during dif-
ferent sleep stages and compared across different IBS symp-
tom groups (dyspeptic vs. nondyspeptic) [31]. In the IBS 
patients without dyspeptic symptoms, a substantial vagal 
withdrawal was noted during REM sleep and the LF/HF 
ratio was greater indicating enhanced sympathetic tone 
(Fig. 30.3). Although this study did not incorporate typical 
IBS symptom subgroups such as IBS-C or IBS-D, it does 
illustrate that autonomic involvement in symptom generation 
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may be different when other GI organs are involved. It was 
noted that IBS patients had an increase in REM sleep which 
did appear to manifest itself in altered basic gastric electrical 
rhythm [16].

The ability to study autonomic functioning in patients 
with different IBS subgroups during sleep allows an exami-
nation of ANS functioning without the influence of con-
scious psychological influences such as stress or anxiety 
which seem to be part of the daily lives of IBS patients. Thus, 
studying autonomic functioning during sleep allows an 
assessment of pure physiologic functioning without the 
influence of psychological state. Our group attempted to 
describe autonomic functioning during sleep [32] by using 
the HRV techniques in three typical IBS subgroups: consti-
pation predominant (IBS-C), diarrhea predominant (IBS-D), 
and IBS with alternating diarrhea and constipation symp-
toms (IBS-A). It was found in this study that the IBS-D 
group experienced significant vagal withdrawal during REM 
and non-REM sleep compared to the IBS-A group. This 
resulted in a greater degree of sympathetic dominance noted 
primarily during non-REM sleep in the IBS-D group. The 
IBS-D patients were physiologically distinct from the IBS-A 
patients, but not from the IBS-C group. Although not defini-
tive, this study does suggest that these investigative tech-
niques can be useful in a more complete and revealing 
explanation of the pathogenesis of IBS. A similar study was 
conducted by Jarrett and colleagues in which they had an 
advantage of a two-study night PSG protocol [33]. This 
study did not confirm the results of the Robert et al.’s study, 
and in fact the results of the study by Jarrett et al. were nota-
bly different. In the study by Jarrett et al. [33], the vagal was 
enhanced and the sympathovagal balance was diminished in 
the IBS-D compared to both IBS-C and IBS-A during both 
REM and non-REM sleep. These discrepancies bring into 
focus the complexity of IBS diagnosis and the likelihood that 
these IBS subgroups are not clear-cut phenotypes.

IBS patients frequently have comorbid symptoms of sleep 
disturbance and psychological issues such as anxiety and 
depression. In order to assess the role of depression in sleep 
quality and autonomic function in IBS patients, our labora-
tory undertook a study in which we compared a group of IBS 
patients with depressive symptoms as assessed by the Beck 
Depression Inventory compared to a group of IBS patients 
without depressive symptoms [34]. HRV analysis was 
assessed during PSG-monitored sleep and subjective sleep 
quality was determined via the PSQI.  The IBS depression 
group revealed more disturbed sleep as measured by the 
PSQI compared to the nondepressed group. The IBS- 
depressed group revealed a more prolonged REM onset 
latency than normal controls, but this was not significantly 
different in the nondepressed group. The depressed group 

also showed a significant increase in GI symptom severity. 
HRV analysis did not reveal significant differences between 
the study groups either during waking or sleep stages. These 
data provide additional support for the importance of comor-
bid conditions such as depression and sleep disturbance in 
the manifestation IBS symptoms.

 Conclusions and Comments on Inflammatory 
Bowel Disease

Autonomic function is the critical link to the intimate con-
nection between brain and gut. Autonomic function affects 
both GI function and sleep, and the link to these phenomena 
would seem to provide a clearer and more in-depth under-
standing of GI function and associated sleep disorders. It is 
well established that autonomic function is critical to the 
modulation of visceral sensation and visceral pain. 
Autonomic function is also modulated substantially by state 
of consciousness such as sleep and psychological states (e.g., 
anxiety, depression, and stress). It has been demonstrated 
that all of these variables affect sleep and that sleep plays an 
important role in the pathogenesis of commonly encountered 
diseases such as GERD and IBS. Although no definitive con-
clusions can made given the current state of research in this 
area of sleep-related autonomic functioning in GI disease, 
the studies have provided an important impetus to further 
research. The cited studies differ in many variables such as 
sample size, age, male, female composition, and effects of 
the menstrual cycle. Since the majority of IBS patients are 
women, this is an important variable (e.g., menstrual cycle) 
in any study on IBS patients. More recently, sleep has been 
shown to affect symptom manifestation and disease progres-
sion in IBD [35]. The ANS is heavily involved in the percep-
tion of visceral pain, and inflammation of the gut wall can 
clearly influence the perception of visceral pain. Thus, any 
stimulus that alters visceral perception can affect the mani-
festation and progression of IBD. It has been noted in this 
review that sleep disturbance can induce visceral hyperalge-
sia. Thus, sleep disturbances noted in IBD patients can 
enhance the perception of visceral pain and therefore enhance 
disease symptom manifestation in IBD patients.

