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Foreword

IX

Since its inception in 1963, the book series Progress in
Respiratory Research aims at publishing cutting edge

knowledge covering the widest possible area. Both clinical

and basic science feature with equal prominence. Judging

from sales figures and citations in the literature, the series

is enjoying a rapidly increasing reputation. The last two

volumes, vol 33 on ‘Paediatric Pulmonary Function

Testing’, and vol 34 on ‘Cystic Fibrosis in the 21st

Century’ have addressed important topics mainly relating

to pediatric pulmonology. Both are outstanding books, the

former just having received a ‘highly commended’ award

by the British Medical Association!

The one area which has never been covered in the series,

however, is sleep medicine. We were therefore very enthu-

siastic when Prof. W.J. Randerath approached us with his

idea to bring out a volume entitled: Sleep Apnea: Current

Diagnosis and Treatment. Together with his co-editors

B.M. Sanner and V.K. Somers, he put together a compre-

hensive book containing all relevant topics relating to sleep

apnea. True to the vision of the series Progress in

Respiratory Research, the authors of the different chapters

were chosen among the leaders in the field and from all

corners of the world, giving the book the usual global

appeal. Also, authors were instructed to cite the most recent

literature including 2005. Combined with the usual speed

of Karger Publishers to produce a book in very few months

after acceptance of the final article, this results in a book

presenting up-to-date knowledge, a true reflection of the

series’ title.

The current volume, 35 of the series, offers something

for everyone interested in sleep apnea or sleep-disordered

breathing and presents yet another gem in Progress in
Respiratory Research.

To the volume editors, the chapter authors, and the edi-

torial staff at Karger Publishers, Basel, a hearty thank you

and to you, potential readers, a warm welcome!

C.T. Bolliger
Cape Town
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Preface

It has been a fascinating experience to witness the devel-

opment of a new discipline in science and clinical medicine.

Although Charles Dickens excellently described the presen-

tation of a patient with sleep apnea in his famous novel The
Pickwick Papers in 1837, until 1980 there were only few

scientific publications on the theme. The impressive recent

evolution of sleep medicine started with the description of

continuous positive airway pressure therapy by Colin

Sullivan in the late 1970s. Professor Sullivan has more lately

added a new and important aspect to our understanding of

clinical sleep medicine by his observations on sleep-disor-

dered breathing during pregnancy. It is therefore a great

honor for us that he and some of the other most important

sleep researchers enrich this book with their insights.

In the face of the rapid developments in sleep medicine,

this book seeks to present the current knowledge in the

pathophysiology, clinical presentation, diagnosis, and treat-

ment of sleep apnea. As our primary focus is on breathing

disturbances during sleep, it is important to differentiate

these disorders from other sleep problems. Therefore,

Professor Levy introduces the volume with an overview of

the broad spectrum of sleep medicine.

New physiological approaches to modeling sleep are

based on the observation of the fluctuations between wake-

fulness and sleep. Interestingly, the distribution of sleep

and wakefulness follows similar laws as molecular move-

ment. Recent research highlights respiratory instability

during sleep, which also has implications for the upper air-

way dilator muscles.

By directly measuring the impedance of the upper air-

ways, the mechanical changes that take place in the course

of an apnea can be described precisely. Aside from these,

however, the importance of inflammatory processes and

oxidative stress is increasingly recognized. These mecha-

nisms, as well as genetic and anatomic factors and com-

pensatory processes, critically influence the structure and

function of the upper airway muscles. These concepts open

up new avenues of investigation for better understanding

and improved therapeutic options.

The diagnosis of sleep-disordered breathing is contingent

upon the history and the measurement of ventilation during

sleep. Standardized tests and questionnaires have become

increasingly important as objective measures of daytime

sleepiness. These tests aim at better characterization and

evaluation of the complexity of clinical symptoms. Despite

many attempts to simplify the diagnostic process,

polysomnography remains the gold standard approach to

clearly define sleep apnea, to differentiate it from other sleep

disorders and to introduce and supervise optimal therapy.

CPAP is the current method of choice for the treatment of

sleep apnea. However, based on new pathophysiologic find-

ings, novel therapeutic approaches are under investigation.

For example, stimulation of the upper airway muscles, car-

diac pacing, and surgical and pharmacological interventions

have been tested. As patients often seek treatment alterna-

tives, it seemed important to us to include the opportunities

and limitations of these new approaches, and to suggest rec-

ommendations for their use. Although automatic positive

airway pressure devices have broadened the therapeutic

repertoire of sleep physicians, questions still remain regard-

ing how automatic CPAP should be best used in titration and

treatment.



The general medical community has become increas-

ingly interested in sleep disorders, because of the important

influence of breathing disturbances during sleep on the car-

diovascular system. Therefore, reviews of central sleep

apnea and of cardiovascular complications of sleep-

disordered breathing play an important role in this edition.

Sleep apnea is relevant to all ages. Hence, children, the

elderly and pregnancy receive special attention in dedicated

chapters.

Our overall goal is to summarize the state-of-the-art

knowledge on sleep-disordered breathing. We are very

grateful to Prof. Bolliger and Karger Publishers for agree-

ing to incorporate this theme in the series Progress in
Respiratory Research. We especially thank the expert con-

tributors from throughout the world for sharing our mission

and for excellent contributions to this volume. We do hope

that this book will stimulate through discussion and

research, and that it will also assist clinicians in the evalu-

ation and management of their patients.

W.J. Randerath
B.M. Sanner
V.K. Somers

Preface XI

W.J. Randerath, Solingen B.M. Sanner, Wuppertal V.K. Somers, Rochester, Minn. 





Abstract

There are numerous sleep disorders. Many of these disor-
ders remain poorly recognized by the general practitioners but
may also be largely ignored by the respiratory physicians even
though they manage patients with sleep-disordered breathing. It
is nevertheless critical to be aware of the diversity of the sleep
disorders. Sleep disorders represent a major challenge in terms
of differential diagnosis.This is particularly relevant to excessive
daytime sleepiness.On the other hand,very common conditions
such as insomnia or restless legs syndrome are still neglected or
ignored by the vast majority of the medical community. Thus,
expanding the knowledge on both respiratory and nonrespira-
tory sleep disorders may contribute to improve sleep medicine
quality amongst respiratory physicians. In this overview, sleep
disorders have been described according to the 2nd Inter-
national Classification of Sleep Disorders published in 2005, i.e.
insomnia, sleep-disordered breathing, hypersomnias, parasom-
nias, circadian disorders and movement disorders. Lastly,
excessive daytime sleepiness being a major concern for the res-
piratory physicians dealing with sleep, the differential diagnosis of
excessive daytime sleepiness has been further detailed.

Introduction

Sleep has multiple functions including brain metabolism

maintenance, rest of the cardiovascular system and glucose

metabolism balance. Sleep represents one third of the human

life and deeply alters many physiological regulations.

There are numerous sleep disorders. However, many

behavioral changes occurring during sleep do not necessar-

ily represent a health hazard. Moreover, the boundary

between normality and disease is often difficult to estab-

lish. Snoring, for instance, obviously represents an increase

in upper airway resistance. Primary snoring, however, may

only be a social nuisance. On the other hand, snoring may

further be associated with sleep fragmentation and sleep

apnea, thus leading to excessive daytime sleepiness and

cardiovascular morbidity. There are also many changes

occurring with ageing without significant health impact.

For instance, inspiratory flow limitation, a common feature

in sleep-disordered breathing (SDB), seems to be very fre-

quent during sleep in male adults over 40, without neces-

sarily any symptom or health consequence.

In the present overview, we refer to the 2nd International

Classification of Sleep Disorders (ICSD II) [1], published

in 2005. Sleep disorders have been described in accordance

with ICSD II, i.e. insomnia, SDB, hypersomnias, parasom-

nias, circadian disorders and movement disorders.

The ICSD II can be summarized in eight categories, as

shown in table 1.

Insomnia

Definitions

Insomnia is defined as a repeated difficulty with sleep

initiation, duration, consolidation, or quality that occurs

Randerath WJ, Sanner BM, Somers VK (eds): Sleep Apnea.
Prog Respir Res. Basel, Karger, 2006, vol 35, pp 1–12

Sleep Disorders and Their 
Classification – An Overview
Patrick Lévya Véronique Viot-Blancb Jean-Louis Pépina

aSleep Laboratory and HP2 Inserm ERI 0017, Grenoble University, Grenoble, bSleep Unit, Lariboisière
Hospital, Paris, France



despite adequate time and opportunity for sleep and results

in some form of daytime impairment [1]. An adult insomniac

patient usually complains of difficulty initiating or main-

taining sleep. Concerns about insufficient amount of noc-

turnal sleep and extended periods of nocturnal wakefulness

are usually present. Early awakening can also occur. Less

frequently, the patient may describe a perception of poor

sleep quality or nonrestorative sleep, while its length and

sleep periods are perceived as adequate. Insomniac patients

are usually worried and anxious about their sleep [2, 3].

Consequences of Insomnia

Insomnia usually results in daytime fatigue, irritability,

decreased mood, general malaise and cognitive impairment.

This includes attention, concentration and memory impair-

ments. The cognitive impairment may result in an increased

occurrence of errors, accidents, at work or at the wheel,

mainly in the more severe forms. In some patients, physical

symptoms are related to their insomnia, including muscle ten-

sion, gastrointestinal upset or headache. Lastly, there are few

data suggesting a higher prevalence of hypertension and an

increased usage of cardiovascular drugs in chronic insomnia.

Consequences on social and occupational functioning, and

personal life are frequent when insomnia becomes chronic,

reducing quality of life. Excessive daytime somnolence

(EDS) is unusual in insomniac patients. When present, it sug-

gests searching for a specific cause or another sleep disorder.

Causes of Insomnia

Multiple causes are possible. In some cases, insomnia rep-

resents the symptom of another condition: primary medical

illness or mental disorder, other sleep disorder or use of

substances or drugs. In these cases, insomnia may be quali-

fied as secondary. In other cases, insomnia appears to be

primary without identifiable causes [4]. There are however

favoring factors, i.e. vulnerability triggering (environment,

life events) or perpetuating insomnia (behaviors).

Insomnia is thus frequently multifactorial. The patho-

physiological bases are still largely unknown and the favor-

ing factors may change with ageing. One of the most

prominent contributing factors is anxiety that can be dif-

fuse or focused on concerns regarding the patient’s insom-

nia and its consequences.

Objective Findings

Sleep recording is not useful unless another sleep disor-

der is suspected. When performed, it may or may not confirm

patient sleep perception. Discordance between objective

findings and sleep complaints is not unusual and does not

rule out the diagnosis [5]. This is particularly true when the

recording is performed in the laboratory or in unusual

sleeping conditions. When sleep disturbances are present,

delayed sleep onset, increased wake after sleep onset

(WASO) or early awakening can be found alone or in com-

bination. Usually, sleep onset of more than 30 min and

WASO of more than 45 min are considered as pathological.

Sleep structure is likely to be disturbed with slow wave

sleep and REM sleep reduction whilst light sleep (stages I

and II) increases in percentage. Sleep fragmentation is also

common without identifiable cause in most cases [1].

Overall Treatment Principles

The multifactorial and complex determinants of insom-

nia represent a major challenge when treating insomniacs.

A critical step is to identify the various causes and favoring

or perpetuating factors and to try to implement a specific

response.

To treat a mental disorder, to correct or adapt a pharma-

cological treatment, to restore sleep hygiene are among the

first measures to envisage. These can be effective espe-

cially in case of acute or subacute insomnia. Their efficacy

is much more limited when dealing with chronic insomnia.

Psychological determinants are central in chronic insom-

nia. Anxiety treatment is often a first-line treatment target.

Pharmacological treatment, relaxation, behavioral and

cognitive therapies, stimulus control may all have some

degree of effectiveness. Among effective insomnia treatments,

Lévy/Viot-Blanc/Pépin2

Table 1. Overall classification of sleep disorders according to 

ICSD II [1]

I Insomnias

II Sleep-related breathing disorders (SRBD)

III Hypersomnia of central origin not due to circadian rhythm 

sleep disorder, SRBD or other cause of disturbed 

nocturnal sleep

IV Circadian rhythm sleep disorder

V Parasomnias

VI Sleep-related movement disorders

VII Isolated symptoms, apparently normal variants, unresolved

issues

VIII Other sleep disorders
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cognitive and behavioral therapies (BCT) refer to a frequent

negative conditioning effect on sleep that predisposes to

symptom perpetuation and aggravation [6]. It has been

demonstrated that BCT are comparable to hypnotics in

chronic insomnia. However, a combination or a sequential

use of these treatments might be even more effective.

Modern hypnotics (zolpidem, zopiclone) that are short-

time action compounds have a proven efficacy without

residual sleepiness at awakening or during daytime.

However, it should be reminded that most studies are short

term, usually 1–3 months, and very recently 6 months for

one study. Long-term studies are warranted and should be

favored by the recent FDA approval for chronic hypnotic

treatment.

Hypnotics’ prescription needs to carefully evaluate clin-

ical history and associated symptoms. A global care pro-

gram is needed in case of chronic insomnia, including

hypnotic prescription when needed. This prescription has to

be adapted, limited in time and accompanied by a careful

evaluation and treatment of associated favoring and perpet-

uating factors.

Theoretically, hypnotic treatment should be short-term

aiming essentially at stopping the vicious circle perpetuat-

ing insomnia. In clinical practice, however, hypnotics are

often used as long-term treatment, which can promote

reduction in the therapeutic effect, increase in dosage, and

make ending the drug treatment difficult. This applies par-

ticularly to classical benzodiazepines that commonly

induce rebound insomnia when suddenly interrupted. It is

also true for modern hypnotics that long-term use may lead

to psychological dependency. This could be one of the

causes of long-term treatment, although the low level of

knowledge regarding sleep and insomnia among health

professionals might be much more contributing. Moreover,

alternative treatments are poorly available in many coun-

tries and not affordable economically for many patients,

being usually not covered by health insurance. Thus the use

of hypnotics although often criticized by the health author-

ities remains the only available solution.

Different Types of Insomnia

Adjustment or Acute Insomnia
The essential feature of adjustment insomnia is the pres-

ence of insomnia in association with an identifiable stressor.

It is insomnia of relatively short duration, typically a few

days to a few weeks.

Its occurrence can be related to a variety of stressors

including changes or disputes in personal relationship,

occupational stress, personal losses, diagnosis of a medical

condition, moving to a new location, or even change in the

usual sleep environment. . . . Its incidence has been reported

to be up to 15–20%, with a predominance in females and

elderly subjects. A previous history of anxiety or depressive

symptoms or disorders is a favoring factor. This insomnia

has a clearly defined acute onset and a short duration, usu-

ally less than 3 months. It will resolve when the stressor

will stop or when the subject will be adapted when the

stressor has become chronic. Repeated episodes may also

occur. Hypnotics are usually effective in this type of insom-

nia, generally prescribed for a period of a few days or

weeks. In this context, modern hypnotics such as zolpidem,

zaleplon or zopiclone, of short duration of action, have

been shown as effective and safe, without morning or day-

time residual sleepiness.

Insomnia Associated with Poor Sleep Hygiene
Various habits or behaviors may be detrimental for sleep

onset or quality. They represent perpetuating factors. These

behaviors include: frequent, prolonged or late naps during

daytime, highly variable bedtimes or rising times, time in

bed much exceeding sleeping time, routine use of stimu-

lants, alcohol, caffeine or nicotine especially in the period

preceding bedtime, engagement in mentally stimulating,

physically activating or emotionally upsetting activities

close to bedtime, frequent use of the bed for activities other

than sleep such as watching TV, snacking, studying, etc. A

failure in maintaining a comfortable sleeping environment

can also be noticed.

Psychophysiological Insomnia
The main characteristic is heightened arousal during

daytime and a negative conditioning to sleep onset in the

beginning of the night or during the night. The physiologi-

cal arousal may be associated with cognitive hypervigi-

lance, intellectual or physical hyperactivity. Mental arousal

in the form of ‘a racing mind’ is characteristic. There is also

an overconcern with the inability to sleep. A vicious cycle

develops, in which the more one strives to sleep, the more

agitated one becomes and the less able one is to fall asleep.

This might explain why patients often report that they sleep

better away from their own bedroom and usual routines.

This may be learned during previous episodes of insomnia

caused by other precipitating factors such as depression,

pain, disturbed sleep environment or shift work. However,

psychophysiological insomnia may persist long after these

factors have disappeared. As in all forms of insomnia, there

is a decreased feeling of well-being during daytime, with

deteriorated mood and motivation, decreased attention,



vigilance, energy and concentration and increased fatigue

and malaise. Excessive daytime sleepiness and daytime

naps are conversely rather rare. This condition is thought to

be present in 1–2% of the general population and between

10 and 15% of all patients seen at sleep centers. This type

of insomnia is more frequent in women and may occur

during adolescence or when adult. Sleep recording may

paradoxically reveal better than sleep at home, which con-

trasts with what is usually observed in normal individuals.

When untreated, this condition may persist for decades and

deteriorate progressively. There is then an increased risk of

depression occurrence or aggravation. This type of insom-

nia is usually responsive to behavioral therapy, alone or

associated with hypnotics [6].

Paradoxical Insomnia
Paradoxical insomnia is characterized by a very severe

insomnia complaint, nearly every night, with very little

sleep. The patient describes permanent awareness of envi-

ronmental stimuli and a frequent pattern of conscious

thoughts or rumination. The severity of this insomnia con-

trasts both with little daytime consequences and also a con-

sistent marked mismatch between objective findings from

polysomnography or actigraphy and subjective sleep esti-

mates. Total sleep time is for instance often underestimated

by 50%. This is related to the difficulty in sleep perception.

Idiopathic Insomnia
This type of insomnia is observed very early in life, dur-

ing childhood. There is no precipitating factor and the con-

dition is stable and chronic. There is usually no inter-night

variability or periods of remission as seen in other forms of

insomnia. There is possibly a familial component. Daytime

impairment includes daytime fatigue or sleepiness, mood

symptoms, or cognitive complaints such as poor attention

and concentration. The sleep disturbance should not be bet-

ter explained by another sleep disorder, medical or neuro-

logical disorder, mental disorder and medication use or

substance abuse.

Insomnia due to Mental Disorder
Mental disorders are essentially made of mood disorders

and anxiety. The insomnia typically begins with the onset

of the causative mental disorder and varies in parallel.

Mood disorders include major depressive disorder, dys-

thymic disorder, bipolar disorder and cyclothymic disorder.

However, most anxiety disorders and various somatoform

disorders may give rise to this condition. Difficulty falling

asleep is most typical of anxiety disorders, especially in

young patients. In depression and older patients, frequent

awakenings during the night and early morning awaken-

ings with difficulty returning to sleep are more typical.

Insomnia usually improves when treating the causal mental

disorder. However, in some individuals, insomnia may per-

sist long after the other symptoms of their mental disorder

remit. It should also be reminded that some treatments of

depression or anxiety may aggravate insomnia.

Insomnia due to Drug or Substance
Sleep disruption may arise from substances that act as

CNS stimulant or depressant. Among the stimulants that

most commonly lead to sleep difficulties are caffeine,

amphetamines and cocaine. Insomnia, however, may arise

as an unintended side effect of various medications pre-

scribed at therapeutic dosage. Insomnia may appear as a

side effect of certain antidepressants, various antihyperten-

sive agents, hypolipidemic medications, corticosteroids,

antiparkinsonian drugs, theophylline, anorectic agents and

some antiepileptic medications. Paradoxically, sedative

drugs may generate insomnia when used chronically and

interrupted. Alcohol consumption may also initially favor

sleep onset but further promote sleep instability and frag-

mentation. Abrupt alcohol withdrawal is also possibly asso-

ciated with severe insomnia.

Insomnia due to Medical Condition
All respiratory disorders, limited mobility and many

neurological disorders may generate insomnia. All painful

disorders may also be involved.

• Asthma, chronic respiratory failure, migraine, gastro-

oesophageal reflux, prostatic hypertrophy and diabetes,

dementia and neurodegenerative diseases.

• Menopause is frequently associated with insomnia.

• All painful disorders such as fibromyalgia, arthritis, pri-

mary or metastatic cancers may be involved.

Insomnia Related to Another Sleep Disorder
Insomnia may reveal another sleep disorder. Restless

legs syndrome (RLS) is frequently associated with insom-

nia, whilst SDB and parasomnias are much more rarely

revealed by insomnia.

Sleep-Disordered Breathing

Sleep breathing disorders are extensively presented in

the present book. Thus there is no need for further details.

However, the classification that has been suggested in

1999 by the American Academy of Sleep Medicine

(AASM) [7] is of interest and has been confirmed through

Lévy/Viot-Blanc/Pépin4



the ICSD II published in 2005. There are basically four dif-

ferent categories:

Obstructive Sleep Apnea/Hypopnea Syndrome
This includes both classical obstructive sleep syndrome

(OSA) but also upper airway resistance syndrome (UARS)

[8], as it has been suggested that there is no sufficient spe-

cific epidemiological, pathophysiological and clinical data

to support a specific category. The definitions of SDB

made by the AASM Task Force in 1999 did not include

UARS as a syndrome but did define respiratory effort-

related arousals (RERAs) [7]. Recently several authors

have discussed about this syndrome’s existence and the mor-

bidity that might be related to RERAs [9]. ICSD II is over-

all in accordance with the AASM Task Force report. If

baseline oxygen saturation is normal, events including an

absence of oxygen desaturation, despite a clear drop in

inspiratory flow, increased respiratory effort and a brief

change in sleep state or arousal, are defined as RERAs. The

UARS is a proposed diagnostic classification for patients

with RERAs who also do not have events that would meet

definitions for apneas and hypopneas [10]. However, these

events are presumed to have the same pathophysiology as

obstructive apneas and hypopneas (upper airway obstruc-

tion) and are believed to be as much of a risk factor for

symptoms of unrefreshing sleep, daytime somnolence, and

fatigue as frank apnea or hypopnea. Therefore, ICSD II rec-

ommends that they be included as part of OSA and not con-

sidered as a separate entity [1].

Regarding obstructive sleep apnea syndrome [11], there

is now substantial evidence that there is a causal relation-

ship between OSA and EDS, with cognitive impairment

including increased risk of traffic accidents on the one hand

[12, 13] and cardiovascular morbidity and mortality on the

other [13–15]. The cardiovascular consequences seem to

appear early in the disease, e.g. occurrence of atherosclero-

sis without other cardiovascular risk during OSA [16, 17].

This supports early treatment also because the rate of mor-

tality is decreased with age [18].

Central Sleep Apnea Syndrome with Cheyne-Stokes
Respiration
This is a condition including both central apneas and

hypopneas and Cheyne-Stokes respiration (CSR) usually

associated with an increase in ventilatory response to CO2

that promotes ventilatory instability and thus sleep instabil-

ity [7]. The most prevalent condition leading to central

sleep apnea syndrome (CSAS)-CSR is chronic heart failure

(CHF), being both a marker of severity and a factor of

aggravation which affects both morbidity and mortality

[19]. However, there is no doubt that treating CHF reduces

CSAS-CSR. Thus, this condition might be slightly less

prevalent since the systematic use of beta-blockers, as

suggested by the recently published Canadian multicenter

study on positive airway pressure (CANPAP) [19, 20].

Central Sleep Apnea Syndrome
This is a condition where central apneas and hypopneas

occur without CSR, thus excluding CSAS-CSR. This is

a rare condition, although several infectious, tumoral or

inflammatory diseases affecting the brainstem may result in

CSAS [7].

Obesity Hypoventilation Syndrome
This is a condition in which there is both obesity and

hypercapnia [7]. There is possibly either hypoventilation or

apneas or both during sleep. As the prognosis is very poor

[21] and obesity more and more epidemic worldwide, this

is a rapidly growing subset of SDB that needs more atten-

tion in both clinical research and care.

Hypersomnia

Hypersomnia presents with a common symptom that is

EDS, and the cause of this primary symptom is not dis-

turbed nocturnal sleep or misaligned circadian rhythm [1].

Daytime sleepiness is defined as the inability to stay awake

and alert during the waking period, resulting in unintended

lapses into drowsiness or sleep. This occurs more likely in

boring monotonous situations and may result in large

increase in daily total sleep time without significant feeling

of restoration. The impact of naps may also be transitorily

effective in alleviating EDS which reappears shortly there-

after. Sleepiness may also result in semiconscious behavior

in the midst of a sleep episode with usually no memory of

the event. It also usually significantly alters driving ability

and disturbs occupational activities. This may result in

potentially dangerous consequences and impaired quality

of life. EDS has to be a chronic symptom and last for at

least 3 months prior to diagnosis.

Narcolepsy

Narcolepsy [22, 23] is rather rare and affects 0.02–0.18%

of the US and European populations regarding narcolepsy

with cataplexy. A lower prevalence has been described in

Israel, whereas narcolepsy is more prevalent in Japan. The

onset of the disease occurs typically between the age of

15 and 25 years. Sleepiness is usually the first symptom,

Sleep Disorders Overview 5



cataplexy often occurring within a year of onset.

Hypnagogic hallucinations, sleep paralysis and disturbed

nocturnal sleep often occur later in the course of the dis-

ease. Most cases of narcolepsy-cataplexy are associated

with a loss of 50,000–100,000 hypothalamic neurons con-

taining the neuropeptide hypocretin or orexin. The lack of

hypocretin can be assessed by measuring cerebrospinal

fluid (CSF) levels of hypocretin-1 [23, 24]. About 90% of

patients with narcolepsy-cataplexy have drastically reduced

levels of hypocretin-1, almost all exhibiting a specific

human leukocyte antigen subtype, i.e. HLA DQB1*0602

[22–24]. It has been very recently demonstrated that these

neurons are effectively lost, presumably owing to an

autoimmune process resulting in hypocretin cells occurring

during adolescence. This autoimmune hypothesis although

never demonstrated is supported by the association with the

HLA subtype. Regarding the HLA subtypes, actually both

DR2/DRB1*1501 and DQB1*0602 are associated with

narcolepsy in Causasians and Asians but not in African-

Americans. This is supporting a genetic predisposing fac-

tor. However, environmental factors are also present. In a

twin study, only 30% of monozygotic twin pairs with nar-

colepsy-cataplexy were reported as concordant.

The main symptom is EDS resulting in repeated

episodes of naps or lapses into sleep across the daytime.

Typical patients with narcolepsy with cataplexy also pres-

ent with refreshing sleep episodes during daytime. They

also often exhibit sudden and irresistible sleep attacks

occurring in unusual situations such as eating, walking or

driving [22, 23]. Nocturnal sleep is often unstable, frag-

mental and perceived as superficial. Sleep paralysis and

hypnagogic hallucinations are also common in narcoleptic

patients but may also occur occasionally in normal patients

and in patients with other sleep disorders.

Cataplexy is conversely a unique characteristic of the

disease. It is characterized by a sudden loss of bilateral

muscle tone provoked by strong emotions that are usually

positive, such as laughter, pride or surprise [22, 23].

Cataplexy can include all skeletal muscle groups or can

affect specifical muscle subgroups, mostly lower or upper

limb, neck or mouth. The duration of cataplexy is short,

ranging from a few seconds to several minutes with usually

an immediate and complete recovery [22, 23].

Sleep recording may demonstrate sleep onset in REM

sleep (SOREMP) and poor sleep quality. In most cases,

however, nocturnal sleep recording is nonspecific.

Diagnosis is both clinical and based on the Multiple Sleep

Latency Test (MSLT). This test is made of 4–5 sleep record-

ings during naps starting at 8 or 9 a.m. and occurring every 2 h.

MSLT should follow a nocturnal polysomnography (PSG).

The diagnosis is made on mean sleep latency on MSLT of

less than 8 min and two or more SOREMPs. An alternative

is hypocretin-1 CSF level of less than 110 pg/ml or one

third of the normal values (90% of patients with narcolepsy-

cataplexy) [1].

An important change in the ICSD is the recognition of

narcolepsy without cataplexy. Cataplexy is either absent or

doubtful or atypical [1]. The main diagnostic criteria are

EDS associated with mean sleep latency less than 8 min

and at least two SOREMPs on MSLT. The prevalence is

unknown but may represent 10–50% of the narcoleptic

population. Only 10–20% of patients with narcolepsy with-

out cataplexy present with low CSF hypocretin-1 [24];

almost all with HLA DQB1*0602. Most probably, this sub-

group represents a heterogeneous group that includes

numerous etiologies [1, 23].

The differential diagnosis is critical in this late condition

(see below).

Idiopathic Hypersomnia

This is a condition characterized by constant and severe

excessive sleepiness with prolonged and unrefreshing naps

of up to 3 or 4 h and great difficulty of waking up in the

morning [25]. The major sleep episode is prolonged to at

least 10 h, typically 12–14 h [1]. In the ICSD II, the term

idiopathic hypersomnia has been used to include subjects

with hypersomnolence without increased nocturnal sleep.

The two variants have been separated.

• In case of idiopathic hypersomnia without increased noc-

turnal sleep time, MSLT must demonstrate mean sleep

latency (SL) less than 8 min and less than two SOREMPs.

This allows distinguishing from narcolepsy without cata-

plexy, a difficult clinical differential diagnosis [1].

• Idiopathic hypersomnia with long sleep time may be famil-

ial, and an autosomal dominant mode of inheritance has

been suggested. CSF hypocretin-1 is at normal levels [1].

Principles of Treatment

In most cases, modafinil is effective in treating EDS.

Methylphenidate is a possible alternative. However, in some

cases, there is persistent need for naps and daily life has to

be organized in taking this residual EDS into account.

In narcolepsy with cataplexy, cataplexy can be treated

by antidepressant (tricyclic antidepressants, serotonin-

specific reuptake inhibitors, SSRIs, and monoamine oxidase

inhibitors).
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Parasomnias

These diseases have been classified in the ICSD II but

also in several reviews [1, 26]. Mark Mahowald, a leading

expert in the field, elegantly summarized the knowledge in

this field in a review recently published in the journal

Nature [27].

Parasomnias are defined as unpleasant or undesirable

behavioral phenomena that occur predominantly or exclu-

sively during sleep. Parasomnias are not a unitary phenom-

enon but rather are the manifestation of a wide variety of

completely different conditions, most of which are diag-

nosable and treatable. The common parasomnias are an

example of ‘dissociated sleep states’, representing the

simultaneous admixture of wakefulness and either NREM

sleep (disorders of arousal such as sleepwalking or sleep

terrors) or wakefulness and REM sleep (REM sleep behav-

ior disorder). Parasomnias may result in striking clinical

phenomena, which occur during the transition from one

state to another. In addition to the phenomenon of state dis-

sociation, in which two states of being overlap or occur

simultaneously, there are probably additional underlying

physiological phenomena that contribute to the appearance

of complex motor behaviors during sleep. This may include

activation of locomotor centers during sleep, sleep inertia

(a period of confusion or disorientation during the transi-

tion from sleep to wakefulness) upon arousal and sleep

state instability (oscillation between wakefulness and

sleep).

NREM Sleep Parasomnias

Disorders of Arousal
The disorders of arousal are the most impressive and

most common of the NREM sleep parasomnias. They share

common features. They tend to arise from slow-wave sleep

(stages 3 and 4 of NREM sleep) and therefore usually occur

during the first third of the sleep cycle (and rarely during

naps). They are common in childhood, usually decreasing

in frequency with increasing age. Disorders of arousal may

be triggered by febrile illness, alcohol, previous sleep dep-

rivation, physical activity, emotional stress or medications.

Such factors act, however, as triggering events in suscepti-

ble individuals. Persistence of these behaviors beyond

childhood or their development in adulthood has erroneously

been taken as an indication of underlying psychopathology, whilst

many more recent clinical reports have demonstrated that

this is not the case [27].

Confusional Arousals

These are often seen in children and are characterized by

movements in bed, occasionally thrashing about or incon-

solable crying. ‘Sleep drunkenness’ is probably a variation

on this theme. The prevalence of confusional arousals in

adults is approximately 4%.

Sleepwalking

Sleepwalking is prevalent in childhood (1–17%), peak-

ing at 11–12 years of age, and is still very common in adults

(nearly 4%). Sleepwalking may be either calm or agitated,

with varying degrees of complexity and duration.

Sleep Terrors

The sleep terror is the most impressive disorder of

arousal, frequently initiated by a loud scream associated

with extreme panic, followed by prominent motor activity

such as hitting the wall, running around or out of the bed-

room, resulting in bodily injury or property damage. A con-

stant feature is inconsolability, attempts at consolation

being useless and often prolonging or even intensifying the

confusional state. Complete amnesia for the activity is typ-

ical, but may be only partial. As with sleepwalking, sleep

terrors are not rare in adults (up to 3%). Although usually

benign, these behaviors may be violent, resulting in consid-

erable injury to the victim or others or damage to the envi-

ronment, with possible legal implications. Treatment

options include reassurance, behavioral or pharmacological

approaches, e.g. short-acting benzodiazepines.

REM Sleep Parasomnia

The most common REM sleep parasomnia [1, 26, 27] is

the REM sleep behavior disorder (RBD). In patients with

RBD, somatic muscle atonia, one of the defining features

of REM sleep, is absent, permitting the acting out of dream

mentation, often with violent or injurious results.

The presenting complaint is that of vigorous sleep behav-

iors usually accompanying vivid dreams. These behaviors

may result in repeated injury, including ecchymoses, lacera-

tions and fractures. Some of the self-protection measures

taken by the patients (tethering themselves to the bed, using

sleeping bags or pillow barricades, or sleeping on a mattress

in an empty room) reveal the intensity and severity of these

recurrent episodes. There are also legal issues in this disor-

der. RBD predominantly affects males (about 90%) and usu-

ally begins after the age of 50 years.

RBD may occur in both an acute and chronic form.

The acute form is often due to undesirable side effects of
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prescribed medications, most commonly antidepressant

medications, particularly the SSRIs.

The chronic form of RBD is usually either idiopathic or

associated with neurological disorders. RBD may be asso-

ciated with neurodegenerative disorders, particularly

Parkinson’s disease, multiple system atrophy or dementia

with Lewy body disease. Interestingly, RBD may be the

first manifestation of these conditions, and may precede

any other manifestation of the underlying neurodegenera-

tive process by more than 10 years. Many patients with

RBD who have been followed over time, are developing

neurodegenerative disorders. The striking relationship

between RBD and neurodegenerative disorders has led to

many neuroimaging and cerebral blood flow studies in

patients with RBD. As both narcolepsy and RBD represent

state boundary dyscontrol conditions, there is a higher inci-

dence of RBD in patients with narcolepsy. Moreover, medica-

tions prescribed to treat cataplexy associated with narcolepsy

(tricyclic antidepressants, SSRIs and monoamine oxidase

inhibitors) can trigger or further exacerbate RBD. The ben-

zodiazepine clonazepam is a highly effective treatment

for RBD although its mechanism of action in RBD is

unknown.

Circadian Rhythm Disorders

The primary symptom of circadian rhythm disorders

[1, 27, 28] is the inability to sleep during the desired sleep

time. Once asleep, there is no abnormality of sleep but only

of the timing of sleep. The cause of all circadian rhythm

disorders is an inability of the individual’s biological clock

to adjust to the demands of the environment. Wake-sleep

schedule disorders are either primary (dysfunction of the

biologic clock) or secondary (resulting from environmental

effects upon the underlying clock). The secondary disor-

ders (such as jet lag and shift work) are usually easy to

identify [29, 30]. The primary disorders may be much more

difficult to diagnose, as they may present as other sleep,

medical or psychiatric disorders such as hypersomnia,

insomnia, substance (sedative-hypnotic or stimulant) abuse

or psychiatric conditions.

Treatment is based on chronotherapy and phototherapy.

In addition, there are new pharmacological treatments.

In chronotherapy, the desirable total sleep time is

determined by sleep logs during a ‘free-running’ period.

The patient then delays or advances sleep onset, by a few

minutes every day and sleeping only the predetermined

number of hours until the sleep onset time is at the desired

time.

Phototherapy (exposure to bright light) has a potent

effect upon the biological clock, and exposure at specific

times of the wake/sleep cycle results in a change in the

underlying rhythm. The timing and duration of the pho-

totherapy depend upon diagnosis and individual response.

The patient sits at a prescribed distance from a bright light

producing more than 2,500 lux. The effect of light upon

human rhythms varies with intensity, wavelength, timing

and duration of exposure. Once the desired sleep period

time has been achieved, continued light exposure must be

maintained.

Delayed Sleep-Phase Syndrome
In delayed sleep-phase syndrome (DSPS), the patient

falls asleep late and rises late [28]. There is a striking

inability to fall asleep at an earlier, more desirable time.

This may present itself as either sleep-onset insomnia or

daytime hypersomnia (particularly in the morning). DSPS

is the most common of the primary circadian disorders, and

may, in part, be the consequence of societal increases in

nighttime activities. Combinations of chronotherapy, pho-

totherapy and medications may be effective in ‘resetting’

the clock. The treatment regimen must however be main-

tained, or the clock will again become delayed.

Advanced Sleep-Phase Syndrome
Individuals suffering from advanced sleep-phase syn-

drome fall asleep early and awaken earlier than desired. They

are unable to remain awake until the desired time, falling

asleep in the early evening and awakening in the very early

hours of the morning. This may present as hypersomnia

(particularly in the evening) or sleep-maintenance insomnia.

Patients complain of interruption of evening activities by

their sleepiness [28]. Bright light exposure in the evening

may delay the clock to a more acceptable pattern.

Other, less common, circadian dysrhythmias include a

‘non-24-hour wake-sleep pattern’ and ‘irregular wake-sleep

pattern’.

Underscoring the inherent nature of these conditions,

human genetic studies have identified specific genes asso-

ciated with both delayed and advanced sleep-phase syn-

dromes [31–33].

One promising pharmacological treatment is melato-

nin. Melatonin is secreted by the pineal gland, and its

secretion is coupled to the wake-sleep cycle. It is a

valuable marker of the underlying wake-sleep period. It is

likely that melatonin plays an important role in biologi-

cal rhythms. There is evidence that administration of
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exogenous melatonin may alter the biological rhythm in

certain conditions.

Restless Legs Syndrome

There are many recent excellent reviews and also sev-

eral Task Force reports regarding RLS [34–37]. There is

also major interest in the field since dopamine agonists

have been shown as effective treatment [38, 39]. The RLS

is a common disorder that encompasses an idiopathic form

of genetic or unknown origin and symptomatic forms asso-

ciated with many causes.

The prevalence of the syndrome has been underestimated

in the past and epidemiological population-based studies

show that between 3 and 10% of the population have cardinal

symptoms. In several studies a female preponderance has

been described. Most patients with mild symptoms do not

need any pharmacological treatment. Patients who need con-

tinuous treatment are mostly older than 50 years [35]. In

1995, clinical diagnostic criteria for the RLS were estab-

lished by the International Restless Legs Syndrome Study

Group.The criteria for diagnosis as shown below were fur-

ther published in 2003 [36] as well as a severity scale [37].

The essential criteria are:

• An urge to move the legs, usually accompanied by

uncomfortable or unpleasant sensations in the legs.

• Unpleasant sensations or the urge to move begin or

worsen during periods of rest or inactivity such as lying

or sitting.

• Unpleasant sensations or the urge to move are partly or

totally relieved by movement such as walking, bending,

stretching, etc., at least for as long as the activity continues.

• Unpleasant sensations or the urge to move are worse in

the evening or at night than during the day, or only occur

in the evening or night.

There are supportive criteria: positive response to

dopaminergic treatment, periodic limb movements (during

wakefulness or sleep), positive family history of the RLS.

There are also associated features. It can begin at any

age, but most patients seen in clinical practice are middle-

aged or older. Most patients have a progressive clinical

course, but a static clinical course is sometimes seen.

Remissions of a month or more are also reported. The

leg discomfort and the need to move may result in insomnia

in most cases. A neurological examination is usual in idio-

pathic and familial forms of the syndrome. Peripheral neu-

ropathy or radiculopathy are sometimes carried out in the

nonfamilial form of the syndrome. A low serum ferritin

(�50 �g/l) may be found in the syndrome.

Periodic Limb Movements

Involuntary movements may also occur either during

sleep or when awake. These movements occur periodically

and are called periodic limb movements. Diagnosis of peri-

odic limb movements during sleep is based on the defini-

tion of the American Sleep Disorders Association [38].

These movements are measured by surface electromyogra-

phy from the tibialis muscle and show muscle activation in

a sequence of at least four muscle contractions lasting

0.5–5 s and recurring at intervals of 5–90 s. The muscle

contractions must be at least 25% of the amplitude of the

voluntary leg movements. These movements can occur with

or without arousals or during wakefulness. About 80% of

patients with RLS have periodic limb movements during

sleep. Eighty-seven percent of patients will have periodic

limb movements during sleep on at least one of two nights

of recording. These movements are also not specific for the

diagnosis of RLS because they can occur in other disorders

or as an isolated occurrence.

Individuals with the syndrome might also complain of

involuntary twitching movements of the legs during wake-

fulness when they are sitting or lying. Actigraphy may be

used to measure periodic limb movements in wakefulness

during the suggested immobilization test, general motor

activity during wakefulness, or periodic limb movements

during the sleep period.

Symptomatic RLS

Iron deficiency is probably the most frequent cause of

symptomatic RLS. The manifestation of RLS may be asso-

ciated with low blood concentrations of ferritin. In most

patients, iron deficiency is not detected because there is no

anaemia, and low ferritin is the only pathological parame-

ter. Another frequent association is renal failure. Moreover,

the syndrome often occurs with rheumatoid arthritis,

fibromyalgia, or during pregnancy. Some women exhibit

the disorder for the first time or have symptoms that worsen

temporarily during pregnancy. In this clinical context, a

family history of the disorder is common.

Differential and Positive Diagnosis

RLS should be distinguished from neuropathy and

radiculopathy. In pure peripheral neuropathy and radicu-

lopathy, patients do not have the need to move to relieve leg

discomfort and the symptoms are not usually worse at rest
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or at night. The RLS should also be distinguished from neu-

roleptic-induced akathisia induced by antipsychotic agents

that block dopamine receptors.

If there is an associated peripheral neuropathy or radicu-

lopathy, electromyography and nerve conduction studies

should be performed to evaluate these disorders. Since the

RLS is frequently associated with iron deficiency, all

patients should have serum ferritin measured, as a sensitive

means of detection of iron deficiency.

Pathophysiology

RLS pathophysiology remains largely unknown.

Dopamine
Dopaminergic A11 cell group represents a possible

pathophysiological correlate of the syndrome. A11 cells are

the only cells that provide dopaminergic axons to the spinal

cord. Dysfunction or atrophy of these cells could explain

the positive treatment response to dopaminergic drugs and

the circadian component of the syndrome since these cells

are located close to the hypothalamic circadian pacemaker.

Although there is no firm demonstration for several

methodological reasons, A11 cells remain the focus of

future pathophysiological research.

Opioid System
Central pain perception could have a role in the patho-

physiological mechanisms of RLS. Opioid receptor binding

was measured in 12 patients with the RLS vs. controls.

Binding in patients correlated with the severity of the syn-

drome: the more severe the disease, the greater the release

of endogenous opioids within the medial pain system.

Iron
Several studies showed a relation between low ferritin

concentrations and symptoms of the syndrome, especially

when ferritin was measured in the CSF. There are data

issued both from neuropathological studies and imaging

(MRI) supporting an impairment of the transferrin  receptors

and cellular iron deficiency. Overall, there are changes in

the iron content in RLS patients that seem critical.

Circadian Factors
There is a clear circadian rhythm of the subjective com-

plaints of the syndrome, and similar time of night variations

can be seen for periodic limb movements during sleep and

during wakefulness. The changes in melatonin secretion, as

a marker of the circadian rhythm, were the only changes that

preceded the increase in sensory and motor symptoms in

RLS patients, suggesting melatonin might worsen symp-

toms in the evening and during the night by inhibiting cen-

tral dopamine secretion.

Genetic Factors
For the hereditary forms, at least three gene loci, located

on chromosomes 12, 14, and 9 have been identified so far.

Treatment

Treatment [34, 35, 39, 40] is needed only in the moder-

ate to severe forms of the disorder. Treatment is mainly act-

ing on the dopaminergic system and the iron metabolism.