Autonomic functioning in IBD has been reviewed by 
Taylor et al., but there are no references specifically to auto-
nomic functioning during sleep [36]. This review has focused 
on the commonly noted sleep disturbances with IBD patients. 
Autonomic disturbances have been extrapolated from exist-
ing data on autonomic disturbances during waking noted in 
IBD patients. However, the dearth of studies related to auto-
nomic function specifically during sleep is notable and 
emphasizes this as a fruitful area for future investigation.
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heart rate and heart period, 139
heart rate variability, 140
impedance cardiography, 140
initial simple screening tests, 140

invasive tests, 139
laboratory tests, 140, 141
limitations and pitfalls, 141
localization of lesion, 141, 142
microneurography, 140
non-invasive ANS function tests, 139
photoplethysmography, 140

cardiac syncope, 151
carotid sinus supersensivity syncope, 151
classification, 131, 132
COMPASS-31 score, 138
diagnostic evaluation, 137
drop attacks, 151
enteric nervous system failure, 135
features, 134
generalized ANS hyperactivity

Baroreflex failure, 147
cardiac dysrhythmia, 146
diencephalic autonomic seizure, 147
fatal familial insomnia, 147
neuroblastoma, 147
sudden cardiac death, 146
sudden unexpected death, 147

generalized primary ANS failure
acute pandysautonomia, 142
dopamine-beta-hydroxylase deficiency, 144
hyperbradykininism, 144
multiple system atrophy, 143
neurogenic orthostatic hypotension, 143, 144
postural tachycardia syndrome, 144
pure autonomic failure, 142, 143

generalized secondary autonomic failure
DLBD, 145
idiopathic hypersomnia, 146
Narcolepsy-Cataplexy, 145, 146
neurodegenerative synucleinopathies, 144
Parkinson disease, 145
polyradiculoneuropathies, AF, sleep and respiratory 

disturbances, 144
localized ANS dysfunction

achalasia, 148
Argyll Robertson pupil, 148
crocodile tears, 148
gastroparesis, 148
Harlequin syndrome, 148
Hirschsprung disease, 148
Holmes-Adie syndrome, 147, 148
Horner syndrome, 148
Ross syndrome, 148
unilateral gustatory facial sweating, 148

localized autonomic dysfunction, 133
mastocytosis-related syncope, 151, 152
negative dysautonomic phenomena, 134
neurological examination, 137
OHQ scale, 138
olivopontocerebellar atrophy, 153
orthostatic blood pressure control, 135
orthostatic hypotension, 152
parasympathetic failure, 135
particular body system and organ features, 135
patient history, 136, 152–154
physical examination, 137
positive dysautonomic phenomena, 134
principles of therapy, 154
SCOPA-AUT scale, 138
sympathetic failure symptoms and signs, 135
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Dysautonomia (cont.)
syncope

symptoms, 149
types, 149, 151

tongue biting, 150
transient or intermittent dysautonomia, 133
true epileptic seizures, 149
UMSARS, 138
vasovagal syncope, 150

Dysphagia, 262
Dysrhythmic breathing, 145

E
Early onset childhood occipital epilepsy, 217
Ehlers-Danlos syndrome, 231
Ehlers-Danlos syndrome III (E-DS III), 231
Electrical Status Epilepticus During Slow Sleep (ESES), 219
Emotions, 99, 101
Encephalitis lethargica, 29
End-tidal measurements, 91
Enteric nervous system (ENS), 23
Epidemic encephalitis (Spanish flu), 108
Epidemiology of Diabetes Interventions and Complications (EDIC) 

study, 308
Erythromelalgia, 140
Excessive daytime sleepiness (EDS), 34
Exercise pressor reflex, 51

F
Familial dysautonomia (FD), 126

chemoreflex failure
cardiorespiratory consequences, 302
physiology, 301, 302

neurological phenotype, 301
non-invasive ventilation, 304
respiratory disorders, 303
risk factors, 301
role of potassium, 304
sleep-disordered breathing, 303
sudden unexpected death during sleep (SUDS), 303
treatment, 304

Fatal familial insomnia (FFI), 30, 126, 132, 136, 147
Agrypnia Excitata, 206
autonomic nervous system, 202, 203
body temperature, 204
breathing, 204
cardiovascular

blood pressure and heart rate, 202, 204
hormonal and catecholamines circadian rhythms, 202, 204, 205
pharmacological tests, 204

clinical hallmark, 199
delirium tremens, 208
demographics, 200
gastrointestinal, 205
genito-urinary dysautonomia, 206
history, 199, 200
Morvan syndrome, 206–208
neuroimaging, 201
neurophysiological features, 200, 201
pathology and molecular biology of prion protein, 201, 202
salivation, lacrimation and pupillary tone, 206
sporadic familial insomnia, 206
sympathetic hyperactivation, 202, 203
symptoms and signs, 200

thalamus, 208, 209
unbalanced autonomic functions, 202
Whipple disease, 208

Final common autonomic pathway, 25
Final common motor pathway, 25
Functional dichotomy, 43
Functional neuroanatomy

central autonomic commands, 57, 58
direct cardiovascular effects, 58
modulation of ABR properties, 59

G
Gastroesophageal reflux disease (GERD), 333–335
Gastrointestinal neuropathy (GIN)

clinical manifestations, 310
cumulative incidence rates, 310
DCCT-EDIC study, 310
delayed gastric emptying, 310
diagnosis, 311
dietary management, 311
gastroparesis, 310
glycemic control, 311
pharmacological agent, 311
prevalence, 310
symptoms, 310

Gastroparesis, 148, 310
Genito-urinary dysautonomia, 206
Good sleep, 1
Guillain-Barré syndrome (GBS), 126, 296
Gustatory facial sweating, 131, 148

H
Harlequin syndrome, 148
Head-up tilt (HUT), 85, 86, 141
Heart rate response to deep breathing (HRDB)

beat-to-beat recording of blood pressure, 82
clinical interpretation, 83
equipment, 82
physiology, 82, 83
protocol, 82

Heart rate variability (HRV), 216
adimensional indicator, 106
autonomic nervous system and, 100, 101
average heart rate to small beat-by-beat variations, 99
baroreflex gain and, 103
brain function, 103
cardiac baroreflex, 106
heart movements influence, 99
HF and LF oscillations, 106
historical perspective, 100
individual labelling, 106
inter-beat interval, 99
linear and nonlinear encoding, 106
MSNA, RR interval and Resp, infusions of saline, 106, 107
negative and positive feed-back circuits, 104
REM and non-REM sleep, 108, 109
RR interval variability in control subject, 106
SA node, 102
sleep and

autonomic nervous system, 109, 110
change in cardiovascular parameters, 110
clinical studies, 111
digital medicine, 112
importance of models, 111, 112
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MSNA, 110
obstructive sleep apnea, 110
REM sleep behavior disorder (RBD), 111
sympathetic overactivity, 110

somatomotor and visceromotor behavior, 101, 102
spectral analysis

RR interval variability and SAP, 104
RR interval variability in control subject, 105

sympathetic and parasympathetic nerves, 102, 105, 106
Hirschsprung disease, 148
Holmes-Adie syndrome, 147, 148
Home Sleep Apnea Testing (HSAT), 122
Homeostasis, 2, 209
Horner syndrome, 131, 148
House of sleep, 71, 72
Human existence, 2
Hyperbradykininism, 144
Hypermobility spectrum disorder (HSD), 234
Hypersomnolence, 195

idiopathic hypersomnia, 194, 195
KLS, 195
NT1 (see Narcolepsy type 1 (NT1))

Hypertension, 170
Hyperthermia, 322
Hypnotoxyns, 107
Hypocretin (Hcrt), 9
Hypocretins1 and 2 (orexins A and B), 145
Hypothalamic autonomic output, 9
Hypothalamus, 34

autonomic output, 14, 15
functional organization, 14

Hypothermia, 322
Hypothetical atonia pathway, 38

I
Idiopathic hypersomnia (IH), 146, 195
Idiopathic REM sleep behavior disorder (iRBD), 194, 250
Infancy and childhood

autonomic dysfunction, 330, 331
BRUE, 328, 329
cardiorespiratory control, 327
CCHS, 329
Chiari type 1 malformation, 330
nocturnal polysomnography, 330
ROHHAD, 330
SIDS, 327, 328

Insomnia, 34
Insular cortex, 15, 16
Integrative functions, 3
Interictal epileptiform discharges (IEDs), 217
Internal homeostasis, 1, 19
Intrinsic heterogeneity, 43
Invasive valsalva maneuver (VM), 139
Irritable bowel syndrome (IBS), 333