Dopaminergic treatment with dopamine agonists, i.e.

ropinirole, pramipexole, is the first choice in idiopathic

RLS [39, 40]. Various other drugs, such as opioids,

gabapentin, and benzodiazepines, provide alternative treat-

ment possibilities.

Overall Treatment Recommendations
Before starting a pharmacological treatment, sleep

hygiene measures should be instituted and all possibilities

for treating symptomatic RLS should be considered. Iron

should be supplemented if ferritin is low. According to

the guidelines of the AASM [41], dopaminergic agents are

the first line of treatment for the syndrome, followed

by opioids, anticonvulsants, and benzodiazepines. Among

anticonvulsants, gabapentin is preferable because of its

superior efficacy, and among the benzodiazepines, clona-

zepam is preferable because of its long half-life. If symp-

toms begin earlier rather than later in the evening, splitting

doses may be needed. However, single doses at nighttime

should be tried first at the initiation of the treatment.

Intermittent treatment during the day might also be helpful

for activities involving long periods of sitting.

Dopaminergic Treatment
Treatment should be started with the lowest dose possible.

Progressive dose increment should be carried out slowly

and attention paid to possible side effects of dopaminergic

agents, such as nausea, arterial hypotension, dizziness, and,

sometimes, daytime sleepiness. Domperidone is usually

prescribed in order to avoid nausea. Patients should also

be asked for any evidence of early onset of symptoms

during the day once medication has been started. If this
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phenomenon called ‘augmentation’ becomes a persis-

tent problem, the dopaminergic agent should be lowered

or discontinued, at which time the symptoms should disap-

pear during the daytime and remit back to the nighttime

hours.

Opioids
Opioids are regarded as a second-choice treatment in

patients who cannot tolerate dopaminergic agents. Whenever

possible, opioids should be used in sustained-release forms

to avoid addiction and to benefit from a continuous efficacy

in more severe cases of the RLS.

Diagnosis of Excessive Daytime Sleepiness

EDS represents a major symptom in sleep medicine. It

is the main clinical symptom of OSA, narcolepsy and

idiopathic hypersomnia. It may also be associated with

many other medical or mental diseases. From a clinical

perspective, it should also be reminded that the prevalence

of EDS is high in the general population, up to 9%.

Interestingly enough, in a recent paper by Bixler et al. [42],

it has been shown that there is high prevalence of EDS in

the young subjects (�30) and in the very old (�75). In the

young, unmet sleep needs and depression seem to be the

major contributing factors, while in the oldest medical ill-

ness and health problems are presumably the causes.

Depression should thus be suspected especially in young

subjects presenting with EDS. Actually there are several

major points to keep in mind when searching for a cause of

EDS:

(1) As mentioned in the AASM definition of SDB [7],

EDS may have many causes. When linking PSG findings

with EDS, any other major cause of EDS such as depres-

sion, other sleep disorder, use of sedative or other psy-

choactive drugs or simply unmet sleep needs should first be

considered. This is the reason why EDS should be consid-

ered in the context of clinical diagnosis as being not better

explained by one of these factors.

(2) When the clinical probability is low, it should be

further established that treatment of the specific cause is

effective in alleviating EDS. This does not rule out a possi-

ble placebo effect. However, in most cases, this treatment

trial is valuable to secondarily support the initial diagnosis.

(3) This does not exclude a synergic effect of these vari-

ous causes of EDS. The rationale is to identify the different

factors and to first treat the one which is presumably the

most contributing.

(4) There are clinical differences regarding EDS in the

different diseases that have been reviewed in the present

chapter. Sudden and irresistible sleep attacks occurring in

young individuals, even in the absence of cataplexy, might

strongly suggest narcolepsy. EDS in OSA or upper airway

resistance is of different nature, more progressive, less

intense and usually unaffected by naps. Also, from a clini-

cal standpoint, EDS in depression usually follows the

changes in mood. Thus a detailed clinical inventory of all

possible causes of EDS is highly recommended even in

case of supporting symptoms for SDB such as snoring or

obesity, for instance.

(5) A specific clinical context is the occurrence of resid-

ual EDS in OSA treated by CPAP. Although the prevalence

of this condition is much discussed, 2–4% prevalence might

be estimated. There are several items that should however

be checked before considering EDS as residual and treating

it accordingly using modafinil. The effectiveness of CPAP

in correcting sleep structure by suppressing respiratory events

during sleep should be assessed. Compliance to CPAP

treatment has to be verified. Mouth leaks or any other cause

of sleep fragmentation such as periodic leg movements

should be carefully excluded. Any other disease possibly

resulting in EDS should be identified. Lastly, total sleep

time should be evaluated and be not too far from estimated

sleep needs. In our experience, however, most EDS causes

can be identified clinically and with PSG or simplified

sleep monitoring under CPAP.

(6) Lastly, EDS and vigilance assessment may be critical

in specific clinical contexts such as professional drivers or

other at-risk occupational activities. It has been shown that

attention deficits may exist even in the absence of subjec-

tive or even objective sleepiness. This probably suggests

using an extended battery of tests in order to detect these

deficits [43]. Moreover, considering the impact on driving

ability, this supports treating these subjects and evaluating

their clinical benefit. Objective vigilance evaluation, sus-

tained attention test, reaction time evaluation and divided-

attention test are of interest in this context.

Conclusions

There are multiple sleep disorders that should be better

known by the respiratory physicians even if many diag-

noses are mainly performed in specialized sleep centers.

Excessive daytime sleepiness is however a condition requir-

ing extended knowledge on the various clinical contexts

and clinical variations that are to be taken into account

before diagnosis and treatment.

Sleep Disorders Overview 11



1 American Academy of Sleep Medicine: Inter-

national Classification of Sleep Disorders,

ed 2: Diagnostic and Coding Manual. Roches-

ter, American Academy of Sleep Medicine,

2005.

2 Roehrs T, Zorick F, Roth T: Transient and

short-term insomnias; in Kryger MH, Roth T,

Dement WC (eds): Principles and Practice of

Sleep Medicine, ed 3. Philadelphia, Saunders,

2000, pp 624–632.

3 Buysse DJ, Reynolds CF 3rd, Kupfer DJ,

Thorpy MJ, Bixler E, Manfredi R, Kales A,

Stepanski E, Roth T: Clinical diagnoses in 216

insomnia patients using the International

Classification of Sleep Disorders (ICSD),

DSM-IV and ICD-10 categories: a report from

the APA/NIMH DSM-IV field trial. Sleep

1994;17:630–637.

4 Ohayon M: Epidemiology of insomnia: what

we know and what we still need to learn. Sleep

Med Rev 2002;6:97–111.

5 Edinger JD, Fins AL: The distribution and

clinical significance of sleep time mispercep-

tions. Sleep 1995;18:232–239.

6 Morin CM, Hauri PJ, Espie CA, Spielman AJ,

Buysse DJ, Bootzin RR: Non-pharmacological

treatment of chronic insomnia. Sleep 1999;

22:1134–1156.

7 The Report of an American Academy of Sleep

Medicine Task Force: Sleep-related breathing

disorders in adults: recommendations for syn-

drome definition and measurement techniques

in clinical research.  Sleep 1999;22:667–689.

8 Guilleminault C, Stoohs R, Clerk A, Cetel M,

Maistros P: A cause of excessive daytime

sleepiness. The upper airway resistance syn-

drome. Chest 1993;104:781–787.

9 Douglas NJ: Upper airway resistance syn-

drome is not a distinct syndrome. Am J Respir

Crit Care Med 2000;161:1413–1416.

10 Cracowski C, Pepin JL, Wuyam B, Levy P:

Characterization of obstructive non-apneic res-

piratory events in moderate sleep apnea syn-

drome. Am J Respir Crit Care Med 2001;164:

944–948.

11 Young T, Palta M, Dempsey J, Skatrud J,

Weber S, Badr S: The occurrence of sleep-

disordered breathing among middle-aged adults.

N Engl J Med 1993;328:1230–1235.

12 Teran-Santos J, Jimenez-Gomez A, Cordero-

Guevara J: The association between sleep

apnea and the risk of traffic accidents.

Cooperative Group Burgos-Santander. N Engl

J Med 1999;340:847–851.

13 Levy P, Pepin JL, McNicholas WT: Should all

sleep apnoea patients be treated? Yes. Sleep

Med Rev 2002;6:17–26.

14 Marin JM, Carrizo SJ, Vicente E, Agusti AG:

Long-term cardiovascular outcomes in men

with obstructive sleep apnoea-hypopnoea with

or without treatment with continuous positive

airway pressure: an observational study. Lancet

2005;365:1046–1053.

15 Pepperell JC, Ramdassingh-Dow S,

Crosthwaite N, Mullins R, Jenkinson C,

Stradling JR, Davies RJ: Ambulatory blood

pressure after therapeutic and subtherapeutic

nasal continuous positive airway pressure for

obstructive sleep apnoea: a randomised paral-

lel trial. Lancet 2002;359:204–210.

16 Drager LF, Bortolotto LA, Lorenzi MC,

Figueiredo AC, Krieger EM, Lorenzi-Filho G:

Early signs of atherosclerosis in obstructive

sleep apnea. Am J Respir Crit Care Med

2005;172:613–618.

17 Baguet J-P, Hammer L, Levy P, Pierre H,

Launois S, Mallion J-M, Pepin J-L: The sever-

ity of oxygen desaturation is predictive of

carotid wall thickening and plaque occur-

rence. Chest 2005;128:3407–3412.

18 Lavie P, Lavie L, Herer P: All-cause mortality

in males with sleep apnoea syndrome: declining

mortality rates with age. Eur Respir J 2005;25:

514–520.

19 Pepin JL, Chouri-Pontarolo N, Tamisier R,

Levy P: Cheyne-Stokes respiration (CSR)

with central sleep apnoea (CSA) [CSR-CSA]

in chronic heart failure: proposals for a diag-

nostic and therapeutic strategy. Sleep Med

Rev 2006;10:33–47.

20 Bradley TD, Logan AG, Kimoff RJ, Series F,

Morrison D, Ferguson K, Belenkie I, Pfeifer

M, Fleetham J, Hanly P, Smilovitch M, Tomlinson

G, Floras JS: Continuous positive airway

pressure for central sleep apnea and heart

failure. N Engl J Med 2005;353:2025–2033.

21 Nowbar S, Burkart KM, Gonzales R,

Fedorowicz A, Gozansky WS, Gaudio JC,

Taylor MR, Zwillich CW: Obesity-associated

hypoventilation in hospitalized patients: 

prevalence, effects, and outcome. Am J Med

2004;116:1–7.

22 Guilleminault C, Framherz S: in Kryger MH,

Roth T, Dement WC (eds): Principles and

Practice of Sleep Medicine, Philadelphia,

Elsevier Saunders, 2005, pp 780–790.

23 Overeem S, Mignot E, Van Dijk JG, Lammers

GJ: Narcolepsy: clinical features, new patho-

physiologic insights and future perspectives.

J Clin Neurophysiol 2001;18:78–105.

24 Mignot E, Lammers GJ, Ripley N, Okun M,

Nevsimalova S, Overeem S, Vankova J, Black

J, Harsh J, Bassetti C, Schrader H, Nishino S:

The role of cerebrospinal fluid hypocretin

measurement in the diagnosis of narcolepsy

and other hypersomnias. Arch Neurol 2002;

59:1553–1562.

25 Billiard M, Dauvilliers Y: Idiopathic hyper-

somnia. Sleep Med Rev 2001;5:351–360.

26 Mahowald M, Schenck C: Parasomnias

including the Restless Leg Syndrome. Clin

Chest Med 1998;19:183–202.

27 Mahowald M, Schenck CH: Insights from

studying human sleep disorders. Nature 437,

1279–1285.

28 Reid KJ, Zee PC: in Kryger MH, Roth T,

Dement WC (eds): Principles and Practice 

of Sleep Medicine, Philadelphia, Elsevier

Saunders, 2005, pp 691–701.

29 Arendt J, Stone B, Skene D: Jet Lag and sleep

disruption; in Kryger MH, Roth T, Dement

WC (eds): Principles and Practice of Sleep

Medicine. ed3. Philadelphia, WB Saunders,

2000, pp 591–599.

30 Akerstedt T: Shift work and disturbed sleep/

wakefulness. Occup Med 2003;53:89–94.

31 Archer SN, Robilliard DL, Skene DJ, Smits

M, Williams A, Arendt J, von Schantz M: 

A length polymorphism in the circadian clock

gene Per3 is linked to delayed sleep phase syn-

drome and extreme diurnal preference. Sleep

2003;26:413–415.

32 Xu Y, Padiath QS, Shapiro RE, Jones CR, Wu

SC, Saigoh N, Saigoh K, Ptacek LJ, Fu YH:

Functional consequences of a CKI-delta muta-

tion causing familial advanced sleep phase

syndrome. Nature 2005;434:640–644.

33 Toh KL, Jones CR, He Y, Eide EJ, Hinz WA,

Virshup DM, Ptacek LJ, Fu YH: An hPer2

phosphorylation site mutation in familial

advanced sleep phase syndrome. Science

2001;291:1040–1043.

34 Earley C: Clinical practice. Restless Leg

Syndrome. N Engl J Med 2003;348:2103–2109.

35 Trenkwalder C, Paulus W, Walters AS: The

restless legs syndrome. Lancet Neurology

2005;4:465–475.

36 Allen RP, Picchietti D, Hening WA, Trenkwalder

C, Walters AS, Montplaisir J: Restless legs

syndrome: diagnostic criteria, special consid-

erations, and epidemiology. A report from the

restless legs syndrome diagnosis and epidemi-

ology workshop at the National Institutes of

Health. Sleep Med 2003;4:101–119.

37 Walters AS, LeBrocq C, Dhar A, Hening W,

Rosen R, Allen RP, Trenkwalder C:

International Restless Legs Syndrome Study.

Validation of the International Restless Legs

Syndrome Study Group rating scale for rest-

less legs syndrome. Sleep Med 2003;4;121–132.

38 American Sleep Disorders Association Task

Force: Recording and scoring leg movements.

Sleep 1993;16:748–759.

39 Allen R, Becker PM, Bogan R, et al:

Ropinirole decreases periodic leg movements

and improves sleep parameters in patients with

restless legs syndrome. Sleep 2004;27:907–914.

40 Montplaisir J, Nicolas A, Denesle R, Gomez-

Mancilla B: Restless legs syndrome improved

by pramipexole: a double-blind randomized

trial. Neurol 1999;52:938–943.

41 Hening W, Allen R, Earley C, Kushida C,

Picchietti D, Silber M: The treatment of rest-

less legs syndrome and periodic limb move-

ment disorder. An American Academy of Sleep

Medicine Review. Sleep 1999;22:970–999.

42 Bixler EO, Vgontzas AN, Lin H-M, Calhoun

SL, Vela-Bueno A, Kales A: Excessive day-

time sleepiness in a general population sam-

ple: the role of sleep apnea, age, obesity,

diabetes, and depression. J Clin Endocrinol

Metab 2005;90:4510–4515.

43 Mazza S, Pepin J-L, Naegele B, Plante J,

Deschaux C, Levy P: Most obstructive sleep

apnoea patients exhibit vigilance and attention

deficits on an extended battery of tests. Eur

Respir J 2005;25:75–80.

P. Lévy

EFCR

CHU Grenoble

FR–38043 Grenoble, Cedex (France)

Tel. �33 4 76 76 55 16, Fax �33 4 76 76 55 86

E-Mail PLevy@chu-grenoble.fr

Lévy/Viot-Blanc/Pépin12

References



Abstract

Sleep has a restorative function which is more than rest.
Sleep is an active process which follows its own program with
a sequence of different sleep stages and autonomous nervous
system functions related to them. Slow wave sleep is mainly
related to physical recreation with humoral and neuro-
endocrine excretions activated. REM sleep is mainly but not
exclusively related to mental recreation with associated dream-
ing and memory functions. The autonomous nervous system
with ventilation, cardiocirculatory, vascular and temperature
regulation differs between slow wave sleep and REM sleep.
More regular control is found in slow wave sleep and more
variability is found in REM sleep.The sleep processes follow a
well-described temporal pattern with sleep cycles of a duration
between 80 and 110 min.The sleep process itself is embedded
in the circadian rhythm and occurs naturally during the dark
phase of the day with a mean duration of 7–8 h. In order to
study sleep disorders, the knowledge about physiological sleep,
physiological effects of sleep deprivation, and autonomic and
endocrine functions associated with it, is essential.

The key question for sleep physiology, why we sleep, is

still unanswered. It is well studied that many restorative

functions are linked to the sleep process. Physical recre-

ation, endocrine and immune functions are closely linked

to sleep. Mental restoration, memory consolidation,

mood and behavior are also dependent on a healthy and

undisturbed sleep. Our knowledge about the mechanisms

of sleep-wake states is increasing even if their neuro-

anatomical locations still have not been found [1]. All

physiological functions are embedded in the circadian 

day-night cycle. The sleep-wake cycle is closely linked to

the circadian cycle and both influence each other. For the

newborn child, the adaptation of the sleep-wake cycle to the

circadian cycle takes some time and is part of the develop-

ment process. With aging, the sleep period mostly occurs

during the night phase and becomes as short as 8 h on

average.

Sleep Structure and Sleep Stages

Sleep itself is not a steady state of unconsciousness but

has an internal structure with a cyclical time course. To clas-

sify sleep, recommendations have been introduced in 1968

by a committee chaired by Rechtschaffen and Kales [2].

They introduced discrete sleep stages based on the observed

electroencephalographic (EEG) waves and patterns as well

as electrooculographic (EOG) patterns and mental or sub-

mental muscle tone derived by electromyography (EMG).

The EEG, EOG, and EMG electrodes are attached at well

standardized positions. The specific patterns of the sleep

stages are described in figure 1. Sleep recording is classi-

fied into epochs of 20 or 30 s duration. At the very begin-

ning of sleep when the person is still awake, sleepy

characteristic EEG waves, alpha waves with 8–12 Hz can be

observed. At the onset of sleep, on average about 10–20 min

after relaxed wakefulness, muscle tone decreases and on the
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EEG the alpha waves vanish and slower frequencies, theta

waves (4–7 Hz), appear. In addition, specific short patterns

called vertex sharp waves can be observed. The EOG shows

slow eye movements with eyes closed. This sleep stage,

NREM 1, is transitional and does not last long. Often this

phase is not perceived as sleep when the person is asked.

After a few minutes of sleep stage 1, sleep stage NREM 2

follows. Beside the same EEG waves, the theta waves, very

specific patterns are observed here. These are K complexes

and sleep spindles. They belong to the classification of sleep

stage 2. Both patterns are remarkably outstanding from the

background EEG activity. It is assumed that sleep spindles

are activities towards deeper sleep and K complexes are

intermittent events reflecting an increased cerebral activity

corresponding to a slowing of falling asleep. Muscle tone is

slightly lower during sleep stage 2 than during sleep stage 1.

Usually there are no more slow eye movements during sleep

stage 2. Stages 1 and 2 together are called light sleep. When

awakened from light sleep, persons still report that they did

doze away but did not sleep. After another 10–20 min of

stage 2, muscle tone drops further and deep sleep starts by

the occurrence of slow delta waves (0.5–4 Hz) with high

amplitudes (up to 150 �V) in the EEG. This slow wave

sleep is artificially broken into sleep stage NREM 3 with

delta waves occupying 20–50% of the time and sleep stage

NREM 4 with more than 50% of delta waves which need to

exceed an amplitude threshold of 75 �V. To awake a person

out of deep sleep is difficult, and usually it takes a few min-

utes to regain full consciousness. After 20–40 min of deep

sleep, a first period of paradoxical sleep follows for

5–15 min. Paradoxical sleep is called REM sleep today. The

term paradoxical sleep stems from the fact that the EEG

resembles wakefulness and at the same time the lowest mus-

cle tone is observed. During REM sleep, the EEG shows

mixed frequencies and low amplitude similar to wakeful-

ness. In addition saw-tooth waves with their particular sharp

patterns may occur. The very characteristic and striking pat-

tern during REM sleep are the rapid eye movements which

occur in varying density during the entire REM sleep

period. Based on this, REM sleep can be split into two dis-

tinct patterns: the phasic REM sleep with eye movements

present and tonic REM sleep without the rapid eye move-

ments but similar EEG. The two patterns seem to be well

correlated with different patterns observed in the signals of

the autonomic system. To wake up a person out of REM

sleep may be as difficult as out of deep sleep or may be very

easy. In 80% of wake up experiments the person reports

dreaming when taken out of REM sleep. Often vivid, color-

ful, and emotional dreams are reported. When waking up

subjects from NREM sleep, in 20% of all cases dreams are

reported. Dreams in NREM sleep are usually less colorful

and less emotional. The EEG during REM sleep with mixed

frequencies and small amplitude indicates high cerebral

activity. This high cerebral activity has been confirmed by

cerebral blood flow and positron emission tomography stud-

ies of REM sleep. With the period of REM sleep a sleep

cycle is complete.

This sequence of sleep stages forms a sleep cycle with a

normal duration of 80–110 min. Four to six sleep cycles are
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NREM 3

NREM 4

Wake

REM

NREM 1

NREM 2

Beta, alpha 
>50%/epoch 
rapid eye movements 
muscle tone highest

Theta, some alpha 
rapid phasic eye 
movement 
muscle tone lowest

Theta, alpha 
<50%/epoch 
slow eye movements 
muscle tone reduced 

Theta, spindles,  
K-complex 
no eye movements 
muscle tone low 

Theta, delta >20% 
and <50% 
no eye movements 
muscle tone much lower 

Theta, delta 
>50%/epoch 
no eye movements 
muscle tone very low

Fig. 1. The sleep stages and their characteristic features. This defini-

tion of sleep stages follows the recommendations of Rechtschaffen

and Kales as used for visual sleep classification [2].
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observed in a normal sleep night (fig. 2). There is a gradual

change of the distribution of sleep stages within the sleep

cycles over the course of the night. The first sleep cycles

have more deep sleep, whereas the later ones have more

REM sleep. Over the night, the total percentage of wake-

fulness is less than 5%, of light sleep 45–55%, of deep

sleep about 20% and REM sleep 20–25%. Total duration

of sleep varies between 7.5 and 8.5 h in the majority of

healthy persons. Each person has an individual optimum

for sleep duration. After sleep deprivation there is an

increase of slow wave sleep and REM sleep during the fol-

lowing sleep period. The recovery from sleep deprivation is

usually accomplished fast and is not carried over too many

more nights.

At the transitions between sleep stages, short awaken-

ings, incomplete awakenings and even shorter activations,

so-called arousals are observed. According to the recom-

mendations of Rechtschaffen and Kales [2], a sleep epoch

is called wakefulness if the activation lasts 15 s or longer.

According to additional conventions [3] on short activa-

tions, these are called arousals if they last longer than 3 s.

The number of arousals in normal subjects increases with

age. In normal middle-aged subjects 13–21 arousals are

reported per hour of sleep [4]. In higher age groups

without sleep disorders 18–27 arousals per hour have been

reported [5].

The sleep structure is heavily dependent on the mental

and physical workload prior to sleep time. Physical work

increases deep sleep and mental work increases REM sleep

percentages. Stress increases the number of awakenings

and arousals.

Neuroanatomy of Sleep

The circadian system is well described and in contrast to

the sleep-wake system an anatomical circadian clock has

been identified. The suprachiasmatic nucleus in the ante-

rior hypothalamus controls the timing of most circadian

rhythms in mammals. In contrast, no single neural system

identified so far is responsible for the generation of sleep or

wakefulness [6]. Most neuroanatomical results are obtained

by the observation of the effects of lesions in particular

regions.

Wakefulness is maintained by multiple neural systems

that extend from the brainstem reticular formation into the

thalamus and through the posterior hypothalamus up to the

basal forebrain. In the 1940s, Moruzzi and Magoun dis-

covered neurons in the reticular formation which extend

through the central core of the medulla, pons and midbrain

of the brainstem. Neurons in the medullary and caudal pon-

tine reticular formation are particularly important for main-

taining postural muscle tone with behavioral arousal

through their descending projections to the spinal cord.

Neurons in the oral pontine and midbrain reticular forma-

tion are essential for sustaining cortical activation with fast

EEG activity.

Sleep is promoted by neurons in the lower brainstem and

upper forebrain that inhibit wake-generating neurons to

dampen cortical activation and behavioral arousal [7].

Many of these neurons are located in central control

regions of the parasympathetic nervous system. This

includes the nucleus of the solitary tract and the anterior

hypothalamus/preoptic region. These neurons receive input
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Fig. 2. The three hypnograms show the sleep structure at different

ages. The normal sleep structure is shown and the effects of age are

schematically drawn.



from the lung, heart, gut and baroreceptors. They project

forward to the forebrain where they may stimulate sleep-

promoting neurons. During REM sleep, the cerebral cortex

is activated, whereas muscle tone along with behavioral

arousal is inhibited. Many of the central activating systems

including the brainstem reticular formation are active dur-

ing this state. Most important are neurons within the oral

pontine reticular formation [8]. The neurons that stimulate

cortical activation and those that inhibit postural muscle

tone are located in the pontine tegmentum. Some of these

neurons project both rostrally into the forebrain and cau-

dally into the lower brainstem and spinal cord, others to one

or the other site. In the brainstem and forebrain, cholinergic

neurons discharge at maximal rates during REM sleep [9].

Their discharge stimulates cortical activation and may also

selectively facilitate motor inhibitory systems. The pon-

tomesencephalic cholinergic neurons play a critical role

in generating REM sleep. Gamma-aminobutyric acid

(GABA)-ergic brainstem neurons also play a critical role in

gating REM sleep. They inhibit the noradrenergic neurons

of the locus coeruleus which must be off to permit REM

sleep to occur.

The arousal system involved in wake generation utilizes

a number of different neurotransmitters such as glutamate,

noradrenaline, acetylcholine, dopamine, glutamic acid, his-

tamine and orexine. Slow wave sleep occurs through the

inhibition of the arousal systems. The key neurotransmit-

ters involved in sleep generation are adenosine, GABA,

acetylcholine during REM sleep, glycine and some immune

modulators [10].

Functions Related to Sleep

Most physiological functions show characteristic

changes with the sleep-wake regulation. Behavioral activity

decreases and autonomic functions are reduced to adapt to

the lower metabolic needs. The autonomic nervous system

is a highly integrated system and maintains homeostasis

through a control of ventilation, heart rate, arterial blood

pressure, gut secretions and renal blood flow [11]. Only dur-

ing REM sleep with an active brain do autonomic functions

show an activated and apparently irregular behavior, while

at the same time the behavioral activity remains unchanged

at sleep. The changes in autonomous system regulation have

been demonstrated by the recording of the sympathetic

nerve activity (SNA) on the n. peroneus in healthy young

humans [12]. Somers et al. [12] have shown that SNA

decreases from wakefulness progressively to light sleep and

further to slow wave sleep. During REM sleep, there is

intermittently no SNA at all and short, very strong surges of

SNA. This irregular activity of SNA corresponds to very

irregular activity observed in many other autonomous nerv-

ous system variables such as respiration, heart rate and

blood pressure (fig. 3).

Respiration
The ventilatory control is generated by the bulbopontine

respiratory neurons, which are sensitive to central chemore-

ceptors and peripheral chemoreceptors. These respiratory

neurons activate spinal motoneurons on which breathing

muscle activity depends. This consists of the diaphragm,

intercostal muscles and the muscles of the upper airways.

The goal of the metabolic control of ventilation is to main-

tain the values of O2, CO2 and pH in its normal ranges.

During sleep onset, the minute ventilation decreases which

results in a slight increase in pCO2. This increased value of

pCO2 is then maintained during sleep. During the transi-

tion, a variable breathing with changes in breathing fre-

quency are observed. During this transition period, also

phases of periodic breathing may occur in healthy subjects.

During deeper sleep, the respiration becomes very regular

with little variation in breathing rate and tidal volume.

During sleep stage 2, ventilation is reduced by 13% com-

pared to wakefulness, and it is further reduced during slow

wave – up to 15% compared to wakefulness [13]. This drop

in ventilation is mainly due to a reduction in tidal volume

and not in breathing frequency. During REM sleep with its

phasic activations of the autonomous nervous system, ven-

tilation is still reduced compared to wakefulness but it is

slightly increased compared to slow wave sleep. The activ-

ity of the intercostal muscles and the upper airway dilators

are reduced by approximately 30% compared to NREM

sleep, and in contrast diaphragmatic activity is increased to

compensate for this effect. Thereby, upper airway resistance

is higher during REM sleep, respiratory activity might

become out of phase and irregular breathing can be a com-

mon consequence. Ventilation is unstable during REM

sleep in terms of breathing frequency and tidal volume and

this might lead to the occurrence of some apneas even in

healthy subjects. The intrinsic regulation of ventilation fol-

lows different laws as has been proven by a breath-by-

breath analysis [14]. Ventilation during REM sleep is very

different from periodic breathing with its regularity and

cannot be compared to this entirely different regulation.

Heart Rate
Heart rate drops with the onset of sleep or even before with

sleepiness. Thus, heart rate follows the reduced metabolic

Penzel/Kesper16



demands. Heart rate parallels much the SNA as described

above [12]. Heart rate control reduces the sinus rhythm dur-

ing sleep and, in addition, follows a different intrinsic regu-

lation which has been described as irregular, similar to the

time course of SNA during REM sleep. In mirroring this

pattern, heart rate also increases and is followed by drops

thereafter. This specific heart rate variability behavior can

be quantitatively expressed as long-term correlations by

non-linear signal analysis methods derived from statistical

physics [15]. This long-term correlation appears to be a

characteristic feature of REM sleep. Long-term correla-

tions are also present in other autonomic variables such as

ventilation during REM sleep. In NREM sleep, heart rate

variability follows primarily the respiratory rhythm called

sinus arrhythmia. This can be expressed as short-term cor-

relations using the same method derived from statistical

physics [15]. The respiration-linked variability of heart rate

is found in the frequency range of 0.15–0.4 Hz and is called

high-frequency (HF) variability. It is attributed to parasym-

pathetic control of heart rate. The slower variability of heart

rate in the range of 0.04–0.15 Hz is called low-frequency

(LF) variability and reflects baroreflex sympathetic control

of heart rate. Both can be set in relation to each other and

the resulting index LF/HF is called sympathovagal balance.

The sympathovagal balance reflects the decrease in sympa-

thetic activation when coming to deeper sleep stages. It also

reflects well the sympathetic activation during REM sleep.

Many more indices derived from heart rate and heart rate
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ods with REM sleep. The EMG shows only twitches during REM and high muscle tone during periods of

wakefulness. Heart rate shows low values during sleep and high variability during REM sleep. This

recording has been done in a patient under successful ventilation therapy, and therefore shows an almost

normal sleep profile. The high percentage of REM sleep and deep sleep in this recording indicate the

rebound effect after long sleep deprivation.



variability can be used to characterize the normal sleep

process and to give indications for a disturbed sleep process

in multiple sleep disorders [16]. Arousals from sleep may

show activation at the cortical level but may also show a

sympathetic activation which is usually reflected by heart

rate increases.

Blood Pressure
The arterial blood pressure reflects vascular resistance

and sympathetic tone. Therefore arterial blood pressure

closely follows the SNA [12]. During REM sleep, systolic

blood pressure shows remarkable elevations compared

to NREM sleep. In patients with hypertension or sleep dis-

ordered breathing, blood pressure during REM sleep can

reach extremely high values which are the consequence of

peripheral vasoconstriction and sympathetic activation.

Temperature
Prior to sleep onset, body core temperature starts to drop.

At the same time, a peripheral vasodilatation leads to an

increase in skin temperature which thus helps to drop body

temperature. Temperature decreases further during sleep and

reaches a minimum in the early phase of sleep. Thereafter

temperature increases again, but more slowly than the decre-

ase that was observed during falling asleep. The decline in

metabolic rate and body temperature with sleep onset is not

only a consequence of decreased motor activity and digestive

activity because body temperature declines even in fasting

persons in bedrest studies or in paralyzed patients. It is the

effect of circadian and sleep regulation processes. Metabolic

rate decreases in humans by 5–17% during sleep compared

to wakefulness. Body temperature decreases already before

sleep onset, thus suggesting that it plays an active part in the

process of sleep onset. Indeed, a drop in body temperature

with the parallel increase in peripheral skin temperature, par-

ticularly the hands, is a strong stimulus to fall asleep. In con-

trast a rising body temperature has an arousing effect and

inhibits falling asleep. Passive heating or intense exercise in

the afternoon increases slow wave sleep but has no effect on

REM sleep during the following night sleep.

Thermoregulatory responses in humans are markedly

inhibited during REM sleep. Shivering during sleep in cool

environments is observed in light sleep and is not seen

in slow wave sleep or REM sleep [17]. Sweating in warm

environments which can be observed in NREM sleep

declines before the onset of REM sleep and reaches mini-

mal levels during REM sleep. The body temperature rises

during REM sleep in warm environments if sweating does

not help [18].

Memory and Learning
Memory functions can be related to sleep [19]. A num-

ber of experiments in the last few years could demonstrate

that not only REM but also NREM sleep is important for

memory functions. The theory of learning distinguishes in

this context between two types of learning and associated

memory. One type is declarative memory which is tested

through a session of learning pairs of related terms such as

glove – shoe, or tree – leaf, or water – wave, etc. This mem-

ory is needed for the learning of foreign languages. The

other type is procedural memory which is tested through

the learning of mirror-writing. For this task the person has

to write some sentences while the writing hand is hidden

and can be observed through a mirror only. The written sen-

tence should be readable in the mirror which requires some

training in writing against the usual order. Procedural

memory is needed for all types of movements such as car

driving, bicycle riding, skiing etc. The carefully selected

experiments could show that the improvement of declara-

tive memory can be more associated with NREM sleep,

whereas the improvement of procedural memory can be

more attributed to REM sleep. Further, very recent experi-

ments have demonstrated that sleep and specifically REM

sleep seems to improve problem-solving behavior in young

volunteers [20]. Prior to these recent studies, memory con-

solidation had been attributed to REM sleep exclusively.

Now it became evident, that both REM and NREM sleep

take part in memory consolidation and learning processes.

Development of Sleep with Age

Sleep changes with age [1]. Very small children sleep for

up to 16 h distributed over the 24 h with 50% REM sleep

(called active sleep at that age). At the age of 15 years, sleep

duration is only a little longer than in adults of 20 and more

years. By the age of 10, REM sleep has decreased to 20–25%.

Further, with increasing age the percentage of deep sleep

decreases steadily (table 1), but the total sleep duration does

not change much (fig. 2) [21]. The reasons for this decrease

are not fully investigated. Often night sleep becomes shorter

and some daytime naps add up to a similar total sleep dura-

tion. As stated above, the number of spontaneous arousals

during sleep also increase with age.

Complaints about sleep quality and sleep disorders are

very common in industrialized societies. Surveys do distin-

guish between complaints of insomnia and complaints of

excessive sleepiness. The prevalence of current insomnia

was 32% and of excessive sleep was 7% among 1,006

households [22]. Up to 20% of persons at the age of 40 and
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older report on frequent or regular sleep problems. The

complaints of insomnia and excessive sleep both increase

with age.

Models for Sleep Wake Regulation

In order to explain and to predict the sleep wake process

for normal and disturbed sleep, mathematical models have

been developed. The most common and well-established

model is the so-called two-process model, which was first

presented by Daan, Beersma and Borbely in 1984. It com-

bines chronobiological and homeostatic principles that

were obtained from many previous laboratory experiments

on sleep and circadian rhythms. The model has proven to

explain several aspects of sleep wake regulation [23]. It has

been successful in the prediction of sleep deprivation

experiments and increasing sleep pressure.

Apart from this two-process model, other models based

on statistical properties or Markov chain models were

developed. These models were adapted to specific prob-

lems and were universally valid. However, they have not

been validated by independent research groups.

According to the two-process model, the occurrence of

sleep, duration of sleep, sleep intensity and the internal struc-

ture are determined by two oscillatory processes called

process ‘S’ or sleep homeostasis and process ‘C’ or circadian

rhythm. The timing of sleep is determined by the circadian

rhythm. Process S is homeostatic and increases during wake-

fulness until it reaches a circadian upper threshold and sleep

is initiated. The homeostatic process S has been deducted

from the quantification of slow wave sleep in the sleep EEG.

The larger the S is the more slow wave sleep can be observed

in the sleep EEG. The circadian process C is strongly influ-

enced by the light-dark cycle.

Both processes interact closely and can be related to

neural activities. The circadian rhythm is determined by the

rhythmic activity of the suprachiasmatic nuclei, being pri-

marily responsible for changes in body temperature and

endocrine secretions.

The model was able to predict sleepiness in shift work,

in response to time zone transitions, in aircrew fatigue and

driver fatigue risk. The model does not explain the cyclic

NREM REM cycle. It is also not well suited to model

cumulative effects of sleep loss over several nights. It is

also obvious that different tasks may create different effects

on sleepiness, and thus the increase in sleep pressure may

vary with the task performed during daytime.

Today, a number of refinements have been made and

have finally led to an expanded three-process model of

sleep and fatigue. This refined model introduces a task-

related component which contributes to sleep pressure and

sleep inertia. A possible correlate for this third task-related

component may be physical activity as monitored by a

wrist-watch type of actigraph.

A different approach to modeling sleep is based on the

observation of the alteration between wakefulness and sleep.

This approach is based on the statistical properties of the reg-

ulation of sleep and wakefulness durations [24]. The distri-

butions of sleep and wakefulness durations differ in a way

that the distribution of sleep durations follows an exponential

law as it is also the case with molecular movement. In

contrast, the distribution of wakefulness durations follows a

power law which is characteristic for systems with fractal

behavior such as the branching of bronchioles. In general,

exponential law and power law behavior cannot be generated

by the same underlying system. Transferring this rule to the

sleep wake regulation, it is very likely that different neural

brain areas are responsible for the regulation of sleep and

wakefulness. This difference in regulation of sleep and wake-

fulness durations was also found in sleep in different species

[25]. There, only the exponent and the constant responsible

for the decline of the distribution differed. The general char-

acteristic remained the same throughout the species.

Physiology of Sleep and Dreaming 19

Table 1. Table of sleep stages as a function of age and gender according to Redline et al. [21]

Age years Stage 1 Stage 2 Slow wave sleep REM sleep

Men Women Men Women Men Women Men Women

37–54 5.8 4.6 61.4 58.5 11.2 14.2 19.5 20.9

55–60 6.3 5.0 64.5 56.2 8.2 17.0 19.1 20.2

61–70 7.1 5.0 65.2 57.3 6.7 16.7 18.4 19.3

�70 7.6 4.9 66.5 57.1 5.5 17.2 17.8 18.8

Percentages of total sleep time are listed as mean values.
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Circadian Rhythm

The occurrence of sleep is dependent on the circadian

phase. There is an ‘opening window’ in the late evening,

accompanied by a drop in body temperature. Then sleep is

initiated best. Another, less pronounced ‘opening window’

for sleep is in the early afternoon. To start sleep at other

times is more difficult unless a person is sleep deprived. In

order to investigate the circadian rhythm systematically, a

specific bedrest study protocol has been developed, which

aims to minimize all external influences which can mask the

intrinsic circadian rhythm. These studies are performed in

isolated chambers with control of light, temperature, noise,

and without any clocks. The so-called forced desynchrony

protocol gives mental and physical tasks to the subjects in

the circadian study laboratory at a 28-hour rhythm. This

period is long enough that an adaptation to this duration

does not occur. In this way the intrinsic circadian processes

can be studied when averaging effects over several days.

Important zeitgeber for the circadian clock are light,

ambient temperature changes, noise, nutrition, and social

contacts. The classic intrinsic markers for the circadian

rhythm are body core temperature and melatonin secretion.

This means that these variables vary closely with the circa-

dian rhythm. Typically subjects want to go to bed when

their body temperature is reaching its minimum values. But

it also means that changes in body temperature and mela-

tonin influence the circadian rhythm.

The intrinsic circadian rhythm is a little bit longer than

24 h, on average by 15 min. The duration of REM sleep is

strongly linked to the circadian sleep process, and the longest

REM sleep in bedrest studies is found roughly 1–2 h after the

body temperature has reached its minimum [26]. From the

results of circadian research it is evident that the homeostatic

sleep regulation and the circadian process interact strongly

with each other and influence each other. A clear experience

of this interactions can be observed at flights across several

time zones during intercontinental flights.



Abstract

Sleep-related breathing disorders are closely linked to the
features of the physiology and pathophysiology of respiratory
control during sleep. Sleep fosters respiratory instability due
to loss of the so-called wakefulness drives, changes in the
chemical drives of respiration, mainly CO2� and hypoxic sensi-
tivity, modifications in the neuronal control of ventilation, and
increases of the respiratory arousal thresholds.The modified
neuronal respiratory drive during sleep also affects the upper
airway dilator muscles with respect to tonic and phasic activity.
In combination with anatomical dispositions, this may lead to
upper airway obstruction during sleep. Transient hyperpnea
suppresses dilator muscle activity more than phrenic nerve
activity, leading to a mismatch in timing during inspiration.
Repeated hypoxia accounts for fatigue of the upper airway
muscles which then tend to collapse more easily.

Breathing Rhythm

Breathing is maintained by rhythmically active neurons in

the brainstem which are interconnected in a neuronal net-

work and innervate the respiratory muscles. Furthermore,

this rhythm can be recorded from lots of other functional

systems, the cardiovascular, the upper and lower airway

muscles, the somatomotoric and the autonomic nervous sys-

tem. On the other hand, many exogenous and endogenous

conditions can influence the breathing rhythm, leading to a

complete interruption of breathing, called apnea, to partial

inhibition, (bradypnea, hypopnea, hypoventilation, rapid

shallow breathing) or increased breathing movements (sighs,

hyperpnea, hyperventilation).

Microelectrode recordings in animals have been used to

identify different types of neurons within the brainstem

which are only active during precisely defined phases of

the respiratory rhythm. Different types of inspiratory neu-

rons fire during onset, the course and the end of inspiration,

some are phase-spanning from inspiration to expiration,

and other neurons are active during the expiratory phase

[1]. The inspiratory neurons are located within a bilateral

column of cells next to the nucleus ambiguous, the so-

called ventral respiratory group, and more rostrally next

to the solitary tract forming the dorsal respiratory group.

Some other inspiratory cells have been found in the spinal

cord at the levels of C1 and C2. Expiratory cells are located

at the level of the pons and the caudal brainstem. Thus,

respiratory-related cells form a widespread network with

reciprocal inhibition, located within the pons and brain-

stem, rather than an explicit ‘breathing center’. This net-

work generates the breathing rhythm by timing the on- and

off-switch of inspiration and expiration, but also generates

a highly specific dynamic pattern of incremental and decre-

mental neuronal output to the various respiratory muscles.

During inspiration, for e.g. phrenic nerve activity is

increased in a ramp-like manner to overcome the increas-

ing elastic forces at higher lung volumes (fig. 1).

The respiratory neurons in the brain stem can hardly be

identified morphologically as they resemble the other neu-

rons within the reticular formation.

Randerath WJ, Sanner BM, Somers VK (eds): Sleep Apnea.
Prog Respir Res. Basel, Karger, 2006, vol 35, pp 21–28
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The phasic activity of the respiratory network is depend-

ent upon a tonic drive arising from the surrounding reticular

formation. Suppression of this tonic drive leads to inhibition

of respiratory activity, which results in a decreased respira-

tory rate and/or decreased tidal volume. The tonic reticular

drive is influenced by all kinds of sensory inputs, including

specific chemical information on O2 and CO2 partial pres-

sures and the pH in the arterial blood and the brain extracel-

lular fluid. In addition, brain activity including motor tasks

leads to increased reticular activity and thus drives to the

respiratory network.

Sleep leads to a modification of the activity of the reticu-

lar formation. Consequently, the breathing rhythm is influ-

enced by sleep in a characteristic manner which differs

between light and deep NREM sleep and REM sleep.