ANS functioning, 337
autonomic dysfunction, 336
autonomic functioning, 336, 338
clinical depression, 336
constipation predominant (IBS-C), 338
definition, 335
gastric electrical rhythms, 336
Heitkemper study, 337
HRV, 336

analysis, 336, 338
techniques, 338

IBS with alternating diarrhea and constipation symptoms  
(IBS-A), 338

LF/HF ratio, 337
LF/HR ratio, 337
pathogenesis, 336
pathophysiological mechanisms, 335
physiological functioning, 335
prevalence, 335
PSQI, 336, 337
sleep abnormalities, 336
symptoms, 336, 338
visceral sensitivity, 337

Isometric (static) handgrip (HG), 87

J
Janz syndrome, 218
Journal of Electrocardiology, 99
Juvenile myoclonus epilepsy (JME), 218

K
Kleine-Levin syndrome (KLS), 187, 195

L
Laboratory evaluation

airflow sensing
carbon dioxide, 91
nasal airway pressure, 90
pneumotachography, 90
temperature and humidity, 90, 91

ANS during sleep, 89
blood gas measurement

end-tidal measurements, 91
pulse oximetry, 91
transcutaneous CO2 sensors, 91

blood pressure
arterial tonometry, 92, 93
oscillometric technique, 92
pulse oximetry, 93
twenty-four-hour ambulatory blood pressure monitors, 92

body temperature, 95
catecholamines, 94, 95
clinically validated methods

head-up tilt, 85, 86
heart rate response to deep breathing, 82, 83
quantitative sudomotor axon reflex test, 79, 80
sympathetic skin response, 80, 81
Valsalva maneuver, 83–85

cortisol, 94
equipment, 96
melatonin, 93, 94
neuroendocrine, urine, 94
non-clinically validated tests

isometric (static) handgrip, 87
lower body negative pressure, 86, 87

plasma, 94
respiration, 89, 90
respiratory effort

respiratory inductance plethysmography, 92
strain gauges, 91

saliva, 94
sympathetic integrity

neurochemical tests, 89
neuroimaging tests, 88
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Laboratory evaluation (cont.)
neuropharmacological tests, 88, 89

sympathetic nerve activity, microneurography, 87, 88
transcutaneous CO2 sensors, 91
urine, 94

Lambert-Eaton Myasthenic Syndrome (LEMS), 294, 295
Late-onset congenital central hypoventilation syndrome (LO-CCHS), 

241
Laterodorsal tegmental (LDT), 30
Lennox Gastaut syndrome, 218, 219
Limbic areas

amygdala, 15
anterior and midcingulate cortices, 16
insular cortex, 15, 16

Limited autonomic neuropathy, 293
Locus coeruleus (LC), 9, 14
Lower body negative pressure (LBNP), 86, 87
Lower esophageal sphincter (LES), 333

M
Maintenance of Wakefulness Testing (MWT), 123, 124
Mastocytosis-related syncope, 151, 152
Median preoptic (MnPO) neurons, 30
Medullary raphe, 12
Medullary respiratory circuits, 12
Megacolon, 148
Melatonin, 93, 94
Menopausal transition insomnia (MTI), 169, 170
Mental arithmetic (cognitive load) test (MAT), 139, 141
Mesencephalic and spinal locomotor generators, 38
Microneurography, 87, 88
Midcingulate cortex (MCC), 16
Midpontine trigeminal transection, 2
Mind-body (brain-body) interaction, 1
Morvan syndrome, 206–208, 295
Motor atonia, 37, 38
Multiple sleep latency testing (MSLT), 145

definition, 122
guidelines, 122, 123
interpretation, limitations and pitfalls, 123
MWT, 123, 124
SOREMPS, 122

Multiple system atrophy (MSA), 125, 132, 135, 136, 143
clinical abnormalities, 261
clinical assessment, 265, 266
clinical features

abnormal postures, 262
central breathing disorders, 265
cerebellar ataxia, 262
constipation, 263
delayed OH, 262
dysautonomia, 262
dysphagia, 262
erectile dysfunction, 263
obstructive sleep apnea (OSA), 265
periodic limb movements during sleep (PLMS), 263
postural stability, 262
RBD, 263, 264
restless legs syndrome (RLS), 263
sleep and breathing disorders, 263
stridor, 263–265
urinary symptoms, 263

diagnosis, 266, 267
epidemiology and natural history, 261, 262
etiology, 261

etiopathogenesis, 267
genetic factors, 261
levodopa responsiveness, 267
Lewy body diseases, 261
MSA-C (cerebellar subtype), 261
MSA-P (Parkinsonian subtype), 261
MSA with predominant parkinsonism (MSA-P), 267
pathogenic mechanisms, 267
symptomatic therapies, 267

Muscle sympathetic nerve activity (MSNA), 45, 110, 189, 193

N
Napping, 1
Narcolepsy type 1 (NT1), 145, 146

orexin and autonomic nervous system
arterial blood pressure, 189, 192, 193
autonomic disturbances, 189, 192
autonomic symptoms, 188–191
cataplexy, 194
comorbid disorders, 192–194
component, 188
heart rate and variability, 189
MSNA, 189, 193
pharmacological and animal studies, 188

pathophysiology, 187
sleep abnormalities, 187

Narcolepsy type 2 (NT2), 187
Nasal airway pressure (NAP), 90
Neural circuits, 1
Neuroanatomical substrates

control of wakefulness, 31, 32, 34
control of wake-sleep states, 31
NREM sleep

brain stem, 34
hypothalamus, 34
role of suprachiasmatic nucleus, 34
role of thalamus, 34

REM sleep, 35
animal models, 35–37
central pattern generators, 38
hypothetical atonia pathway, 38
mesencephalic and spinal locomotor generators, 38
motor atonia, 37, 38
periorbital integrated potentials, 38
PGO waves, 38
sleep EEG, 38

Neuroblastoma, 147
Neurocristopathy, 241
Neurodegenerative diseases, 126
Neurodegenerative synucleinopathies, 144
Neurogenic shock, 317
Neuromyotonia, 295
Nightmare disorder, 257
Nocturnal arousal phenomenon

beat-to-beat variability, 73
CAP, 74
cardiopulmonary coupling, 74
cortical arousals, surrogate markers of, 73
house of sleep, 71, 72
R-R interval, 74
sleep protection insurance, 74–76
sleep stages, 72, 73

Nocturnal frontal lobe epilepsy, 213
Nocturnal hypoventilation, 145
Nocturnal paroxysmal dystonia (NPD), 213
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Nocturnal stridor, 145
Non-homeostatic modality, 43
Non-homeostatic regulatory modality, 43
Non-Motor Symptoms Questionnaire (NMSQuest), 252
Non-rapid eye movement (NREM) parasomnias

definition, 181
DoA, 181

autonomic activity, 183
clinical manifestations, 181
episode, 181, 182
features, 182
history, 181
intense autonomic activation, 181
pathophysiology, 181
role of, 181–183
vs. epilepsy, 183, 184

Non-rapid eye movement (NREM) sleep, 2, 131, 145, 146, 249
brain stem, 34
hypothalamus, 34
role of suprachiasmatic nucleus, 34
role of thalamus, 34

Noradrenaline (norepinephrine), 27
Normal dipping, 4
Nucleus of the solitary tract (NTS), 9

O
Obstructive sleep apnea (OSA), 110, 265

autonomic nervous system, 159, 160
comorbidities, 159
definition, 159
diagnosis, 159
prevalence, 159
risk factors, 159
treatment of, 160, 161

Ocular manifestations, 313
Ondine’s curse, 239
Orexin (Orx), 9, 146

arterial blood pressure, 189, 192, 193
autonomic disturbances, 189, 192
autonomic symptoms, 188–191
cataplexy, 194
comorbid disorders, 192–194
component, 188
heart rate and variability, 189
MSNA, 189, 193
pharmacological and animal studies, 188

Orthostatic hypotension (OH), 3, 25–27, 134–136, 142, 143, 149, 152, 
251, 273, 290, 318, 319

Orthostatic Hypotension Questionnaire (OHQ), 138
Orthostatic intolerance (OI), 143, 230, 330
Orthostatic stress testing, 139
Oscillometric technique, 92
Oxygen saturation (SaO2), 121, 122

P
Panayiotopoulos syndrome, 217
Parabrachial (PB) nuclear complex, 12, 13
Parabrachial nucleus (PB), 9
Paradoxical sleep (PS), 249
Paraneoplastic autonomic neuropathy (PAN), 294
Parasympathetic efferent organization, 22, 23
Parasympathetic output, 11
Parasympathetic tone, 2
Parkinson disease (PD), 145

Parkinsonian-cerebellar syndrome, 153
Passive theory of sleep, 2, 30
Pedunculopontine tegmental (PPT) cholinergic neurons, 30
Pedunculopontine tegmental nucleus (PPT/PPN), 9, 14
Pelvic organ stimulating center, 9, 13
Periaqueductal gray (PAG), 9, 13
Periodic leg movements during sleep (PLMS), vs. cardiovascular 

disease, 174
fluctuations, 176
increased sympathetic activity, 176, 177
risk factor and mortality risk, 175
sleep disruptions, 175