Breathing Rhythm during NREM Sleep

Compared to quiet wakefulness the frequency and ampli-

tude of breathing are slightly lower during light and deep

NREM sleep. In a study in 18 young healthy adults [Szczyrba

and Schäfer, unpubl.] breathing frequency fell from 17 to

16 min�1 and 15.5 min�1. At the same time, tidal volume

decreased by 10–15% from 560 to 490 and 480 ml, respec-

tively. Thus, ventilation decreased by approximately 12%

from wakefulness to light sleep and by 16% from wakeful-

ness to deep NREM sleep. Energy expenditure, however,

decreased by only 4% to light sleep and 8% to deep NREM

sleep. Consequently, the CO2 partial pressure rose from 38.9

to 41.6 and 43.0 mm Hg, respectively. The variability of the

inspiratory time, expiratory time, respiratory rate, and tidal

volume decreases significantly from quiet wakefulness to

light and deep NREM sleep.

These sleep-related changes are the results of a

decreased tonic drive of the respiratory network and an

increased upper airway resistance. Quantitative analysis of

neuron activity during sleep shows that neurons with a

greater proportion of tonic activity are predominantly

affected by sleep. Experimental excitation of silenced cells

using excitatory neurotransmitters re-establishes the phasic

respiratory activity [2], which indicates that a ‘subthresh-

old’ rhythm still persists. On the other hand, neurons, which

are more strongly related to the respiratory rhythm, do not

show greater changes in their activity during NREM sleep

compared to wakefulness. Thus, NREM sleep decreases

tonic input to the respiratory network, which silences cells

with stronger non-respiratory inputs. There are other state-

related changes in telencephalic and mesencephalic respi-

ratory neuronal activity, but the functional significance is

not known.

Several tonic excitatory inputs to the respiratory neu-

ronal network besides the reticular formation have been

identified: (1) the behavioral control on the respiratory sys-

tem including both involuntary activation by sneezing and

coughing and voluntary activation as during vocalization,

breath holding and hyperpnea, the activity of which is

strongly reduced during sleep; (2) serotonergic and norepi-

nephrine-containing excitatory brainstem nuclei, which are

most active during wakefulness, less in NREM sleep and

almost absent during REM sleep; (3) orexin-containing hypo-

thalamic neurons, targeting wakefulness-related nuclei. They

are candidates for the cellular representation of the so-called

wakefulness drive of ventilation [3].

Recently, several genes were identified which cause vari-

ation in daytime and nighttime respiratory rates [4]. The her-

itability was found to be moderate during the daytime, but to

sharply increase during sleep, which suggests that respira-

tory rate is under more genetic control during sleep than

during wakefulness, when many behavioral and environ-

mental influences affect the control system of breathing.

This genetic influence may be due to sleep-related impact
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Fig.1. The central control system of breathing. Illustration of the respi-

ratory control system located in various sites of the brainstem.

Respiratory-related cells form a network which generates the rhythm of

inspiration and expiration and a complex dynamic pattern of motor out-

put to the airways, respiratory muscles and other systems. The activity

of this network depends upon the tonic drive of the surrounding reticu-

lar formation, which is influenced by chemical (hypoxia, hypercapnia)

and sensory afferents, as well as wakefulness drives from higher cortical

areas.
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on candidate genes coding for the adenosine receptor and

serotonin receptor subtypes which are involved in the con-

trol of breathing.

Breathing Rhythm during REM Sleep

In REM sleep, breathing becomes more irregular, the

mean frequency of breathing slightly increases, whereas

tidal volume decreases. In summary, minute ventilation is

reduced. Metabolic rate increases in REM sleep, which

coincides with a large increase in cerebral perfusion. During

phasic events in REM sleep tidal volume is significantly

reduced. This leads to short periods of rapid shallow breath-

ing positively related to the occurrence of rapid eye move-

ments [5]. The mean arterial CO2 partial pressures, however,

are lower in REM sleep than during NREM sleep. Already,

the initial description of REM sleep noted the changes in the

breathing rhythm. The excitatory drives arise from central

efferents, which influence inspiratory as well as expiratory

cells. These excitations persist even after removal of

mechanical feedback, e.g. from airways or stretch receptors,

which means that they originate from endogenous sources.

Early studies support the idea that the variability of breath-

ing during REM sleep may be related to dream content, oth-

ers have argued that the irregularity during REM sleep is a

side effect of neuronal REM sleep processes. Nevertheless,

these two ideas are not mutually exclusive.

Another characteristic of REM sleep is the markedly

reduced muscle tone. This is also true for the intercostal and

accessory respiratory muscles, but not for the diaphragm.

This leads to a strong impairment of breathing movements

in patients with ineffective diaphragmatic breathing, who

depend upon the effectiveness of the other respiratory mus-

cles. Neurophysiologic experiments led to the identification

of a discrete area in the dorsomedial pontine tegmentum

containing cholinergic neurons that are activated during

REM sleep. Injection of acetylcholine agonists at the vicin-

ity of these cells trigger REM-like muscle atonia.

Pathophysiology of Breathing Rhythmicity 
during Sleep

There is a sleep-related physiologic reduction in tidal

volume and minute ventilation during NREM sleep caused

by the loss of tonic activation of the respiratory network

and by increased airway resistance. During REM sleep

endogenous mechanisms lead to phasic inhibitions of tidal

volume, the muscle atonia also involves upper airways,

intercostal and accessory respiratory muscles. In healthy

subjects these sleep-related changes are adequately compen-

sated. Blood gases remain within normal limits. In patients

with a handicapped respiratory system, e.g. in neurologic or

neuro-muscular disease or in obstructive lung disease, com-

pensatory efforts are less or not effective. This results in an

impaired gas exchange and often in disordered sleep.

Control of Ventilation

The majority of sleep-related breathing disorders are

related either to physiological changes of the control system

of ventilation during sleep or to pathophysiological condi-

tions arising from these special features. There are several

feedback loops in the control system of ventilation which

include mechanical information from the lungs and the

airways as well as chemical information from peripheral

chemoreceptors and central chemosensitivity. In addition,

there are interactions between the neuronal respiratory net-

work and mechanical, chemical or ‘unspecific’ afferents,

which may cause instability of breathing during sleep.

These instabilities most likely occur during sleep onset or

during the transition from one sleep state to another [6].

Neuronal Mechanisms

Within the respiratory control system there are mecha-

nisms which may lead to increased instability during sleep.

One of these is the feature of short-term potentiation 

of respiratory neurons [7]. During wakefulness, transient

excitation of respiratory neurons leads to a prolonged after-

discharge of these neurons. After a short augmentation,

tidal volumes gradually decrease to pre-stimulus values

rather than being reduced to zero, i.e. cessation of breath-

ing. During sleep, however, this afterdischarge is reduced.

Brief augmentations of tidal volume may lead to apneas not

prevented by short-term potentiation of respiratory neu-

rons. A second mechanism is an obvious hysteresis in the

control of inspiratory onset. Especially during sleep there is

a higher threshold to re-establish the respiratory rhythm

than to stop it [8]. This control system inertia facilitates the

occurrence of apneas during sleep. Third, the lung inflation

reflex is activated during sleep by increasing tidal volumes

above 1–1.5 liters. This may cause inhibition of inspiration

after sighs [9]. Short periods of hyperpnea, e.g. due to pha-

sic activations during REM sleep, can lower the CO2 partial

pressure below the apnea threshold [10]. This leads to a

loss of the strong CO2-dependent respiratory drive during



normoxia. Sleep unmasks this highly sensitive hypocapnia-

induced apnea threshold and apnea is initiated if the arterial

PCO2 slightly falls below eupnoeic values [11]. During

wakefulness the wakefulness drives can prevent apneas

under these conditions. During sleep, however, single or

periodic apneas may occur.

Chemical Control of Breathing

Hypercapnia, hypoxia and metabolic acidosis are potent

respiratory stimuli. Their impact on ventilation, however,

differs between states of wakefulness and sleep.

Hypoxia stimulates breathing via peripheral chemore-

ceptors located in the carotid and – with a threshold at

much lower PO2 values – in the aortic bodies. They sense

arterial oxygen concentration and send afferent impulses in

a nonlinear fashion to the dorsal medulla oblongata via

the glossopharyngeal nerve. The threshold of this feedback

loop, however, is low. Only when the PaO2 falls below

60 mm Hg ventilation increases. Further drop of the PaO2

below 30–40 mm Hg leads to central nervous depression

which also inhibits the respiratory network and leads to

suppression of breathing. The carotid bodies are res-

ponsible for the majority of the hypoxic afferences to

the respiratory network and supply 40–15% of total drive

to ventilation at rest [12]. Denervation causes an acute fall

in minute ventilation with an increase in PaCO2 by

5–10 mm Hg. After accommodation, normocapnia is re-

established, but the hypoxic ventilatory response remains

attenuated.

Peripheral chemoreceptors also sense the PaCO2 and

arterial pH and elicit a brisk increase in ventilation when

the PaCO2 rises or the pH drops. These changes, however,

tend to adapt after minutes to hours. After experimental

denervation of the carotid bodies a strong CO2- and pH-

dependent respiratory drive persists, which comes from

central chemosensitive areas. At first, areas on the ventral

medullary surface were identified as the site of respiratory

chemosensitivity. Small changes in the PCO2 and/or pH of

the extracellular fluid cause marked changes in ventilation,

mainly by changing tidal volume. Experimental elimination

of these areas by various methods led to a loss of central

CO2 sensitivity of respiration during anesthesia and differ-

ent states of sleep and wakefulness [13]. Besides these

chemosensitive areas other widespread sites of CO2 chemo-

sensitivity have been found, which in part may function only

during certain states of sleep and wakefulness [14, 15]. The

connection with the respiratory network and the sleep-

related changes in excitability to CO2 at physiological

levels, however, remain to be determined for most putative

chemosensor sites.

In general, chemical control of ventilation is blunted dur-

ing sleep compared to wakefulness. Nevertheless, the feed-

back loops involving chemical information are still

functioning and appear to prevent major changes in blood

gases during sleep, either by driving respiration or by evok-

ing arousal responses, which may lead to changes in sleep

states. In children suffering from congenital central

hypoventilation syndrome (CCHS) the consequences of

CO2 insensitivity can be observed: during wakefulness

spontaneous ventilation is maintained, the variability of the

arterial CO2 partial pressure is increased. There are periods

of hyperventilation followed by hypoventilation. The CCHS

patients exhibit deficient hypercapnic and hypoxic ventila-

tory responses and chronic respiratory insufficiency in the

absence of lung, cardiac, or neuromuscular disease, and fail

to show breathlessness to hypercapnia, some arouse from

sleep to high CO2. Functional magnetic resonance imaging

(fMRI) in CCHS and healthy control subjects was used

to determine brain areas controlling different aspects of

breathing [16]. The fMRI response deficits revealed neural

processes for the hypercapnic ventilatory and arousal

response that included disruption of the connection of cere-

bellar deep nuclei to rostral motor control sites; posterior

thalamic, midbrain and dorsal pontine areas, which are

involved in arousal; failure to recruit limbic sites to sense

discomfort of hypercapnic breathlessness; and failure of

limbic and cerebellar sites to regulate autonomic outflow.

These data illustrate that there are complex systems beyond

the primary chemical chemosensor sites that are involved in

an appropriate response to hypercapnia and hypoxia [17].

With sleep onset, there is a dramatic decrease in ventila-

tion in CCHS patients, sometimes with central apneas, and

the PaCO2 increases to values above 60–80 mm Hg during

NREM stage 4. During REM sleep, the endogenous drive

of respiration may lead to an improvement of ventilation

[18]. These observations again support the idea of different

modes of the ventilatory control system during NREM

vs. REM sleep.

Hypoxic and hypercapnic ventilatory drives can be

assessed by hypoxic and CO2 response tests, which have

been performed during wakefulness and during sleep.

Hypoxic and Hypercapnic Ventilatory Responses

There are two principles to test ventilatory responses to

changes of oxygen and carbon dioxide partial pressures: In

the steady state method, experimental changes of inspired
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air are in a stepwise manner. First, baseline values are

recorded. Then, the fraction of inspired O2 or CO2 is slightly

changed. It takes about 7–20 min until there is a new steady

state. These stepwise changes are repeated several times.

The advantage of this method is the more physiological

range of blood gas changes. On the other hand, waiting for

the new steady states takes up much time. The other method

is the rebreathing technique. The hypercapnic ventilatory

response (according to Read) starts with breathing from a

bag which contains 7% CO2 in O2. This leads to a rapid

increase of the PaCO2 above mean venous PCO2 at rest. By

rebreathing from the bag, the PCO2 progressively increases

to 60–70 mm Hg within 3–5 min. This shortness of time is a

major advantage of the rebreathing method, the blood gas

changes, however, are far beyond the physiological range.

Hypoxic Ventilatory Response during Sleep

In general, the hypoxic ventilatory response drops during

sleep, reaching the lowest level during REM sleep in both men

and women [19]. Men, however, have a much stronger hypoxic

drive during wakefulness, which is significantly reduced dur-

ing NREM sleep and further during REM sleep. In contrast,

there is no difference of the hypoxic drive in women between

wakefulness and NREM sleep. The underlying mechanisms,

whether central or peripheral, are still unclear.

The hypoxic response in neonates shows that there are dif-

ferent strategies to get away from hypoxic threat: Newborns

pursue a conservative approach by lowering metabolism and

reducing ventilation. A similar strategy can be found in the

diving reflex, which results in apnea, bradycardia, vasocon-

striction, and an increase in catecholamine release. These

actions are likely to conserve oxygen for the brain and the

heart and to lengthen the tolerance towards hypoxia [20].

Alternatively, there is the struggle for more oxygen by

increasing the ventilatory response to hypoxia, the cardiac

output and the oxygen concentration, trying to optimize the

use of limited oxygen resources in adult humans. Third,

hypoxic arousal may help to escape from the dangerous situa-

tion by waking up. The hypoxic arousal threshold varies con-

siderably between sleep states and between men and women.

It appears to be at lower oxygen saturation levels during REM

sleep compared to NREM sleep.

Hypercapnic Ventilatory Response during Sleep

The hypercapnic ventilatory response (HCVR) in adult

humans varies markedly during sleep. Rebreathing tests

during well-defined, EEG-documented sleep states showed

that the HCVR was significantly reduced in all stages of

sleep compared with wakefulness, falling to less than 50%

during NREM sleep and less than 30% during REM sleep

[21] (fig. 2c). Furthermore, there is a circadian rhythm of

the HCVR, measured in awake subjects, with an amplitude

of 30% of the mean HCVR with lowest slopes of the

response curve in the early morning hours [22, 23].

Continuously repeated CO2 challenges by moderate incre-

ases of the inspired CO2 fraction to 2.5 and 4.0% for 7 min

each throughout the whole night revealed a marked varia-

tion of slopes and apnea points of the HCVRs with respect

to tidal volume and ventilation, but not of the frequency of

breathing [24] (fig. 2a, b). The mean of the lowest slopes in

10 subjects was 0.31 � 0.13 liters/min/mm Hg, the mean of

the highest slopes 1.45 � 0.35 liters/ min/mm Hg per

night. Lowest slopes occurred in the early morning hours

between 3 and 6:30 a.m. There was a reduced tidal volume

response during REM sleep, which was not completely

offset by the increased frequency response. This may

be one of the reasons for the lower overall HCVR during

REM sleep. Despite the large scatter of the slopes of the

HCVR, baseline ventilation and resting PCO2 remained

constant due to offsetting shifts of the apnea points. The

slopes of the HCVR during REM sleep were significantly

lower than during wakefulness or NREM sleep [21, 25],

but, at the same time, the CO2 response curves were shifted

to the left. Therefore, it can be concluded that the chemical

control of breathing is maintained during sleep, but that

there are periods during which ventilation varies independ-

ently of the chemical drives, due to endogenous features

of REM sleep, loss of the ‘wakefulness drives’ and other

factors.

Studies in obstructive sleep apnea (OSA) patients indi-

cate that chemoreflex control of breathing may vary over

night due to the repetitive episodes of hypoxia, hypercapnia

and arousal. In contrast to non-OSA, patients with apnea-

hypopnea indices (AHI) greater than 30 showed a signi-

ficant over night increase in chemoreflex sensitivities by

approximately 30%, which tends to further destabilize

breathing during sleep [26].

With respect to the pathophysiological relevance, the vari-

ation in the HCVR as measured by end-tidal or arterial PCO2

and ventilation could be a ‘peripheral’ phenomenon, because

the PCO2 at the sensor sites in the central chemosensitive

areas is the main stimulus, which is dependent upon local

blood flow. There are considerable sleep-related changes in

brain blood flow, which may explain variations in ‘periph-

eral’ CO2 sensitivity. The increase in brain blood flow during

REM sleep could explain the blunted HCVR in this sleep
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state. Experiments in waking and sleeping goats showed that

there was a strong relationship between mean venous PCO2

drawn from the jugular vein, and the phrenic EMG, inde-

pendent from sleep states [27].

Upper Airway Muscles

In order to maintain airway caliber there is a tonic and

phasic activation of upper airway muscles, including the

genioglossus and the sternohyoid muscles. There is an

increase in upper airway muscle tone during inspiration,

followed by a decrease during expiration. This activation is

sensitive to CO2: hypercapnia increases the phasic activa-

tion of airway muscles. During sleep, however, this

response to CO2 appears to be blunted [28]. Furthermore,

the CO2-dependent drive to the respiratory muscles, including

the diaphragm and the intercostals, is much higher than

to the airway muscles. Under certain circumstances this

fact may foster the occurrence of mixed and obstructive

apneas, especially following short periods of hyperventi-

lation, when the PCO2 falls below the apnea threshold.

Rising PCO2 levels will at first reactivate phrenic activity,

and later, at higher levels of PCO2, airway muscles will

be recruited. Recently, low concentrations of CO2 added

to conventional continuous positive airway pressure
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Fig. 2. Hypercapnic ventilatory responses during wakefulness and sleep. a Variability of the hypercapnic ventilatory response (HCVR) during

the night in a healthy male subject determined by 60 stepwise changes of the inspiratory CO2 fraction. Decreases in the slope of the HCVR

coincide with REM sleep. Note that apnea points shift to the left during REM sleep. Therefore, ventilation does not decrease at normocapnic

conditions despite the flattening of the CO2 response curve. b Summary of the sleep state-related slopes of 10 subjects. The HCVR was signif-

icantly lower during REM sleep than during light and deep sleep [25]. WASO means ‘wakefulness after sleep onset’, with slopes not different

from light and deep sleep. c In contrast, slopes during wakefulness before sleep onset are steeper, as shown by Douglas et al. [21].



References

1 Richter DW: Neural regulation of respiration:

rhythmogenesis and afferent control; in

Greger R, Windhorst U (eds): Comprehensive

Human Physiology. Berlin, 1996, vol 2,

pp 2079–2095.

2 Foutz AS, Boudinot E, Morin-Surun MP,

Champagnat J, Gonsalves SF, Denavit-Saubié

M: Excitability of ‘silent’ respiratory neurons

during sleep-waking states: an iontophoretic

study in undrugged chronic cats. Brain Res

1987;404:10–20.

3 Peyron C, Tighe DK, van den Pol AN, de

Lecea L, Heller HC, Sutcliffe JG, Kilduff TS:

Neurons containing hypocretin (orexin) proj-

ect to multiple neuronal systems. J Neurosci

1998;18:9996–10015.

4 de Geus EJ, Posthuma D, Kupper N, van den

BM, Willemsen G, Beem AL, Slagboom PE,

Boomsma DI: A whole-genome scan for 24-

hour respiration rate: a major locus at 10q26

influences respiration during sleep. Am J Hum

Genet 2005;76:100–111.

5 Schäfer T, Schläfke ME: Respiratory changes

associated with rapid eye movements in

normo- and hypercapnia during sleep. J Appl

Physiol 1998;85:2213–2219.

6 Dempsey JA, Smith CA, Harms CA, Chow

CM, Saupe KW: Sleep-induced breathing

instability: state of the art review. Sleep 1996;

19:236–247.

7 Badr MS, Skatrud JB, Dempsey JA:

Determinants of poststimulus potentiation in

humans during NREM sleep. J Appl Physiol

1992;73:1958–1971.

8 Leevers AM, Simon PM, Xi L, Dempsey JA:

Apnoea following normocapnic mechanical

ventilation in awake mammals: a demonstra-

tion of control system inertia. J Physiol

1993;472:749–768.

9 Iber C, Simon P, Skatrud JB, Mahowald MW,

Dempsey JA, Reicks M, McArthur C: The

Breuer-Hering reflex in humans: effects of

pulmonary denervation and hypocapnia. Am J

Respir Crit Care Med 1995;152:217–224.

10 Skatrud JB, Dempsey JA: Interaction of sleep

state and chemical stimuli in sustaining

rhythmic ventilation. J Appl Physiol 1983;55:

813–822.

11 Dempsey JA, Smith CA, Przybylowski T,

Chenuel B, Xie A, Nakayama H, Skatrud JB:

The ventilatory responsiveness to CO(2)

below eupnoea as a determinant of ventila-

tory stability in sleep. J Physiol 2004;

560:1–11.

12 Pan LG, Forster HV, Martino P, Strecker PJ,

Beales J, Serra A, Lowry TF, Forster MM,

Forster AL: Important role of carotid afferents

in control of breathing. J Appl Physiol 1998;85:

1299–1306.

13 Schläfke ME: Central chemosensitivity: a

respiratory drive. Rev Physiol Biochem

Pharmacol 1981;90:172–244.

14 Nattie E: Multiple sites for central chemore-

ception: their roles in response sensitivity and

in sleep and wakefulness. Respir Physiol

2000;122:223–235.

Structure of the CFTCR 27

(CPAP) therapy have been shown to improve treatment of

mixed and central sleep apneas in patients with poorly

controlled mixed sleep-disordered breathing despite CPAP

therapy [29].

In addition, upper airway muscle activity is also dependent

on other factors (fig. 3), such as distortions of the upper air-

ways, the pattern of inspiratory flow, the air temperature, and

the functional residual capacity. The neuromechanical activa-

tion of the upper airways appears to be dependent upon

sensory afferents to the central nervous system. Studies in

patients with obstructive sleep apnea showed that they had a

blunted vibration sensation and a diminished two-point dis-

crimination in the upper airways [30].

The tonic activation of upper airway muscles appears to

be more or less independent of the control of ventilation

and more related to the general muscle tone. There is a

sleep-related decrease in tonic activity in the tensor veli

palatini, which correlates with the increase in upper airway

resistance [31]. Similar decreases in tonic activity were

found in the genioglossus, the geniohyoid and the posterior

cricoarytenoid. A large increase in total airway resistance

during NREM sleep has been shown [32], whereas the elas-

tic properties of the lung are not altered.

During wakefulness, upper airway resistance was simi-

lar between the oral and nasal breathing routes. However,

during sleep in a supine position, upper airway resistance

was much higher while breathing orally than nasally [33].

In animal experiments, intermittent hypoxia, a frequent

condition in patients with obstructive sleep apnea, triggers

muscle fiber composition changes in the geniohyoid mus-

cle toward the fast-twitch types, which may account for the

fatigue of the upper airway muscles [34]. These changes

could already be observed after 10 h of exposure. There is

increasing evidence that episodic hypoxia, the consequence

of periodic airway collapse, is responsible for the mainte-

nance and progression of obstructive sleep apneas through

impairment of the neural control of upper airway patency

by altering upper airway muscle contractile function. This

vicious cycle seems to perpetuate the condition of periodic

airway obstruction and recurrent hypoxia [35].

Dilator muscle acitivity
Caudal traction on trachea (FRC)

Low extraluminal pressure by interstitial and
adipose tissue

High extraluminal pressure (obesity)
Increased constrictor activity

Loss of dilator activity
Flow-induced collapse (Bernoulli effect)

Timing mismatch of dilation and inspiration
Low FRC, low tracheal traction

Hypoxia-induced muscle fatigue
Impaired mechanical sensation
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Fig. 3. Factors influencing upper airway patency.
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Abstract

In humans, the period for optimal mental and physical per-
formance is found during the light period of the day whereas the
dark period provides optimal regenerational capacities.A variety
of biological parameters follow a circadian rhythm of approxi-
mately 24h according to the earth’s rotational period. Other
parameters exclusively underlie the ultradian influence of state,
i.e.wake state vs. sleep state,or the rhythmic sleep process with
cyclically returning stages of NREM 1–4 sleep and REM sleep.
Long-term blood pressure and ECG recordings show a circa-
dian pattern of blood pressure and heart rate. At night, blood
pressure physiologically decreases by 10–15% which is referred
to as dipping. Non-dipping is prognostically adversarial. In addi-
tion, the mean heart rate drops at night. Blood pressure and
heart rate are modulated according to the sleep stages. At
the transition from wake to sleep, blood pressure and heart
rate decrease in trend reaching the lowest values during deep
sleep. During REM sleep, blood pressure and heart rate exhibit
pronounced changes, thereby generating a nightly recurring
stress test for the cardiovascular system.Circadian and ultradian
rhythms influence endocrine parameters as well as hydromin-
eral balance and renal function. Cortisol secretion exhibits a
characteristic circadian rhythm pattern. Adversely, renin secre-
tion for example is strongly related to sleep stage control.

Cardiovascular Function

Introduction

Control of cardiovascular parameters is a vital function

during wake and sleep. Maintaining blood pressure within

normal limits ensures sufficient oxygen and energy supply

as well as transport of metabolic products to the organs.

The autonomous nervous system regulates blood pressure

via heart rate and total peripheral resistance. Cardio-

vascular function follows a circadian rhythm which is

closely related to the states of sleep and wake. In addition,

the role of the sleep stages (NREM 1–4) and REM on

cardiovascular function must be emphasized. Whilst in a

relaxed wake state circulatory function remains largely

constant, in sleep characteristic changes are lawfully present.

NREM sleep is characterized by a downregulation of

cardiovascular activity whereas REM sleep displays a high

variability.

Cardiovascular parameters are closely interrelated by

feedback loops which ensure a homeostatic control and ade-

quate response to physiological needs. In this chapter, we

introduce basic mechanisms of cardiovascular regulation

and relate them to circadian and sleep-dependent changes.

Basic Mechanisms

Blood Pressure
Arterial blood pressure is the key control for the cardio-

vascular system. It is constantly maintained within a certain

range allowing tissues to regulate blood flow according to

their metabolic requirements. Arterial blood pressure is

adjusted by cardiac output and total peripheral resistance.

Furthermore, cardiac output is calculated as the product of

stroke volume and heart rate. In the latter lies a neural

regulatory moment as heart rate is under control of the

autonomic nervous system (ANS). This is of particular
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interest as autonomic modulation is sleep stage dependent

and varies strongly – especially in REM sleep. Stroke vol-

ume is modulated by cardiac preload. Total peripheral

resistance is determined by arteriole tone which in part

underlies local regulatory mechanisms [1]. Additionally,

systemic sympathetic activation via adrenalin and local

sympathetic nervous control via noradrenalin vasomotor

pathways are crucial for the amount of total peripheral

resistance.

Heart Rate
Heart rate is a key target of cardiovascular regula-

tion mechanisms and feedback loops. Herein, the final

common pathway is the efferent autonomic response to the

heart by vagal and sympathetic activity. These mechanisms

include: Firstly, respiratory sinus arrhythmia due to central

nervous interactions and as a consequence of increased

venous return in inspiration. Secondly, this leads to

increased cardiac preload with consecutive heart rate

increase due to stretch receptors in the right atrium – the

Bainbridge reflex [2]. Thirdly, baroreceptors in the aortic

arch and carotid sinus respond to blood pressure fluctu-

ations – the baroreflex. Regarding REM sleep, emotional

activity is of central interest as it goes hand in hand with

dream activity. Thereby, it modulates autonomic outflow

and thus heart rate via the limbic system and the insular

cortex.

Sympathetic Nerve Activity 
A method to experimentally measure sympathetic nerve

activity (SNA) is the direct recording of muscle sympa-

thetic nerve activity (MSNA) by microneurography in the

perineal nerve of the lower legs. Elevated sympathetic

activity is of central interest as it modulates total peripheral

resistance and heart rate and correlates well with sleep

stages and also with pathological conditions such as obesity,

hypertension, heart failure, diabetes and sleep apnea.

Heart Rate Variability
The fluctuations in the interval between normal heart-

beats are referred to as heart rate variability. As fluctuations

are mediated autonomically, indices of heart rate variability

provide insights into autonomic modulation of the heart.

For this purpose, parameters of time domain analysis and

spectral analysis are employed.

Time domain indices are directly calculated from heart

beat intervals. Calculated from 24-hour Holter ECG

recordings, they provide information on circadian rhyth-

micity and the general presence of vagal modulation of the

sinuatrial node. Low modulation is referred to as decreased

heart rate variability and hints at low vagal modulation.

This heart rate rigidity is either due to high sympathetic

tone or due to denervation for example in the transplanted

heart or in autonomic polyneuropathies. In population stud-

ies, decreased heart rate variability has had a predictive

value for higher mortality among healthy adults.

Frequency domain analysis is mathematically more

complex and provides spectral information on heart rate

variability – the so-called spectral power. Spectral cutouts

represent different autonomic influences. High frequency

(HF) spectral power is mediated parasympathetically to the

heart via the vagus nerve. It reflects for instance vagally

transmitted respiratory-related changes. Low frequency

(LF) spectral power is modulated by sympathetic and to a

minor degree parasympathetic influences. The latter can be

reduced mathematically. Besides, very low frequency

(VLF) and ultra low frequency (ULF) power reflect slower

modulations of heart rate such as renin-angiotensin system

oscillations and circadian rhythms [3].

LF spectral power has been defined as sympathetic tone.

This has been challenged for two reasons:

Firstly, the assumption of a general sympathetic tone

has been disproved. Regional differences in sympathetic

tone have been demonstrated. The assumption of a general

tone does not adequately reflect the function of the auto-

nomic nervous system as it operates in a complex way on

different levels. As a consequence, the term cardiac sympa-

thetic tone has been introduced.

Secondly, major limitations of this concept have been

brought up by experimental evidence mainly showing that

LF power under some circumstances does not represent

sympathetic modulation of heart rate but also includes dis-

torting parasympathetic components [4]. Despite the criti-

cism, in most conditions limits can be neglected, so that

cardiac sympathetic tone is nicely reflected by LF power

spectra during wake and sleep.

Sympathovagal balance, i.e. a ratio of sympathetic and

vagal power, is another feature of spectral analysis of heart

rate variability. It reflects autonomic changes of cardiac

control, e.g. in different sleep stages.

Baroreflex
The baroreflex responds to blood pressure fluctuations

in the carotid sinus and the aortic arch where baroreceptors

are located. Herein, the baroreflex serves as a blood pres-

sure buffer system. The receptor signal is afferently trans-

mitted to autonomic centers in the medulla oblongata.

Vagal efferent fibers increase cardiac vagal tone in

response to blood pressure increases. Sympathetic efferent
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fibers alter cardiac sympathetic tone and total peripheral

resistance. The latter is achieved through vasomotor

response in splanchnic beds and more importantly through

skeletal muscle vasomotor response.

The intensity of baroreflex response is referred to as

baroreceptor gain. The means of expressing baroreceptor-

mediated changes is baroreceptor sensitivity (BRS). It

displays the resulting difference in heart rate per blood

pressure change in milliseconds per mm of mercury. BRS

is not constant but changes with central and peripheral

autonomic modulation. Baroreceptor feedback adapts to

new conditions by resetting of blood pressure setpoints,

e.g. in hypertension. Baroreceptor function decreases with

age as well as in a variety of pathologic conditions such as

hypertension, congestive heart failure, postmyocardial

infarction, metabolic syndrome, insulin resistance and in

sleep apnea. Positive pressure ventilation with a CPAP

(continuous positive airway pressure) device in healthy

subjects shows an increase in vagal baroreflex modulation

but underlying mechanisms are only partially understood

[5]. BRS can be assessed directly e.g. through pharmaco-

logical manipulation. Another method is spontaneous BRS

which utilizes spontaneous fluctuations in the baroreflex

feedback loop. It is based on a mathematic approach to

calculate BRS from heart rate and blood pressure vari-

ability. In this case, blood pressure variability is a means 

of expressing beat-to-beat changes in blood pressure and

requires invasive or noninvasive continuous blood pressure

monitoring.

Blood Pressure Variability
Increased blood pressure variability from a 24-hour

ambulatory blood pressure monitoring (ABPM) has been

linked to organ damage [6]. Due to a lack of data, the rele-

vance of blood pressure variability remains a point of dis-

cussion. Evidence hints at a high blood pressure variability

as an adverse prognostic marker.

Circadian Control

Circadian variations in cardiovascular parameters are

known from large amounts of pooled 24-hour blood pres-

sure monitoring and ECG data. They represent a mixture of

real circadian changes and sleep-dependent changes. From

a chronobiological point of view, this difference does not

account for practical aspects as most people sleep at night

and are awake during the day. Regarding 24-hour blood

pressure and ECG measurements, this means a quasi cir-

cadian pattern that satisfies clinical requirements. Thus,

normal values for nocturnal blood pressure could be

defined in the absence of sleep monitoring. A dipping of

blood pressure of at least 10% of the systolic and 15% of

the diastolic mean daily values during the period from

10 p.m. to 7 a.m. is expected to be physiological. Another

clinical definition refers to maximal systolic and diastolic

blood pressure values for the same nightly time span. A

value below 120/70 mmHg is considered normotensive.

Autonomic modulation of cardiac control in spectral analy-

sis of heart rate variability and baroreflex function changes

according to the circadian rhythm.

Sleep Stage Control

Apart from circadian variations, the different sleep stages

provoke profound differences in autonomic cardiac control

and cardiovascular function. This is most pronounced com-

paring NREM with REM sleep.

NREM Sleep
After the transition from quiet wake to sleep, the sleep

process progresses from NREM 1 and 2 – light sleep – to

NREM 3 and 4 – slow-wave sleep or deep sleep – as

described in ‘Physiology of Sleep and Dreaming’.

Blood pressure and heart rate drop from stages NREM 1

to NREM 4. This has been shown to correlate with a reduc-

tion in SNA [7]. Increased heart rate variability and decreased

blood pressure variability in NREM are indicative for car-

diac health and autonomic stability.

NREM sleep presents with heightened baroreceptor

gain compared to wake. Cardiac autonomic modulation

shows decreased sympathetic and increased vagal compo-

nents. However, vagal components increase only in the first

three of five sleep cycles during NREM sleep. This means

that NREM sleep in the first half of the night does not equal

NREM sleep in the second half, suggesting an additional

component of ultradian or circadian control [8].

Due to slow and regular breathing, the stable auto-

nomic state provides a good basis for normal respiratory

sinus arrhythmia which is indicative for cardiac health.

Nevertheless, in 50% the EEG phenomenon of K com-

plexes – which is a hallmark of light NREM sleep – is

accompanied by bursts of muscle SNA. These are accom-

panied by transient low-scale blood pressure increases [9].

Not all K complexes display the phenomenon and overall

sympathetic activity in NREM sleep is reduced and stable

in comparison to quiet wakefulness. Still, this shows the

active nature of the sleep process even in stages NREM 

1 and 2.



REM Sleep
REM sleep periods are initiated at 80- to 110-min inter-

vals at the end of a sleep cycle. The hallmarks of REM sleep

are rapid eye movements which further divide REM sleep

into phasic episodes with REMs and tonic episodes without

REMs. Compared to NREM sleep, REM sleep is accompa-

nied by higher brain activity reflected in elevated cerebral

blood flow and brain metabolism. For the cardiovascular

system and its regulatory mechanisms this implicates a

lower level of central regulation. Linked to fluctuating auto-

nomic activity REM-sleep-related brain activity includes

structures of the limbic system. Additionally, central

responses to peripheral feedback loop regulatory control are

diminished. As a consequence, blood pressure and heart rate

display pronounced variability that disrupts cardiorespira-

tory homeostasis. This ‘stress test’ for the cardiovascular

system has been found to be associated with a high inci-

dence of cardiovascular events during the early hours of the

morning when REM sleep density increases.

Blood Pressure and REM Sleep. In REM sleep, mean

arterial blood pressure is higher than in deep sleep and

averages NREM 2. Strikingly, the blood pressure oscilla-

tions are higher than during NREM sleep.

Blood Flow and REM Sleep. Coronary artery blood flow

during sleep has been studied in different animal models.

Higher sympathetic activity in REM increases the meta-

bolic demand of the myocardium due to increasing heart

rate and total peripheral resistance. This results in vasodila-

tion and an increase in coronary blood flow in healthy sub-

jects. In the pathological condition of experimental coronary

artery stenosis, coronary blood flow decreases in response

to heart rate accelerations during REM sleep probably due

to the reduced diastolic perfusion time [10]. This underlines

the pathophysiological implications of REM sleep in coro-

nary artery disease.

Heart Rate and REM Sleep. In REM sleep, heart rate fluc-

tuates physiologically, displaying phases of tachycardia and

heart rate surges as well as phases of bradycardia even to the

point of heart rhythm pauses. Heart rate surges increase the

mean arterial blood pressure which in turn downregulates

the heart rate via baroreceptor pathways. Surges are abolished

by bilateral stellectomy in Baboons, proving a sympathetic

causal relation. As a consequence, parasympathetic influence

is negligible concerning the origin of the surges.

Sudden decelerations in heart rhythm occur predomi-

nantly during tonic REM sleep. They are independent from

blood pressure increases and related baroreflex function as

well as respiratory interaction. In cats, experimentally con-

ducted beta-blockade did not alter decelerations whereas

muscarinic blockade abolished the phenomenon, suggesting

vagus nerve dependence. As a different phenomenon,

vagally mediated short-term heart rhythm pauses occur

responding to blood pressure increases as shown in canines

and young adults [11]. These baroreceptor-mediated pauses

appear at the transition from slow wave sleep to REM sleep,

being more closely related to phasic than tonic REM.

Preceding REMs by some seconds, central nervous system

activity increases vagal nerve tone which then slows sinus

node activity.

Heart Rate Variability and REM Sleep. Compared to

NREM sleep, heart rate variability power spectra demon-

strate increased sympathetic components and unchanged

vagal components. On average, they are similar to those

during quiet wakefulness. This shift in autonomic modula-

tion precedes REM onset by several minutes. It thereby par-

allels similar changes of autonomic peripheral activity that

have been shown by peripheral arterial tonometry (PAT).

PAT is a technique that measures sympathetic vasomotor

control in the fingertip. Total peripheral resistance also

increases in REM sleep due to sympathetic activation.

Baroreflex and REM Sleep. Baroreceptor gain in REM

sleep is reduced compared to NREM but higher than in

wake. Baroreflex seems to alter its buffering capability dur-

ing sleep with higher capability towards the morning hours,

counteracting the increased length of REM periods.

Implications for Epidemiology and Pathophysiology

Autonomic activation associated with REM sleep

including surges in sympathetic activity can be seen as a

natural ‘stress test’ for the cardiovascular system occurring

night by night. In individuals with coronary atherosclerosis,

it predisposes for myocardial ischemia and its conse-

quences. This is supported by epidemiologic data showing

nonuniform nighttime distribution of cardiac mortality

increasing in the morning hours with high REM density.

Different from cardiac mortality, the peak of total car-

diac events was found to be around midnight in another

study [12]. Baroreflex function presents with lower gain in

the first sleep cycle and increasing gain in the following

cycles. This might in part explain the findings of total car-

diac events [13, 14].

Respiratory function is closely interconnected with car-

diac function, especially heart rate due to increased venous

return during inspiration. Thus, in REM sleep diminished

breathing control leads to irregular fluctuations and insta-

bility in cardiorespiratory feedback loops, predisposing for

tachycardic and bradycardic episodes, independent from

sympathetic surges. As a consequence, respiratory instability
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adds on existing deficits of blood pressure control during

REM sleep.

Enhanced SNA at REM onset and during REM sleep

predisposes for cardiac arrythmias due to profibrillatory

catecholaminergic properties. Concerning breathing con-

trol, the diaphragm is not inhibited whereas accessory and

upper airway muscles reduce activity. Irregular breathing

can cause oxygen desaturation, particularly in patients with

cardiac or pulmonary disease.

Endocrine Function

Introduction

Endocrine systems and sleep physiology underlie com-

plex, bidirectional interactions. In this chapter, we will

focus on the influence of sleep and circadian rhythm on

several hormone systems, including hormones of the hypo-

thalamic pituitary axis as well as appetite regulation and

carbohydrate metabolism.

In general, sleep and the circadian system modulate

endocrine functions following two different patterns. One

is the influence of sleep or certain sleep stages on hormone

release. This is an ultradian process as the changing fre-

quency is higher than once per 24 h. Another is the influ-

ence of the circadian rhythm. Most commonly, a mixture of

both types is found with one type predominating.

Most endocrine functions follow a more or less pro-

nounced circadian rhythm. As sleep normally takes place

during nighttime, it can be difficult to distinguish influences

of sleep from circadian influences. To elucidate underlying

mechanisms, experimental settings with nighttime sleep

restriction and daytime sleep periods have been introduced.

A classical example of a predominantly circadian system

is the hypothalamo-pituitary-adrenocortical (HPA) axis

which determines cortisol release. A classic example of sleep-

triggered hormone release is found in growth hormone.

Hypothalamo-Pituitary-Adrenocortical Axis

The HPA system is an important mediator of the response

to psychological and physical load. Activation of this system

includes hypothalamic excretion of corticotropin-releasing

hormone followed by pituitary adrenocorticotropic hormone

(ACTH) release and finally the secretion of cortisol from the

adrenals.

Plasma levels of ACTH and cortisol demonstrate an

association with the circadian rhythm. Predisposing for

sleep initiation and sleep maintenance, a cortisol decrease is

found towards the late evening and night hours with a mini-

mum at around 2–3 a.m. called cortisol nadir. A short-term

cortisol inhibition is reported to derive from the onset of the

sleep period. Towards the morning hours, cortisol levels rise

steadily preparing the organism for the wake state with peak

levels around awakening. The rise of cortisol levels is linked

to the anticipated time of waking as shown by means of

plasma ACTH levels in figure 1. The actual waking is fol-

lowed by an extra pulse of ACTH secretion. In case the

anticipated time of waking is preceded by actual waking, the

following ACTH pulse is more pronounced as a means of

compensation [15].

HPA feedback inhibition is attenuated in the sleep state

but becomes sensitive again in light sleep and wake state.

Cortisol pulses occur as an unspecific reaction to arousal

stimuli during sleep. However, total cortisol release is not

reported to differ between sleep deprivation, fragmented

and undisturbed sleep [16].

Growth Hormone

Growth hormone (GH) is released by the anterior pitu-

itary in a pulsatile fashion and has major anabolic proper-

ties. In children, growth hormone deficiency causes growth

deficiency. It has direct effects on body cells but mostly

exerts its anabolic function by stimulating insulin-like

growth factor-1 (ILGF-1) production in the liver and other

organs.

Being anabolic, GH is secreted with a slightly elevated

baseline during a phase when behavioral rest usually occurs.
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This is the dark phase of the day. Additionally, and even more

strongly, it is linked to the state when behavioral rest usually

occurs, which is sleep. It demonstrates associations with the

circadian rhythm as well as the ultradian sleep process show-

ing a marked increase in the first half of the night. They can

be explained by the stimulating mechanisms which foster

GH secretion. On the one hand, there are two stimulating fac-

tors: growth hormone-releasing hormone (GHRH) and ghre-

lin. On the other hand, somatostatin inhibits GH secretion

and GH itself is part of a negative feedback loop to stop its

secretion. The minor circadian influences on GH secretion

are due to lower inhibitory somatostatin tone and higher

stimulating ghrelin tone at nighttime which both occur inde-

pendent of the actual presence of sleep. However, the major

determinant of GH secretion is the actual state of sleep –

especially slow wave sleep (SWS) – regardless of whether it

occurs during nighttime or daytime. Sleep onset reliably pro-

duces a GH pulse. Interestingly, both the onset of SWS and

the peak of GH levels are initiated by activity of the same

GHRH neuron populations in the hypothalamus displaying a

direct neurostructural link between SWS and GH secretion.

The sleep GH coupling is still true for shift workers who lack

their nocturnal sleep episode and recover during daytime

sleep. In contrast, an overall sleep deprivation decreases GH

secretion. Thus, in children chronic sleep disturbances and

sleep-related syndromes like obstructive sleep apnea (OSA)

can cause diminished growth.