Periodic limb movements during sleep (PLMS), 263
Periorbital integrated potentials (PIPs), 38
Peripheral autonomic nervous system

adrenaline, 27
autonomic afferent fibers, 23, 24
clinico-anatomical correlation, 25
enteric nervous system, 23
fright-fight-or-flight reaction, 27
noradrenaline, 27
orthostatic hypotension, 25–27
parasympathetic efferent organization, 22, 23
pharmacology, 25
physiological changes, 27
physiology, 25
sympathetic efferent organization, 19–22
vasoconstriction, 27

Phosphodiesterase type 5 inhibitors (PDE5-i), 312
Physiological changes

autonomic control, 43
baroceptive, chemoceptive, and thermoregulatory reflexes, 48
behavioral state, 43
brainstem respiratory neurons, 44
cardiac and circulatory functions, 45, 46
central chemoreception site, 44
evolutionary constraint, 48
functional dichotomy, 43
instrumental cardiovascular variables, 48
instrumental physiological variables, 48
intrinsic heterogeneity, 43
irregular respiratory pattern, 45
modulation of breathing, 44
non-homeostatic modality, 43
non-homeostatic regulatory modality, 43
phasic central nervous command, 48
physiological regulation, 48
primary homeostatically-regulated physiological variables, 48
primary physiological variables, 48
PVN neurons, 44
regulation of body temperature and energy expenditure, 46, 47
respiratory function, 44, 45
respiratory sinus arrhythmia, 44
sophisticated predictive regulatory mechanism, 43
transient heterothermic state, 48
upper airway dilator muscles, 45
wake-sleep changes, 43

Pittsburg Sleep Quality Index (PSQI), 336, 337
Polygraphic recording during sleep, 1
Polysomnography (PSG)

airflow measurement, 121
clinical utility, 117, 118
daytime hypersomnolence, 122
electrocardiography, 121
electroencephalography, 119, 120
electromyography, 120, 121
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Polysomnography (PSG) (cont.)
electro-oculography, 119, 120
HSAT, 122
nasal airway pressure, 121
oronasal temperature monitoring, 121
oxygen saturation, 121, 122
recording of respiratory effort, 121
RIP, 121
technical considerations, 118, 119

Polyvagal theory, 73
Pontine micturition center, 9
Pontogeniculo-occipital (PGO) waves, 38
Post-dormitum, 2
Posterior cingulate cortex, 16
Postural tachycardia syndrome (PoTS), 125, 144

autonomic investigations, 231–234
blood pressure, 229, 230
clinical features, 229–231
definition, 229
differential diagnosis, 234
heart rate, 229, 230
history, 229
non-autonomic investigations, 234
overlapping features, 234, 235
pathophysiology, 234, 235
treatment, 235, 236

preBötzinger Complex (preBötC), 12
Pre-dormitum, 2
Primary insomnia (PI)

clinical relevance, 165
CVD

clarification, 166
experimental data, 168
hypertension, 170
menopausal transition state, 169, 170
neurophysiological basis, 166–168
short sleep duration, 168, 169

definition, 165
experimental and epidemiological studies, 165

Prion protein (PrP), 200–202
Proof of functional dichotomy, 2
Psychosomatic medicine, 101
Pulse oximetry, 91, 93
Pure autonomic failure (PAF), 132, 136, 142, 143

anhidrosis, 273
antemortem pathology

follow-up, 277
gastric and colonic tissues, 278
muscle biopsy, 277, 278
skin, 278
sural nerve biopsy, 278
veins, 278

autonomic function tests, 274
biochemical data, 274
cardiovagal impairment, 273
chronic autonomic failure, 279
clinical evaluation, 279
clinical features, 274
diagnosis, 278, 279
efferent autonomic failure, 279, 280
endocrinologic-metabolic disorders, 273
laboratory tests, 274
neuropathological examination, 274
neuropathological findings, 277
nonpharmacologic interventions, 282
nonpharmacologic measures, 282

orthostatic hypotension, 273
parasympathetic dysfunction, 274
pathology, 276, 277
pharmacologic interventions, 283

droxidopa, 283, 284
fludrocortisone acetate, 283
midodrine-hydrochloride, 283

pharmacologic management, 273
phenoconversion and predictors, 281, 282
plasma norepinephrine levels, 275
postganglionic and preganglionic/central autonomic failure, 280, 

281
primary/idiopathic orthostatic hypotension, 274
signs, 276
symptoms, 275
treatment, 274

Q
Quantitative sudomotor axon reflex test (QSART), 139, 313

acetylcholine, 79
clinical interpretation, 80
equipment, 79
physiology, 80
protocol, 79
sudorometer, 79

Quartz string galvanometers, 99

R
Rapid-eye movement (REM) sleep, 2, 131

animal models, 35–37
core physiological components

central pattern generators, 38
hypothetical atonia pathway, 38
mesencephalic and spinal locomotor generators, 38
motor atonia, 37, 38
periorbital integrated potentials, 38
PGO waves, 38
sleep EEG, 38

Rapid-onset obesity with hypothalamic dysfunction, hypoventilation, 
and autonomic dysregulation (ROHHAD), 241, 330

Relaxed wakefulness (RW), 2
REM-sleep behavior disorder (RBD), 111

α[alpha]-syn-induced autonomic impairment, 252
α[alpha]-synucleinopathies, 249–252
anatomy of, 249
autonomic impairment, 250, 251
autonomic symptoms, 252, 253
biopsy and tissue analysis, 255, 256
cardiovascular reflex testing, 254, 255
central autonomic network (CAN), 250
fluctuating activity, 249
gastrointestinal motility, 255
heart rate variability, 253, 254
higher-order regulation system, 250
idiopathic RBD (iRBD), 250
Kaplan-Meier analysis, 251
metaiodobenzylguanidine (MIBG) scintigraphy, 254
multiple system atrophy, 263
neuroanatomical structures, 250
neuroimaging studies, 249
neuropathological studies, 251
nightmare disorder, 257
orthostatic hypotension (OH), 251
pathophysiology, 249
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peripheral autonomic involvement, 255
phenoconversion, 252
primary control center, 249
SudoScan® device, 255
sympathetic activity, 249
sympathetic cholinergic dysfunction, 255
trauma-associated sleep disorder (TSD), 257

Respiratory dysrhythmias, 145
Respiratory effort

respiratory inductance plethysmography, 92
strain gauges, 91

Respiratory function, 44
Respiratory inductive plethysmography (RIP), 92, 121
Respiratory sinus arrhythmia, 44
Restless legs syndrome (RLS), 263

vs. cardiovascular disease
epidemiological cross-sectional studies, 174
increased sympathetic activity, 176, 177
longitudinal epidemiological studies, 174, 175
sleep disruptions, 175

diagnosis, 173
identification, 173
prevalence, 173

Reticular formation of the rostral ventrolateral medulla (VLM), 9
Retrosplenial cortex, 16
Rhett syndrome, 241
Riley-Day Syndrome, 126
Ross syndrome, 148
Rostral ventrolateral medulla (RVLM), 12, 58
Rostral ventromedial medulla (RVMM), 9, 12

S
Schirmer’s test, 140
Schlafzentrum, 108
SCOPA-AUT scale, 138
Seizure onset zone (SOZ), 215, 216
Self-excitatory and negative self- inhibitory feedback model, 35
Shy-Drager syndrome, 125, 274
Sjögren syndrome, 296
Sleep

active theory, 2
autonomic nervous system, 109, 110
and epidemic encephalitis, 108
and inflammation, 1, 2
mechanisms of, 38–40
mesencephalon and diencephalon, 108
modern definition, 108
non-REM sleep, 108–110
passive theory, 2, 30
REM sleep, 107–110

Sleep and circadian regulation
central and autonomic nervous system interactions, 63
sleep ANS control

circadian modulation, 64, 65
developmental maturation and sex differences, 66, 67
falling asleep period, 66
female-specific hormonal factors, 67
sleep stage modulation, 64
sleep-tracking technology, 67, 68

Sleep apnea-hypopnea, 145
Sleep deprivation, 3
Sleep disorders, 117

actigraphy, 124, 125
autonomic failure

diabetic and amyloidotic polyneuropathies, 126

familial dysautonomia, 126
FFI, 126
MSA, 125
neurodegenerative diseases, 126
POTS, 125

Guillain-Barre Syndrome, 126
MSLT

definition, 122
guidelines, 122, 123
interpretation, limitations, and pitfalls, 123
MWT, 123, 124

polysomnography
airflow measurement, 121
clinical utility, 117, 118
daytime hypersomnolence, 122
electrocardiography, 121
electroencephalography, 119, 120
electromyography, 120, 121
electro-oculography, 119, 120
expired carbon dioxide, 122
HSAT, 122
nasal airway pressure, 121
oronasal temperature monitoring, 121
oxygen saturation, 121, 122
recording of respiratory effort, 121
RIP, 121
technical considerations, 118, 119

Sleep onset, 2
Sleep-onset rapid blinking, 145
Sleep-onset REM periods (SOREMPS), 123, 145
Sleep parasomnia, 111
Sleep protection insurance, 74–76
Sleep related epilepsy (SRE)