Gonadal Hormones

Gonadotropin hormones, i.e. luteinizing hormone (LH)

and follicle-stimulating hormone (FSH), control the pro-

duction of gonadal steroid levels. In women, the menstrual

cycle is gated by an infradian monthly rhythm of both

gonadotropin hormones, whereas in men LH is the key

player in the production of testosterone which is pivotal for

erectile function and libido.

Prior to puberty, gonadotropins are secreted in a pul-

satile fashion displaying acceleration in pulse frequency

with the onset of sleep. As one of the main characteristics

of puberty, the amplitude of gonadotropin release increases

during sleep. Thus, sleep disorders in children can delay

puberty. In early adulthood, daytime pulse amplitude

increases as well, diminishing the sleep-wake-dependent

rhythm. Despite this, testosterone levels in healthy sleep-

ing adult men exhibit a robust diurnal rhythm, requiring

control mechanisms other than LH. In adult women

gonadotropin circadian activity depends on the menstrual

cycle [17].

Appetite Regulation and Glucose Metabolism

Both the appetite-diminishing hormone leptin and

appetite-enhancing hormone ghrelin are elevated in normal

sleep. So the balance of both hormones is responsible for a

good sleep not disrupted by appetite attacks. Attention has

been drawn to the fact that recurrent partial sleep restriction

in young healthy adults decreases the plasma levels of

leptin and increases ghrelin levels [18]. Additionally,

decreased glucose tolerance and insulin sensitivity have

been demonstrated. Thus, chronic sleep loss may represent

a risk factor for weight gain, insulin resistance and type 2

diabetes.

Conclusion

Sleep has a stabilizing effect on a variety of endocrine

functions. Chronic sleep loss – both behavioral and sleep

disorders related – impairs functioning in several organ sys-

tems and predisposes for the development of pathological

conditions such as obesity, diabetes and in children retarded

growth.

Renal Function

Introduction

Renal function includes water and electrolyte balance,

excretion of metabolites, acid-base balance, blood pressure

control and haematopoiesis.

Renal function, especially hydromineral balance during

wake and sleep is under the control of the central nervous

system, of sympathetic outflow and of endocrine mecha-

nisms such as the renin-angiotensin-aldosterone system

(RAAS), the natriuretic peptides and arginine vasopressin

(AVP) and other hormones. Within normal blood pressure

limits, the kidneys autoregulate their own blood flow.

In a normal sleep-wake cycle, urine flow and electrolyte

excretion are higher during the day than during the night.

Herein, the state – i.e. sleep or wake – plays the decisive

role whereas circadian rhythm influences are of minor

importance. This follows the need for undisturbed sleep

without awakening for nycturia. Thus, overnight urine

excretion during sleep is physiologically limited by bladder

volume. Diminished urine output is achieved by increased

activity of the RAAS and changes in autonomic activity

during sleep, especially a decreased sympathetic tone [19].
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Renin-Angiotensin-Aldosterone System 

The RAAS represents the renal humoral pressor system

which reduces renal water and electrolyte loss to maintain

blood pressure. Renin is secreted by the juxtaglomerular cells

of the kidneys as a response to dropping blood pressure.

Renin secretion is also influenced by the autonomic nervous

system. A decrease in sympathetic activity increases renin

secretion. Renin triggers the conversion from angiotensinogen

to angiotensin I and further from angiotensin I to the vasoac-

tive angiotensin II by the angiotensin-converting enzyme

(ACE). In addition to its inherent vasoconstricting pressor

properties, angiotensin II fosters the release of aldosterone

from the adrenal cortex which has antidiuretic effects and thus

acts conform to the pressure-maintaining process. Plasma

renin levels are not interconnected with the circadian rhythm

itself but very much so with the process of sleep and the

difference between NREM and REM sleep. At the onset of

sleep, renin levels increase parallel to slow wave activity with

its reduced blood pressure and sympathetic activity. In REM

sleep, when blood pressure is highly variable and sympathetic

activity rises to levels similar to wakefulness, renin levels drop

significantly to rise again with the termination of REM sleep

at the beginning of the next sleep cycle as shown in figure 2.
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Fig. 2. The 24-hour profiles of plasma renin activity sampled at 10-minute intervals in a healthy subject.

a Nocturnal sleep from 23:00 to 7:00. b Daytime sleep from 7:00 to 15:00 h after a night of total sleep

deprivation. The temporal distribution of stages wake (W); REM 1, 2, 3 and 4 are shown above the hor-

monal values. The oscillations of plasma renin activity are synchronized to the NREM-REM cycle during

sleep. From Brandenberger G, Follenius M, Goichot B, et al: Twenty-four-hour profiles of plasma renin

activity in relation to the sleep-wake cycle. J Hypertens 1994;12:277–283.



Atrial Natriuretic Peptide and Brain
Natriuretic Peptide 

Atrial natriuretic peptide (ANP) is secreted by the right

atrium in response to sodium concentration and to dilation

caused by an increase in cardiac venous preload. ANP has

natriuretic, diuretic and vasorelaxant properties. Circadian

rhythm influences on ANP secretion are controversially

discussed. Diurnal influences might also play a role [19].

A short-term increase has been described for the initia-

tion phase of sleep when a lying body position facilitates

venous return from the lower body parts. This effect is

transitory so that the generally lowered urinary output

during sleep is not afflicted [20]. Nevertheless, ANP

increases play a pivotal role for the pathogenesis of nycturia

in OSA when respiratory effort during obstruction of

the upper airways leads to intrathoracic pressure swings

followed by right heart volume overload and ANP inc-

rease [21].

Brain natriuretic peptide (BNP) has similar properties as

ANP. In contrast to ANP, BNP is not secreted by the right

atrium but by the right ventricle in response to right heart

pressure and volume overload causing ventricular dilation.

Circadian and ultradian influences on BNP release have not

been found. BNP does not increase in OSA [22].

Arginine Vasopressin � Antidiuretic Hormone 

AVP does not display relevant circadian or sleep depend-

ent interactions but a light increase in the second half of the

night is reported.

Conclusion

Under normal conditions, urine production does not dis-

turb sleep. Nycturia resulting from pathological conditions

interrupts sleep continuity and may affect restorative function.
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Abstract

Questionnaires to assess medical history, sleepiness and
quality of life (QOL) are valuable tools to define the functional
impact of the sleep-related breathing events in patients with
obstructive sleep apnea syndrome (OSAS). If the answers of
standardized history questionnaires are systematically evalu-
ated, groups of different risk can be identified. Severity of symp-
toms together with anthropometric data predict with high
sensitivity the probability of an increased apnea/hypopnea
index. Sleepiness is a typical symptom of OSAS and can be char-
acterized by subjective ratings, including the Stanford Sleepiness
Scale and Epworth Sleepiness Scale. The Epworth Sleepiness
Scale is most often applied in clinical routines because of its
practicability. QOL is significantly impaired in OSAS patients.
Evaluative instruments like the Medical Outcomes Study Short
Form 36 (SF-36) measure multidimensional health components.
The general questionnaires such as the SF-36 and Nottingham
Health Profile were constructed to compare QOL of patients
with different diseases with QOL of healthy subjects (discrimi-
native property) and are not sensitive enough to changes.
The Sleep Apnea Quality of Life Index and Quebec Sleep
Questionnaire were developed to assess the specific effects of
sleep apnea on QOL and within-subject changes after treat-
ment.The choice of the instrument depends on whether sleepi-
ness, impairment or treatment effects should be measured.

History

As a consequence of fragmented sleep in obstructive

sleep apnea syndrome (OSAS), sleepiness is the most

important daytime symptom in these patients, leading to

impaired quality of life (QOL). Additionally, systemic

hypertension may develop, and cardiovascular disease and

increased mortality have been associated with OSAS. The

sleep history is critical for the recognition of persons with

potentially treatable sleep disorders. It is therefore neces-

sary to know which questions are best for identifying

increased apnea activity.

Several different sleep apnea clinical prediction rules

have been developed, using patients’ and bed partners’

reports of symptoms relating to snoring, apneas, choking

and/or gasping and anthropomorphic data such as the body

mass index (BMI), waist and neck circumference. Other

important clinical information concerning symptom sever-

ity, comorbidities, and QOL should be registered. In a study

to predict relevant sleep apnea activity with an apnea/hypop-

nea index (AHI) �15 with high sensitivity, four terms were

identified: apneas observed by bed partners, hypertension,

BMI and age [1]. Snoring and daytime sleepiness did not

discriminate between patients with and without sleep-

related breathing disorder (SRBD) due to selection biases

because all patients were referred to the clinic with such

symptoms. When a low cutoff probability was selected, 33

of 36 patients were correctly classified. The resulting sensi-

tivity was 92%, while the specificity was only 51%.

The validity of symptom questions to predict sleep

apnea activity (AHI � 20) was assessed using a self-

administered sleep questionnaire [2]. Sixteen questions

were clustered into clinically meaningful dimensions like

performance ability, snoring intensity, fallen asleep while

driving and frequent awakenings. When the severity of the

symptoms was taken into account, the odds demonstrating

Randerath WJ, Sanner BM, Somers VK (eds): Sleep Apnea.
Prog Respir Res. Basel, Karger, 2006, vol 35, pp 37–42
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apnea activity increased progressively. Mild snoring, for

instance, had an odds ratio of 2.1, very severe snoring 21.1

compared with those who never snore. In addition to 3

selected questions, data on BMI and gender improved the

prediction ability by 10%.

The Berlin questionnaire includes self-reported questions

and focuses on a screening approach in a primary care popu-

lation and a limited set of risk factors [3]. The questions

include weight, snoring loudness, frequency, disturbing other

people, breathing pauses, tiredness after sleeping or during

waketime, falling asleep while driving and high blood pres-

sure. Three domains were defined, namely snoring behavior,

waketime sleepiness and a history of obesity or hyperten-

sion. Persistent or frequent symptoms in 2 of the 3 domains

were considered as high risk. In the high risk group, the sen-

sitivity and specificity for a respiratory disturbance index

(RDI) � 5 measured with a portable monitoring was 86 and

77%, respectively.

Patients with OSAS seem to be well informed about

their symptoms because there is a modest to good agree-

ment between patients’ and bed partners’ answers on identi-

cal questionnaires [4]. Nevertheless, an interview of the

bed partner is recommended to assess the reliability of the

patient report.

Questionnaires on their own are only of limited value as

a clinical screening tool because they only modestly predict

apnea activity. By using more stringent criteria in order to

ascertain patients with OSAS, more patients with the dis-

ease are excluded (more false negatives), and if weaker cri-

teria are used more unaffected persons are included (more

false positives). In order to gather a sampling frame for

ambulatory monitoring, it is more important to get a high

sensitivity than specificity because no patient should be

missed who could benefit from continuous positive airway

pressure (CPAP) or other treatment. Thus, if any risk is sus-

pected, the judgment of a physician is needed to decide

about further evaluation, especially using objective meas-

urements like polysomnography.

Daytime Sleepiness

Stanford Sleepiness Scale
Subjective sleepiness can be estimated with the Stanford

Sleepiness Scale (SSS) which reflects the actual state of

sleepiness at the time when the questionnaire is adminis-

tered (table 1). This 7-point scale features verbal descrip-

tions of the different stages of sleepiness. It indicates sleep

deprivation or sleep fragmentation and is a useful tool to

reflect treatment efficiency of CPAP. The effect of this

treatment on sleepiness was studied by applying the SSS

before and during CPAP therapy [5]. Without CPAP, the

baseline value was 3.5 � 1.3 after 30 days. Under CPAP,

the score decreased by about 0.8 � 1.0 and increased by

the same amount immediately after the first night without

CPAP. Generally the SSS is used in clinical studies but in

clinical routines the SSS could not be established.

Epworth Sleepiness Scale
This questionnaire was constructed with the intention to

describe the probability of falling asleep in 8 specific situa-

tions with varying soporific situations (table 2). In contrast

to the multiple sleep latency test, different situations con-

cerning sleepiness of the daily life are considered. The

advantage of the Epworth Sleepiness Scale (ESS) consists

in representing the average sleep propensity [6–10]. The

ESS is applied mostly because of its simplicity and practi-

cability in routine especially to describe sleepiness of

patients with sleep apnea syndrome (OSAS) [11]. The

mean � SD of ESS scores in 30 normal men and women

was 5.9 � 2.2.

Quality of Life

SRBD considerably reduce the QOL, that should improve

with an adequate therapy. Forty percent of all studies of the

last years reported no symptoms or QOL outcomes. It is well

recognized that the AHI correlates poorly with these out-

comes, so alone it is not an appropriate measure. Since QOL

is what matters most to patients with sleep apnea, clinical
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Table 1. The Stanford Sleepiness Scale

Tick only the one of the seven options presented that best describes

the degree of your momentary sleepiness or alertness.

Degree of sleepiness Scale rating

Feeling active, vital, alert, or wide awake 1

Functioning at high levels, but not at peak; 2

able to concentrate

Awake, but relaxed; responsive but not fully alert 3

Somewhat foggy, let down 4

Foggy; losing interest in remaining awake; 5

slowed down

Sleepy, woozy, fighting sleep; prefer to lie down 6

No longer fighting sleep, sleep onset soon; 7

having dream-like thoughts

Asleep �

For reference values, see Herscovitch and Broughton [28].
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trials should include it as an important outcome measure. In

addition to the registration of the polysomnographic data, it

is therefore recommended to apply to all patients at least one

of the following instruments to measure QOL prior to and

during therapy. In the following, the questionnaires most fre-

quently used internationally will be reviewed.

General Health Status Questionnaires
General indices such as the Medical Outcomes Study

Short Form 36 (SF-36), Nottingham Health Profile (NHP),

Sickness Impact Profile (SIP), Munich Life Quality

Dimension List (MLDL) are in common use and have been

applied in many diseases. The advantage of these and other

well established questionnaires consists in the possibility to

compare consequences of sleep apnea and its treatment

with other diseases like asthma or chronic obstructive lung

disease. However, the disadvantage of these indices is that

they do not cover important consequences of sleep apnea.

Many questionnaires are construed to distinguish between

conditions with a better QOL from those with a worse QOL

at a single date (discriminative property). In many cases

they are insensitive to important changes experienced with

treatment, because they were not specifically designed to

measure changes following a therapeutic intervention.

Medical Outcomes Study Short Form 36
The SF-36 includes 8 domains: physical and social func-

tioning, role function (physical and emotional), mental

health, vitality, pain, and general perceptions of health.

Normative data for adults are available [12]. In all dimen-

sions, considerable differences between the normal popula-

tion and patients with OSAS were detected. In a longitudinal

study, the impact of OSAS and CPAP therapy on the overall

QOL was determined. In a study of consecutive patients, all

qualities of life factors expressed as a percentage of norma-

tive data were reduced (physical and emotional health, social

functioning, physical functioning, 75%; vitality, 41%; role

functioning: physical, 54%, emotional, 61%, and social,

66%; general health, 88%, and mental health, 76%). After

8 weeks of CPAP therapy, vitality (75%), social functioning

(90%), and mental health (96%) markedly improved. The

magnitude of improvement was related to the degree of QOL

impairment before treatment, it was not closely related with

the RDI and arousal indices. Adherence to therapy was only

weakly correlated with changes of QOL.

In a study in patients with OSAS comparing CPAP and

autotitrating positive airway pressure, compliance and treat-

ment response were measured [13]. Compliance, ESS score,

SF-36, side effects and treatment pressures were compared.

There were no differences between treatment modes in over-

all compliance, ESS scores relative to baseline and between

modes, SF-36 scores significantly improved in physical role

and vitality domains relative to baseline; however, differ-

ences between the two modes were not detected.

In patients with chronic heart failure (CHF) QOL is also

severely affected. In about 50% of these patients with severe

CHF, Cheyne-Stokes Respiration or OSAS are observed.

The resulting fragmentation of sleep leads to excessive day-

time sleepiness with lower QOL than in patients without

SRBD and CHF [14]. Bodily pain, physical functioning and

social functioning are largely impaired in patients with

SRBD.

Nottingham Health Profile
The NHP includes 38 items. The score of 100 is corre-

lated to an extremely reduced QOL, 0 to a very good one. It

contains subscales for energy, pain, emotional reactions,

sleep quality, social isolation and physical mobility [15]. In

almost all dimensions except emotional perception, signifi-

cant differences relative to a control group of healthy peo-

ple were discovered [16].

Before and during daily CPAP, the correlation between

changes of daytime function and CPAP adherence was exam-

ined. Only a few measures like symptoms, sleepiness and

QOL, measured with the NHP predicted weakly the time of

Table 2. The Epworth Sleepiness Scale

How likely are you to doze off or fall asleep in the following situations,

in contrast to feeling just tired? This refers to your usual way of life in

recent times. Even if you have not done some of these things recently

try to work out how they would have affected you. Use the following

scale to choose the most appropriate number for each situation:

Situation Chance of dozing

Sitting and reading

Watching TV

Sitting inactive in a public place (e.g. a theatre 

or a meeting)

As a passenger in a car for an hour without 

a break

Lying down to rest in the afternoon when 

circumstances permit

Sitting and talking to someone

Sitting quietly after a lunch without alcohol

In a car, while stopped for a few minutes 

in traffic

0 � No chance of dozing; 1 � slight chance of dozing; 2 � mod-

erate chance of dozing; 3 � high chance of dozing.

To check your sleepiness score, total the points. Check your total

score to see how sleepy you are.
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CPAP use [17]. However, providing an intensive additional

education program which increased CPAP use did not

influence significantly the QOL measured with the NHP

[18]. The questionnaire was also validated in French. In a

large population of more than 3,000 patients with OSAS

under long-term CPAP therapy, the NHP was applied. Even

during therapy some scores were increased: The worst

value was found for energy (33.6), followed by physical

mobility (21.4). Social isolation (9.9) seems to be a prob-

lem for females [19]. The reduced QOL of patients under

CPAP may be due to the associated conditions as obesity

and cardiovascular diseases.

Sickness Impact Profile
This 136-item questionnaire depicts behavioral changes

and shows sensitivity to treatment effects. It includes sev-

eral categories, i.e. social interaction, locomotion, sleep

and rest, nutrition, usual daily work, household, mobility,

body movement, communication, leisure, intellectual func-

tioning, interaction with family, emotions, feelings and per-

sonal hygiene. From these dimensions a global scale can be

derived. Using the SIP as outcome measure, the global

score improved under CPAP from a pretreatment value of

17.2 � 13.6 to 5.4 � 6.3 under CPAP [5].

Munich Life Quality Dimension List
The MLDL includes 19 items which can be assigned to

4 categories, namely physical and psychical conditions, social

life and everyday life. The questions concern the degree of

satisfaction, degree of importance, desire for change and

belief in changes. Untreated patients with OSAS differed

significantly from control subjects. If they were treated for

3 months or longer, their QOL attained similar values as the

controls [20]. In a study with 40 controls and 41 OSAS

patients, 3 questionnaires were compared. The calculation of

the effect size revealed the strongest effect of therapy in the

subscale vitality of the SF-36 with 0.93. With the MLDL,

good effect sizes were found in the domains physical satisfac-

tion (0.70) and psychical satisfaction. Its feasibility and sim-

ple use make the MLDL a more useful instrument to cover

QOL in clinical routine [21].

Specific Questionnaires Concerning Sleep

Functional Outcome of Sleep Questionnaire
The Functional Outcome of Sleep Questionnaire (FOSQ)

was developed to estimate the functional impact of diseases

with sleep disturbances on the activities of everyday living

[22]. The ESS and SSS describe sleepiness in different

dimensions but not how patients are constrained in their

daily activities. By means of the FOSQ, efficiency of daily

routine should be estimated. Instruments like the SIP or SF-

36 comprise a large area of functions, therefore they are

appropriate for comparing different diseases. By responding

especially to sleepiness, the FOSQ can better characterize

data of specific diseases like OSAS. As a result, better grad-

uations are possible. The FOSQ is a paper and pencil test. It

includes 30 questions and lasts 15 min. Five factors were

identified: level of activity, vigilance, intimacy and sexual

impact. The results of the FOSQ were compared with SF-36

and SIP data in OSAS patients. As there is only a moderate

correlation, one can conclude that additional characteristics

of OSAS are covered by the FOSQ. The FOSQ was adapted

by several working groups in different languages, e.g.

Spanish and German, and is available for scientific issues.

Before answering the questionnaire, the patient is

informed about the difference between sleepiness and

fatigue after physical endurance. The patient should differ-

entiate between 4 degrees of severity in each question, that

means: no, some, considerable and extreme problems in the

actual situation. Points between 4 and 0 are given per ques-

tion, respectively. The sum score is calculated in percentage

of the maximal possible score. In healthy persons, the single

value of the subscales ranges from 3.5 to 3.9 [23]. The eval-

uation is done by composing a global sum score of all 5 fac-

tors. If one or several questions are not answered, the mean

value is calculated by the diminished number of questions.

Controls and patients with OSAS in comparison showed

both significant differences in the global score (90 � 9 vs.

68 � 21) and the 5 subscales [22]. In a comparison of CPAP

with sham CPAP in a group of 45 patients with moderate and

severe OSAS, the SF-36 and FOSQ were applied to examine

the efficiency of therapy. Vigilance and general fitness in the

FOSQ scales increased significantly. Therefore, in addition

to minimizing the symptoms the positive impact of improved

sleep on fitness during daytime could also be proved.

In a study in patients with mild OSAS (AHI 12.9 � 6.3,

range 5–30), the effect of CPAP in a randomized placebo-

controlled study was examined [23]. The data of the FOSQ

showed that 72% of the patients had a reduced QOL before

CPAP treatment. A tablet as placebo was used, and the

patients were told that it had been developed to improve

their breathing during the night. Three of 5 domains

improved during placebo treatment. Except for vigilance, no

significant difference was found between placebo and

CPAP. These results demonstrate that patients are suscepti-

ble to placebo treatment effects. Treatment results measured

with the FOSQ and other questionnaires are subjective data

and should be compared with a control group.
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OSAS-Specific Questionnaires

Calgary Sleep Apnea Quality of Life Index
Generic health measures, for instance the above-

mentioned NHP and the SF-36 do not detect more subtle

effects of the disease on QOL. Also, they were not con-

structed to evaluate within-subject change after treatment.

Additional questionnaires are needed to assess the specific

effects of sleep apnea on QOL.

The Sleep Apnea Quality of Life Index (SAQLI) was

developed as an evaluative instrument to measure within-

subject change in response to a therapeutic intervention [24].

It contains 35 questions with 4 domains: daily function-

ing, social interactions, emotional functioning, and symp-

toms. Treatment-related symptoms were added in a further

domain to take the possible negative impact of treatment

into consideration. The questionnaire was thoroughly devel-

oped by reviewing the literature, meetings with experts, dis-

cussions with patients with OSAS and their partners, as well

as interviews. From all these results, a list of 133 items with

importance to patients with OSAS was constructed. For each

item, the product of frequency and importance was calcu-

lated. The best items were selected in the Calgary SAQLI

and organized into 5 domains: The highest scores were asso-

ciated with alertness, concentration, the feeling of tiredness

and significant problems in relationships.

The SAQLI should be administered by a trained inter-

viewer, using response cards with a seven-level Likert

scale. The SAQLI showed a good reliability on testing and

retesting at 2 weeks; a good construct validity because the

within-subject change in SAQLI scores correlated signifi-

cantly with the SF-36; a very high responsiveness index of

1.9 and an effect size in the range of 1.1, which was much

greater compared with the domains of the SF-36 [25].

The questionnaire was used to examine effects of an edu-

cation program [26]. In a comparative study, the standard

program consisted of a 10-min CPAP education program,

and handing out a brochure on OSAS and CPAP treatment.

The patients were subsequently followed up by physicians

and nurses at the CPAP clinic at 1 month and 3 months. In

addition to receiving the same information as in the basic

support group, patients in the augmented support group were

given extra information on OSAS and CPAP by physicians

via videotape and an additional 15-min education session. At

weeks 1 and 2, the patients were reviewed by physicians.

Telephone support was added on days 1 and 2, and at weeks

1, 2, 3, 4, 8, and 12. Objective CPAP adherence and compli-

ance improvement of ESS score were not significantly

different between the two groups. However, the group

with augmented support reported a significantly greater

improvement of QOL with an increase in the total SAQLI

score from 9.1 � 2.5 to 21.9 � 5.2 at 4 and 12 weeks.

Quebec Sleep Questionnaire
The SAQLI is time-consuming because patients are

asked in an interview to select from a list of items the most

important symptoms they have experienced. Therefore,

a self-administered standardized QOL questionnaire was

developed (Quebec Sleep Questionnaire, QSQ). The QSQ

can be administered without supervision and even mailed

to patients [27]. The ease and convenience of standardized

items of the QSQ exceeds the benefits of individualized

items of the SAQLI. The QSQ is a 32-item OSAS-specific

questionnaire. The questions were selected by their impact

score, defined as the product of frequency and importance.

It is used to describe baseline and changes in domain scores

(daytime sleepiness, diurnal symptoms, nocturnal symp-

toms, emotions and social interactions). Each domain

includes 4–7 items and each item is scored on a 7-point

scale. The QSQ is available in English and French. The

minimal clinically important difference, namely the small-

est difference perceived by the patient, was calculated for a

better interpretability of the scores before and during the

CPAP treatment.

To compare the sensitivity of different questionnaires,

the standardized response mean (magnitude of change/

standard deviation of change) was calculated. The QSQ

was more responsive to treatment-induced changes than the

FOSQ, a property that is required for clinical trials and in

routine.

Conclusions

We conclude that apart from the objective registration of

respiratory disturbances during sleep, the description of

QOL is needed, because the domains of QOL remain unex-

plored by the nocturnal recordings in the sleep laboratory.

There exist only minor correlations between sleepiness,

QOL and frequency and duration of the disorder. For scien-

tific purposes, to describe the broad range of impairment in

OSAS generic QOL scales like the SF-36 or NHP should

be used. But even in clinical routine, QOL should be regis-

tered. As an evaluative instrument to measure therapeutic

effects, a disease-specific self-administered question-

naire like the QSQ is preferable because it is sensitive to

treatment-induced changes. If there is no relevant improve-

ment of QOL after several weeks on CPAP, a thorough

check-up of the diagnosis and the treatment modality should

be performed.
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Abstract

Objectifying sleepiness should encompass a number of
tests: (1) Subjective self-assessment with the aid of standard-
ized questionnaires (e.g. Epworth Sleepiness Scale, Stanford
Sleepiness Scale); (2) Determination of reaction times or the
time taken to solve standardized tasks (e.g.Trail Making Test,
Mackworth Clock Test, Psychomotor Vigilance Test, Vienna
Test System); (3) EEG-based measurements of sleep latency
and/or ability to remain awake under standard conditions
(Multiple Sleep Latency Test, Maintenance of Wakefulness
Test).The place of tests of sympathetic activity like pupillome-
try needs to be determined.The time requirement and costs
of ‘real’ driving simulators are high, therefore this procedure is
hardly suitable for use in the clinical practice setting.

Sleepiness is a form of attention deficit associated with a

reduction in reaction and vigilance. Vigilance and cognitive

performance are complex processes. The former is depend-

ent upon the time of the day, quality of sleep and the oxygen

supply to the brain. If sleep is fragmented, it loses its regen-

erative function, and vigilance and cognition are disordered.

Sleep-related breathing disorders occur as a result of

repeated constriction of the pharynx or as a result of a central

disturbance of breathing regulation [1]. According to the

model proposed by Bebee and Gozal [2], respiratory events

lead to a drop in oxygen saturation, or hypercapnea on the

one hand and, as a result of arousals, to sleep fragmentation

on the other. The percentage of REM and slow-wave sleep

decreases, sleep loses its restorative function, and cognitive

process and vigilance are disturbed [2, 3]. Daytime sleepi-

ness [4] or insomnia [5] and impaired vigilance occur. These

cardinal symptoms are of central importance for the diagno-

sis and evaluation of the severity of sleep-related respiratory

disorders, and should therefore be accurately measured and

identified. It is interesting that only about one quarter of all

those affected report sleepiness to be a leading symptom,

with almost a half of the patients suffering mainly from a

lack of energy and drive, and about one quarter complaining

of exhaustion [6]. Since the symptoms develop and progress

only gradually, some patients are hardly aware of the above-

mentioned problems. Daytime sleepiness can have a consid-

erable impact on the patient’s fitness to drive. A

meta-analysis revealed that, in comparison with controls,

persons with the obstructive sleep apnea syndrome have a

2.5- to 3-fold higher rate of accidents [7]. An interesting

observation is the fact that women with sleep-related respira-

tory disorders have a lower accident risk than men suffering

from the same problem. The number of nocturnal respiratory

disorders that are expressed by means of the apnea/hypopnea

index, which identifies the average number of nocturnal

events (disturbances per hour of sleep), is not indicative of

the extent of sleepiness [3] or the incidence of accidents [8].

For this reason, the demonstration of a sleep-related respira-

tory disorder alone does not permit an evaluation of a per-

son’s fitness to drive. Patients with sleep-related respiratory

disorders do, however, have a reduced quality of life as a

result of sleep fragmentation. Measurements employing

quality of life scales in severe sleep-related respiratory disor-

ders show a significant reduction in the parameters vitality,

physical functioning, general health and social functioning

[9]. Furthermore, patients with sleep-related respiratory dis-

orders demonstrate a reduction in the amount of grey matter

in the brain [10], together with cognitive performance prob-

lems in comparison with control subjects [2].
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The clinical evaluation of sleepiness reveals two striking

points in patients with sleep-related respiratory disorders:

(1) the sleep disorder is chronic and (2) is improved only

insignificantly by prolonging sleep time. As a rule, the

patient himself is aware of his sleepiness problem. Yawning,

heavy eyelids (ptosis), lethargy, difficulty in concentrating,

and delayed reaction to stimuli are typical signs. The fol-

lowing tests are often used for the clinical evaluation of

sleepiness and vigilance deficits:

Questionnaires
Sleep quality questionnaires can provide good evidence

for nonrestorative sleep. In cooperative patients, standard-

ized questionnaire-based sleepiness scales reliably reflect the

patient’s sleepiness. As a measure of momentary sleepiness,

the 7-stage Stanford Sleepiness Scale has proven useful [11].

As a measure of the patient’s ability to remain awake or

propensity to doze off in typical daily situations, the Epworth

Sleepiness Scale is often employed [12]. Both sleepiness

scales are discussed in the paper by Rühle [this vol., p. 37].

Paper and Pencil Tests
Classical psychophysiological tests measure the time

taken to solve concentration tasks as, e.g. connecting a series

of numbers with an alphabetic series of letters. The trail

making test A and B in particular has proved useful, and well-

validated normative figures are available. Part A consists of

encircled numbers from 1 to 25 randomly spread on a sheet of

paper. The object of the test is to connect the numbers in

order, in as little time as possible. Part B requires the subject

to connect numbers and letters in an alternating pattern as fast

as possible (reference value: 66–85 s). Part B requires more

thought processing and attention of the subject.

Electronically-Based Reaction Time and 
Vigilance Tests
Other procedures electronically determine the reaction

time to randomly presented, unchanging stimuli. In the case

of the psychomotor vigilance test, reaction times to the

sudden appearance of an ascending series of numbers is

measured. A red light flashes on the display of the device at

random intervals throughout the 10-min duration of the test.

Subjects have to press a button as soon as possible as an

answer while the red light is flashing. In each individual,

results are expressed as mean reaction time and, also, as

the slope of the relationship between the inverse of the reac-

tion time vs. time. This slope is used as a measurement of

reaction fatigue. A negative slope indicates an increase of the

reaction time over time (i.e. more reaction fatigue). The 10%

slowest and fastest reactions, as well as the number of all the

events not recognized within 500 ms, are recorded. Reference

figures are available and have been published [13].

Another scientifically proven examination is the

Mackworth Clock Test. It was originally developed to evalu-

ate vigilance in British Air Force radar technicians during

World War II. It is used to establish the increase in misses and

the increase in reaction time. Subjects watching a white light,

which jumps one step further every second on a clock with

32 intercepts. Whenever the light jumps two steps instead of

one, the subjects has to report it (fig. 1). Research showed

that within the first 30 min the decrement in the hit rate is

most pronounced. After that the decrement levels off and

stays at an almost constant value. This test is currently under

further examination by the SIESTA (System for Integrating

Polygraphic Recordings and Describing SSleep Architecture

and Its Validation) group and a task force of the Deutsche

Gesellschaft für Schlafforschung und Schlafmedizin.

The Vienna Test System consists of several performance

test. Tests of general ability are included, e.g. Continuous

Attention (DAUF [Daueraufmerksamkeits-Test zur Quanti-

fizierung der Aufmerksamkeitsleistungen]), Reaction Time

Analysis, Signal Detection, Vienna Determination Test,

Vienna Reaction Test, Vigilance (VIGIL), Work Performance

Series (ALS). The Continuous Attention test, for instance, is

an assessment of the long-term selective attention and con-

centration ability, general performance and commitment.

Rows of triangles are shown on the screen pointing either up

or down. Whenever a predefined number of triangles points

down, the respondent is required to press the reaction. The

VIGIL test is an application of the Mackworth Clock Test.

The Work Performance Series (ALS) is an assessment of

concentration, psychic saturation and fatigability in mental

tasks under time pressure. The computerized administration

Bitte auf Doppelsprünge mit 
Tastendruck reagieren

Fig. 1. The Mackworth Clock.
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of the ALS includes a standardized instruction and a practice

phase, as well as a test phase of 20 min, during which the

respondent is required to add as fast as possible two numbers

at a time. They are displayed on top of each other on the

screen. The respondent enters the results of the arithmetical

problems via the keys of the panel. For the short-term mem-

ory tasks, the lower number moves up and is covered each

time the respondent enters a result. Thus the respondent

needs to memorize the lower number before entering the

result in order to be able to carry out the next task [14].

Computer-Based Driving Simulator Tests
Computer-based driving simulator tests, such as the Steer-

Clear [15] measure the frequency of tracking errors. During

30 min, the subject looks on a computer screen, where a car

runs through a long, linear road. At random intervals and

unexpectedly an object appears on the road. The subject has

to press the space bar of a computer keybord to avoid hitting.

The number of hits is recorded by the computer every

minute. Other authors used commercially available driving

simulators. Subjects performed, e.g. over 20 min, a divided

attention driving simulation test. The object of the test is to

steer an image of a car bonnet down the centre of a winding

road as accurately as possible (measuring the ability to track)

using a standard computer game steering wheel. The error

rate of these off-road events correlated with the number of

road accidents involving those investigated, but only slightly,

with an odds ratio of 1.004. Patients who have not had an

accident are readily identified, but only 10% of those who

have been involved in an accident are identified [16].

Driving Simulators
Measurements obtained in ‘real’ driving simulators 

require the coordination of complex actions. They show good

correlation with the incidence of actual road traffic accidents,

and changes in vigilance under treatment can also be well

documented [17]. Since, however, the time requirement and

costs of the measuring equipment are very high, this proce-

dure is hardly suitable for use in the clinical practice setting.

Pupillometry
In recent years, measurement of the pupil diameter in

the darkness has attracted considerable interest. In the pres-

ence of sleepiness, the diameter of the pupil varies consid-

erably over a measuring period of 11 min, while in the alert

person, it remains constant at roughly 7 mm during meas-

urement in the dark. The pupillary unrest index correlates

well with other sleepiness tests. However, only those values

measured before noon are of significance for discriminat-

ing between alertness and sleepiness [18].

Electrophysiological Measurements of Brain Activity
The gold standard – also for diagnosis – is the determi-

nation of sleep latency based on the electrophysiological

curves reflecting brain activity. The recording of EEGs in

channels C3/C4 enables the accurate determination of the

sleep onset time points. Under standardized conditions in a

low-stimulus environment, the Multiple Sleep Latency Test

(MSLT) [19] and the Maintenance of Wakefulness Test

(MWT) [20] are employed. In the case of the MSLT, the

rapidity of sleep onset in a subject lying in bed in a darkened

room is measured over a period of 20 min every 2 h, four to

five times during the day. The subjects are instructed to try

to go to sleep. Since, however, the ability to remain awake

predominates during the daytime, the MWT was developed

as an exactly reversed test. Here the subject, seated for 40 min

in a comfortable armchair in a darkened room, is requested

to remain awake for as long as possible. Measurements are

made four times during the day at intervals of 2 h. Here, too,

the sleep latency is determined electrophysiologically,

applying the criteria of Rechtschaffen and Kales [21]. The

measurements must be constantly monitored so as to

exclude the influence of such aids as light, reading, listening

to music, etc. Normative values derived from meta-analyses

are available, and vary according to age between 9 and

13 min (MSLT) and 29–38 min (MWT) [22]. A disadvan-

tage is the dependence on a laboratory, special equipment

and the need to obtain measurements throughout the whole

of the day. The results, however, are objective, and also rec-

ognized for use in diagnosis. Interestingly, the MWT corre-

lates well with driving simulator performance [23].

If the results of various tests are ambiguous, the so-

called practice test remains as a general evaluation option.

If, e.g. the likelihood of a significant reduction of fitness

to drive as a result of a disease possibly associated with

excessive sleepiness is to be determined, a driving test in

normal road traffic can provide the necessary information

about attention deficits. This test, of course, requires the

use of a driving school car permitting the tester to take over

if necessary.

In summary, the testing of sleepiness should encompass

a number of tests:

1 Subjective self-assessment with the aid of standardized

questionnaires (e.g. Epworth Sleepiness Scale, Stanford

Sleepiness Scale).

2 Determination of reaction times or the time taken to solve

standardized tasks (e.g. Trail Making Test, Mackworth

Clock Test, Vienna Test System).

3 EEG-based measurements of sleep latency and ability

to remain awake under standard conditions (MSLT,

MWT).
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Abstract

Portable monitoring systems may be useful for the diagnosis
of moderate to severe obstructive sleep-related respiratory
disorders, in the case of an attended measurement. Attended
polysomnography is considered to be the gold standard.Three
different levels of portable monitoring systems are in use: unat-
tended polysomnography, polygraphy with the recording of at
least 3 cardiorespiratory parameters and body posture, record-
ing of oxygen saturation and one other parameter. Since no
high-evidence studies are available, unattended polysomnogra-
phy is not generally recommended either for the detection or
the exclusion of sleep-related breathing disorders. An excep-
tion is attended polygraphy (level 3: recording of at least car-
diorespiratory parameters and body posture) in the case of
detecting sleep-related respiratory disorders with an apnea-
hypopnea index �15/h. Careful manual evaluation of the recorded
curves and the absence of concomitant diseases (e.g. COPD,
cardiac insufficiency) are a precondition. Neither unattended
ambulatory polygraphy (recording of at least three cardiorespi-
ratory parameters and body posture) nor attended or unat-
tended recording of oxygen saturation and one further
parameter are suitable for the exclusion or confirmation of
a sleep-related respiratory disorder with an apnea-hypopnea
index �15/h.All portable monitoring systems are not suitable
for split-night studies. Interpretation of the recorded values
requires a good knowledge of the patient’s history and symptoms.
Portable monitoring systems should be applied only by prop-
erly trained staff. For follow-up examinations of patients with
sleep-related respiratory disorders there are no high-evidence

studies available. For the detection of central sleep-related res-
piratory disorders and hypoventilation syndromes there are
also no high-evidence studies available.

Therapy-requiring sleep-related respiratory disorders in

childhood have a reported incidence of approximately 2%

[1], and in adulthood of some 2% of women and 4% of men

aged between 30 and 60 years [2]. Sleep-related breathing

disorders manifest in three different forms [3]:

• obstructive sleep apnea syndrome,

• central sleep apnea syndrome,

• sleep-hypoventilation syndrome.

In the case of obstructive sleep apnea syndrome, repeated

constrictions of the pharynx lead to:

• vibrations of the walls of the pharynx, audible as

snoring;

• partial occlusion manifesting as hypopnea or breathing-

related arousal;

• complete obstruction (apnea).

The diagnosis of obstructive sleep apnea syndrome is

established whenever respiratory events occur more fre-

quently than 15/h of sleep, or if more than 5 events/h are

observed and clinical symptoms indicative of nonrefresh-

ing sleep are present [3, 4]. In the case of the central sleep

apnea syndrome, at least ten cessations of breathing per

hour of sleep are recorded, each of which lasting for at least

10 s and characterized by an absence of ventilatory effort

[3, 4]. In the sleep-hypoventilation syndromes, primary dis-

orders of breathing regulation or secondary sequelae of

Randerath WJ, Sanner BM, Somers VK (eds): Sleep Apnea.
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diseases of the lungs, thorax or respiratory muscles result in

lengthy nocturnal desaturations or nocturnal increases in

PaCO2 � 10 mm Hg as compared with the values measured

in the wake, recumbent patient [3, 4].

To diagnose the above-mentioned diseases, it is neces-

sary to record, continuously and throughout the night, the

respiratory movements, respiratory flow, oxygen saturation

of the blood, and where indicated the carbon dioxide con-

centration in the blood, snoring, ECG, sleep stages and body

posture under simultaneous video monitoring. In the event

of specific medical questions, further functions are addi-

tionally continuously recorded. All these measurements

require prior biocalibration. The measuring sensors must be

accurately placed and must remain in position for the entire

measurement. For this reason placement of the sensors and

implementation of the measurement must be carried out by

qualified staff, who must be present throughout the entire

night to monitor possible sensor displacement and to make

necessary corrections. Since the signs of nonrefreshing sleep are

also of central importance for the diagnosis and symptom-

oriented assessment of severity, they must be accurately

recorded and described.

Ideally, ambulatory measurements should enable the

entire spectrum of the above-mentioned disorders to be

identified. In order to achieve this, measurements of res-

piration, sleep and cardiovascular function are important.

Many of the above-mentioned parameters can, however,

be recorded only with considerable technical effort. This

therefore limits the information yield of ambulatory meas-

urements. The term portable monitoring encompasses a

wide range of devices that can record as many signals as

does attended polysomnography, or only one signal, such

as oximetry [5]. On the other hand, less effort is required

to obtain ambulatory measurements, which also enable

the investigation of large groups of persons at acceptable

cost [6].

A task force of experts from different fields of sleep

medicine summarized 2003 and 2004 recommendations for

the use of portable monitoring in the investigation of sus-

pected sleep apnea in adults. These recommendations are a

thorough evidence-based review of available publications.

The results were published by the American Academy of

Sleep Medicine, the American Thoracic Society and the

American College of Chest Physicians [5, 6]. Four levels

are distinguishable in the diagnosis and differential diagno-

sis of sleep-related breathing disorders: level 1, attended

polysomnography; level 2, unattended polysomnography;

level 3, polygraphy with the recording of at least 3 cardio-

respiratory parameters and body posture; level 4, recording

of oxygen saturation and one other parameter.

Attended polysomnography (level 1) is considered to be

the gold standard [7–9]. The information yield of the other

approaches is therefore measured against the results of

polysomnography performed in the sleep laboratory.

For all the diagnostic approaches listed above, the pro-

viso applies that the results obtained must be evaluated only

in the light of a knowledge of the patient’s history and

current complaints. The curves recorded must be checked

manually, validated and evaluated. The recording methods

employed have a considerable influence on the quality of

the curves obtained and thus on the validity of the results.

The best signal for the determination of respiratory flow is

provided by a pneumotachograph. With the portable moni-

toring systems, however, this method is not employed; in

most cases, a thermistor is used, but its signal provides only

qualitative data. The course of the nasal pressure, in con-

trast, provides a quantitative assessment of respiratory flow

and also permits identification of a pathophysiologically

and clinically relevant flow limitation [10]. The number of

apneas and hypopneas detected is greatly influenced by the

definition of respiratory flow reduction [11]. In comparison

with normal respiration, flow reductions of 30–80% have

been described for hypopneas. Occasionally, the definition

of hypopnea requires a subsequent decrease in oxygen sat-

uration of 2%, in some cases of 3%, and in others of 4%

[9]. It would therefore appear to make good sense to use the

standard of a 3% desaturation supported by the American

Academy of Sleep Medicine as a basis for the evaluation

[4]. Hypopneas resulting merely in arousals but not desatu-

rations cannot be identified by level 3 or level 4 ambulatory

monitoring systems, since no EEG signals are obtained.