BECTS, 217
ESES, 219
JME, 218
Lennox Gastaut syndrome, 218, 219
panayiotopoulos syndrome, 217
seizure, 213
SHE

and autonomic system, 216, 217
clinical features, 215
diagnostic criteria, 214
electroencephalographic features, 216
epidemiology, 214
frontal onset, 215, 216
genetic form of, 214
NPD, 213
symptomatic forms, 214
treatment, 216

West syndrome, 218
Sleep-related gastroesophageal reflux (GER), 334
Sleep related hypermotor epilepsy (SHE)

and autonomic system, 216, 217
clinical features, 215
diagnostic criteria, 213–214
electroencephalographic features, 216
epidemiology, 214
frontal onset, 215, 216
genetic form of, 214
NPD, 213
symptomatic forms, 214
treatment, 216

Sleep terror (ST), 181
Sleepwalking (SW), 181
Sleep-wake generating neurons, 1, 30
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Sleep-wake regulation, 30
Slow-wave sleep (SWS), 2, 109
Sophisticated predictive regulatory mechanism, 43
Spanish flu, 29
Spike waves index (SWI), 219
Spinal cord injury (SCI)

ambulatory 24 BP and HR monitoring, 325
autonomic dysreflexia, 319–322
autonomic screening tests

orthostatic hypotension, 324
pressor stimuli, 324
Valsalva manoeuvre, 324, 325

cardiovascular dysfunction, 317, 318
exercise testing, 325
gastrointestinal dysfunction, 322, 323
genito-urinary dysfunction, 323
liquid meal challenge tests, 325
neurogenic shock, 317
orthostatic hypotension (OH), 318, 319
plasma catecholamine measurements, 325
sleep disorders, 323, 324

Sporadic familial insomnia (sFI), 206
Streeten syndrome, see Hyperbradykininism
Stress, 99, 101, 103, 111
Stridor, 263–265
Subwakefulness, 200
Sudden cardiac death, 4
Sudden infant death syndrome (SIDS), 147, 241, 327, 328
Sudden unexpected death (SUD), 147
Sudden unexpected death during sleep (SUDS), 303
Sudden unexpected death in epilepsy (SUDEP), 147

definition, 219, 220
epidemiology, 219, 220
genetics of, 221
implications for, 222–224
precipitating factors for, 222, 223
prevention of, 224
risk factors, 220, 221
and sleep, 221

Sudden unexpected nocturnal death syndrome (SUNDS), 146
Sudomotor dysfunction (SD), 312–313
Sudomotor function tests, 139
SudoScan® device, 255
Suprachiasmatic nucleus (SCM), 34
Sympathetic efferent organization, 19–22
Sympathetic hyperactivation, 202
Sympathetic hyperactivity, 3
Sympathetic integrity

neurochemical tests, 89
neuroimaging tests, 88
neuropharmacological tests, 88, 89

Sympathetic nervous system, 27
Sympathetic output, 10
Sympathetic skin response (SSR), 80, 81, 139
Sympathoadrenal activity, 168
Sympathoexcitatory neurons, 11
Sympatho-vagal balance, 103
Syncope, 273

T
Tachogram, 99, 100, 105
Thalamus, 208

role of, 34
Thermal load, 2
Thermoregulatory system, 47
Thyroid stimulating hormone (TSH), 47
Tissue plasminogen activator (tPA) inhibitor 1 (PAI-I), 4
Tonic pupil, 147
Transient loss of consciousness (TLOC), 149
Transient relaxation of the LES (TLESRs), 333, 335
Trauma-associated sleep disorder (TSD), 257
Trypanosoma cruzi, 131, 148
Twenty-four-hour ambulatory blood pressure monitors (ABPM), 92

U
Unilateral gustatory facial sweating, 148
United Multiple System Atrophy Rating Scale (UMSARS), 138
Upper airway dilator muscles, 45
Upper esophageal sphincter (UES), 333
Urogenital autonomic neuropathy (UAN), 311, 312

V
Vagal reflexes, 11
Valsalva maneuver (VM), 83–85, 141
Valsalva ratio (VR), 139
Vasoconstriction, 27
Vasovagal syncope (VVS), 150
Ventricular premature beats, 3
Ventrolateral preoptic (VLPO), 30
Voltage Gated Potassium Channels (VGKC) Encephalitis, 295
von Economo’s observation, 30

W
Wachzentrum, 108
Wake-active neurons, 3
West syndrome, 218
Whipple disease (WD), 208
Willis-Ekbom’s disease (WED), see Restless legs syndrome (RLS)
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