The sole validated method for measuring respiratory

movements is induction plethysmography. However, it is

only rarely employed in portable monitoring systems. In

most cases, strain gauges with built-in piezo crystals – rarely,

pressure tubes – are employed.

The measured values obtained for oxygen saturation

largely depend on the method used and the subsequent pro-

cessing of the signals. Some devices provide the directly

measured value for each pulse beat, while others provide

mean values for time periods varying between 3 and 12 s; yet,

others give mean values for several pulse beats. Information

on the minimum oxygen saturation, the number and extent of

saturation decreases, and the detection of artifacts is of

critical importance. Owing to the S-shaped course of the

oxygen-binding curve, the evaluation of desaturations in

patients with prior reduced basal oxygen saturation (e.g.

COPD) is not only very difficult, but also of particular

importance. Studies on the sensitivity and specificity

of ambulatory monitoring in these groups have not been
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carried out. Snoring signals are recorded in some systems

with a microphone, while in others they are derived from

the nasal pressure curves. Studies to validate the signals

have not been carried out to date.

Of decisive importance for the evaluation of the useful-

ness of portable monitoring systems is the agreement of

the results with those of the diagnostic gold standard, i.e.

with polysomnography. The determination of a Pearson

correlation coefficient is of limited usefulness, since only

an association, but not an agreement, is thereby described.

The determination of the difference in measured values

using the method described by Bland and Altman is supe-

rior [12]. Since the likelihood of identifying or excluding a

disease depends not only on sensitivity and specificity but

also on the prevalence of the disease, the ratios of sensitiv-

ity and of frequency of false-positive and false-negative

test results are used to calculate a likelihood ratio for a

positive test. A likelihood ratio of 1.0 signifies that the

gold standard and the compared test are equally likely to

identify the disease. In an analogous manner, the speci-

ficity can be used to determine the likelihood that a sleep-

related respiratory disorder can be excluded by portable

monitoring systems [9, 13]. In a systematic review of

English-language studies, these likelihood ratios were cal-

culated. In that review, as well as in the recommendations of

the American Thoracic Society [5], the following conclu-

sions were drawn:

1 Level 2 examinations (unattended polysomnography):

Since no high-evidence studies are available, this

method is not recommended, either for the detection or

the exclusion of sleep-related breathing disorders.

2 Level 3 examinations, staff-monitored in the laboratory

(polygraphy with recording of at least cardiorespiratory

parameters and body posture): These are suitable for

detecting sleep-related respiratory disorders with an

apnea-hypopnea index (AHI) �15/h. This applies under

the following provisos:

• careful manual evaluation of the recorded curves,

• the evaluator must be able to assess the device

employed, and in particular the limitations of the sensor

system used,

• the evaluator should have a good knowlodge of sleep

medicine,

• the patients should be free of such concomitant dis-

eases as COPD and cardiac insufficiency,

• since sleep is not measured, the respiratory disturbance

index (RDI) may be smaller than the AHI measured by

polysomnography,

• it must be ensured that patients experiencing non-

refreshing sleep and with an RDI �15/h will be

submitted to further investigations by polysomnogra-

phy in the sleep laboratory,

• any CPAP titration that might be necessary must be

done under polysomnography control,

• level 3 examinations are not suitable for split-night

studies.

3 Level 3 examinations, unattended (ambulatory poly-

graph with recording of at least three cardiorespiratory

parameters and body posture): This is not suitable for

the exclusion or confirmation of a sleep-related respira-

tory disorder with an AHI� or �15/h.

4 Level 4 examinations, attended or unattended (recording

of oxygen saturation and one further parameter): This is

not suitable for the exclusion or confirmation of a sleep-

related respiratory disorder with an AHI� or �15/h.

A critical health-economic comparison of costs associ-

ated with the use of polysomnography or portable monitor-

ing systems for the diagnosis and treatment of sleep-related

respiratory disorders revealed an advantage of 13.431

USD/QALY for polysomnography. According to this cost-

utility analysis of a hypothetical cohort of persons sus-

pected of having obstructive sleep apnea, the use of

portable monitoring systems may result in the establish-

ment of an incorrect diagnosis and inappropriate treatment,

and thus cause the above-mentioned costs. Using polysomnog-

raphy as the gold standard, a level 3 home study would mis-

classify 5.2% of all patients. A diagnosis based solely on

clinical data would be incorrect for 15% of all [14].

A promising new method for the detection of sleep apnea

is whole-body impedance cardiography (ICGWB). These

signals could be a by-product of 24-hour ECG measure-

ments. Obstructive apneas, central apneas and hypopneas all

cause characteristic patterns in the ICGWB tracing. A study

which compared simultaneous whole-night ICGWB with

standard polysomnographic recordings revealed a sensitiv-

ity of 89% and a specificity of 80% [15] for patients with an

AHI �15/h. It seems that ICGWB signal includes valuable

physiological information that can be effectively used for

the detection of sleep apnea episodes. The method is prom-

ising in cases where the multichannel polysomnography is

not applicable or when ICGWB is used for hemodynamic

monitoring in seriously ill and postoperative patients.

The question whether follow-up examinations of pati-

ents with sleep-related respiratory disorders are possible

with level 3 recordings was seldom an issue. One study

analyzed the use of ambulatory monitoring devices for

the home management of patients with severe sleep apnea

(AHI 41 � 17.5/h). The authors concluded that they were

able to diagnose and treat these patients in an entirely out-

patient setting [16]. High-evidence studies are not available,
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and there are also no studies of patients with less severe

diseases.

In summary, portable monitoring systems may be useful

only for the diagnosis or exclusion of severe obstructive

sleep-related respiratory disorders. Patients with a symp-

tom of unrefreshing sleep should be further evaluated by

polysomnography. For the detection of central sleep-related

respiratory disorders and hypoventilation syndromes

there are no high-evidence studies available. All portable

monitoring systems are not suitable for split-night studies.

Interpretation of the recorded values requires a good

knowledge of the patient’s history and symptoms. Portable

monitoring systems should be applied only by properly

trained staff.
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Abstract

The method for the definite diagnosis of disordered breath-
ing during sleep is cardiorespiratory polysomnography. It was
introduced in the 1980s and is now the accepted standard.
Cardiorespiratory polysomnography includes the recording of
sleep signals, respiratory effort, muscle movement and cardio-
vascular signals. For these signals, different electrodes and sen-
sors are available with some being better than others but also
more expensive. Evaluation of polysomnography is based on a
number of rules all focusing on visual evaluation of the traces.
For sleep, the visual evaluation according to the recommen-
dations of Rechtschaffen and Kales is the gold standard. For res-
piration and movement there are recommendations compiled
by committees of the American Academy of Sleep Medicine.
Computer-based polysomnography supports the sleep expert
primarily in the monitoring, recording, and archiving tasks. In
addition, it tries to help with automated analysis of sleep, respi-
ration, and movement.These methods have not replaced visual
evaluation methods until now because the results of automatic
scoring do not meet the results of visual scoring in a satisfying
manner. Currently, the definitions for visual sleep stage scoring
are reassessed.The revised definitions will improve the basis for
the development of computer-based algorithms by being more
procedural.Then an automatic analysis can achieve better valid-
ity compared to visual expert evaluation.

The sleep EEG recording is the core part with the

longest tradition of cardiorespiratory polysomnography [1].

Cardiorespiratory polysomnography consists of a set of

established signals recorded on a polygraph. Based on car-

diorespiratory polysomnography, most common sleep

disorders can be diagnosed [2]. The success of treatment

studies can be evaluated successfully. Cardiorespiratory

polysomnography is performed in a sleep laboratory atten-

ded by trained personnel using a polygraph. The polygraph

is mostly a digital system and has five distinct tasks related

to polysomnography:

(1) Amplification and monitoring of signals from differ-

ent electrodes, transducers, and sensors during sleep for

continuous signal acquisition, detection of unexpected

events and continuous quality control. The monitoring

mode displays signals in adequate time and amplitude reso-

lution and must allow notes to be added to the data dis-

played online.

(2) Recording of signals together with notes and com-

ments on the digital media with appropriate resolution for

later accessibility (with previous equipment, recordings

were made on paper).

(3) Visualization of recorded data for review and classi-

fication purposes, support of classification task (e.g. visual

marking of events and scoring of sleep stages) in order to

draw diagnostic conclusions.

(4) In order to support the evaluation of data, many

computer-based polygraphs provide software to analyze the

sleep recordings with programs to determine sleep stages,

arousals, respiratory, cardiac, and movement-related events.

(5) The polygraph should support procedures for archiv-

ing recorded sleep data as well as archiving summarizing
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Prog Respir Res. Basel, Karger, 2006, vol 35, pp 51–60
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reports. This can be done with the help of a database for

patients investigated in the sleep laboratory.

Cardiorespiratory polysomnography requires a mini-

mum of 12 physiological signals [4]. These signals are

indicated in table 1 as mandatory (fig. 1). The specific sele-

ction of optional signals recorded in a sleep study depends

on the physiological function of interest. Audiovisual

recording is part of polysomnography using a video camera

and a room microphone in the sleep lab. Notes on patient

behavior are taken by the attending personnel throughout

night.

Sleep Recording

To recognize the sleep stages with the help of cardiores-

piratory polysomnography, the recording always requires

electrophysiological signals for the visualization. The mini-

mum set of signals has been described in full detail in the

recommendations of Rechtschaffen and Kales [6]. The

minimum requires one EEG lead with electrodes placed

either at C3-A2 or C4-A1 according to the 10–20 system

for placement of electroencephalography electrodes on the

skull. It is well established to have at least one second EEG

lead in order to have an alternative signal if one lead loses

its quality during the night. For better sleep evaluation,

three leads are preferable, reflecting frontal, central and

occipital EEG activity. Two EOG leads are always needed.

Often they are abbreviated as ROC (right outer cantus) and

LOC (left outer cantus). The electrodes are arranged in

such a way that the eyeball movements result in signals

going in opposite deflections whereas head movement and

EEG artifacts result in signals going in the same deflection.

One EMG lead is required on the chin. The chin muscles

Table 1. Signals required for cardiorespiratory polysomnography: mandatory and optional signals are indicated

Function Signal Mandatory/ Method

optional

Sleep EEG (2 leads) M Electrophysiological electrodes

EOG (2 leads) M Electrophysiological electrodes

EMG submentalis (1 lead) M Electrophysiological electrodes

Respiration Oronasal airflow M Thermistor, thermocouple probe, differential

pressure

Ribcage and abdominal M Piezo sensors, impedance or inductance 

movement (2 leads) plethysmography

Snoring noise O Microphone, pressure swings, foil sensors

Oxygen saturation M Pulse oximetry

Esophageal pressure O Pressure sensors

Blood gases, end-tidal pCO2 O Transcutaneous O2 and CO2 partial pressure

sensors, ultrared absorption spectroscopy

(URAS)

Mask pressure on O Pressure transducer

ventilation

Cardiovascular ECG, heart rate M Electrophysiological electrodes

Arterial blood pressure O Pressure transducers, indirect techniques

Movement EMG tibialis M Electrophysiological electrodes

(2 leads for the legs)

Position, Body position M Switches, mechanical

movement

Brain, EEG (multiple leads) O Electrophysiological electrodes

neurology

Gastrointestinal Esophageal pH O pH sensor

system

Circadian system Core body temperature O Thermistor, thermocouple probe

Behavior Video, audio M Camera, microphone
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present a perfect signal to record muscle tone in general.

Based on these signals, a visual sleep scoring can be done.

The rules for sleep scoring are also given by the recommen-

dations of Rechtschaffen and Kales [6]. According to this

manual, it is possible to distinguish the sleep stages wake,

REM sleep, and NREM sleep stages 1–4. NREM sleep

stages 1 and 2 are summarized as ‘light sleep’ and stages 3

and 4 are summarized as ‘deep sleep’ or ‘slow-wave sleep’

due to the dominance of slow delta waves in the EEG. This

sleep scoring is performed for time episodes of either 20 or

30 s duration which are called ‘epochs’. An 8-hour sleep

consists of 960 30-second epochs to be classified visually.

The visual sleep stage scoring according to the rules of

Rechtschaffen and Kales [6] is regarded as the gold stan-

dard for sleep classification. Besides the scoring of sleep

stages, interruptions of sleep, or central nervous activa-

tions, so-called arousals from sleep are evaluated and

counted [7]. An arousal is an increase in EEG frequencies

for at least 3 s and less than 15 s. It may occur during any

sleep stage. During REM sleep there is an additional

increase in EMG muscle tone. A certain number of arousals

often associated with changes in body position is found

during normal sleep. An excessive number of arousals does

disturb sleep considerably and needs to be documented.

Respiratory Signal Recording

To detect sleep-related breathing disorders, it is neces-

sary to record oronasal airflow, respiratory movements with

two independent signals at the ribcage and the abdomen,

and the effect of respiration reflected by blood gases (fig. 2).

The most convenient way to record blood gases is pulse

oximetry. The gold standard to record respiration is the

quantitative recording of airflow using a pneumotacho-

graph with a closed face mask [8]. This airflow measure-

ment is combined with the quantitative recording of

respiratory effort using intrathoracic pressure changes with

an esophageal pressure transducer [9]. Both these methods

have the trade-off of not being very comfortable for the

patient and in addition they may disturb sleep. Therefore,

usually less intrusive and less accurate methods are used

for the recording of respiration. Among the less intrusive

methods, pressure transducers appear to be best for airflow

and inductive plethysmography for respiratory effort. The

pressure transducers measure air pressure with nasal

prongs. Between absolute flow values and pressure there is

a quadratic relationship which can be considered using ded-

icated amplifiers or post-acquisition correction by algo-

rithms. Inductive plethysmography is the best noninvasive

method for respiratory effort because the principle is based

on frequency changes in a coil around the body. The change

in signal is proportional to the enclosed area which is much

closer to actual changes in lung volume than other meth-

ods. Most other respiratory belts use piezo elements which

only assess changes in length or circumference of the chest

and the abdomen. In addition, the small piezo sensors pick

up changes only at a small part of the respiratory belt and

therefore these signals often have small amplitudes and are

confounded with artifacts (e.g. body movements, cardio-

genic movements).

The respiratory signals are used to detect events of sleep-

related breathing disorders such as apneas and hypopneas.

If the respiratory flow is reduced to less than 50% of

C3-A2

Cz-O2

LOC

ROC

EMGchin

EMGtib

5s

ECG

Airflow

Thorax

Abd

SaO2

Fig. 1. An example of signals recorded in a

sleep laboratory exactly as required by the

standards for cardiorespiratory polysomno-

graphy. The example presents 30 s, which cor-

responds to one epoch. Looking at the EEG, it

is visible that the epoch contains just the

beginning of falling asleep. On the left side

alpha waves are still visible and then theta

waves follow. The eye movements start with

slow eye movements. Respiration is regular.
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normal flow, then the event is classified as hypoventilation

or hypopnea. If the flow is zero then the event is classified

as an apnea. After that, the events are sub-classified into

either obstructive, mixed or central events. Obstructive

events exhibit respiratory cessation of airflow with ongoing

respiratory effort. This ongoing respiratory effort can be

recognized by respiratory movements in opposite directions

at the chest and the abdomen belt. Central events exhibit

respiratory cessation of airflow with no respiratory effort in

either belt. If cessations of airflow have some initial sec-

onds without and some subsequent seconds with respira-

tory effort movements then the event is called a mixed

apnea or hypopnea (fig. 3).

A tracheal microphone or as a less favorable alternative a

room microphone to pick up snoring noise serves as an indi-

rect way to detect partial upper airway obstruction during

sleep. A complete obstruction cannot be detected because then

no sound is produced. Simple piezo microphones are suffi-

cient to pick up snoring noise. For subsequent interpretation,

the microphone recordings are only interpreted in terms of

relative loudness and therefore the recording of this signal

does not need to preserve sound signal characteristics.

The recording of blood gases is usually limited to pulse

oximetry. Pulse oximetry can detect changes in oxygen sat-

uration by evaluating the light extinction of hemoglobin

either using transmission or reflection of red and infrared

light. The time course of oxygen saturation allows the easi-

est detection of apnea and hypopnea events. Unfortunately,

results vary depending on the manufacturer of the pulse

oximeter and the device settings [11]. In a considerable

number of patients, the interpretation of oxygen saturation

is limited. Due to the oxygen-binding curve oxygen satura-

tion may not show clear drops with apnea or hypopnea

events in a patient with a healthy lung and a very high

blood gas baseline. In patients with additional lung diseases

(e.g. chronic obstructive pulmonary disease or alveolar

hypoventilation), the baseline oxygen saturation may be

low even when awake. In these patients, it is difficult to

Fig. 2. The recording example demonstrates

the respiratory signals in a compressed visual-

ization for better classification of sleep-

related breathing disorders. The example

shows normal respiration during sleep with

snoring during most of the time (NAF �
nasal airflow, RC � ribcage, Abd � abdomi-

nal movements). Inductive plethysmography

has been used for respiratory movement

recording.

SaO2

Snoring

100%

1min

90%

NAF

RC

Abd

Fig. 3. The recording example shows a

sequence of obstructive sleep apnea events

in an even more compressed recording. This

period depicts REM sleep as can be seen

from the eye movements. It is very typical

for sleep apnea events during REM sleep to

observe long events with severe oxygen

desaturation followed by short events with

less desaturation in an irregular sequence.

The recording method and the signal labels

are the same as in figure 2.

ECG

Airflow

RC

EOG

EMG

1min

40

100%
SaO2

Abdomen
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detect apnea-related desaturation events based on the time

course of oxygen saturation.

A better interpretation of the blood gases situation is

obtained by the investigation of CO2 in patients with chronic

obstructive pulmonary disease or with alveolar hypoventila-

tion during sleep. The recording of CO2 is done using a

capnography based on the ultra-red absorption spectroscopy

(URAS). The derived readings are end-tidal CO2 values.

The disadvantage of this method is impairment of patient

sleep comfort due to the need for a mask or a small tube

inserted in the exhaled air. Another disadvantage is that CO2

cannot be analyzed during the course of an apnea because

there is no airflow. Only after the end of an apnea when

breathing is resumed can end-tidal CO2 be determined.

In small children with disordered breathing during

sleep, the monitoring of blood gases is very useful. The

recording of blood gases is best done with transcutaneous

pO2 and pCO2 partial pressure electrodes. The technique

uses heated electrodes on the skin and the electrodes have

to be attached carefully because placement and sensor tem-

perature are important modifiers for signal quality. If the

sensor is placed correctly then the time course of the signal

is reliable and it usually exhibits a constant offset compared

to partial pressure pO2 and pCO2 values taken by a blood

sample. Since the electrodes are heated at 43�C, their posi-

tion needs to be changed every 90 min or alternatively two

electrodes are applied and the heating is switched between

the two. Due to these practical limitations, this technique is

rarely used in adults.

Patients with sleep-related breathing disorders are most

often treated with a ventilation therapy applied by a nasal

mask. If a cardiorespiratory polysomnography is conducted

as a ventilation therapy control study in a patient using

CPAP, BiPAP or similar devices, it is most feasible to

record the applied air pressure at the nasal mask continu-

ously. The fluctuations observed in the air pressure signals

can serve as a very good alternative to a thermistor or ther-

mocouple respiration signal. In addition, if the pressure

transducer has a rapid pressure response which allows the

detection of high frequency pressure fluctuations, then

these can be evaluated in terms of snoring persisting under

ventilation therapy.

Cardiorespiratory Signal Recording

Usually one lead of ECG is recorded during cardio-

respiratory polysomnography. This can be used to derive

heart rate and may give hints on the presence of arrhyth-

mias. ECG and heart rate are also used to investigate 

sleep-related transient tachycardia or bradycardia. Some

arrhythmias may be associated with specific sleep stages,

e.g. REM sleep. Heart rate changes are very characteristic

for sleep apnea. Along with each apnea event, a relative

bradycardia followed by a relative tachycardia is observed.

This pattern has been described as a cyclical variation of

heart rate [12]. Changes in heart rate also occur with

arousal from sleep. Central nervous activations cause an

increase in heart rate.

Even if there are guidelines for regular 12-lead ECG and

Holter ECG recordings there are no established evaluation

guidelines for the recording of ECG during sleep. It is pos-

sible to refer to general long-term ECG analysis if sampling

rate and leads are chosen according to those criteria. This

would require the recording of at least two leads of ECG.

The recording of blood pressure has major importance

for sleep recordings because elevated blood pressure pres-

ents the direct link to cardiovascular consequences of sleep

disorders. Several studies proved that obstructive sleep

apnea is an independent risk factor to develop daytime

hypertension with an increased morbidity and mortality.

Blood pressure shows immediate rises with events of apnea

and shows impressive changes associated with sleep stages.

Unfortunately, most measurement methods either dis-

turb sleep or are invasive. Therefore, no method has been

established as a gold standard for sleep so far. The method

used most is blood pressure readings using periodic arm

cuff inflations. These arm cuff inflations disturb sleep quite

often. As a consequence, the blood pressure readings more

often present readings for nocturnal awakening than for

continuous sleep. Also, the arm cuff readings cannot keep

track of such rapid blood pressure changes as are observed

in sleep apnea and during arousals. The finger photo-

plethysmography method provides a continuous blood

pressure signal derived from one (e.g. Finapres) or two

inflated finger cuffs (e.g. Portapres). The signal proved to

have high reliability but the finger cuffs create some dis-

comfort because the venous return of blood flow is reduced

and this may disturb sleep as well. The gold standard for

blood pressure is the invasive arterial line pressure record-

ing. This requires intensive care-like settings and is used in

few and very specific sleep laboratory studies only.

Movement Recording

For limb movement recording, the gold standard is to

record the EMG at the m. tibialis with two ECG electrodes

placed 5 cm apart on the skin of the lower leg where the

m. tibialis is found [5, 13]. It is recommended to record
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both legs with two bipolar EMG leads. The required mini-

mum is one EMG leg recording.

Body Position Recording

The recording of body position is essential because

body position may modify many sleep disorders. In a num-

ber of patients sleep-related breathing disorders occur in

one body position only. Therefore, it is useful to keep track

of this modifier and present the results in the sleep lab

report. Simple sensors code the angle of the body into a

continuous voltage. Other transducers use miniature con-

tacts to convert an angle into a voltage or a digital code.

Switch or contact based sensors are usually able to code not

only the angle but also upright or supine position. This is

very useful in order to have an indirect indication for

patient behavior based on a biosignal besides observation.

Optional Signal Recording

Optional signals are selected according to the disorders

to be diagnosed in a particular patient. Mostly, additional

EEG leads are used. Additional EEG leads are useful to see

the spatial distribution of sleep-related EEG patterns. The

additional EEG leads are indispensable in the case of sleep-

related epilepsy or other neurological disorders with associ-

ated sleep disturbance.

In patients with complaints of gastroesophageal reflux

during the night, it is useful to record esophageal pH to ver-

ify whether gastric acid reflux events occur during the night

and whether they are related to nocturnal awakening. A

reflux event is defined as a drop in esophageal pH �4 for at

least 30 s duration. It is common to find nocturnal reflux

events in patients with such complaints. Few patients with-

out complaints of esophageal reflux experience such events

during the night. The majority of the nocturnal gastro-

esophageal reflux events are observed during awakening

from sleep or are associated with an arousal event during

sleep. Very few events are found during undisturbed sleep

without any arousal. The potential danger of nocturnal

reflux events is that the natural esophageal clearance during

sleep is much slower due to the reduced motor activity of

the esophagus and due to lying in a horizontal position.

If disorders of the circadian rhythm are investigated, the

recording of core body temperature can give insights on the

actual circadian phase of the patient [14]. Core body tem-

perature is closely linked to the circadian system and its

recording will allow the evaluation of jet lag and delayed or

advanced sleep phase problems. The normal difference

between maximum and minimum body temperature in the

diurnal rhythm is close to 0.5�C. Rectal or ear temperature

probes are most appropriate. Body temperature depends

much on physical activity, postural changes, psychological

excitement, type of food, and environmental conditions.

Therefore, a scientifically correct and undisturbed record-

ing of body temperature requires a standardized setting

usually not available in a clinical routine sleep laboratory.

High quality body temperature recording requires a ‘con-

stant routine’ protocol with a well-defined reduction of all

external zeitgebers. This means a constant low level of

light, a protein-reduced food given at fixed intervals during

the day and night, isolation from external light and external

sound sources, lying in bed for at least 26 h without any

activities beside questionnaires and psychophysiological

tests.

In addition to the physiological signals, a sleep labora-

tory should provide the possibility for audiovisual record-

ing of the sleeping subject. Video recording is useful to

document sleep apnea events, movement disorders, epilep-

tic seizures or REM sleep behavior disorders with uncon-

trolled movements during sleep. Usually, patients are not

aware of the events occurring during sleep. Talking during

sleep can be recorded using an audio channel in this way.

The presentation of these recorded events to the patient the

next morning can be very helpful to explain the disorder

and to educate the patient about the need to use the recom-

mended therapy. This education generally improves com-

pliance with therapy.

Digital Polysomnography

The digital recording of polysomnography follows the

requirements concerning sensors and signals as specified

above. In addition, some more issues need to be taken into

consideration due to the digital recording and storage of

signals [15]. A digital polysomnography system must ful-

fill minimal criteria on quality of digitized signals to obtain

a good presentation on computer screens and to enable a

solid analysis by subsequent processing. The requirements

for sampling rate and minimal sampling rate are given in

table 2. When a particular sampling rate is chosen, the

appropriate anti-aliasing filter has to be set in addition to

the correct electrophysiological filter settings. The digital

range of the A/D converter should provide a range of 12

bits or better 16 bits to provide good amplitude resolution.

If signals are presented to a sleep expert on a computer

screen, this should follow the guidelines for interpretation by



Polysomnography 57

Rechtschaffen and Kales [6]. Sleep interpretation can be

done in either 20- or 30-second epochs. A sleep spindle has a

frequency range of 12–16 Hz and beta waves have frequen-

cies between 16 and 25 Hz. This is usually impossible to dis-

tinguish on a computer screen with standard resolution.

Therefore, it is recommended to use at least 1,600 � 1,400

pixels resolution for computer monitors installed for sleep

EEG monitoring and evaluation.

Computer-Based Sleep Analysis

Almost all currently available sleep recording systems

are computer based, usually PCs, and provide help for auto-

matic or at least partial automatic analysis of the sleep

recording [16]. Some parts of the signal analysis are

straightforward in terms of algorithms whereas others are

much more complicated and their results are often not sat-

isfying for the sleep physician.

Automated sleep analysis primarily focuses on the sleep

EEG signal. Several analysis algorithms restrict themselves

to the analysis of one EEG only. The definition of sleep

stages according to the recommendations of Rechtschaffen

and Kales [6] require the interpretation of EOG and EMG in

addition. Therefore, some but not all sleep analysis software

also evaluate EOG and few programs evaluate EMG. The

adding of EOG analysis in terms of slow and rapid eye

movements improves automatic sleep analysis considerably.

Sleep analysis has to follow a sequence of steps listed

here. The analysis of the sleep EEG first requires the

removal of artifacts. Artifacts can occur due to many causes.

Electrode cable movements are a common cause. Changes in

electrode impedance cause waves which can be misinter-

preted. Then there may be ECG, EOG and EMG artifacts in

the EEG signal. As far as possible these influences have to

be removed. The analysis of background sleep EEG activity

can follow as a first step to detect sleep stages. The analysis

of background activity will quantify the amount of alpha-,

beta-, theta- and delta-waves. The analysis of these waves

can be any kind of spectral analysis, e.g. Fourier transform,

filter banks, or time-domain wave analysis. Overall, the

result of this part is usually power in the defined frequency

band. The next step is the detection of distinct patterns in the

sleep EEG. Such sleep patterns are the K complex, the sleep

spindle and the vertex wave. The recognition of these pat-

terns is important, because the occurrence of sleep spindles

and K complexes is essential for the definition of sleep stage

2 according to the Rechtschaffen and Kales [6] recommen-

dations. Besides, the number of sleep spindles increases

with some specific sleep medications (e.g. benzodiazepines)

and therefore their occurrence is of high interest in the later

sleep report. After having identified waves and patterns at a

high time resolution (a resolution of 1 second appears to be

appropriate), the next step is to map these high time and

component resolution results to the low time and stage reso-

lution sleep classification as defined by Rechtschaffen and

Kales [6]. This means a reduction to five sleep stages (stages

1–4, REM) and a reduction to 30-second epochs. In order to

achieve this reduction, many different methods have been

applied and tested against each other. No optimum method

has been identified. The methods are based on either rules,

neural networks, or fuzzy logic approaches [16]. All meth-

ods try to mimic the visual classification of Rechtschaffen

and Kales [6]. The accuracy of the automatic sleep staging is

measured against the visual sleep staging and may come as

close as 90% in some studies. Algorithms based on sleep

EEG alone do have difficulties to distinguish wake, sleep

stage 1, and REM sleep. Many algorithms do have difficul-

ties to distinguish sleep stages 3 and 4 since this is just a

gradual difference in the amount of delta waves which meet

the amplitude criteria. The biggest advantage of automatic

sleep analysis is that it can provide objective and quantitative

measures of spectral power in well-defined frequency bands.

This way, it is possible to observe small influences on sleep

EEG which may not be reflected by rough visual sleep

stages evaluation. A good and important example for this is

the added information described as sleep spindle density

(fig. 4).

Table 2. Minimal requirements for digital recording of sleep data

Signal Quantification Sampling Filter

per bit rate settings

EEG 0.5 �V (1.0) 200 Hz (100) 0.3–40 Hz

EOG 0.5 �V (1.0) 200 Hz (100) 0.3–40 Hz

EMG 0.5 �V 200 Hz 10–75 Hz

ECG 10 �V 250 Hz (100) 0.3–100 Hz

Blood pressure 1 mm Hg 100 Hz (25) 0.0–40 Hz

Esophageal pressure 1 mm Hg 100 Hz (25) 0.0–40 Hz

Respiration Arbitrary 25 Hz –

SpO2 1% 4 Hz (1) –

pO2, pCO2 0.1 mm Hg 4 Hz (1) –

Temperature 0.05�C 4 Hz (1) –

Minimal values are given in parentheses. Common filter settings are

specified. A low frequency of 0.0 Hz indicates that the amplifier must

preserve the DC component. A ‘–’ indicates that the DC component is

most interesting and that the frequency content is not of interest.

Internal anti-aliasing should be respected for the acquisition.
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The analysis of respiration is essential for the recogni-

tion of sleep-related breathing disorders. The main issue is

to identify events of sleep apnea, hypopnea and to distin-

guish the different categories, such as obstructive, mixed

and central apnea. In addition, the oxygen desaturation

events need to be counted and evaluated. Recognition and

removal of artifacts is the first step in the analysis of respi-

ratory signals. For respiration, the type of analysis depends

much on the type of signals, because signal characteristics

vary very much with the type of sensors used. Esophageal

pressure, inductive plethysmography, impedance plethys-

mography and piezo belt sensors produce completely dif-

ferent signals. Therefore, the respiratory signal analysis is

usually optimized for a specific sensor. After this specifica-

tion the analysis itself is straightforward. The analysis has

to recognize each breath and calculate its amplitude. Based

on amplitude criteria, it is possible to define an apnea

(amplitude drops to zero) and to define hypopnea (ampli-

tude drops below 50% of normal value) [8]. The minimum

event duration is 10 s. The recognized respiratory events

are checked by a trained sleep expert in order to adjust

amplitude criteria in a specific recording, to reject move-

ment artifacts, changes in posture, and signal quality. The

result of the analysis is the total number of apnea and

hypopnea events, split according to sleep stages and body

positions. As an index of severity the apnea/hypopnea index

(AHI) is calculated as the number of apnea and hypopnea

events per hour of total sleep time. For oxygen saturation, a

similar index is calculated as the oxygen desaturation index

(ODI). In addition, baseline oxygen saturation, mean value

during sleep, and the time spent with oxygen below 90%,

80%, 70% and so on is calculated. This additional informa-

tion allows to determine the respiratory implications of

apnea and hypopnea events over the course of the night.

Based on a one-lead ECG recording only little analysis is

possible. The key task is a very reliable R-wave detection

with proper identification of artifacts and ectopic beats.

After that, the analysis of the ECG is limited to the calcu-

lation of heart rate [17]. Based on the heart rate, periods

with low and high heart rate are detected and counted. The

thresholds can be set by the user of the analysis system in

order to adjust for age and for some concomitant disorders,
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such as diabetes. In patients with sleep apnea, an additional

analysis which identifies the cyclical variation of heart rate

associated with sleep-related breathing disorders is very use-

ful. The cyclical variation of heart rate consists of relative

bradycardia during each apnea, followed by relative tachy-

cardia during each compensatory hyperventilation. Time-

frequency presentations of heart rate variability over the

course of the night are very useful to identify this character-

istic pattern.

Blood pressure in normal subjects shows a drop in sys-

tolic, mean and diastolic values during the night. This is

known as the nocturnal blood pressure dip. Analysis to

recognize this dip in blood pressure has been implemented

in ambulatory blood pressure recording software. No cur-

rently available sleep analysis system has such a blood

pressure analysis implemented.

The analysis of nocturnal movements in terms of peri-

odic leg movements is straightforward and very reliable

since the definitions for scoring of leg movements are

unambiguous [13]. Leg movements of at least 0.5 s duration

have to be detected from the EMG tibialis. Trains of leg

movements with at least 4 events separated by 4–90 s are

called periodic leg movements.

The analysis of muscle tone in order to support sleep

staging is difficult and no reliable method has been estab-

lished. Only relative changes in the amplitude of the EMG

can be evaluated and the EMG amplitude is often

confounded by ambient noise or by ECG artifacts or other

movement artifacts. Degrading electrode impedance over

the time course of the night has a strong effect on EMG

signal quality and this effect is difficult to recognize using

automatic analysis.

Data Format Specifications

Digital polysomnography systems store the recorded

raw data on the computer disk using a proprietary data for-

mat. The exchange of data between sleep laboratories is

desirable and can be easily performed using a writable CD-

ROM as the exchange media. In addition, data format spec-

ifications need to be followed.

A raw data interchange format has gained high accept-

ability between the sleep laboratories. This data format has

been developed within an European Community founded

project on sleep in 1989 and therefore it is called European

Data Format – EDF [18]. Most systems allow a conversion

of their proprietary data format to this exchangeable data

format. Some few sleep analyzing systems also allow to

import the EDF files. Supportive software for the Matlab

and Labview programming environment and free viewing

software for the EDF format are available at a web site

(http://www.hsr.nl/edf/index.htm).

Limitations of Polysomnography

Evaluation studies have tested the reliability of the gold

standard for sleep stage scoring and for respiratory event

scoring and for periodic leg movement scoring. Reliability

studies can test the reliability of one human scorer for

repeated scorings (intra-rater reliability) and the reliability

of a human scorer against another human scorer (inter-rater

reliability). Experienced scorers with long training are able

to produce very similar scorings even after long breaks

between a repetition. In these cases, inter-rater reliability is

usually above 90% and may reach 96% matching previous

results [19]. Often inter-rater scoring is much lower. Only if

experienced scorers do work closely together and train each

other frequently might they then reach an inter-rater reliabil-

ity similar to the intra-rater reliability. If they only had one

common training session, or eventually none, just using the

same published Rechtschaffen and Kales [6] criteria then

inter-rater reliability has a mean value of 76% (range

65–85%) in healthy subjects and is lower in patients with

sleep-related breathing disorders with a mean value of 71%

(range 65–78%) if sleep stages are compared on an epoch-

by-epoch basis [20]. The highest agreement is found for

REM sleep followed by wake, slow-wave sleep (stages 3

and 4) and sleep stage 2 and it is worst for sleep stage 1 [21].

The agreement between scorers also decreases the older the

subject being investigated is [21]. Comparative studies

therefore underline the need to develop computer-based

quantitative sleep analysis with clear and validated criteria.

Since the visual classification of sleep stages according

to the recommendations of Rechtschaffen and Kales [6] has

its limitations and has a considerable subjective compo-

nent, any computer-based algorithm to mimic these rules

can only come as close as an experienced sleep expert can

[16]. A new automatic sleep-staging algorithm is often

trained by one sleep expert and therefore comes close to

this person but not to other sleep experts [19]. Therefore,

the training of an automatic sleep analysis algorithm is cru-

cial for later approval by many sleep experts [21].

Due to the considerable differences between visual sleep

scoring and automated sleep analysis, none of the current

methods has been accepted as an alternative for visual sleep

analysis.

The limited agreement of automatic methods for the

detection of sleep stages and sleep-related breathing disorders
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is also due to the fact that the current definitions of sleep

stages and apnea/hypopnea have inherent limitations. In

order to overcome these limitations, research has to be per-

formed by applying automated methods and by proving that

their results are better suited to solve the medical problems

in the patients with sleep disorders. Sleep medicine as a rel-

atively young discipline is still in the process of refining

current definitions and therefore there is great potential to

improve definitions. Sleep disorders occur at night. But

their consequences, sleepiness and not being refreshed, are

experienced during the day. Better definitions are found if

better correlations between daytime functions and night-

time or sleep features are discovered. The current values

derived from Rechtschaffen and Kales [6] sleep stages

from counting arousals, apnea and hypopnea events, and

periodic leg movements have their limitations exactly here.

There are some correlations, but they are not really high.

Therefore, any method which improves this correlation will

draw major attention in sleep research and sleep medicine.

Reliability in apnea and hypopnea scoring is similar to

sleep scoring because the definitions for apnea and hypopnea

are fuzzy due to having ‘normal breathing’ as the reference of

amplitude criteria [22]. The scoring of apnea and hypopnea

events can be taken as the respiratory events without consid-

ering anything else. Then the intraclass correlation coefficient

(ICC) according to kappa statistics is moderate, ICC � 0.74

when using the AHI as a measure for comparison. If associ-

ated EEG arousals are used for the identification of apnea and

hypopnea events, the ICC increases slightly to 0.77. If the

apnea and hypopnea events were scored dependent on associ-

ated oxygen desaturation events then reliability was highest

with an ICC �0.90.

Studies dedicated to the reliability in the scoring of

leg movements is much better because the definition of leg

movements is rather simple. There the correlation between

two scorings are as high as r � 0.98. This confirms at the

same time the high reliability for automatic identification

of leg movements if an appropriate method is used.
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Abstract

The obstructive sleep apnea syndrome (OSAS) is fre-
quently interrelated to the upper airway, the lung and the car-
diovascular system both with regard to pathophysiological
aspects and diagnostic tools. Nasal resistance and upper air-
way muscle activity both contribute to the appearance of
apneic events. Impulse oscillometry and esophageal manome-
try, on the other hand, are diagnostic instruments not
included in standard polysomnography, but may help differen-
tiating different patterns of respiratory events. Lung function
testing may identify OSAS patients with worse prognosis
because of additional hypercapnia or chronic obstructive lung
disease. Autonomic nerve activation during apneic events is
thought to be the link between obstructive sleep apnea and
the development of cardiovascular diseases.Therefore, assess-
ment of autonomic system function plays an important role in
OSAS patients. The aim of this chapter is to summarize the
most relevant nasal, lung, and cardiovascular function tests
and to discuss their indications and limitations. Finally, the
assessment of sleep-related erections in the context of sleep
apnea will be discussed.

Rhinomanometry

Increased nasal resistance results in an increase in nega-

tive oropharyngeal pressure during inspiration and may

therefore contribute to upper airway collapse. However,

there are conflicting data regarding the relationship between

nasal resistance and the occurrence of sleep-disordered

breathing. McNicholas et al. [1] and Lavie et al. [2] demon-

strated that nasal obstruction due to allergic rhinitis was

associated with obstructive sleep apnea (OSA). In another

study, experimentally induced nasal obstruction was able to

induce episodes of apneic breathing in normal subjects [3].

Lofaso et al. [4] showed that in a stepwise multiple regres-

sion analysis nasal resistance was one of the independent

risk factors for OSA. On the other hand, other studies failed

to show any difference in nasal resistance between OSA

patients and normal subjects. Interestingly, in one study, the

patients with sleep-disordered breathing switched from

nasal to oronasal breathing during sleep more frequently.

Since oronasal breathing has been postulated to increase

work of breathing these studies suggest that although the

degree of nasal resistance is not predictive of OSA, the pres-

ence of increased nasal resistance may lead to a switch from

nasal to oronasal breathing, thereby increasing the work of

breathing and further compromising the upper airway.

Rhinomanometry is probably the test most frequently

performed to assess nasal airway resistance [5]. It measures

both nasal flow and resistance, and can be divided into pas-

sive and active procedures as well as into anterior and

posterior rhinomanometry according to the location of the

transducer used to measure posterior pharyngeal pressure.

Since active rhinomanometry is quicker to perform, it is

recommended for most purposes [6]. Anterior rhino-

manometry may be influenced by nasal cycles, by deforma-

tion of the nares and by the instrument inserted to the nares.

Posterior rhinomanometry, on the other hand, is more
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expensive and requires more patient cooperation. However,

both anterior active and posterior active rhinomanometry

can be successfully performed in calculating nasal resist-

ance, although well-established normal values do not exist.

Other methods like acoustic rhinometry or nasal peak flow

are less able to reflect nasal airway resistance.

Forced Oscillation Technique and 
Impulse Oscillometry

The forced oscillation technique (FOT) is a noninvasive

method to investigate respiratory mechanics. Described in

simplified terms, FOT or impulse oscillometry uses exter-

nal signals (i.e. forced oscillations) produced by an external

generator and superimposed on spontaneous breathing of

the patient via a nasal mask or a mouthpiece; a pneumotacho-

graph and a pressure-transducer register both the respira-

tory system flow and pressure, and the superimposed

forced oscillation signals (fig. 1). After discriminating

between these signals the so-called ‘impedance’ (Z) can be

calculated, which is the relationship between pressure (P)

and flow (V�): Z � P/V�.
Therefore, impedance can be conceived as a generaliza-

tion of resistance that consists of a real part (resistance R)

and an imaginary part (reactance X). In other words, the

resistance R describes the dissipative mechanical properties

of the respiratory system, whereas the reactance X is more

related to the elastic properties [7, 8]. The main advantages

of impulse oscillometry are that only minimal cooperation

and no respiratory maneuvers are needed, so that it can be

applied in children or even during sleep. The portable device

allows to investigate even patients confined to bed.

Clinical applications of impulse oscillometry include

the evaluation of chronic obstructive pulmonary diseases,

restrictive lung diseases and nasal provocation tests with

histamine [9] or allergens [10].

In sleep apnea patients FOT allows to detect respiratory

events [11], and may help distinguish between obstructive

and central apneas/hypopneas (fig. 2). Navajas et al. [12]

demonstrated that in upper airway obstructions respiratory

resistance measured by FOT was strongly correlated with

esophageal pressure swings indicating that FOT can be

used as an alternative to esophageal balloon in the diag-

nosis of OSA. Moreover, as new devices were developed

to apply continuous positive airway pressure and forced

oscillation simultaneously, FOT now serves as the basis

for automatic continuous positive airway pressure (APAP)

in the long-term treatment of the obstructive sleep apnea

syndrome.

Lung Function Testing

Obstructive sleep apnea syndrome (OSAS) and chronic

obstructive pulmonary disease (COPD) are both frequent

diseases. Chaouat et al. [13] have suggested that the preva-

lence of COPD in patients with OSAS exceeds the preva-

lence of COPD in the general population, and other studies

estimated the prevalence of COPD in OSAS patients to be

10–20% [14]. Conversely, a high prevalence of OSAS in

COPD patients has also been reported. In view of these

facts, is there a need to carry out lung function testing in all

OSAS patients?

Hoffstein et al. [15] investigated 1296 patients without

any lung disease and demonstrated no correlation between

apnea/hypopnea index and pulmonary function parameters

including flow-volume curve, body plethysmography and

diffusing capacity. Data from 5,954 participants of the

Sleep Heart Health Study suggested that when COPD and

OSAS occur in the same individual, they occur by chance

and not on the basis of a common pathophysiological link

[16]. On the other hand, pulmonary function tests in OSA

patients appear to be a useful tool regarding two aspects.

Firstly, in one study there was a high correlation between

OSAS severity and two lung function parameters, i.e. spe-

cific respiratory conductance (sGrs) and daytime arterial

oxygen saturation (SaO2). The authors concluded that a sta-

tistical model based on these parameters may effectively

exclude OSAS in individual obese patients [17]. Secondly,

and more importantly, Chaouat et al. [18] observed that the

presence of an associated obstructive lung disease was a

significant and independent predictor of death in OSA

Pneumotachograph V�

Pressure p

Mouthpiece/ 
nasal mask

External 
generator

Fig. 1. Schematic arrangement of the forced oscillation technique. To

enable spontaneous breathing, a shunt pathway open to the atmosphere

placed in parallel to the external generator is necessary. V� � Airflow.
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patients. These patients with a so-called ‘overlap syn-

drome’ have lower daytime PaO2 and higher PaCO2 and

they have higher resting and exercising pulmonary artery

mean pressure than OSA patients without COPD.

Even in the absence of COPD OSAS patients with mas-

sive obesity frequently have daytime hypercapnia which is

related to the severity of obesity and the obesity-related

impairment in lung function [19].

In conclusion, pulmonary function tests cannot effectively

predict the presence of obstructive sleep apnea syndrome, but

may detect associated COPD or daytime hypercapnia, which

have a major importance for treatment and prognosis in OSA

patients.

Esophageal Manometry

Because detection of apneas or hypopneas using therm-

istors or nasal cannulas may overlook respiratory events,

esophageal pressure recording is regarded as a ‘gold stand-

ard’ in sleep medicine. However, it is an invasive method

and some patients undergoing full polysomnography do not

accept the esophageal catheter.

There are two different types of catheters usually emplo-

yed in recording esophageal pressure. The first catheter

consists of a small, air-filled balloon at its distal end trans-

mitting esophageal pressure changes to a pressure transducer

located at the proximal end of the catheter. Because these

catheters were developed for pulmonary function testing,

particularly measuring pulmonary compliance, many

patients do not tolerate this kind of catheter for the whole

night resulting in sleep fragmentation during polysomnogra-

phy. Therefore newer, thin catheters have been introduced

using a miniature transducer at the distal end, which are more

expensive but better tolerated by the patients. Apart from

patients’ problems there are some technical difficulties in

recording esophageal pressure signals. Artefacts due to car-

diac or aortic oscillations may be eliminated by changing the

transducer’s position. Positive pressure swings are frequently

related to swallowing, coughing or esophageal spasms.

During increased upper airway resistance, classically

esophageal pressure becomes more and more negative until

an arousal occurs (fig. 3).

There are two clinical applications in which esophageal

pressure recording is particularly helpful: Firstly to differen-

tiate between obstructive and central respiratory events [20],

and, secondly, in the diagnosis of upper airway resistance

syndrome. The upper airway resistance syndrome (UARS) is

a form of sleep-disordered breathing characterized by repeti-

tive increases in resistance to airflow within the upper airway

leading to brief arousals and daytime hypersomnolence [21].

Blood Pressure and Pulse Transit Time

There is concurrent evidence in several studies confirm-

ing the relationship between OSA and hypertension

independent of confounding factors such as obesity, age or

Flow
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Fig. 2. Distinction between central and

obstructive apneas using forced oscillation

technique (FOT). During obstructive respi-

ratory events a clear increase in the FOT sig-

nal (arrows) can be recognized, while this is

missing during central respiratory events.
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smoking. In the cross-sectional analyses of 6,120 partici-

pants in the Sleep Heart Health Study OSA was associated

with systolic/diastolic hypertension particularly in those

younger than 60 years, while elevation of diastolic blood

pressure seems to occur early in the course of OSA [22].

Even normotensive OSA patients develop diastolic blood

pressure elevation at an earlier stage during exercise com-

pared to normal subjects.

Noninvasive 24-hour blood pressure monitoring is a useful

ambulatory procedure for detecting the typical pattern of cir-

cadian variation of blood pressure in OSA patients with

increased diastolic blood pressure both day and night and

increased systolic blood pressure at night (‘non-dipping’).

Beat-to-beat photoplethysmographic blood pressure monitor-

ing devices are able to demonstrate the short-term variability

of blood pressure, which is greater in apneic snorers and

correlates with the severity of sleep apnea and sleep fragmen-

tation [23]. When the recordings of blood pressure devices are

interpreted, it should be taken into account that the cuff infla-

tions may cause appreciable arousal from sleep and therefore

lead to an increase in blood pressure [24].

Pulse transit time (PTT) is the time interval that the arte-

rial pulse pressure wave takes to travel from the aortic valve

to the periphery and is usually recorded as the time between

the opening of the aortic valve (‘R wave’ on the electrocar-

diogram) and the arrival of the corresponding pulse wave at

a finger. The latter is detected by a finger photoplethysmo-

graph determining either 25 or 50% (depending on which

equipment is used) of the height of the maximum value as

the arrival point of the pulse wave. The device calculating

PTT this way is small and portable (fig. 4). PTT depends on

the degree of stiffness and tension of the arterial wall which

Fig. 3. Esophageal pressure in sleep apnea.

During obstructive events esophageal pressure

becomes more and more negative (arrows).

Fig. 4. Schematic arrangement of a PTT

device including oximetric photoplethys-

mography for pulse transit time, electrocar-

diograph (ECG), thermistors to measure

inspiratory flow, a body position sensor, and

a microphone to detect snoring. The dia-

gram demonstrates the calculation of pulse

transit time using the R wave from the elec-

trocardiogram as the starting point and the

arrival of the arterial pulse wave as the end

point. Adopted from Smith et al. [27].
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is directly proportional to blood pressure. Therefore, as

blood pressure increases, arterial wall becomes stiffer lead-

ing to an acceleration of the pulse wave and a decrease of

PTT. Conversely, when blood pressure falls, a decrease of

the vascular tone causes an increase of PTT.

Because inspiratory fall of systolic blood pressure is pro-

portional to the degree of inspiratory effort, PTT can pro-

vide a quantitative measure of inspiratory effort in patients

with obstructive sleep apnea [25]. There was a good correla-

tion between the magnitude of negative pleural pressure, as

measured with esophageal manometry, and the amplitude

of PTT oscillations (�PTT) during upper airway obstructive

events. An alternative way of using PTT to demonstrate an

index of respiratory effort is to calculate the mean �PTT

over the whole night, which is less useful for diagnostic pur-

poses but can be used to assess therapeutic efficiency. Argod

et al. [26] were able to demonstrate a good sensitivity, speci-

ficity and negative predictive value of PTT in differentiating

between obstructive and central apneas and hypopneas by

using an increase in �PTT to detect obstructive episodes

and a decrease in �PTT for central events. PTT is also capa-

ble of detecting ‘autonomic arousals’ as a result of a respira-

tory event by exhibiting a transient dip in the baseline value

that reflects the brief burst of sympathetic activity which in

turn produces a surge in blood pressure.

PTT has some remarkable flaws that may limit its clinical

usefulness. It has to be regarded as only semi-quantitative

and cannot differentiate between patterns of obstructive

events without an additional signal such as nasal pressure

[27]. There is a tendency of undersampling PTT signals

because PTT recording is only possible with each cardiac

cycle. In addition, artefacts due to interference with the

photoplethysmographic finger signals or chest wall move-

ments may lead to a misinterpretation of the PTT signals.

Finally, the impact of variations in cardiac contraction like

left-ventricular dysfunction or cardiac arrhythmias such as

atrial fibrillation on �PTT is unclear and needs further

investigations.

Heart Rate Variability

The analysis of heart rate variability (HRV) is a useful

tool evaluating autonomic nervous system function. Based

on digital, high-frequency, 24-hour, multichannel electro-

cardiogram recordings the variations in heart rate can be

assessed by different methods. While time domain meth-

ods reflect on the heart rate at any point in time or the 

intervals between successive normal QRS complexes, fre-

quency domain methods provide information of variance

distribution as a function of frequency by using spect-

ral analyses [28]. Studies on spectral analyses of HRV

have demonstrated the existence of three major periodic

components: Firstly the high frequency (HF) oscillation

(0.15–0.4 Hz), which is centered around breathing fre-

quency, and which is mainly under vagal control and there-

fore represents parasympathetic activity. Secondly, a

low-frequency (LF) oscillation (0.04 to 0.15 Hz), which is

believed to reflect baroreflex dynamics, and, finally, a very-

low-frequency (VLF) component (0.01–0.04 Hz) relating

to thermoregulation [29]. While in some studies the LF

component is considered as a marker of sympathetic modu-

lation, other authors appraise it including parasympathetic

and sympathetic influences.

In sleep apnea patients there is a decrease in time

domain HRV, an increase of normalized LF variability and

LF-to-HF ratio variability and a decrease of normalized HF

variability during the night. LF and HF components of

HRV demonstrate a typical pattern during an apneic phase

with an increase in the HF component throughout the apnea

followed by a sudden decrease with resumption of ventila-

tion and, conversely, a peak of the LF component with

resumption of ventilation and a decrease during obstructive

respiratory efforts, reflecting the increased sympathetic

activity at the end of an obstructive apnea [30].

Peripheral Arterial Tonometry

Peripheral arterial tonometry (PAT) is used to moni-

tor vasoconstriction on the finger continuously and non-

invasively as a marker of sympathetic nerve activation to

the peripheral vasculature. The PAT device consists of a

finger pneumo-optic plethysmograph, which generates its

own pressure field at a fixed level of pressure irrespective

of the size of the finger, thus avoiding distal venous pooling

and distension (fig. 5). The optical density changes associ-

ated with pulsatile blood volume changes are measured at

opposing lateral sides at the middle of the distal phalanx of

a finger [31]. To register simultaneously the PAT signal,

heart rate and oxygen saturation, a pulse oximeter placed

on another finger completes the PAT device.

In patients with obstructive sleep apnea syndrome,

Schnall et al. [32] demonstrated a transient attenuation in the

pulse wave with each apneic event, thus indicating peripheral

vasoconstriction particularly at the end of an obstructive

apnea. The reduction in PAT amplitude is dependent on the

degree of airway obstruction, such that greater airflow

obstruction produces greater reduction in PAT amplitude.

Even in the absence of detectable EEG arousals short periods
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of airflow obstruction can be detected by an attenuation in

the PAT signal.

The PAT signal is not able to substitute assessment of

blood pressure but provides a good recognition of apneas

and subcortical arousals and gives additional information

on sympathetic activation in patients with sleep apnea.

Muscle Sympathetic Nerve Activity

Muscle sympathetic nerve activity (MSNA) is another

tool assessing sympathetic neural mechanisms in sleep

apnea. Usually the peroneal microneurography is used for

this purpose [33]. The microneurographic recordings are

made with tungsten microelectrodes that are moved manu-

ally or with a pair of forceps percutaneously into the

peripheral nerve. A suitable recording site for MSNA is

obtained when spontaneous pulse-synchronous bursts with

a greater than 2:1 to 3:1 signal-to-noise ratio are observed

and nerve traffic directed to skin is excluded by the absence

of responses to arousal stimuli or skin manipulations. The

signals obtained in this way are multiunit action potentials

from C fiber-containing nerve fascicles that are thought to

reflect postganglionic vasoconstrictor nerve traffic [33].

Data are usually expressed as bursts per minute and as the

total amplitude of the bursts per minute.

In patients with sleep apnea syndrome Somers et al. [34]

could prove a high level of sympathetic nerve activity

even when awake with a further increase of activity during

sleep. This increase was typically marked at the end of

an apneic episode. As MSNA and heart rate decrease dur-

ing chemoreflex deactivation by 100% oxygen tonic activa-

tion of excitatory chemoreflex afferents is thought to

contribute to the chronically increased efferent sympathetic

activity to muscle circulation in patients with OSA.

Effective CPAP therapy is able to decrease the sympathetic

nerve activity.

Assessment of Muscle Function

The upper airway is surrounded by skeletal muscles that

contribute mainly to maintaining airway patency. These

upper airway dilator muscles can be divided into inspira-

tory phasic upper airway muscles, with the genioglossus

being the one best studied, and tonic or postural muscles

which, such as the tensor palatine, maintain a relatively

constant level of activity throughout the respiratory cycle

[35]. As the inspiratory phasic muscles become active

before the onset of diaphragmatic contraction or inspiratory

flow, these muscles are thought to prepare the pharyngeal

airway for the negative pressure during inspiration [35].

Furthermore, in patients with OSA even during wakeful-

ness there is an augmented activity of the pharyngeal dila-

tor muscles, like the genioglossus muscle, which is thought

to represent a compensatory mechanism for the more col-

lapsible upper airway. This increased upper airway dilator

muscle activity is lost at sleep thus contributing to

pharyngeal collapse. Therefore, assessment of upper airway

muscle function may contribute to understanding the patho-

physiology of sleep-related breathing disorders.

Electromyography (EMG) is the method of choice to

record the activity of upper airway muscles. According to

the anatomic location different techniques in placing the

electrodes are recommended. Genioglossus muscle EMG is

measured with intramuscular hooked-wire electrodes

directly inserted into the muscle. A peroral approach can be

used to place the electrode wires into muscles in the oral

cavity and soft palate, while a retractable needle catheter

advanced through a fiberoptic scope is required to reach

Inner membrane

a

b

Outer membrane

Fig. 5. Structural principle of a PAT device. It consists of an inner

and an outer membrane on either side of a rigid plastic thimble.

Approximately 10 ml of air is placed between the inner membrane

and the plastic thimble (a). When a finger is inserted, a proportionate

amount of air is shifted from the inner to the outer compartment of

the probe thus applying pressure to the air within the probe (b).

Adopted from Bar et al. [31].
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upper airway muscles that are not easily accessible through

a peroral approach. Finally, the cricothyroid and thyroary-

tenoid muscles can be assessed by a transcutaneous method

[35]. To verify the correct position of the electrodes, the

subjects have to perform voluntary maneuvers associated

with activation of the particular muscle.

Given the complex anatomy of the upper airways EMGs

are technically difficult. Furthermore, the EMG of a single

upper airway muscle is not necessarily representative of

others and does not reflect interactions with the simultane-

ous activation of other upper airway muscles to influence

airway patency [35]. The inability to calibrate the record-

ings makes comparison of EMG results of a specific mus-

cle between different days or between subjects difficult.

Thus clinical indications for upper airway muscle EMG are

rare, and this method should be reserved for scientific

questions.

The diaphragm is innervated exclusively by the phrenic

nerve. The method of phrenic nerve stimulation (PNS) has

been used to investigate upper airway dynamics in awake

patients with OSA demonstrating that a flow limitation can

be induced by an application of the twitch stimulus at end

expiration. There are four PNS techniques, two of them,

needle stimulation and implanted wire stimulation, being

invasive. Needle stimulation is not recommended because

of the risk of phrenic nerve damage [35]. Transcutaneous

electrical PNS and magnetic stimulation have been studied

more often and have only few side effects [35].

Recently, diaphragmatic electromyogram was demon-

strated to effectively reflect the short-term changes in

esophageal pressure during obstructive events indicating

that this could be an alternative procedure to differentiate

respiratory events in conditions where esophageal pressure

is not available or not tolerated [36].

Nocturnal Penile Tumescence

The assessment of sleep-related erections is diagnosti-

cally useful in the evaluation of impotence. In this context,

the measurement of nocturnal penile tumescence (NPT) is

usually employed. Since sleep apnea is often associated

with impotence or erectile dysfunction the combination of

polysomnography and NPT is recommended in this case

[37].

Traditional NPT evaluation contains the measurement

of penile circumference by placing two strain gauges

around the base of the penis and at the coronal sulcus. The

strain gauges are mercury-filled and passed by a small elec-

trical current so that penile expansion produces via elonga-

tion and thinning of the gauges an increased resistance of

the mercury. The registered changes in electrical current are

proportional to the changes in penile tumescence [38].

Newer devices will be provided measuring penile tumes-

cence and rigidity continuously. In these devices the strain

gauges tighten every 15 or 30 seconds and, if tumescence is

recognized, an assessment of rigidity will performed every

30 s [39].

Furthermore, a visual inspection of an erection to detect

penile anatomic problems is recommended in the diagnos-

tic evaluation of sleep-related erections [38]. The lack of

well-established normal values and difficulties in the tech-

nical procedures may complicate the interpretation of NPT

in the clinical routine.
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Abstract

Obstructive sleep apnea is due to repetitive obstructions
of the collapsible pharyngeal airway during sleep. It is there-
fore natural to search for local anatomical abnormalities to
unveil the possible causes of the disease, and to look for
potential curative interventions. Up to now, imaging of the
upper airway has contributed more to the understanding of
the pathophysiology of obstructive sleep apnea than to the
identification of individual and solvable problems. The upper
airway can be examined in multiple ways beginning with sim-
ple clinical observation. Clinical examination can provide the
first visual information and can be useful to discard severe
craniofacial abnormalities. Predictive morphometric scores
have been based on simple clinical measurements, but their
clinical utility requires further validation. Computed tomogra-
phy and magnetic resonance imaging have provided extensive
static and dynamic information on the process of obstruction
of upper airway. Endoscopy with the Mueller maneuver has
also been applied to the study of sleep-related breathing dis-
orders but its predictive value is dubious. Cephalometry has
pointed to different anatomical indicators of increased risk
for sleep apnea and may be of help in the evaluation of
patients submitted to maxillomandibular advancement or
treated with oral appliances. Upper airway imaging is a valu-
able research tool and has provided insight into the patho-
physiology of obstructive sleep apnea, thus permitting to
improve the medical approach to this syndrome. However, it
seems, at present, to have no role in the routine assessment
of the patient with sleep-related breathing disorder.

Obstructive sleep apnea syndrome (OSAS) is a highly

prevalent disease leading to severe medical consequences if

left untreated. The search for a simple diagnostic method

has led to the application of different imaging modalities in

the study of the upper airway. Imaging of upper airway,

however, has not entirely fulfilled its promises as a diag-

nostic tool. It has, by contrast, played a major role in the

comprehension of the pathophysiology of OSAS. It allowed

to access a dynamic and complex structure as the pharynx,

permitting to understand its morphological and functional

involvement in OSAS.

Different imaging methods have been used to study the

upper airway from the simple medical observation to the

modern radiological modalities with capability of three-

dimensional reconstruction and dynamic imaging. These

methods are used in the research and clinical fields present-

ing different advantages and disadvantages that condition

their applicability.

We will summarize the main imaging methods of

exploring the upper airway, their advantages and disadvan-

tages and their contribution to the insight into phys-

iopathology of OSAS. We will also try to present some

conclusions about the clinical usefulness of these medical

tools.

Upper Airway Anatomy

To appreciate the role of upper airway imaging in the

assessment of OSAS, it is first important to understand the
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upper airway anatomy and function. The upper airway is

a complex and highly dynamic structure that participates

in very different and independent but interrelated actions

like swallowing, breathing, coughing, sneezing, vomiting,

yawning, singing and speaking. These actions require

movements that have to be performed in a confined space

and involve as well synergistic as antagonist mechanisms,

which requires a very delicate and coordinated control. The

relationships between the different structures of the upper

airway in order to fulfil such different performances are not

yet fully understood.

The acts of phonation, deglution or breathing render a sta-

tic anatomic description inadequate and also limit the use-

fulness of the currently available static imaging methods.

Although a static anatomic description is possible and neces-

sary, dynamic imaging representing the physiological modi-

fications during breathing and sleeping belongs at present to

the research field. In order to simplify the understanding and

description of the upper airway anatomy, it is useful to

schematically consider it as comprising different compart-

ments. The main anatomic elements of the upper airway are

the nose and nasal fossae, the mouth and soft palate and the

pharynx. These anatomic segments are constituted by some

bony structures (cranial base, hyoid bone, mandible and

maxilla) that are connected mainly by soft tissue and several

muscles. Many of the muscles that form the upper airway,

namely the pharyngeal ones, form a continuum and their the-

oretical limits overlap frequently.

In the nasal cavity, the inspired air is conducted through

the nasal fossae where the turbinates impose a turbulent

flow that facilitates its humidification and heating. The air

is delivered, water saturated and at around 34�C tempera-

ture, to the nasopharynx – the posterior communication of

the nasal fossae with the pharynx above the hard and soft

palate.

Breathing can also be performed through the mouth

when this virtual cavity becomes real by the action of the

digastric muscle and the temporomandibular joint. This

cavity encloses the tongue which is a complex structure

formed by several muscles that either insert in other struc-

tures (extrinsic muscles – genioglossus muscle, the major

tongue muscle, styloglossus, hyoglossus and palatoglossus

muscles) or are completely imbibed on the tongue (intrinsic

muscles – superior longitudinal, inferior longitudinal, verti-

calis and transversus). These muscles interact providing an

amazing mobility to the tongue that has been compared to

an elephant trunk [1]. In fact, the tongue may move side to

side inside the mouth, protrude out of the mouth and orient

its extremity in several directions and it can also wind

around itself. The tongue is an example of a muscular

hydrostat; like an octopus arm or an elephant trunk, it

contains muscles, but has no internal skeletal support and

achieves its movement as if it had an incompressible fluid

compartment upon which the muscles would act, much as

an earthworm does.

The tongue is attached to the hyoid bone. This is a

floating bone the position of which is dependent upon the

action of different muscles. It is attached to the mandible

by the mylohyoid and geniohyoid muscles, has caudal

connections via sternohyoid and omohyoid muscles,

and also has cephalic connections to the base of the skull

via the stylohyoid muscle. The participation of these mus-

cles in the mechanics of breathing in humans remains

unclear.

Behind the mouth there is another important structure –

the soft palate – which allows the communication between

the mouth and the pharynx. The soft palate is a membra-

nous and muscular structure that comprises different stri-

ated muscle groups: the levator palatini which elevates the

soft palate, promoting oral breathing; the palatoglossus,

which forms the anterior tonsillar pillar, has an opposite

action approaching the soft palate downwards and forwards

towards the base of the tongue, and thus promotes nasal air-

flow; the palatopharyngeus muscle which forms the poste-

rior tonsillar pillar and moves the palate downwards, and

the tensor palatini muscle which tightens the palate in the

coronal plane augmenting the tension of the palate aponeu-

rosis to which the other muscles are attached. The posterior

and inferior border of the soft palate presents in its median

part the musculus uvulae, which may be involved in

nasopharyngeal closure.

All these palatal muscles have demonstrated elec-

tromyographic activity during inspiration [2, 3] with the

exception of the tensor palatini that seems to have no role in

the respiratory cycle [4].

The pharynx is a muscular tube that extends from the

cranial base to the larynx rostrally, and to the upper

esophageal sphincter dorsally. It is placed in the median

line in front of the cervical spine, behind the nasal fossae,

mouth cavity and hyoid bone and between the neck vascu-

lar structures. The pharynx may be subdivided into three

anatomic segments: (1) nasopharynx (the region between

the nasal fossae and the posterior border of the hard palate);

(2) oropharynx (the region behind the mouth cavity that

can be subdivided into the retropalatal and retroglossal

regions), and (3) hypopharynx (the region from the base of

the tongue to the larynx).

In OSAS, the collapse of the upper airway occurs at the

level of the oropharynx and/or hypopharynx. This segment

lacks rigid support, and its patency is dependent upon the
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balance between anatomic characteristics and physiological

factors, both during wakefulness or sleep.

The soft palate (when it comes in apposition to the

tongue) and the tongue are the main constituents of the

anterior wall of the oropharynx; its posterior wall, located

in front of the cervical spine, is a muscular wall composed

by the superior, middle and inferior constrictor pharyngeal

muscles. The lateral walls of the oropharynx are complex

structures with numerous muscles including the constrictor

pharyngeal muscles of the posterior wall, lymphatic tissue,

vascular elements, autonomic structures, different soft tis-

sue structures and fat pads which have been studied exten-

sively (see below [5, 6]).

Pathophysiology: The Upper Airways in OSAS

The pathophysiology of OSAS involves complex mech-

anisms that are yet to be completely unveiled. Ventilation

proceeds from the nose and/or mouth to the lungs through

an open upper airway, driven by the negative intrathoracic

pressure. In fact, the stability and patency of the upper air-

way are essential and dependent upon the action of oropha-

ryngeal dilator and abductor muscles.

The collapse of the upper airway takes place when the

force generated by the upper airway muscles does not coun-

teract the negative airway pressure produced by the inspira-

tory activity of the diaphragm and intercostal muscles. The

neuromuscular control of ventilation has a natural protec-

tion against this phenomenon: inspiratory muscles are acti-

vated downwards in a progressive and controlled form,

introducing a 150- to 200-ms delay between the alae nasi

muscles and diaphragm contractions. In this way, pharyn-

geal muscles will be already contracted and stiffened when

submitted to the airway negative pressure. A peak of mus-

cular pharyngeal activity precedes the muscular thoracic

activity. If there is any incoordination in the intensity or

timing of pharyngeal muscular activity with respect to the

thoracic one, the upper airway may collapse. In addition,

negative pressure inside the pharynx results in activation

of pharyngeal muscles, a second protective mechanism

against collapse.

Activity of the upper airway muscles is also modulated

by other stimuli that have been extensively studied. Among

them are chemical stimuli, vagal input, inspired air temper-

ature, blood pressure, sex-specific hormones, baroreceptor

activity and sleep-wake states [2, 7]. Investigations in

humans in wakefulness have demonstrated linear incre-

ments in diaphragmatic and genioglossal electromyogram

(EMG) during both normoxic hypercapnia and isocapnic

hypoxia. The combined effects of various stimuli result in a

final integrated activation of the upper airway muscles.

All the muscles that control the tongue, palate and hyoid

appear to be involved in the maintenance of upper airway

patency, but the literature presents different views on the

relative importance of these muscles [3, 4]. This issue is

reviewed in detail in another chapter.

During sleep, besides recumbence and gravitational

forces, there are various factors contributing to narrow the

upper airway. As any structure formed essentially by stri-

ated skeletal muscle, the upper airway will present, in

sleep, a generalized hypotonia. The electromyographic

activity of all the upper airway muscles has shown tonic

and phasic decreases during NREM sleep. During NREM

sleep upper airway mechanoreceptors are also much less

active and there is a delayed and decreased response to neg-

ative airway pressure [2].

In OSAS upper airway muscles present structural and

functional alterations. In an effort to maintain upper airway

patency palatal muscles have increased activity in wakeful-

ness through a neuromuscular compensation mechanism.

Probably reflecting this increased activity a number of mor-

phological abnormalities have been described in upper air-

way muscles. A change of muscle fibers (more fast-twitch

type IIA instead of type IIB fibers), increased levels of aer-

obic metabolism in addition to signs characteristic of neu-

rogenic lesions (fiber hypertrophy and atrophy), attributed

to the snoring trauma to the pharyngeal tissues, have all

been described [8].

This histological documentation of sensory neuropathic

changes may justify the decreased sensitivity in the res-

ponse to negative pressure of OSAS patient’s upper airway.

In fact, upper airway muscles of patients with OSAS do

respond to negative pressure, however, the magnitude of

such response is less in patients with OSAS than in normal

subjects. This impaired ability in the reflex response to neg-

ative pressure may also be attributed to the mucosal edema

thought to arise from airway trauma secondary to snoring.

CPAP therapy can revert mucosal edema. Recent studies

have shown that reducing surface tensions forces in pha-

ryngeal mucosa by the instillation of surfactant led to a

reduction in mucosal folding and liquid bridging stabilizing

the pharyngeal airway [9].

During sleep in patients with OSAS, the occurrence of

apneas or hypopneas are most common in stages 1 and 2 of

NREM and in REM sleep. Pharynx collapsibility increases

with sleep fragmentation and with mouth opening during

sleep [2, 3].

We can conclude that OSAS arises from an intricate

relation between anatomic and functional factors. In order
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to define OSAS, the presence of an anatomic predisposi-

tion like alterations in the upper airway soft tissue (fat

deposition) or in craniofacial structures cannot be dissoci-

ated from the reorganization of neural events that occur

during sleep. Imaging of upper airways has contributed to

our understanding of the physiopathology of sleep apnea

[10, 11].

We will review the main imaging methods to study the

upper airway, and summarize their contributions to assess-

ment of physiology and their clinical usefulness. We will

review the role of clinical examination, cephalometry, com-

puted tomography (CT) scanning, magnetic resonance

imaging (MRI), endoscopy and ultrasound in the study of

the patient with OSAS.

Clinical Examination

The first ‘image’ that we can have from a patient sus-

pected of sleep-related disordered breathing is given by

simple visual inspection. Taking into account that move-

ment alters the upper airway anatomy, different dynamic

maneuvers should be performed.

Although the inspection of the face and neck and also

mouth and pharynx has poor predictive value, it can pro-

vide identification of risk factors for the development of

sleep apnea [12]. A consensual standard ENT evaluation

has been proposed to evaluate the sleep-disordered breath-

ing patient [13].

The patient should be observed in the seated and

supine positions. Any obvious malformations (retrognathia,

micrognathia) should be noted. Mandibular retroposition is

associated with posterior displacement of the tongue base

narrowing the upper airway. The maneuver of dental occlu-

sion easily explores the presence of overjet – when the

mandibula extrudes forward as compared with mandible.

Nasal patency should be assessed even with simple proce-

dures as a sniff test. The collapse of nasal valves may be

suggestive of nasal obstruction. Anterior rhinoscopy will

help to diagnose valve anomalies, septum deviation, and

hypertrophic turbinate or nasal polyposis. The inspection of

the oropharynx should include the size and consistency of

the tongue, the size, length and consistency of the soft

palate and of the uvula. Grading the relationship between

the tongue and the oral cavity (Mallampati score) has been

proven useful as an indicator of difficult endotracheal intu-

bations and may also be used in the evaluation of the sleep

apnea patient. Tonsillar hypertrophy should also be graded,

especially in children.

This methodical evaluation through readily available

means has permitted to identify some main risk factors for

sleep apnea. The lateral narrowing of the upper airway in

OSAS patients is due to two main anatomic reasons – fat

deposition in the soft tissue structures surrounding the

upper airway and facial bone structure. In some rare cases,

tumors or enlarged tonsils may also result in lateral pharyn-

geal walls enlargement with narrowing of the pharynx 

(fig. 1). Neck circumference is a well-known risk factor

for OSAS and may be a marker of regional fat distribution

within the neck. Body mass index and neck circumference

have been shown to independently correlate with the

apnea/hypopnea index (AHI). It has been shown that the

association of impaired nasal flow and a small oral airway

is also a risk factor for OSAS. These can be assessed using

the Mallampati score for the oral cavity and a simple sniff

test for nasal obstruction [14].

Facial bone structure abnormalities, such as retrognathia,

have already been mentioned and they are an example of the

importance of genetic factors in the determination of the

size and conformation of upper airway bony and soft tissue

structures. The Pierre Robin and Treacher Collins syn-

dromes are examples of mandibular and palatal abnormali-

ties seen in infancy that almost invariably result in OSAS.

Macroglossia is a common feature in Down syndrome

and also can be associated with systemic diseases such as

amyloidosis, hypothyroidism, acromegaly and nutritional

deficiencies.

a

b

c

Fig.1. Lateral pharyngeal walls enlargement (arrows) due to lymphoid

tissue hyperplasia, with reduction in the transverse diameter of the

pharynx. a Coronal reconstructed view. b Sagittal reconstructed view. 

cAxial view. Courtesy of Prof. E. Coche, Imaging Department, Cliniques

Universitaires Saint-Luc.
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Although these main findings have been consistent

with a higher risk of sleep-disordered breathing they do not

permit the differentiation between subjects with or without

OSAS.

Deegan and McNicholas [15] concluded in 215 patients

evaluated for the suspicion of OSAS that no individual

clinical feature is predictive of obstructive sleep apnea. The

combination of features such as gender, age, snoring,

observed apneas, hypersomnolence, alcohol consumption

and BMI have been useful to exclude OSAS but they can-

not correctly identify it.

More recently patient morphometric characteristics

have been included in the analysis of predictive features for

OSAS. Kushida et al. [16] described a clinical model that

incorporates the quantification of both craniofacial bony

and soft tissue structures as well as the BMI and neck cir-

cumference. According to the results this morphometric

model has a high sensitivity (97.6%) and specificity

(100%) and also presents better power to distinguish

patients with OSAS than other models, which only have

used BMI or neck circumference alone. The measurements

proposed by this model are performed with a caliper in the

oral cavity including assessment of palatal height, intermo-

lar distance and measurement of overjet. The proposed

mathematical formula includes quantification of craniofa-

cial dysmorphism on one side and obesity on the other side

and according to the authors has allowed the correct identi-

fication of 245 patients with OSAS from a group of 300

subjects. Further validation of this model is necessary to

prove its clinical usefulness.

Ethnicity influence on the craniofacial characteristics has

also been examined. A recent report from Lam et al. [17]

prospectively studied 239 patients (164 Asian and 75 white

subjects) with clinical suspicion of OSAS to determine

whether the craniofacial profile predicts the presence of

OSAS. They chose simple and easy-to-perform clinical

measurements such as the neck circumference, the thyro-

mental distance, the thyromental angle and the Mallampati

oropharyngeal score. These measurements are thought to

represent features of both obesity and abnormal craniofacial

skeletal structure. Mallampati score and thyromental dis-

tance are correlated with difficult endotracheal intubation

and OSAS. The authors first describe thyromental angle,

which reflects the central obesity and the length of the ante-

rior cranial base. They found that Asian patients had higher

Mallampati scores, shorter thyromental distances and larger

thyromental angles, and tended to have more severe OSAS

than white subjects. The application of these measurements

into the routine physical examination may be of value,

although they have not been tested in other ethnic groups.

Cephalometry

Cephalometry is a radiological technique that has been

extensively used in the fields of orthodontics and anthro-

pology for the study of craniofacial characteristics. Its

extension to the area of sleep-related breathing-related

disorders has been a natural process since it provides

some insight on the bony and soft tissue characteristics of

the upper airway. Cephalometry procedure consists of a

standardized lateral radiograph of the head and neck on

which several anatomic points are identified. The distan-

ce between these points and the angles between the lines

connecting them are measured. Although cephalometry is

widely available, inexpensive and reproducible it requires a

well-standardized performance. It can be performed in

a sitting or standing position and requires a fixed head

position, with the gaze in a horizontal plan. The cephalom-

etry should be done at end-expiration. Interpretative skills

should also be standardized. The main disadvantage of

this technique concerns the fact that it provides only a 

two-dimensional analysis of a three-dimensional structure

and in this way it limits the information provided about

antero-posterior structures and lateral soft tissue structures

of the upper airway. Moreover, it yields a single static

image of an essentially dynamic structure, and the image

represents the pharynx in the upright posture, whereas

sleep apnea usually manifests itself in the supine position.

Nevertheless, cephalometry has been used to study sleep

apnea patients and has demonstrated significant differ-

ences, when compared with normal reference values. Table 1

shows a review of the main findings of cephalometry in the

published literature.

Cephalometry has pointed to the following anatomical

indicators of an increased risk for sleep apnea: narrow pos-

terior airway space, enlargement of the tongue and soft

palate, inferiorly positioned hyoid bone, retroposition of

the mandible and small nasion-sella-basion angle. Obesity

has also been implicated as a major risk factor for OSAS.

However, it has been more commonly reported that cranio-

facial abnormalities are more important as a risk factor in

nonobese than in obese OSAS patients [23].

A qualitative analysis and meta-analysis of the pub-

lished literature about craniofacial structure and OSAS has

found only one cephalometric measurement with clinical

significance and diagnostic accuracy for OSAS: mandibular

body length [26]. Although this conclusion may question

the performance of cephalometry as a diagnostic tool, it has

even been used to develop a craniofacial index score to dif-

ferentiate patients with OSAS from habitual snorers [27].

Pracharktam et al. [28] have proposed a craniofacial index
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constructed with cephalometric and anthropometric meas-

urements, including age, BMI, hyoid mandibular plane dis-

tance and tongue length, to classify heterogeneous groups

of patients with OSAS into subgroups with varying degrees

of anatomic risk for the disease.

The concept that an anatomic abnormality with 

etiologic relevance in OSAS could be identified on

cephalometry has led to its use in some therapeutic

approaches. In fact, cephalometry has been used to evaluate

bony structure before facial surgery (mandibular advance-

ment) and to evaluate the efficacy of oral appliances.

Cephalometric measurements have also been advocated

for the pre-operative evaluation of patients submitted to

uvulopalatopharyngoplasty (UPPP). Although the surgical

Table 1. Review of the main findings of cephalometry in the published literature

Study Population Main findings Other conclusions

Jamieson et al. [18] 155 OSAS patients Low position of the hyoid bone, retroposition of the  

41 control subjects mandible, acute nasion-sella-basion angle  

Lyberg et al. [19] 25 OSAS patients Greater length of soft palate, greater area of soft 

10 control subjects palate, low position of the hyoid bone, mandibular 

retrognathia

Maltais et al. [20] 40 OSAS patients Low position of hyoid bone (for OSAS Low position of hyoid bone

12 snorers patients), greater length of soft palate (for  correlates significantly 

34 control subjects snorers and OSAS patients) with age

matched by age

Lowe et al. [21] 80 OSAS patients Larger soft palate, larger tongue, retroposition of  Tongue and soft palate volumes

25 control subjects the mandible, higher total upper and lower face are positively correlated

� CT scan height, elongated maxilla and mandibular with BMI

incisors and  mandibular molars

Tangugsorn et al. [22] 100 OSAS patients Greater length and area of soft palate, larger sagittal 

36 controls area of tongue with an upright position, retroposition 

of the mandible, shorter dimension of cranial base, 

larger cranio-cervical angle, decreased sagittal  

dimension of nasopharynx, velopharynx and 

residual oropharynx area

Nelson et al. [23] 72 nonobese snorers Predictors of apnea: In OSAS patients interaction 

70 obese snorers Nonobese: between lower hyoid position and

increased tongue length, increased tongue length may 

smaller size of the middle cranial fossa, contribute to the obstruction

age of hypopharynx

Obese:

low position of hyoid bone, increased

tongue length

Brander et al. [24] 42 nonobese OSAS Both groups: larger hyoid-posterior pharyngeal significant correlations between

patients wall distance, shorter uvular protrusion-posterior measurements incorporating

31 obese OSAS pharyngeal wall, skeletal craniofacial upper airway size at different

patients structure was similar between obese and levels

wide range of AHI nonobese, changes in upper airway caliber 

(1–131 events/h with posture were similar between groups

sleep)

Pépin et al. [25] 96 OSAS patients Identification in awake patients of hooking Hooking: angulation of 30� or

35 snorers of the soft palate as a risk factor greater between the distal

� CT scan for OSAS part of the uvula and the

longitudinal axis of the soft 

palate
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outcome is not accurately predicted, some authors contend

that the presence of moderate OSAS, a mandibular-hyoid

distance �20 mm and the absence of retrognathia could be

predictors of improvement after UPPP [29].

It should be noted that very few studies on cephalometry

have been performed in recent years.

Computed Tomography and Magnetic Resonance
Imaging of Upper Airways

Computed tomography (CT) and magnetic resonance

imaging (MRI) have contributed in a greater extent to the

understanding of the pathophysiology of OSAS. CT scan is

widely available and allows pharyngeal measurements

through axial slices at several levels, permitting the accurate

assessment of upper airway cross-sectional area. Scans are

performed on awake patients in supine position. The poten-

tial for three-dimensional reconstruction of axial CT images

(fig. 1) provides for a volumetric evaluation of the pharynx.

Ultrafast CT allows for higher spatial and temporal resolu-

tion with the possibility of dynamic imaging.

CT scan permits excellent airway and bony image reso-

lution, however, when compared to MR images, it lacks

soft-tissue contrast, particularly for adipose tissue. MRI also

has the advantage of multiplanar images with no radiation.

This characteristic provides the possibility to perform stud-

ies during wakefulness and induced sleep. Furthermore, this

technique has already been considered the most useful tool

to study OSAS patients because it permits measurement of

cross-sectional area and volume of upper airway, three-

dimensional reconstructions, multiplanar images and pro-

vides excellent resolution of soft tissue identifying not only

the fat, but also the water content of tissues. However, its

high cost limits its widespread use.

As assessed by CT scan [10, 11] and MRI [5], patients

with OSAS have smaller upper airways than normal subjects

even during the wake state.

The size of upper airway structures (tongue, soft palate,

parapharyngeal fat pads, lateral pharyngeal walls and

mandible) has been extensively studied and is thought to be

an important determinant of upper airway caliber in OSAS.

Cephalometric studies have proved that craniofacial abnor-

malities contribute to the smaller size of the upper airway.

Imaging studies by CT scan and MRI have elucidated the

differences in the soft tissue structures of the OSAS patients.

In fact, these studies have demonstrated an increased cross-

sectional area and volume of the soft palate, tongue, para-

pharyngeal fat pads and lateral pharyngeal walls in patients

with sleep apnea [5, 30, 31].

The level of minimum cross-sectional area of the upper

airway has been systematically searched and although the

retropalatal area has been most frequently identified, other

structures, such as an enlarged tongue or thickened lateral

pharyngeal walls, have been pointed as contributors to the

obstruction of the upper airway. Probably the interaction

between these structures is responsible for the upper airway

narrowing seen in OSAS patients. Pépin et al. [28] demon-

strated, using CT and cephalometry, that the presence of

soft palate hooking in awake patients with OSAS who had

long soft palates, a wide oropharynx, and a wide hypophar-

ynx had a 100% specificity for the identification of OSAS

patients. However, this sign had a low sensitivity and was a

transient phenomenon.

Obesity is believed to predispose to OSAS, which is

mainly associated with neck adipose tissue deposition. MRI

studies have permitted to identify that adipose tissue is

deposited adjacent and laterally to the pharyngeal airway in

patients with OSAS when compared with obese control sub-

jects and that the volume of that tissue is related to the pres-

ence and degree of OSAS. Even in nonobese patients excess

fat deposition has been described [32]. Fat pads are located

especially anterolateral to the upper airway in nonobese

OSAS patients when compared with controls with the same

body weight assessed using BMI and neck circumference.

Schwab et al. [5], using MRI images, found that thick-

ness of the lateral pharyngeal muscular walls rather than

enlargement of the parapharyngeal fat pads played the crit-

ical role in determining airway caliber. However, the factors

that control the thickness of the lateral walls of the pharynx

were not determined.

Besides the size also the shape of the apneic airway is

different from the normal airway [33]. The upper airway in

apneic patients has an anteroposterior elliptical shape in

contrast with normal subjects that present also an elliptical

shape but with the major axis oriented in the coronal plane.

This reduced lateral diameter of the upper airway is

reported to predispose to apnea during sleep.

A recent study by Schwab et al. [30], using state-of-the-

art volumetric MRI methods, concluded that the volume of

the upper airway soft tissue structures was significantly

greater in subjects with sleep apnea than in normal sub-

jects. Therefore, they contend that volumetric MRI should

become the standard equipment to objectively quantify the

enlargement of the upper airway soft tissue structures in

OSAS patients. According to the authors there is an

increased risk of developing sleep apnea if an increased

volume of the lateral pharyngeal walls, tongue and total

soft tissue is found. It is also admitted that other factors

besides obesity (in addition to age, sex, craniofacial size
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and ethnicity), namely genetic factors, may be important in

mediating the enlargement of the soft tissue structures. It is

proposed that volumetric MRI is the ideal modality to phe-

notype the pharynx and elucidate genetic traits in OSAS

patients.

Noninvasive MRI has also been useful to evaluate the

efficacy of nasal continuous positive airway pressure ther-

apy (nCPAP), a very effective option for OSAS treatment.

Ryan et al. [34] have reported that chronic CPAP therapy

modifies the upper airway morphology in wakefulness: it

increases pharyngeal volume and minimal pharyngeal cross

sectional area and decreases tongue volume. These changes

are achieved through the resolution of upper airway edema,

which is thought to be secondary to the trauma of repeated

obstruction of upper airway in OSAS patients. In this study

the majority of the increase in pharyngeal volume occurred

in the oropharynx. Other authors [35] showed that progres-

sive increases in CPAP pressure (up to 15 cm H2O) alter the

lateral dimension of the pharynx, with an increase in this

diameter due to a thinning of the lateral pharyngeal wall.

Imaging studies have not yet been able to identify the

morphological predictors of the surgical success of UPPP.

UPPP improves AHI in OSAS patients but has a low suc-

cess rate and its determinants are still poorly understood.

However, using CT scan, it was possible to identify an

increase width of the soft palate after surgery. It allowed

also to establish the site of pharyngeal narrowing postoper-

atively in those patients in whom surgery failed. Persistence

of oropharyngeal narrowing after UPPP was linked to an

increase in thickness of the soft palate combined with a

change in palatal position in relation to the base of the

tongue [36].

Recently, Sanner et al. [37] extended the use of MRI to

the evaluation of the efficacy of mandibular advancement

devices. Airway patency during the Mueller maneuver (see

below) while wearing the device was reported to predict the

outcome of this treatment in OSAS patients.

Static imaging methods are performed to study the

anatomic level of obstruction, but in order to have a com-

prehensive view on the pathophysiology of OSAS, dynamic

studies are essential.

The upper airway anatomy changes that occur through-

out inspiration and expiration have been compared in nor-

mal persons and in patients with sleep apnea using cine-CT.

These studies have measured the upper airway dimension

during different phases of the respiratory cycle [38]. At the

beginning of inspiration there is a small increase in upper

airway area probably due to an increased activity of the

upper airway dilator muscles. During most of the inspira-

tion upper airway is kept relatively constant as a result of

the balance between negative intraluminal pressure and the

action of the upper airway dilator muscles. In the phase of

early expiration upper airway reaches its greatest size pre-

sumably because of positive intraluminal pressure. At the

end of expiration, the upper airway narrows significantly

because its caliber cannot longer be kept open by the phasic

action of the upper airway dilator muscles. These data sug-

gested that, at end expiration, the pharynx is particularly

vulnerable to collapse, making collapse not only an inspira-

tory, but also an expiratory phenomenon. The notion that

sleep implies decreased tonic activity of the dilator muscles

and decrease pharyngeal cross-sectional area below normal

helps to understand why apnea appears during sleep.

Recently, ultrafast MRI that produces one imaging per

0.8 s has been used in the understanding of the dynamic

changes that take place in the upper airway. Ciscar et al.

[31], using this technique found that the velopharyngeal

airway was smaller in OSAS patients, when compared to

controls, only during part of the respiratory cycle. The vari-

ation of the velopharyngeal area was also larger in apneic

patients, particularly during sleep, suggesting an increased

compliance in this region of the upper airway.

CT and MRI imaging have been valuable instruments in

the comprehensive understanding of the dynamic phenom-

ena of the upper airway during the wake state and during

sleep in OSAS patients. However, none of these techniques

may be considered a routine clinical tool.

CT scan can also be used to visualize brain structures. In

the context of sleep apnea this capability is useful to evalu-

ate the sella turcica when acromegaly is suspected as a

cause for sleep apnea.

Endoscopy

Endoscopic examination of the pharynx is easily per-

formed with a flexible fiberoptic endoscope passed through

the nose. It allows to directly visualize the behavior of the

retropalatal area, retroglossal area, the larynx and the tra-

chea during breathing in wakefulness or sleep. Although it

is an invasive imaging method and requires nasal anesthe-

sia, nasopharyngoscopy is a widely available dynamic

exam that has already been included in the standard ENT

evaluation.

Nasopharyngoscopy is commonly accompanied by the

Mueller maneuver. This maneuver consists of a voluntary

inspiration against a closed mouth and obstructed nares. It

is thought to simulate the upper airway collapse that occurs

during an apnea. In case of a narrowed pharynx the exam-

iner can visualize a collapse and describe it.
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The Mueller maneuver has several limitations that have

to be taken into account. The degree of collapse is always a

subjective measure by the examiner, even when using grad-

ing scores. Moreover, the negative pressure generated dur-

ing the maneuver is variable and is highly dependent on the

effort generated by the patient. The degree of this inspira-

tory effort is seldom assessed during the Mueller maneuver.

The use of a manometer can obviate this problem but will

limit the accessibility of the technique and is not routinely

recommended [13]. The assumption that the physiological

changes noted during the maneuver mimic those on sleep

breathing remains to be proven.

Nevertheless, bearing in mind these considerations, it

has been suggested that Mueller maneuver can add impor-

tant information in identifying possible sites of obstruction

and predict the outcome for patients submitted to UPPP. It

was reported that patients with predominantly retroglossal

obstruction are not ideal candidates for UPPP whereas

identifying an obstruction at the retropalatal level would

predict a better outcome for UPPP [39]. However, even

when the velopharynx appears normal the diagnosis of

OSAS cannot be excluded. Selection of patients for a surgi-

cal approach cannot rely only on the results of this tech-

nique. The value of nasopharyngoscopy and Mueller

maneuver in predicting the outcome of UPPP is yet to be

proven.

Other Imaging Studies

Fluoroscopy/Ultrasound
Fluoroscopy can provide a dynamic evaluation of the

upper airways during wakefulness and sleep, but it implies

a high level of radiation exposure, which limits its applica-

bility. Moreover, as cephalometry, it does not provide any

information relative to the soft tissues surrounding the

upper airways.

At present, ultrasound technique has not yet been

applied to the study of the upper airways in the context of

sleep-related breathing disorders. Several years ago, Kwok

et al. [40] devised a bi-directional ultrasound technique

able to image the base of the tongue. However, ultrasound

has not found any useful clinical application up to now.

Clinical Point of View

The imaging of the upper airway has contributed to the

understanding of the physiopathology of OSAS. In fact,

with the initial aim of accurately differentiating OSAS

patients from normal subjects, these different techniques

ended up opening a new window to the knowledge of upper

airway anatomy and physiology.

Despite the greater understanding of sleep apnea phys-

iopathology that imaging methods have allowed, they are

not useful as a routine clinical tool. No imaging technique

permits a diagnosis of sleep apnea in an individual patient

nor predicts the surgical outcome of OSAS patients.

The upper airway is, by definition, an area of complex-

ity and dynamic behavior and sleep state induces specific

changes in the physiology of upper airway. It has already

been stated that the ideal upper airway imaging method for

OSAS patients should be inexpensive, non-invasive, per-

mitting supine imaging and not exposing the patient to radi-

ation [11]. In addition, such a method should also be

capable of performing dynamic state-dependent imaging

and allow for three-dimensional volumetric reconstructions

of the upper airway and soft tissues. Although MRI imag-

ing has some of this requisites, it is not widely available.

Both static and dynamic imaging methods have been used

to study the causes of the differences in size and shape of the

apneic upper airway. They have highlighted the importance

of facial bone structure, fat deposition, obesity and gender in

the determination of pharyngeal conformation in OSAS

patients. Many studies tried to define the clinical predictors

of OSAS, which would be important screening methods,

useful to improve the utilization of sleep laboratory facilities

and to reduce the number of unnecessary sleep studies.

However, many of the prediction formulas presented are

laborious to apply routinely, and have yet to be validated.

Clinical examination may be considered as the only

‘imaging’ method that should be applied to every individ-

ual suspected of OSAS. Surgical approaches for treatment,

and mandibular appliances, may justify the performance of

cephalometry, CT scan or MRI studies. In patients being

considered for CPAP, no specific imaging study appears

necessary.
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Abstract

Treatment options for snoring and upper airway resistance
syndrome are hampered by either low compliance or low
efficacy. Therefore, refinements in these therapeutic strategies
are needed. The understanding of the pathogenic factors of
upper airway obstruction and an individual’s compensatory
responses to defend ventilation in face of upper airway obstruc-
tion may help to develop more effective and less intrusive
treatment alternatives. Undoubtedly, this may require more
precise monitoring and pre- and post-treatment assessment
of the factors that maintain upper airway patency and ventila-
tion during sleep.

Snoring is a common phenomenon during sleep and

associated with the obstructive sleep apnea/hypopnea

syndrome (OSAHS), which has been identified as a risk

factor for cardiovascular diseases [1]. Snoring is caused by

upper airway obstruction, which is largely related to an

increased propensity of the upper airway to collapse during

sleep through a loss of neuromuscular tone in upper airway

muscles. Frequently, compensatory neural responses to

upper airway obstruction can adequately defend ventilation

during sleep, and patients have a normal stable breathing

pattern during sleep (primary snorer). Alternatively, com-

pensatory responses to upper airway obstruction can inter-

mittently fail, thereby reducing ventilation and inducing

sleep fragmentation. These patients exhibit an unstable

breathing pattern during sleep that is clinically referred to

as either upper airway resistance syndrome (UARS)

or obstructive hypopneas (fig. 1). Several intrinsic and

extrinsic factors can either increase the risk for upper air-

way obstruction or blunt neuromuscular compensatory

responses to upper airway obstruction. This chapter will

focus on the pathophysiology of upper airway obstruction

and its implications for the management of snoring and

UARS.

Pathogenesis of Upper Airway Obstruction

In the last 20–30 years there has been an appreciable

number of investigations of the mechanical properties of the

upper airway, principally attempting to understand the patho-

physiology of OSAHS. The main difficulty for the patient

with OSAHS is collapse or partial obstruction of the pharyn-

geal airway that occurs during sleep in affected individuals

[2]. To elucidate the mechanism of upper airway obstruction

in obstructive sleep apnea (OSA), several approaches have

been adopted to model the factors involved in the pathogene-

sis of pharyngeal collapse.

Upper Airway Function and Mechanics
The upper airway commences at the oral and nasal

openings, while at the other end it divides into the tracheal

and esophageal passageways. The upper airway has a

complex geometry, and is enclosed by muscles and

mobile nonmuscular structures that are able to alter airway

configuration. The major respiratory function of the upper
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airway is to permit air movement into and out of the lungs.

In addition, the upper airway heats and humidifies inspired

air, and is important in the regulation of both inspiratory

and expiratory airflow. Under resting conditions including

sleep, air flows through the nose, pharynx and larynx to the

extrathoracic trachea. When airflow increases, as during

heavy exercise or with nasal obstruction, breathing occurs

through the mouth in addition to the nose, and hence the

oral cavity is also part of the upper airway.

The upper airway is responsible for a major component

of the total airway resistance in humans, providing 40–70%

of the total pulmonary resistance during resting breathing.

Nasal resistance is by far the largest component of the total

upper airway resistance. Under quiet breathing during

wakefulness in normal subjects, laryngeal and pharyngeal

components are relatively small, but they are the most

variable components of the total upper airway resistance.

Upper airway size and resistance vary dynamically through-

out the respiratory cycle and are also affected by the route

of breathing (oral vs. nasal) [3], lung volume, level of

ventilation, hypoxia and hypercapnia and behavioral state

(conscious vs. unconscious and wakefulness vs. sleep). In

addition, upper airway resistance can increase the work of

the inspiratory muscles in producing airflow. Indeed, for

patients with OSA and snorers, upper airway resistance

may increase dramatically due to pharyngeal airway col-

lapse and obstruction of inspiratory airflow [2].

Starling Resistor Model for Upper Airway 
Obstruction
Initial efforts for modeling upper airway obstruction

focused on the interplay between extraluminal upper air-

way muscles that dilate and negative intraluminal pressures

generated by the diaphragm that collapse the pharynx. It

was originally postulated that upper airway patency was

determined by the balance of pressures between the intra-

luminal and extraluminal space [2]. As intraluminal ‘suction’

pressures overcame the dilating forces around the pharyn-

geal lumen, the theory held that the pharynx would pro-

gressively collapse and ultimately occlude during sleep.

Later studies, however, have minimized the role of intra-

luminal suction pressures in the pathogenesis of upper airway

obstruction by demonstrating that upper airway occlusion

could occur spontaneously, even when intraluminal pres-

sures were positive [4]. These observations resolved a

major question regarding the role of negative intraluminal

pressures in the pathogenesis of OSA, and confirmed that

negative pressures were not required for airway occlusion

to occur. Rather, the markedly negative intraluminal pres-

sures generated by the diaphragm during periods of upper

airway obstruction were the consequence rather than the

cause of upper airway occlusion.

To further elucidate the mechanism for upper airway

obstruction, investigators have examined airflow dynamics

during periods of obstruction, and found that pressure-flow

relationships were identical to those previously described

for other collapsible biologic conduits, i.e. the Starling

resistor (fig. 1) [5]. This model provides a generalized

approach for determining the critical pressure during inspi-

ration, based on an analysis of pressure-flow relationships

in the upper airway segment (fig. 2). A major feature of this

model is that it describes the conditions leading to alter-

ations in upper airway patency. Specifically, the model pre-

dicts that the airway would completely occlude whenever

pressures both upstream (Pus) and downstream (Pds) fall

below a critical pressure (Pcrit). Under these circumstances,

no flow could pass through the airway as long as

Pcrit � Pus � Pds. As the upstream pressure is raised above

the critical pressure, however, the upper airway would no

longer remain occluded. Rather, the Starling resistor model

predicts that a flow-limited state would ensue as long as

the downstream pressure remains below critical pressure

(Pus � Pcrit � Pds) [6]. Inspiratory airflow limitation (IFL)

is characterized by a plateauing of airflow and is associated

Anatomic structural
predisposition

Neuromuscular
predisposition

Upper airway
collapse

Compensatory
neural responses

Inadequate

Adequate

Snoring

UARS
Hypopnea

IFL

Fig. 1. Proposed pathogenesis of snoring

and upper airway resistance syndrome

(UARS). Anatomic and neuromuscular fac-

tors induce upper airway collapse and inspi-

ratory airflow limitation (IFL). IFL induces

compensatory neural responses, which may

be adequate to stabilize breathing or inade-

quate or even absent with the subsequent

development obstructed sleep disordered

breathing.
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with collapse of the pharynx and audible snoring. Under

conditions of flow limitation, investigators have also

demonstrated that flow through the upper airway rises lin-

early with elevations in upstream pressure, regardless of the

downstream pressure level [7]. Thus, the Starling resistor

model predicts that the airway will occlude when upstream

and downstream pressures remain below a critical pressure,

and that flow limitation will result in linear increases in air-

flow as the upstream pressure is raised above the critical

pressure (the conditions leading to occlusion and flow lim-

itation in the upper airway are identical to those correspond-

ing to zones I and II for the pulmonary vasculature,

respectively).

In further studies, the upstream nasal pressure has been

manipulated systematically, and critical pressures were

measured in groups of individuals manifesting varying

degrees of upper airway obstruction during sleep (fig. 3)

[7]. Critical pressures were markedly negative in normal

individuals with evidence of airflow obstruction, whereas

critical pressures were positive in apneic patients with

complete upper airway occlusion. In patients with partial

airflow obstruction during sleep (obstructive hypopnea,

UARS, and asymptomatic snorers), critical pressures were

between these two extremes (minimally to moderately

negative) [7]. These observations suggested that varying

degrees of upper airway obstruction during sleep were

associated with quantitative differences in critical pres-

sures, reflecting differences in upper airway collapsibility

across the spectrum from health to disease.

Factors Influencing Ventilation in the Face of 
Upper Airway Obstruction
Inspired minute ventilation (VI) during sleep is deter-

mined by anatomic factors and by the neural responses that

Normal unobstructed breathing
Open upper airways

Snoring, UARS, Hypopnea
Upper airway collapse with  
reduced airflow

Obstructive apnea
Complete occlusion of the upper 
airway, no airflow

Upper (upstream)
segment (US)

Upper (upstream)
segment (US)

Upper (upstream)
segment (US)

Collapsible segment

Collapsible segment

Collapsible segment

Lower (downstream)
segment (LS)

Lower (downstream)
segment (LS)

Lower (downstream)
segment (LS)

Pus Pds

Pus Pds

Pus Pds

Pcrit� Pus� Pds

 Pus� Pcrit� Pds

 Pus� Pds� Pcrit

Fig. 2. The upper airway can be represented as a mechanical analogue of the Starling resistor model, consisting of a rigid tube with a collapsi-

ble segment. Upper (upstream, nasal) and lower (downstream, hypopharyngeal) segments have fixed diameters and defined resistances.

Pressures in these segments are represented by Pus and Pds, respectively. The collapsible segment has no resistance but is subject to the sur-

rounding pressure, Pcrit. Collapse occurs only when the surrounding pressure exceeds the downstream pressure (middle panel) and inspiratory

airflow decreases compared to normal unobstructed breathing (upper panel). Complete occlusion occurs when Pcrit exceeds both the upstream

and downstream pressure (lower panel). Adapted from Gleadhill et al. [25].
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stabilize breathing. The factors leading to hypoventilation

have traditionally been described by the basic relationship:

(1)

where VI is the inspired minute ventilation, VT is the tidal

volume, TI is the inspiratory time, TTOT is the respiratory cycle

length, and TI/TTOT is the inspiratory duty cycle [8]. The con-

ceptual framework provided by equation 1 forms the basis for

our approach of characterizing the respiratory phenotypes

predisposing to hypoventilation during periods of upper air-

way obstruction. As shown in equation 1, reductions in venti-

lation (VI) can be attributed to decreases in either the mean

inspiratory flow (VT/TI) or inspiratory duty cycle (TI/TTOT). In

early work, the mean inspiratory flow was found to be corre-

lated with measurements of respiratory drive, whereas the
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inspiratory duty cycle was thought to be primarily determined

by the timing characteristics of the respiratory pattern genera-

tors. Thus, reductions in ventilation could be attributed to

decreases in ventilatory drive or inspiratory duty cycle.

Although the mechanisms involved in stabilizing venti-

lation during sleep in the presence of upper airway obstruc-

tion have not been well defined, upper airway obstruction is

known to increase ventilatory drive, which should increase

the mean inspiratory flow (eq. 1). If the upper airway col-

lapses, however, such increases in drive could not lead to

further increase in the mean inspiratory airflow because

inspiratory flow would be limited to a maximal level that

could not be exceeded as effort increases. Therefore, during

periods of IFL, increases in ventilatory drive can no longer

prevent the individual from hypoventilating during sleep.

Instead of increasing ventilatory drive and/or mean inspira-

tory airflow, patients can only preserve ventilation in the

face of upper airway obstruction by prolonging the inspira-

tory duty cycle [3]. In recent work, our group has suggested

that both the maximum inspiratory flow during upper air-

way obstruction and inspiratory duty cycle constitute dis-

tinct respiratory phenotypic traits [9], as follows: Under

conditions of IFL, equation 1 becomes:

(2)

where (VI max)IFL represents the level of maximal inspiratory

airflow, which approximates the mean inspiratory airflow in

the flow limited condition. From equation 2 it is evident that

minute ventilation could be stabilized during periods of

upper airway obstruction in one of two ways (fig. 4).

First, the level of mean inspiratory airflow could be

increased. As noted above, (VI max)IFL is determined solely

by upper airway characteristics rather than the level of ven-

tilatory drive. Any increase in the level of mean inspiratory

airflow would be attributed to increases in upper airway

neuromuscular responses or upper airway biochemical and

physical properties.

Second, in the face of upper airway obstruction, an

increase in ventilation could be accomplished by increasing

the inspiratory duty cycle. As shown in figure 4, compensa-

tory neural responses can help to maintain and stabilize

ventilation during periods of upper airway obstruction by

either restoring upper airway flow (inspiratory airflow) or

prolonging the inspiratory duty cycle.

Taken together, the strengths of both compensatory neural

responses will determine whether upper airway obstruc-

tion will be associated with stable breathing (snoring) or

an unstable breathing pattern (UARS, hypopnea or apnea).
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Fig. 3. Upper airway collapse (Pcrit) and clinical expression. Critical

closing pressures of the upper airway (Pcrit) during sleep are plotted

for groups of individuals that represent the clinical spectrum of

obstructive sleep apnea – non-snoring, snoring, upper airway resist-

ance syndrome (UARS), obstructive hypopnea, and obstructive

apnea. Pcrit increases with increasing disease severity over a relatively

narrow range of pressures. Note overlap between UARS and obstruc-

tive hypopneas, suggesting that the two disorders are indistinguish-

able in the degree of upper airway function, or in the impact of upper

airway obstruction on sleep continuity. Adapted from Schwartz et al.

[7] and Gleadhill et al. [25].
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In the following section, we will discuss the factors that

influence the neural compensatory drive.

Mechanisms that Predispose to 
Upper Airway Obstruction

Several factors have been associated with alterations 

in the properties of the upper airway. These factors

include anatomic or structural, neurochemical factors,

and those which modify the surface tension of the upper

airway.

Anatomic Factors
Specific anatomic alterations including tonsillar hyper-

trophy [10], retrognathia and variations in craniofacial

structure [11] have been linked to an increased risk of OSA.

Similarly, computed tomographic and magnetic resonance

imaging studies have provided evidence for increased fatty

tissue deposition in the lateral walls of the pharynx and

submucosal edema that result in narrowing of the pharyn-

geal lumen during wakefulness, and are thought to predis-

pose to airway obstruction during sleep. Isono et al. [12]

have provided evidence for this hypothesis in experiments

utilizing general anesthesia and complete neuromuscular

blockade to eliminate neuromuscular input to the upper

airway during sleep. Based on analysis of the maximal

pharyngeal area (MPA) and static pressure-area curves,

they demonstrated that apneic patients had significant

narrowing of the upper airway (MPA: 1.1 � 0.8 vs. 2.1 �
0.9 cm2) and a more collapsible upper airway as reflected

by higher closing pressures (2.2 � 3.0 vs. �4.4 � 4.2 cm

H2O) in the velopharynx compared with control subjects

[12].

Nevertheless, luminal narrowing alone may not be suffi-

cient to produce collapse during sleep, since greater

degrees of narrowing have been demonstrated in women

who are resistant to upper airway collapse during sleep.

Rather, such narrowing may elicit compensatory increases

in upper airway neuromuscular activity that are required to

maintain upper airway patency either during wakefulness

or during sleep [13]. Taken together, these studies imply

that snorers and apneic patients can be distinguished from

normal patients on the basis of anatomic properties that

predispose to upper airway obstruction when protective

neuromuscular mechanisms wane at sleep onset.

Neural Factors
In addition to anatomic properties, it is well recognized

that the upper airway is subject to neuromuscular factors

that can also influence its patency. Upper airway obstruc-

tion is known to trigger various neuromuscular reflexes that

activate upper airway dilator muscles and defend airway

patency [14]. In animal studies of upper airway neuromus-

cular reflexes, these findings have led to the hypothesis that

patients with OSA actually have increased levels of EMG

activity that help maintain normal airway patency during

wakefulness; however, when this compensating activity

falls inappropriately at sleep onset airway occlusion may

ensue. While these data attest to the importance of neural

activation of upper airway muscles, the precise effect of EMG

activity on upper airway function and ventilation during

sleep has not been precisely defined.

To determine the impact of neuromuscular activity on

upper airway patency, extensive studies in the isolated

upper airway of animals have demonstrated that upper air-

way collapsibility is modulated by a complex interaction of

Breathing pattern during normal breathing
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Fig. 4. Effect of upper airway obstruction on

respiratory timing in a normal individual is

illustrated in 1 subject. Upper airway obstruc-

tion was induced by lowering the nasal pres-

sure from 5 cm H2O (left panel) to –5 cm H2O

(right panel). Respiratory pattern indices

(inspiratory time, TI; total respiratory cycle

length, TTOT; inspiratory duty cycle, TI/TTOT)

are shown for the baseline, unobstructed

condition (left panel) and for the three breaths

during the acute period of upper airway

obstruction (right panel). The duty cycle

increased substantially from the unobstructed

period with the induction of upper airway

obstruction. Adapted from Schneider et al. [3].
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neuromuscular and anatomic factors that influence pharyn-

geal collapsibility and airflow dynamics. Among these fac-

tors are pulmonary and upper airway mechanoreceptor

pathways, as well as chemoreceptors, all of which have

been shown to act individually or in combination to modify

upper airway dilator muscle activity [15]. In addition, it is

now thought that negative pressure reflexes of the upper

airway may not respond appropriately to the markedly neg-

ative intraluminal pressure generated during periods of

upper airway obstruction. Moreover, Mezzanotte et al. [14]

have documented elevated genioglossal EMG activity in

patients with OSA compared to normals during wakeful-

ness, suggesting that the negative pressure reflex is selec-

tively attenuated during sleep. Finally, it appears that upper

airway sensory pathways may be impaired, since tempera-

ture, two-point discrimination and vibratory thresholds are

disrupted in sleep apnea patients compared with normal

individuals [16]. Sensory receptor dysfunction could also

attenuate the response of upper airway dilator muscles to

the markedly negative airway pressures generated during

periods of upper airway obstruction. Further evidence for

sensorimotor dysfunction is provided by graded histopatho-

logic and immunochemical alterations in the palatopharyn-

geus and muscularis uvulae in sleep apnea patients, relative

to asymptomatic snorers and normal individuals [17].

Findings of muscle fiber type redistribution and injury

(fascicular atrophy and grouped atrophy in muscle fibers),

have suggested that myopathic as well as sensory dysfunc-

tion may further compromise neuromuscular responses to

upper airway obstruction.

Biomechanical Characteristics of the Upper Airway
Mucosal Surface
The upper airway is lined by a liquid at the mucosal sur-

face important to the patency of the upper airway. Many

investigators have examined the role of surface tension in

maintaining alveolar patency, whereas there are relatively

few investigations of surface forces in upper airway

patency. Wilson et al. [18] reported postmortem studies in

infants which demonstrated that the intraluminal pressure

required to re-open a closed upper airway was greater than

the intraluminal pressure required to close the same airway.

This difference between upper airway opening and closing

pressure was ascribed to the force required to overcome

surface tension effects between the walls of the closed air-

way. These findings suggest that surface forces operating in

the liquid lining the upper airway exert an influence on

upper airway patency. Since these first observations, there

have been only a few studies that have addressed this con-

cept. Olson and Strohl [19] demonstrated that stimulation

of upper airway secretions in rabbits made the collapsed

upper airway more difficult to re-open (i.e. because of

increased upper airway opening pressure). This effect was

ascribed to ‘stickiness’ of the induced upper airway secre-

tions. In rabbits, instillation of surfactant into the upper air-

way has been shown to reduce the surface tension of the

mucosal lining liquid and increase upper airway patency

[20–22].

It has recently been shown in humans that the surface

tension of upper airway lining liquid plays an important

role in the control of upper airway patency [20–22]. For

example, in both awake and anesthetized [21] humans low-

ering the surface tension of upper airway lining liquid with

exogenous surfactant decreases the intraluminal pres-

sure required to reopen a closed pharyngeal airway. In

addition a number of studies have shown that the instilla-

tion of exogenous surfactant into the upper airway of

patients with OSAHS reduces the severity of the associated

sleep-disordered breathing [22–24]. Thus, alteration of the

surface forces of the liquid lining the upper airway may

provide a mechanism for influencing the collapsibility of

the upper airway; however, the clinical value of this issue is

yet to be resolved.

Taken together, anatomic structural properties, neuromus-

cular influences and biomechanical properties of the surface

liquid could account for quantitative differences in critical

pressure in humans manifesting various degrees of anatomic

structural predisposition for upper airway obstruction during

sleep. As outlined above, normal individuals are character-

ized by markedly negative critical pressures, reflecting

diminished upper airway collapsibility during sleep, com-

pared to progressive elevations in critical pressure in those

with partial obstruction (snoring and obstructive hypopneas)

and complete occlusion (obstructive apnea) [25]. Moreover,

the critical pressures in normal sleeping individuals are

markedly lower than those reported in normal anesthetized

subjects after abolishing neuromuscular activity with a para-

lytic agent. The further reduction in critical pressure in the

sleeping compared to the paralyzed state suggests that neuro-

muscular factors prevent collapse, and play an important role

in maintaining upper airway patency during sleep.

Predisposing Factors for Hypoventilation in the
Face of Upper Airway Obstruction

As outlined above, it is now evident that defects in both

the upper airway and neuroventilatory control are pivotal for

the development of obstructed sleep disordered breathing.

Although neuromuscular control of upper airway function
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is crucial for the level of inspiratory airflow, the duty cycle

has been identified as a distinct physiologic component for

defending ventilation in response to upper airway obstruc-

tion. For example, the duty cycle contains a physiologic

ceiling of approximately 0.6, at which no further increases

of the duty cycle is possible [26]. If the duty cycle during

unobstructed breathing is already above 0.5 as commonly

seen in patients with underlying medical illnesses of the

heart and lung, an individual would be able to increase the

duty cycle and minute ventilation by only 20%, while a nor-

mal individual with a duty cycle of 0.3 at baseline may

increase the duty cycle and ventilation by 200%.

Conversely, a hallmark of chronic obstructive pul-

monary disease (COPD) and asthma is expiratory airflow

limitation that leads to prolongations of the expiratory time,

which in turn, shortens inspiratory time. As a consequence,

these patients are also limited to increase their duty

cycle, once they exhibit inspiratory upper airway obstruction,

due to a ceiling effect imposed by their expiratory time

requirement. However, it is currently unclear, whether this

feature in patients with COPD may play a role for the incr-

eased prevalence of sleepiness and fatigue in these patients.

Gender might also affect ventilatory responses to upper

airway obstruction, as testosterone, progesterone and estro-

gen are known to alter ventilatory control. Moreover, gen-

der differences exist in lung function and metabolic

demand, both of which may affect the ventilatory compen-

satory responses to upper airway obstruction.

Similarly, it has been shown that normal individuals

exhibit substantial variation in the magnitude of duty cycle

response, even when the baseline duty cycles are similar

between subjects [3]. The response in inspiratory duty cycle in

the setting of upper airway obstruction varied between 0.02

and 0.18, indicating that the duty cycle in response to upper

airway obstruction may serve as an intermediate physiologic

trait that may provide a link to specific genetic factors relevant

to the expression of obstructive sleep disordered breathing [3].

Taken together, the duty cycle during unobstructed

breathing may determine an individual’s ability to respond

adequately to upper airway obstruction. However, it is not

clear whether such abnormalities exacerbate sleep related

hypoventilation and UARS in normal patients with milder

degrees of upper airway obstruction.

Upper Airway Resistance Syndrome

Definition
While primary snoring is by definition associated

with a stable sleep and breathing pattern, UARS, similar to

OSA, is defined by repetitive upper airway collapse result-

ing in IFL and subsequent arousals from sleep. Upper

airway collapsibility, as reflected in the critical closing

pressure (Pcrit), of patients with UARS is intermediate

between normal patients without sleep disordered breath-

ing and patients with OSA [7, 25] establishing UARS on

the spectrum of obstructive sleep disordered breathing.

While OSA is associated with intermittent oxyhemoglobin

desaturations and significant reductions in airflow, UARS

does not share these features.

History of UARS
The term ‘upper airway resistance syndrome’ was first

coined by Guilleminault and his colleagues in 1993. Over a

decade earlier, they had published results of the first study

of this clinical entity in children. In a retrospective study of

25 children with snoring, excessive daytime sleepiness, and

behavioral disturbances, compared to 25 control children,

they found that while subjects did not have overt OSA, the

case subjects had more frequent episodes of IFL with sig-

nificant intrathroacic pressure swings and subsequent

arousals, compared to the control group. Treatment of case

subjects with tonsillectomy and adenoidectomy resolved all

daytime symptoms, implicating increased upper airway

resistance in the pathophysiology of this clinical entity.

Subsequent research in adults identified UARS as a signif-

icant cause of daytime hypersomnia.

UARS describes the constellation of daytime hypersom-

nolence due to respiratory arousals related to IFL, without

overt apneas or hypopneas. Although controversy remains

regarding the establishment of UARS as a distinct clinical

entity. UARS is generally recognized as a subset of OSA

syndrome, due to similarities in pathophysiology and treat-

ment. Silent UARS, defined as UARS without clinically

evident snoring, is present in 1% of patients evaluated for

hypersomnolence in sleep laboratories [27]. Because of

unique features in clinical presentation and diagnostic

strategies, UARS continues to be an under-recognized and

untreated form of sleep-disordered breathing.

IFL results in the generation of significant negative

intrathoracic pressure with each breath. Gleeson and col-

leagues demonstrated a correlation between brief arousals

and the magnitude of esophageal pressure swings, with a

consistent arousal response when intrathoracic pressure

reached a level of approximately –15 cm H2O. Thus, fre-

quent respiratory arousals associated with IFL can pre-

dictably result in sleep disruption and subsequent daytime

hypersomnolence. While IFL is the hallmark of UARS and

other obstructive sleep disorders, variation in clinical

expression of IFL may also be determined by other patient
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factors, such as comorbidity, gender and heritable alter-

ations in ventilatory control as discussed above. This is also

highlighted by the significant overlap of Pcrit observed in

patients with simple snoring, UARS, and obstructive sleep

hypopneas [7, 25] suggesting that the clinical expression of

IFL is determined by factors such as ventilatory protective

mechanisms, degree of oxyhemoglobin desaturation with

respiratory events, degree of hypercapnia, time since previ-

ous awakening or arousal, total sleep time, and temporal

proximity to REM sleep [28].

Diagnosis
Diagnosis of UARS requires a heightened clinical suspi-

cion of obstructive sleep disordered breathing along with

sensitive diagnostic airflow measurements. Clinical history

alone does not discriminate between types of obstructive

sleep disordered breathing. Patients presenting with UARS

often complain of excessive daytime sleepiness, snoring,

fatigue, and morning headaches, similar to OSA. Physical

examination may reveal an overcrowded pharynx, retrog-

nathia, macroglossia, and other such features which would

predispose to upper airway obstruction. Obesity can be a

feature of patients with UARS, but is not necessary.

Nocturnal polysomnography is necessary to diagnose

UARS. Esophageal balloon manometry, as a measure of

intrathoracic pressure, and pneumotachography, a quantita-

tive airflow measurement, have been the gold standard

measurements for UARS. Although alternative measure-

ments of respiratory effort (piezo belts, plethysmography)

Nasal
cannula

Thoracic 
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Abdominal 
piezo

A A

B

C
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E

Fig.5. Snapshot of polysomnography from a patient with inspiratory flow limitation. Signals of interest include airflow (via nasal cannula) and

respiratory effort (via thoracic and abdominal piezo belts). Inspiratory flow limitation is characterized by constant or reduced inspiratory air-

flow (A) in the setting of continued or greater respiratory effort (B); prolongation of the inspiratory duty cycle (C); desynchrony of thoracic and

abdominal movements with inspiratory (D), and snoring (E).

and airflow (nasal cannula, thermistors, thermocouples) are

sufficient enough to detect IFL (fig. 5), they are often not

sensitive or specific to detect UARS particularly due to the

lack of either quantifying airflow or inspiratory effort.

Reductions in airflow and progressively more negative

intrathoracic pressure prior to an arousal was identified to

be the hallmark of UARS (fig. 6). Frequent leg movements

in the setting of IFL are often misclassified as periodic limb

movements [29], when esophageal pressures and quantita-

tive airflow measurements are not available.

Therapeutic Implications

Continuous positive airway pressure (CPAP) has been

designed to overcome upper airway obstruction (positive

critical pressure) by elevating upstream pressures at the

nose or mouth [30]. CPAP has been a mainstay of therapy

for OSA for nearly 20 years, and is effective in relieving

obstruction in patients with OSAHS syndrome. However,

snoring subjects and patients with UARS exhibit a very low

compliance on CPAP due to (1) the inconvenience of wear-

ing the cumbersome nasal masks, and (2) potentially sub-

therapeutic CPAP settings due to the difficulty in assessing

an optimal therapeutic nasal pressure, and therefore often

seek alternative less-intrusive treatment options.

There are several alternative approaches for relie-

ving snoring, all of which can be subdivided into two basic

principles. The first approach is to improve the structural
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and neuromuscular properties of the upper airway, thereby

lowering the critical closing pressure during sleep, the other

is to protect neural compensatory responses to upper air-

way obstruction, thereby increasing ventilation and reduc-

ing the frequency of arousal from snoring.

The first alternative therapeutic approaches target to

lower the critical pressure by either augmenting the structural

or neuromuscular mechanisms required for the maintenance

of airway patency. Current approaches to correcting alter-

ations in upper airway mechanics include weight loss [31]

and postural maneuvers [32]. Upper airway reconstructive

surgery (uvulopalatopharyngoplasty, transpalatal resection,

adenotonsillar resection), and a variety of procedures

designed to move the hyoid, mandible and maxillary bones

anteriorly [33] are also designed to lower critical closing

pressure. These methods have been shown particularly effec-

tive in patients with milder degrees of upper airway obstruc-

tion but are limited by their intrusiveness and low efficacy in

obese and older subjects. Surgical interventions are therefore

not being recommended as first line treatment of snoring

and UARS. Oral appliances, either mandibular advance-

ment devices or tongue repositioning devices, function by
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Fig. 6. Snapshot of polysomnography from a patient with upper airway resistance syndrome. In the upper

panel a compressed (10 min) view of the airflow and esophageal pressure (Pes) signal. As can be seen,

while minimal fluctuations occur in the airflow signals, there are intermittent progressive increases in Pes

(upward arrows), indicating increases in upper airway resistance. As amplified in the panel below, periods

of increased Pes were due to snoring with inspiratory flow limitation and reductions in tidal volume that

led to an arousal from sleep. EOG � Electrooculogram; EEG � electroencephalogram; EMG � elec-

tromyogram; SaO2 � oxygen saturation, VT � tidal inspiratory volumes.
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mechanically increasing the posterior pharyngeal airspace,

and can adequately treat partial upper airway collapse.

Pharmacologic strategies that either lower the surface

tension or stimulate upper airway motor neuron pools with

tricyclic antidepressants and serotonergic agents may offer

partial relief of upper airway obstruction [34]. However,

these methods also are limited by either a low efficacy or

systemic side effects that inhibit its use in normal individu-

als who snore or patients with UARS.

The second alternative set of approaches are targe-

ted at the improvement of ventilation during sleep. CNS

depressants such as alcohol, benzodiazepines and opioids

block compensatory neural responses in several ways, and

should therefore be avoided in patients with snoring and

UARS. First, although alcohol ingestion has been shown to

decrease genioglossal muscle activity, thereby blunting

reflex recruitment of the upper airway musculature and

predisposing to worsening obstruction, these agents are

also known to reduce arousal responses and ventilation dur-

ing sleep. For example, the arousal responses to airway

occlusion are known to be prolonged in normal sleep-

ing subjects after alcohol ingestion, thereby increasing

the risk of hypoventilation in face of upper airway obstruc-

tion. Finally, the combined effects of CNS depressants

on the upper airway musculature and arousal responses

could account for observed increases in the frequency and

duration of sleep disordered breathing episodes, and

worsening oxyhemoglobin desaturations after alcohol

ingestion [35].

A new less-intrusive treatment for abolishing IFL by

insufflating air through an open nasal cannula system was

recently introduced [36]. Although this treatment seems to

be effective in abolishing snoring (fig. 7), the precise mech-

anism and clinical efficacy remain to be resolved before

recommending nasal insufflation for general use.

In summary, treatment options for snoring and UARS are

hampered by either a low compliance or low efficacy.

Therefore, refinements in these therapeutic strategies are

needed. The understanding of the pathogenic factors of upper

airway obstruction and an individual’s compensatory

responses to defend ventilation in face of upper airway

obstruction may help to develop more effective and less

intrusive treatment alternatives. Undoubtedly, this may

require more precise monitoring and pre- and post-treatment

assessment of the factors that maintain upper airway patency

and ventilation during sleep.

Fig. 7. Effect of nasal insufflation on inspiratory airflow limitation. The inspiratory flow contour

indicates snoring (as highlighted in the recording of the sound signal by a microphone in the bottom

tracing). With initiation of nasal insufflation, inspiratory flow contour normalizes and snoring abolishes

(right panel). EOG � Electrooculogram; EEG � electroencephalogram; SaO2 � oxygen saturation. From

McGinley et al. [36].
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Abstract

The narrowing or occlusion of the upper airway (UA) dur-
ing sleep has been attributed to several factors.An abnormal
anatomy of the UA, pathological and insufficient reflex activa-
tion of UA dilator muscles and increased collapsibility of the
passive UA have all been demonstrated to occur and con-
tribute to the UA collapse. More recently, it was also shown
that UA collapse occurs during the terminal phase of the
expiration preceding the apnea.When all data are taken into
account, it is quite clear that OSAHS patients have a smaller
and more collapsible airway. The airway is most at risk for
complete collapse at the end of an expiration, where the tis-
sue pressure may be larger than the intraluminal pressure.
However, it is also clear that a larger airway is associated with
less collapsibility or lower Pcrit.Anatomical predisposition cor-
relates with Pcrit and artificial enlargement of the UA during
inspiration also shifts the pressure-flow curve to the left.The
UA collapse, partially determined by the cross sectional area
during inspiration, finally occurs at the end of an expiration.
We recently could confirm this latter finding and obtain some
preliminary indications that modeling of the expiratory phase
may be worthwhile in predicting the collapse and the out-
come of some UA interventions.

Definitions

The obstructive sleep apnea-hypopnea syndrome

(OSAHS) is characterized by recurrent episodes of partial or

complete upper airway (UA) collapse during sleep. The

collapse is highlighted by a reduction in or complete cessa-

tion of airflow despite ongoing inspiratory efforts. Due to the

lack of adequate alveolar ventilation that results from the UA

narrowing, oxygen saturation may drop and partial pressure

of CO2 may occasionally rise. The events are mostly termi-

nated by arousals. Clinical consequences are excessive day-

time sleepiness related to the sleep disruption. Minimal

diagnostic criteria are defined for the OSAHS. Patients

should have excessive daytime sleepiness that is not better

explained by other factors or two or more of the following

symptoms that also are not better explained by other factors:

choking or gasping during sleep, recurrent awakenings from

sleep, unrefreshing sleep, daytime fatigue, and impaired

concentration. They should all have more than 5 obstructed

breathing events per hour during sleep. An obstructive apnea

or hypopnea can be defined as an event that lasts 10 s or

longer and is characterized by a decrease from baseline in the

amplitude of a valid measure of breathing during sleep that

either reaches more than 50% or that is associated with an

oxygen desaturation of 3% or an arousal. These definitions

are recommended by the American Academy of Sleep

Medicine (AASM) [1]. The Task Force of the AASM also

states that there are common pathogenic mechanisms for

obstructive apnea syndrome, central apnea syndrome, sleep

hypoventilation syndrome and Cheyne-Stokes breathing.

It was preferred to discuss them separately although they

could be placed under the common denominator of ‘sleep-

disordered breathing syndrome’. The definition of OSAHS

using 2 components, daytime symptoms and breathing
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pattern disturbances during sleep, may suggest that there is a

tight correlation between both. However, unfortunately, this

is not the case. The breathing pattern abnormalities, mostly

described by an apnea-hypopnea index (AHI), only weakly

correlate with quantified measures of sleepiness such as the

Epworth Sleepiness Scale (ESS) [2]. This probably means

that interindividual sensitivity, with some individuals coping

better with sleep fragmentations than others, does compro-

mise the relation between the AHI and scores of daytime

sleepiness. Using a cut-off of 18 events/h including all

apneas, hypopnea and flow limitation events (any series of

two or more breaths, lasting �10 s, that had flattened or

nonsinusoidal appearance on the inspiratory nasal cannula

flow signal and ended abruptly with a return to breaths with

sinusoidal shape), a sensitivity of 71% and a specificity of

60% for identifying subjects with excessive daytime sleepi-

ness was obtained [3]. When using only the AI or the AHI

(not counting flow limitations) the sensitivity/specificity was

even far worse. Also, epidemiological studies show wide-

spread sleepiness in the general population. Obviously

epidemiological studies looking at the prevalence of OSAHS

are all biased by the lack of a uniform definition. Using a

very restrictive definition including only subjects with a fair

amount of respiratory events who present with symptoms of

sleepiness that warrant CPAP therapy, the prevalence is about

0.5% for middle-aged men with a normal BMI and 1.5% for

the same group with an increased BMI [4]. The prevalence of

an AHI of more than 5/h in a general population (without

taking into account symptoms of sleepiness) was previously

estimated to be 24% in a male population [5]. When symp-

toms of sleepiness were also taken into account, the preva-

lence decreased to 4% in men and 2% in women. In the more

recently published Sleep Heart Health Study also a weak

relation between the AHI and sleepiness was found: the ESS

only rose from 7.2 to 9.3 when the AHI changed from less

then 5/h to more then 30/h [6]. So, for clinical purposes it

must be clear that the total RDI index (calculated from the

sum of apneas, all flow hypopneas and all flow limitation

events) should be taken into account, and that even then the

correlation with daytime symptoms remains suboptimal.

Pathogenesis

The narrowing or occlusion of the UA during sleep has

been attributed to several factors. An abnormal anatomy of

the UA, pathological and insufficient reflex activation of UA

dilator muscles and increased collapsibility of the passive

UA have all been demonstrated to occur and contribute to

the UA collapse. More recently it was also shown that UA

collapse occurs during the terminal phase of the expiration

preceding the apnea. We recently could confirm this latter

finding and obtain some preliminary indications that model-

ing of the expiratory phase may be worthwhile in predicting

the collapse and the outcome of some UA interventions.

Abnormal Anatomy of the UA

There are many studies indicating that the UA cross-

sectional area is smaller in patients with obstructive sleep

apnea (OSA). The narrowing of the UA, when studied

during wakefulness, is often seen at the retropalatal and

retroglossal area. Moreover, the configuration of the airway

in OSA patients is different from normal controls with an

anterior-posterior configuration [7]. In the airway of nor-

mal controls, a horizontal configuration is seen with the

major axis in the lateral direction. During the inspiratory

phase little narrowing is seen, suggesting that the activation

of the UA dilator muscles accurately compensates for the

negative intraluminal pressures. In apneic patients there

was even some more enlargement during inspiration, possi-

bly due to an increased UA muscle dilator activity. During

expiration airway caliber initially increases due to the posi-

tive intraluminal pressure, again more pronounced in the

apneic patients which present with the more distensible air-

ways. However, at the end of the expiration, the airways

narrow significantly and this narrowing is most pro-

nounced in OSA patients. It becomes clear already from

these studies, performed during wakefulness, that narrow-

ing of the UA is most critical at the end of the expiration.

Beyond narrowing of the airway by the lateral pharyngeal

walls also tonsillar, uvula and tongue enlargement

contribute to the occlusion of the UA during sleep. With

more-detailed MRI techniques, it could be demonstrated

that soft tissue enlargement predicts UA collapse. The volume

of the tongue and the lateral walls were shown to be an

independent risk factor for sleep apnea [8]. Also, ultrafast

MRI imaging during sleep has confirmed these abnormali-

ties. The variations in the velopharyngeal area during the

respiratory cycle was greater in apneic patients than in

controls and this was even more pronounced during sleep,

suggesting an increased compliance of the velopharynx in

these patients [9].

Insufficient Reflex Activation of UA Dilator Muscles

As already seen in the imaging studies, UA dilator

muscle activation in OSA patients is quite adequate and
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even intensified during wakefulness. Several studies have

confirmed this [10]. This activation is mainly due to reflex

activation provoked by negative intrapharyngeal pressures

that are more pronounced in OSA patients due to the

smaller airway. This reflex is quite active during wakeful-

ness but significantly declines during sleep. Especially dur-

ing NREM sleep, this negative pressure reflex is

substantially diminished or lost completely [11]. Studies of

genioglossal muscle activity suggest that patients with

OSA have a much greater reduction in the genioglossal

EMG than normal subjects [12]. Due to the loss of this

compensatory reflex activation of the UA dilator muscles,

the UA of OSA patients may significantly narrow during

inspiration when asleep.

Increased UA Collapsibility

Increased airway collapsibility significantly contributes

to the UA collapse in OSA patients. Increasing levels of UA

collapsibility lead to greater degree of airflow obstruction

[13]. UA collapsibility can be determined from pressure-

flow curves: the nasal mask pressure (Pn) below which the

UA closes can be considered as the critical closing pressure

or Pcrit. The pressure flow relationship is dependent on the

position of the patient and the sleep stage. Abbreviated

methods have been developed to measure Pcrit more conve-

niently during sleep [14]. Also negative pressure pulses

(NPP) have been applied to measure UA collapsibility. It

was demonstrated that collapsibility measured during

wakefulness using NPP correlates significantly with col-

lapsibility during sleep [15]. Very interesting data, however,

were obtained by quantifying the static pressure-area rela-

tionship in the passive pharynx during general anesthesia

with complete paralysis. Normal controls and 2 groups of

mild and more severe OSA patients were compared. An

endoscope inserted through the nose was positioned to

visualize the velopharynx (retropalatal space) or the

oropharynx (retroglossal space). The obtained images were

then converted to obtain the pharyngeal cross-sectional

area [16]. While the subject remained apneic for 2–3 min,

the airway pressure was slowly reduced from 20 cm H20 to

the closing pressure, i.e. the pressure at which the

(velo/oro)pharynx was seen to close completely. In

patients, the site of primary closure is mostly the velo-

pharynx. Closing pressure of the velopharynx was 0.90

(1.34) and 2.78 (2.78) cm H2O for the mild and severe

OSA patients compared to �3.77 (3.44) cm H2O for the

controls. Static pressure-area curves of the passive pharynx

for the 3 groups studied are given in figure 1. Since these

measurements are performed during apnea no indication

could be obtained of the changes of collapsibility over the

breathing cycle, although it is probably representative for

the most relaxed periods of the expiration, presumably the

end of the expiration in normally breathing sleepy patients.

Interestingly, pharyngeal collapsibility is influenced by

abnormal craniofacial and soft tissue features. A significant

correlation was found between Pcrit and soft palate length,

the distance from the hyoid bone to the posterior pharyn-

geal wall and the distance from the hyoid bone to the poste-

rior nasal space [17]. In obese patients Pcrit was related to

the soft palate length, in nonobese patients the Pcrit was

determined by the distance of the hyoid bone to the

mandibular plane. This may indicate that the anatomy of

the UA determines Pcrit. There are, however, also other

indications that cross-sectional area of the UA, especially

during inspiration, influences the Pcrit and UA collapsibility.

Indeed specific stimulation of the motor part of the hypo-

glossal nerve during inspiration not only lowers the AHI in

OSA patients, but also significantly decreases the Pcrit [18]

as is given in figure 2. This is a very important observation

since it implies that all local interventions that increase

cross sectional area of the UA at the end of the inspiration

have the potential to improve the sleep apnea syndrome by

lowering the Pcrit. It has also been shown that Pcrit may be

related to lung volume. UA size increases at higher lung

volumes. The lung volume dependence of the UA size may

also be greater in OSAHS patients.

Expiratory Collapse

Studies using endoscopic control of the UA size have

demonstrated that the complete collapse of the UA in

OSAHS patients occurs at the end of the expiration preced-

ing the apneic event [19]. This was also seen in the UA

imaging studies [7]. We recently used the forced oscillation

technique (FOT) to study the airway impedance during

sleep in OSAHS patients [20–22]. The basic principle of

FOT is the application of pressure oscillations of small

amplitude into the airways at a higher frequency than the

natural breathing frequency. A loudspeaker generates the

pressure oscillations whereas flow and pressure signals are

recorded close to the airway opening by means of a pneu-

motachograph and a pressure transducer. The complex rela-

tionship between applied pressure and resulting flow, called

impedance (Zrs), is determined by the mechanical proper-

ties of the airways, the lung tissue and the chest wall. Zrs, in

general, is dependent on the frequency of oscillation. In

a simplistic model, the in-phase relationship between
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elastic properties of the respiratory system at low frequency

and by the inertive elements at high frequency. In 8 patients,

we measured the respiratory impedance during and before

the apnea. A typical pattern of Zrs over several breathing

cycles is seen in figure 3 and the progressive increase of the

Zrs during the second part of the expiration preceding the

apnea is seen in more detail in figure 4. The impedance

often rises during inspiration but always drops during the

following expiration until collapse occurs during the end of

an expiration (with Zrs amounting to the level observed dur-

ing the apnea). This clearly confirms the observations from

the imaging studies where cross sectional area of the UA is

seen lowest at the end of the expiration.

Modeling of the Expiratory Collapse

Since the expiratory phase preceding the apnea is cru-

cial in the pathogenesis and the understanding of the UA

collapse, we tried to model the UA during this phase using

finite elements techniques [23]. The 3-D model was con-

structed by converting a CT scan to a CAD (computer-

aided design) model (fig. 5). The boundary conditions for
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typical OSA patients. The intercept (and Pcrit) decreases with ES [18].

pressure and flow, the resistance or real part of impedance

(Rrs), is determined by the resistive properties of the respi-

ratory system. The 90	 out-of-phase relationship, reactance

or imaginary part of impedance (Xrs) is determined by the
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this analysis approximate a normal expiration, where the

displacement of the UA wall is limited. At the inlet, a

transient velocity is defined, while at the outlet a transient

pressure is defined. All data are based on in patient meas-

urements obtained during sleep studies. By applying realis-

tic boundary conditions and material properties, it was

possible to generate a model that is in agreement with data

obtained with the FOT (fig. 4). The pressure contours

during the expiration are given in figure 6. Clearly, they

correlate with the FOT data and confirm that after an initial

rise in pressure during expiration, pressure drops and wall

collapse occurs which is almost complete at the end of the

expiration.

Interactions and Overall Pathogenic Model

When all data are taken into account, it is quite clear that

OSAHS patients have a smaller and more collapsible airway.

The airway is most at risk for complete collapse at the end of

an expiration, where the tissue pressure may be larger than the

intraluminal pressure. However, it is also clear that a larger

airway is associated with less collapsibility or lower Pcrit.

Anatomical predisposition correlates with Pcrit [17] and artifi-

cial enlargement of the UA during inspiration also shifts the

pressure-flow curve to the left [18]. The UA collapse, par-

tially determined by the cross-sectional area during inspira-

tion, finally occurs at the end of an expiration. This process

can be modeled for individual patients based on their

anatomic properties obtained by UA CT and UA flow pres-

sure profiles obtained during sleep [23]. With the same

model, it can also be predicted that prolongation of expiratory

time promotes collapse. Therefore, with more loop gain and

PCO2 dropping for a longer time period below the apneic

threshold, expiratory time may prolong and collapse may be

elicited. It was shown that OSAHS patients may have a higher

loop gain [24]. We previously could also show that OSAHS

patients may have a higher chemical drive (hypercapnic
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ventilatory response) that can contribute to the increased loop

gain [25]. Treatment with CPAP lowers this CO2 drive over

time. Of course any intervention that stabilizes the breathing

pattern will ultimately also lower the tendency to collapse.

This is the case for acetazolamide that lowers the CO2 thresh-

old and therefore stabilizes the breathing pattern.

Acetazolamide is clearly effective for central sleep apnea [26]

but can also have some effect in OSAHS patients.

Conclusion

There is still no final agreement on the definitions to be

used to describe patients with the OSAHS syndrome. From a

practical point of view, we have to focus on patients that need

therapy. The choice of the therapy and also the introduction

of new therapies depend on the insight into the pathogenetic

mechanisms in general and more importantly for the patient

under consideration. For patients with milder forms of the

OSAHS, where alternative treatment options for nCPAP can

be considered, it might be worthwhile to obtain insight into

the critical closing pressure, the site of collapse and the UA

anatomy. Then, a more substantiated choice of local therapy

can be made. In the near future we will also be able to model

the UA from individuals so that we can predict the outcome

of local interventions [27]. Such models, however, still need

update and larger scale evaluation, but may represent a

very intriguing new approach that can improve therapeutic

outcomes.
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Abstract

Obstructive sleep apnea, characterized by intermittent and
recurrent pauses in respiration during sleep resulting in a
decreased oxygen saturation and sleep fragmentation, is closely
associated with cardiovascular morbidity.There is accumulated
evidence that hypoxia/reoxygenation, such that is characteristic
of sleep apnea, promotes the formation of reactive oxygen
species that activate critical redox-sensitive signaling pathways
and transcription factors.This facilitates the expression of sets
of genes that encode proteins essential to adaptation to
hypoxia, as well those that elicit inflammatory pathways such as
adhesion molecules and inflammatory cytokines. Consequently,
inflammatory and immune responses are aggravated, thus result-
ing in the activation of endothelial cells/leukocytes/platelets.
These activated cells express adhesion molecules and pro-
inflammatory cytokines that in turn may further exacerbate
inflammatory responses and cause endothelial cell injury and
dysfunction.These may lead to the development of cardio- and
cerebrovascular morbidities in sleep apnea. Evidence support-
ing the existence of endothelial dysfunction and early clinical
signs of atherosclerosis in patients with sleep apnea provides
firm support to the above chain of events.This newly acquired
insight into the pathophysiology of cardiovascular morbidity in
OSA has important implications regarding the diagnosis and
treatment of the syndrome.

Obstructive sleep apnea (OSA) syndrome, a breathing dis-

order which is characterized by intermittent and recurrent

pauses in respiration during sleep resulting in a decreased

oxygen saturation and sleep fragmentation, is a prevalent

syndrome [1]. One in 4 men and 1 in 10 women have at

least 5 apneas or hypopneas in each hour of sleep and 4% of

adult men and 2% of adult women have sleep apnea syn-

drome defined as at least 5 respiratory events per hour of

sleep combined with characteristic symptoms such as

excessive daytime sleepiness, chronic fatigue or neuro-

cognitive decline [2]. Breathing disorders in sleep have

emerged in recent years as an independent risk factor for

cardiovascular morbidity and mortality. This association

has been demonstrated in cross-sectional, population-

based, and prospective studies, as well as in intervention

studies [3, 4]. Although the underlying mechanisms of the

association between breathing disorders in sleep and car-

diovascular morbidity are not fully elucidated, accumulated

evidence indicates that atherosclerosis and its underlying

mechanisms – oxidative stress and inflammation – play a

major role [5]. Thus, recent research pointed at apneas-

related oxidative stress, inflammatory cell activation and

metabolic consequences of the nocturnal events as impor-

tant mediators of the underlying cardiovascular morbidi-

ties. We here review the evidence linking OSA with

oxidative stress and inflammation, and outline the chain of

events that start with nocturnal intermittent hypoxia (IH)

and through oxidative stress and activation of inflammatory

pathways culminating in cardiovascular morbidity. We will

also discuss the clinical implications of this chain of events

with respect to the diagnosis and treatment of breathing

disorders in sleep.

Randerath WJ, Sanner BM, Somers VK (eds): Sleep Apnea.
Prog Respir Res. Basel, Karger, 2006, vol 35, pp 97–104
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Oxidative Stress in Sleep Apnea

What Is Oxidative Stress?

Oxidative stress represents a common threat and a haz-

ard to all aerobic organisms, and may drastically affect the

development of various pathological conditions. Basically

it is characterized by an imbalance between oxidant pro-

ducing systems and anti-oxidant defense mechanisms,

resulting in excessive formation of reactive oxygen species

(ROS). ROS molecules can oxidize various macromole-

cules as lipids, proteins, carbohydrates and DNA and thus

can alter their functions leading to various seemingly unre-

lated pathologies. Excessive ROS formation was docu-

mented in conditions such as hypoxia/reoxygenation or

hypoxia/reperfusion, inflammatory diseases, diabetes, hyper-

cholesterolemia, hyperhomocysteinemia, smoking, obesity

and in cases of exposure to heavy metals, ionizing irradia-

tion and strenuous exercise [6, 7]. Therefore, enzymatic and

nonenzymatic anti-oxidant systems have evolved to elimi-

nate excess ROS and to maintain and regulate the balance

between pro-oxidant and anti-oxidant mechanisms (redox

state).

At the same time, under physiological conditions, ROS

are generated during normal cellular respiration at low

levels, as by-products of oxygen metabolism. A wealth of

data implicates their formation within the cells as signaling

molecules. Thus, increased ROS molecules such as super-

oxide, hydrogen peroxide and hydroxyl radical induce a

plethora of signaling pathways that activate transcriptional

factors responsible for the regulation of proper responses

to the oxidative insults, by inducing redox adaptive gene

expression [7, 8].

Hypoxia/Reoxygenation and Oxidative Stress in
Sleep Apnea

The primary source of altered redox balance in patients

with OSA stems from their unique pathophysiology – the

IH these patients undergo through sleep – which results

in repetitive episodes of hypoxia/reoxygenation [5].

Oxidative stress is a prominent feature of ischemia/reper-

fusion or hypoxia/reoxygenation and is manifested by

increased ROS production and altered metabolic and

molecular processes, resulting in cellular and tissue injury

[6]. Yet, due to their pivotal role, ROS and oxidative stress

in OSA may activate redox-sensitive signaling pathways

which initiate adaptive responses to hypoxia and/or inflam-

matory pathways [7, 8]. Consequently, endothelial cells,

leukocytes, and platelets are activated [9]. These activated

cells can further contribute to oxidative stress through a

further release of ROS and increased expression of adhe-

sion molecules on leukocytes, platelets, and endothelial

cells, thereby facilitating endothelial cell-leukocyte interac-

tions that in turn further amplify inflammatory responses

[10]. Moreover, circulating activated leukocytes which

express adhesion molecules can also block microvascular

capillaries by attaching to endothelial cells, a phenomenon

referred to as ‘no-flow’ [6], thus resulting in cerebro- and

cardiovascular morbidities [9].

Experimental Evidence: Intermittent 
Hypoxia-Dependent Oxidative Stress

There is currently substantial evidence demonstrating

that the IH characteristic of patients with OSA indeed

affects several enzymatic pathways in a similar manner to

the experimentally induced hypoxia/reperfusion in tissue

culture and animal models. It primarily includes mitochon-

drial dysfunction, and xanthine oxidase and NADPH oxi-

dase activation.

(1) Mitochondrial dysfunction is a well-established

source of excess ROS formation due to hypoxia/reperfusion.

In patients with OSA, mitochondrial dysfunction was

demonstrated through measurement of changes in cytoch-

rome oxidase redox state during the obstructive sleep apneas

[11]. Specifically, McGown et al. [11] have shown that the

oxidation state of the mitochondrial cytochrome oxidase

which is responsible for the final metabolism of molecular

oxygen to produce adenosine triphosphate (ATP) in the

respiratory chain was altered, as were cerebral oxygenation

levels, arterial saturation and cerebral blood flow velocity.

Additionally, in vitro studies give further support and

delineate the mechanisms by which mitochondria become

dysfunctional under intermittent hypoxic conditions. For

instance, by subjecting PC12 cells to IH in vitro, Yuan et al.

[12] have shown that superoxide anion levels were increased

in mitochondria. This was evidenced by the decreased

aconitase enzyme activity and the increased levels of hydro-

gen peroxide, a stable dismutated product of superoxide

anions. Also, complex I of the mitochondrial electron trans-

port chain was markedly inhibited in IH exposed cells.

These findings clearly implicate the mitochondrial electron

transport chain in the generation of superoxide anions as a

result of IH.

(2) Xanthine oxidase is a well-established source of

ROS during hypoxia/reperfusion. In patients with OSA its

involvement is indirectly implicated by elevated levels of
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metabolic by-products in this pathway, including uric acid

and adenosine (reviewed in [5]).

(3) NADPH oxidase is the primary enzyme utilized

by inflammatory phagocytic cells for generating ROS as a

protective mechanism against microbial invasion [6]. Iso-

forms of this enzyme, however, are ubiquitously present

among a variety of cells including endothelial cells that

produce low levels of ROS for signaling purposes. Several

stimuli can activate the NADPH oxidase of leukocytes

and endothelial cells including hypoxia/reoxygenation. In

patients with OSA, both neutrophils and monocytes were

shown to be activated and to release 2- to 3-fold higher

amounts of ROS, suggesting the involvement of NADPH

oxidase [13, 14]. Of note, the NADPH oxidase isoform

which is expressed by activated endothelial cells was impli-

cated in the pathogenesis of hypertension that also confers

a risk factor for cardiovascular disease and stroke [15].

A recent study by Zhan et al. [16] confirmed increased

neuronal NADPH oxidase mRNA and protein levels in

wake-active brain regions of mice subjected to long-term

IH. However, in transgenic Gp91phox (a critical subunit of

NADPH oxidase) deficient mice, or under pharmacologic

inhibition of NADPH oxidase, long-term IH did not induce

oxidative stress or a proinflammatory response. Collectively,

these data demonstrate the importance of this enzyme as

a critical source of superoxide affecting oxidative and pro-

inflammatory responses after exposure to IH. Thus, inhibit-

ing NADPH oxidase can be considered as one possible

modality to prevent oxidation-mediated morbidities in obs-

tructive sleep apnea.

Additional sources including enzymes such as cyclo-

oxygenase, lipooxyganase, nitric oxide synthase and heme

oxygenases, should be considered as well.

Outcomes of Oxidative Stress in Sleep Apnea

Oxidation of Lipids, Proteins and DNA in OSA
Oxidation of macromolecules as lipids, proteins, DNA

and carbohydrates clearly attests to increased oxidative

stress in patients with OSA. Of these, lipids are the most

prone to oxidation. In OSA, increased lipid peroxidation

that was attenuated by the use of nasal continuous positive

airway pressure (nCPAP) was demonstrated [17]. Moreover,

the reported increased lipid peroxidation was specifically

found to be apnea/hypopnea index (AHI – the number of

apneas plus hypopneas divided by hours of sleep) severity

dependent. Also, it was less affected by co-morbidities

as hypertension and cardiovascular diseases, or by age

and Body Mass Index (BMI) [17]. The fact that lipid

peroxidation, which is a surrogate marker of atherosclero-

sis and cardiovascular morbidity, was found to be AHI severity

dependent emphasizes  the possible involvement of ROS

in amplifying atherosclerotic processes in patients with

OSA.

Additionally, increase in DNA oxidation was demon-

strated in patients with OSA by documenting increased

urinary excretion of 8-hydroxy-2�-deoxyguanosine [18].

Interestingly, in several studies utilizing animal models of

chronic intermittent hypoxia (CIH) protein and nucleic acid

oxidation as well as lipid peroxidation were demonstrated

[16, 19]. Importantly, in a recent report Chen et al. [20],

utilizing rats, emphasized the contribution of IH and oxida-

tive stress to myocardial function. In this animal model,

increased myocardial lipid peroxidation and decreased

activity of the anti-oxidant enzyme Cu/Zn superoxide dis-

mutase were correlated with blood pressure and left ven-

tricular myocardial dysfunction.

Decreased Antioxidant Activity in OSA
Disruption of the tightly regulated cellular oxidation-

reduction (redox) state, maintained between oxidant pro-

ducing systems and anti-oxidant defense mechanisms, can

also be affected by decreased antioxidant capacities. As

noted earlier, in patients with OSA this balance was shown

to be perturbed by excess ROS formation; however,

decreased anti-oxidant capacity has also been documented

(reviewed in [21]). Additionally, a lower activity of paraox-

onse-1 (PON-1) (an anti-oxidant enzyme that is located

exclusively on high-density lipoprotein and protects both

low- and high-density lipoprotein from oxidative modifica-

tion) was found in patients with OSA. This decreased PON-1

activity was more pronounced in patients who also had

cardiovascular co-morbidities [17]. Also, PON-1 activity

was significantly negatively correlated with AHI but

not with BMI or age [unpubl. observations], thus further

emphasizing the specific effects of OSA morbidity on

oxidative stress. In the clinical setting, PON-1 activity was

shown to decrease in patients with acute MI, hypercholes-

terolemia, and diabetes mellitus [22]. More recently, HDL

was shown to be dysfunctional in preventing the formation

and inactivation of oxidized lipids in OSA [23].

Collectively, the accumulated data emphasize the exist-

ence of an altered balance between oxidant and anti-oxidant

capacities, by demonstrating on the one hand increased

ROS production and on the other, decreased antioxidant

activity. Thus, oxidative stress is implicated as being as one

of the fundamental mechanisms that underlie the increased

prevalence of cardiovascular morbidities in OSA.
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Redox-Sensitive Signaling Pathways and
Transcription Factors

Once oxidative stress ensues, it activates a plethora

of signaling pathways that may initiate inflammatory

responses ultimately leading to atherosclerosis [6, 8, 9, 24].

As noted earlier, oxidative stress was shown to be exagger-

ated in a severity dependent manner in patients with OSA.

This implies that in the setting of OSA, ROS molecules can

also act as signaling molecules and promote activation

of an array of signaling pathways and activate a host of

redox-sensitive transcription factors which regulate gene

expression [8]. As a consequence, this may promote inflam-

mation and endothelial dysfunction – a subclinical con-

dition of atherosclerosis – the outcomes of which are

cardio- and cerebrovascular morbidities. It is not clear,

however, in OSA, how ROS are perceived by the cells and

how they regulate the activation of intracellular pathways

which initiate and regulate redox-sensitive transcription

factor activation. Moreover, thus far, there is no direct evi-

dence demonstrating increased redox-sensitive transcrip-

tion factor activation in OSA.

However, the experimental evidence documenting

redox regulated transcription factors and their gene prod-

ucts in response to sustained hypoxia are overwhelming.

The addition of exogenous oxidant molecules such as

superoxide and hydrogen peroxide induces a large number

of gene products functioning to restore homeostasis [8].

Thus, the main redox-regulated transcription factors that

are most likely to be involved in OSA are hypoxia-

inducible factor-1� (HIF-1�), activator protein-1 (AP-1,

which results from heterodimerization of c-Fos and c-Jun

proteins) and nuclear factor kappa-B (NF�B). Importantly,

most of the evidence gathered at the level of animal or in

vitro studies is mainly a result of short or prolonged sus-

tained hypoxia, or a single challenge of an ischemic insult

followed by a various time periods of reoxygenation,

whereas the number of studies employing IH in patterns

mimicking OSA is limited. Thus, the question how IH,

such that is inflicted by OSA, affects transcriptional acti-

vation, largely remains to be elucidated. Yet, the fact that

gene products of redox-sensitive transcription factors such

as erythropoietin, vascular endothelial growth factor

(VEGF), inflammatory cytokines and adhesion molecules,

are enhanced in OSA, indirectly suggests that AP-1, NF�B

and HIF-1� are upregulated [5].

However, the most convincing data regarding the effects

of IH on transcription factor activation are derived from in

vitro studies, which have shown up regulation of HIF-1�,

AP-1 and NF�B. In two elegant studies by Yuan et al.

[12, 25], subjecting cultured cells to IH in vitro, in intervals

mimicking sleep apnea, resulted in AP-1 and HIF-1� acti-

vation. In the first study, by exposure of PC12 cells to IH

(cycles of 15 s hypoxia/4 min normoxia), a significant ele-

vation of c-Fos (functionally coupled to AP-1) mRNA as

well as transcriptional activation was evident. Moreover, IH

was more potent and induced a longer lasting activation of

c-Fos than comparable cumulative duration of continuous

hypoxia. IH also increased AP-1 activity and tyrosine

hydroxylase mRNA – an AP-1-regulated downstream gene.

Using superoxide dismutase mimetic, a potent scavenger of

superoxide anions, prevented IH-induced c-Fos, AP-1 and

tyrosine hydroxylase activations. These data clearly suggest

that IH-induced c-Fos-mediated transcriptional activation

involves oxidative stress.

In the second study Yuan et al. [25] investigated the

effects of IH on HIF-1� activation, and which signaling

pathways were involved. By subjecting PC12 cells to IH

(60 cycles consisting of 30 s hypoxia, followed by 4 min

normoxia), a significant increase in HIF-1� protein of

nuclear extracts was found. Yet, unlike in sustained

hypoxia, signaling via protein kinases (PCK-�, PCK-�)

was not required, whereas the Ca2�/calmodulin-dependent

kinase activity was increased 5-fold in the cells subjected to

IH. These observations suggest that IH induces HIF-1�
transcriptional activity via a novel signaling pathway

involving Ca2�/calmodulin-dependent kinase [25]. More

recently, Ryan et al. [26] demonstrated increased NF�B

activation after subjecting HeLa cells to acute IH as com-

pared to normoxia or to sustained hypoxia, by subjecting

the cells to cycles of 5 min hypoxia/10 min normoxia.

Collectively, these in vitro studies clearly support the

notion that the redox-sensitive transcription factors HIF-1�,

NF�B and AP-1, could be elevated in OSA as well. More

importantly, however, the specific signaling pathways

affected by IH, need to be elucidated in order to better

understand the pathology of OSA.

Inflammatory Responses in OSA

Activation of redox-sensitive transcription factors – as

described above – can initiate and propagate inflammatory

responses by subjecting a cell, a tissue, or the whole organ-

ism, to IH. Some of the gene products upregulated by NF�B

and AP-1 include adhesion molecules and pro-inflammatory

cytokines. These have been shown to participate and aggra-

vate inflammatory responses at the vasculature [8, 24].

Thus, the ROS produced in response to IH presumably from

endothelial cells and leukocytes can promote accumulation
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of leukocytes and platelets in the vasculature, which is

facilitated by overexpression of adhesion molecules in both

blood cells and endothelial cells.

Adhesion Molecules and Leukocytes/Endothelial
Cells Interactions
The understanding of leukocytes/endothelial cells inter-

actions and consequently adhesion molecule expression

in response to hypoxia/reoxygenation has been largely increased

in recent years, based on experimental evidence prima-

rily derived from animal models utilizing intravital micro-

scopy. In these studies, microscopic visualization of

events that occur within microvessels allowed to determine

the sequence of the interactions between blood cells and

endothelial cells and the contribution of each of the adhe-

sion molecules in promoting these interactions in response

to hypoxia/reoxygenation [10, 27]. Furthermore, investigat-

ing mice that are genetically deficient in a specific adhe-

sion molecule has further shown that the adhesion molecules

involved elicited a prothrombotic and a pro-inflammatory

phenotype in the microvascular circulation that was also

oxidative stress dependent [27]. For instance, within min-

utes of reperfusion, P-selectin, which is normally stored in

the Weibel-Palade bodies in endothelial cells, was expressed

on the surface of the endothelium, thus supporting an early

oxidant-dependent leukocyte recruitment. In the second

stage, which is mediated by transcription dependent upreg-

ulation of adhesion molecules, leukocytes were recruited

hours after reperfusion, involving E-selectin over-expression

on the endothelium [27]. Unlike in OSA, that has multiple

short cycles of hypoxia/reperfusion lasting a whole night

sleep, such an experimental paradigm investigated one

hypoxia/reperfusion cycle. Yet, from such elaborated stud-

ies we can gain insights into adhesion molecule expression

and blood cells/endothelial cells interactions.

Indeed, the interactions between leukocytes – monocytes

and various subpopulations of cytotoxic T lymphocytes –

in OSA were thoroughly investigated [13, 21, 28–30].

Albeit, in these studies, the authors utilized leukocytes of

patients with OSA undergoing repetitive hypoxia/reperfu-

sion episodes in vivo in patients’ circulation during sleep.

One of the striking differences noted between mono-

cytes of patients with OSA and controls was the expression

of adhesion molecules. Notably, the CD15 complex on

selectins (of the family of adhesion molecules which

mediates rolling) and CD11c, a �-subunit of the integrins

(and a counter-receptor for ICAM-1 on endothelial cells)

were elevated, and treatment with nCPAP that ameliorated

the hypoxia, downregulated their expression [13]. Increased

CD15 expression on monocytes was also found to be

associated with the severity of the syndrome [31], and was

corroborated by increased adhesion to endothelial cells

of venous and artery origin, which supports an activated

phenotype.

Evidently, investigating several cytotoxic T lymphocyte

subpopulations revealed an activated and a cytotoxic phe-

notype as well. Increased adhesion to endothelial cells and

increased cytotoxicity were shown by the CD8�, CD4�
and �� cytotoxic T lymphocytes as compared to controls

[28–30]. Interestingly, unlike in CD4�, the killing abilities

of CD8� T lymphocytes were found to be AHI severity

dependent, and each of the T cell subpopulations investi-

gated utilized different killing mechanisms to injure the

endothelial cells [21].

Markers of Endothelial Cell Activation in OSA
The presence of soluble isoforms of the various adhe-

sion molecules that are shed from activated endothelial

cells, were also detected in the circulation of OSA patients.

These included P- and E-selectin, intracellular adhesion

molecule-1 (ICAM-1), and vascular cell adhesion mole-

cule-1 (VCAM-1), which are regarded as markers of active

atherosclerotic diseases, and as predictors of future cardio-

vascular disease. In fact, in OSA, the increased expression

of ICAM-1, VCAM-1 and E-selectin was attenuated by

nCPAP treatment (reviewed in [21]).

Collectively, the increased expression of adhesion mole-

cules, the increased avidity to endothelial cells, and the

stronger cytotoxicity against endothelial cells, are all mark-

ers of activation of the various leukocyte subpopulations.

These can be considered indicators of the possible ongoing

processes that may damage the endothelium, predisposing

it to cardiovascular morbidity in OSA.

Pro-Inflammatory Cytokines
Pro-inflammatory cytokines are also gene products of

redox-sensitive transcription factor activation which partic-

ipate and amplify inflammatory responses. These pleiotropic

molecules function to regulate macrophage activation, scav-

enger receptor expression and metalloproteinase secretion,

modulate smooth muscle cell proliferation, nitric oxide

production and apoptosis, and induce endothelial cell acti-

vation. The most investigated pro-inflammatory cytokines

tumor necrosis factor-� (TNF-�), interleukin-6 (IL-6) and

interleukin-8 (IL-8), are regulated by oxygen tension and

free radicals via activation of NF�B and AP-1 and possibly

via HIF-1� as well [32]. Apparently, once the inflammatory

response is initiated, these cytokines can in turn activate

NF�B further exacerbating the inflammatory response. In

OSA, elevated levels of inflammatory cytokines were
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found in the circulation [21, 33] and in various cytotoxic T

lymphocytes [29, 30]. Importantly, the balance between

pro-inflammatory and anti-inflammatory cytokines is dis-

rupted in patients with OSA. In lymphocytes for instance,

while the levels of the pro-inflammatory cytokine TNF-�
were increased, the levels of the anti-inflammatory cytokine

interleukin-10 (IL-10) were also increased; yet, this IL-10

elevation was not proportional to the elevation seen in

TNF-� [30]. Such an IL-10 increase could perhaps act as a

compensatory mechanism to alleviate the deleterious

effects of TNF-�. A cytokine imbalance between the levels

of TNF-� and IL-10 was suggested to be involved in the

pathogenesis of several vascular morbidities as stroke and

after cardiac surgery with cardiopulmonary bypass [34],

which further supports increased inflammatory-atherogenic

processes in patients with OSA.

Endothelial Dysfunction in Sleep Apnea

Recent years have seen a growing awareness that

impairment of endothelial-dependent vasomotion is a reli-

able marker of atherosclerosis [35]. Thus, a large number of

conditions known to be risk factors for atherosclerosis such

as hyperlipidemia, hyperhomocysteinemia, smoking, dia-

betes and hypertension, are associated with endothelial

dysfunction, which is mediated by decreased nitric oxide

bioavailability [35]. As outlined before, increased endothe-

lial-leukocyte adhesion mediated by increased production

of adhesion molecules and upregulation of pro-inflammatory

cytokines that predispose to endothelial dysfunction

have been demonstrated in OSA. It is therefore not surpris-

ing that patients with OSA, free of any overt cardiovascular

diseases, have displayed endothelial dysfunction [36].

This has been shown using a variety of techniques such as

flow-mediated ultrasonographic measurements of brachial

artery dilation, forearm blood flow responses to intra-

arterial infusions of acetylcholine, venodilatory responsive-

ness to bradykinin, and by measuring the response of the

peripheral arterial tone to hyperemia. Endothelial dysfunc-

tion in OSA patients was also found to be severity depend-

ent, and it could be reversed by nCPAP treatment [37]. Of

note, in a group of OSA patients having also cardiovascular

morbidity, this association between the severity of OSA and

endothelial dysfunction was stronger than in patients with

OSA alone [38]. In agreement with the impairment in the

endothelium-dependent arterial vasodilatation, there is evi-

dence on decreased availability of circulating nitric oxide in

sleep apnea patients that could also be restored by nCPAP

treatment [39].

Thus, sleep apnea is associated with a maladaptive

endothelium that plays a major role in the early stages of

atherosclerosis and is prognostic of future cardiovascular

events.

Early Signs of Atherosclerosis

In addition to detecting impaired arterial vasomotion,

earlier phases of atherosclerosis are also characterized by

other indicators that can be measured noninvasively. These

include measuring carotid intima-media thickness (IMT)

by ultrasonography, measuring coronary calcium by means

of computed tomography and studying the elastic proper-

ties of arteries and arterial remodeling [40]. Carotid IMT

that is widely used as a noninvasive surrogate end-point to

measure progression of atherosclerosis has been studied in

OSA by several researchers. All reported on increased IMT

in patients with severe OSA compared with healthy con-

trols [41]. The severity of OSA as indexed by hypoxemia

was reported to be the most important predictor of carotid

IMT. Also, severe OSA was found to be associated with

arterial plaque formation [42], calcified artery atheromas

[43], atherosclerotic lesions [44] and higher pulse wave

velocity [41].

Implications for Diagnosis and Treatment 
of Sleep Apnea

Based on the above evidence it can be safely assumed that

sleep apnea accelerates atherogenic processes. This accelera-

tion most probably starts to accrue during the very first nights

that hypoxemic events appear, regardless of the patient’s

symptoms. Patients, however, are generally referred for diag-

nosis only when the characteristic symptoms of snoring or

excessive daytime sleepiness start to affect them or their bed

partners, generally around the age of 50. Although there are

no well-controlled studies on the natural evolution of sleep

apnea, there is evidence that apneas are already prevalent in

the third decade of life. Based on the Wisconsin Study, 17% of

men aged 30–39 have a form of sleep apnea classified as mild

or beyond and 6.2% have sleep apneas classified as moderate

or beyond [1]. Specific high risk populations such as the

obese and habitual snorers have no doubt much higher rates.

Prospective studies [45] have shown that people displaying

disordered breathing during sleep were more likely to develop

incident hypertension within a span of 4 years. Likewise, we

reported [46] that although untreated OSA patients, investi-

gated 5 years apart, did not show any change in BMI nor the



Oxidative Stress in Sleep Apnea 103

severity of OSA, but nevertheless showed an increase in the

rate of cardiovascular morbidity which was most evident in

patients who had more severe sleep apnea at the initial diag-

nosis. These observations suggest that the damage to the car-

diovascular system in patients with OSA is progressive and

accumulates over time. Furthermore, results of mortality

studies of patients with breathing disorders in sleep demon-

strated an age decline trend in mortality with the highest risk

of mortality in patients younger than the age of 50 [47].

In summary, a diagnosis and treatment of OSA at the age

of 50 that is delayed by 10–20 years from the time patients

had first displayed breathing disorders in sleep, is too late to

reverse the accumulated damage to the cardiovascular sys-

tem, and is too late for many of the patients who are at maxi-

mal risk of dying. To prevent this damage, diagnosis and

treatment of breathing disorders in sleep should be done at

the earliest age possible. Thus, there is an urgent need to

lower the age of diagnosis from age 50 to between 25 and 30.

Conclusion

This review summarized the data that demonstrate the

existence of increased oxidative stress which promotes

systemic inflammation in sleep apnea and have paved the

way for establishing sleep apnea as an independent risk

factor for cardiovascular morbidities. It is suggested that

hypoxia/reoxygenation, such that is characteristic of sleep

apnea, promotes the formation of ROS, and can be delete-

rious to cells and tissues. However, ROS activate critical

redox-sensitive signaling pathways and transcription fac-

tors, thus resulting in increased expression of sets of genes

that encode proteins essential to adaptation to hypoxia. Yet,

redox-sensitive transcription factors as NF�B and AP-1

that elicit inflammatory pathways are activated as well,

thereby affecting inflammatory and immune responses

that facilitate the activation of endothelial cells, leukocytes

and platelets. These activated cells express adhesion

molecules and pro-inflammatory cytokines that in turn

may cause endothelial cell injury and dysfunction lead-

ing to the development of cardio- and cerebrovascular mor-

bidities in OSA. Evidence supporting the existence of

endothelial dysfunction and early clinical signs of athero-

sclerosis in OSA provides firm support to the above chain

of events. This newly acquired insight into the pathophysi-

ology of cardiovascular morbidity in OSA emphasizes the

urgent need for an early diagnosis and treatment of the

syndrome.
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Abstract

Obstructive sleep apnea/hypopnea syndrome is a common
condition affecting approximately 0.3–4% of the middle-aged
population. A hereditary component to the condition has
long been identified but the genetic basis has been difficult to
elucidate. Not least of the difficulties resides in a single defini-
tion of the phenotype. In an attempt to unravel some of the
components, which might contribute to the expression of
the syndrome, ‘intermediate phenotypes’ such as craniofacial
structure, obesity and upper airway control have been uti-
lized. A number of gene polymorphisms have been explored
in association with these and two genome-wide scans have
identified potential regions, which may be of interest in further
defining the ‘intermediate phenotypes’. This chapter focuses
largely on human studies with an update on the most recent
work in the area.

Obstructive sleep apnea/hypopnea syndrome (OSAHS)

affects approximately 0.3–4% of the middle-aged popula-

tion and is defined on the basis of symptoms of daytime

sleepiness and objective measures of disordered breath-

ing during sleep [1]. OSAHS occurs throughout the entire

lifespan, from neonates to the elderly. In adults, the frequency

of disordered breathing during sleep increases with age and

is poorly associated with an increased incidence of daytime

sleepiness or other symptoms of OSAHS [2, 3].

A number of studies have shown that OSAHS runs

in families. Mechanisms contributing to the etiology of

OSAHS include genetically and environmentally induced

changes in craniofacial dimensions, differential deposition

of adipose tissue, abnormalities in upper airway control and

differential susceptibility to sleepiness. All of these poten-

tial co-etiologies have come under increasing scrutiny on a

genetic level. With the completion of the Human Genome

Project and the establishment of a single nucleotide poly-

morphism (SNP) gene map, enormous progress has been

made in clarifying the genetic causes of phenotypic differ-

ences in the human population.

Here, we will deal with current knowledge regarding

OSAHS and genetic factors with a focus on human studies.

OSAHS Phenotype

A precise characterization of the OSAHS phenotype is

difficult. Therein lies the primary problem in conducting

genetic studies on this disorder.

There is no one specific human morphology that is typical

such as is the case in mendelian (single gene) disorders, e.g.

Duchenne’s muscular dystrophy. OSAHS remains a condi-

tion that must be classified on a physiological basis and on

objective or subjective evaluation of sleepiness manifest as

a daytime symptom. Currently, the most widely accepted

definition of OSAHS is provided by The American Academy

of Sleep Medicine Task Force [4]. Although this constitutes

a good general working definition of the disorder and can be

applied satisfactorily in a research setting, it is pragmatic

rather than soundly evidence based and does not take into
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account age-related or gender-related changes in sleepiness

and sleep-disordered breathing. There are very few norma-

tive data for either in the population and the results obtained

are highly dependent on the technology used to measure

breathing during sleep or sleepiness [2, 3, 5].

Variations in definitions hinder comparison between

studies and may make replication studies examining genetic

factors difficult to evaluate.

Owing to the inherent nosological problems with the

definition of OSAHS, genetic studies have largely focused

on its component parts, the ‘intermediate phenotypes’,

which contribute to its clinical expression such as craniofa-

cial changes, obesity, fat distribution, metabolic derange-

ments and control of ventilation.

Is Obstructive Sleep Apnea/Hypopnea Syndrome
Hereditary?

It has been suggested that hereditary factors invoke

40% of the variance in the occurrence of OSAHS in the

population [6].

Initially, case reports were suggestive of a familial link

for OSAHS, but they were not representative of the popula-

tion at large (e.g. [7]).

Douglas [8] performed a prospective study of first-degree

relatives of 20 consecutive nonobese patients with OSAHS.

In studying a total of 40 relatives, they found that 10 of them

had more than 15 apneas/hypopneas per hour of sleep and 8

had more than five 4% desaturations per hour. A further study

using cephalometry suggested that relatives of probands with

OSAHS had more backset maxillae and mandibles compared

to age and sex-matched controls [9]. Twin studies have found

greater concordance for snoring among monozygotic com-

pared to dizygotic twins [10]. Familial aggregation and segre-

gation analysis of snoring and symptoms of OSAHS applied

to 584 pedigrees with 2,019 cased enrolled in the Tucson

Epidemiologic Study of Obstructive Airways disease demon-

strated mendelian dominant or co-dominant transmission

[11]. However, this analysis also found that a non-genetic

model would fit the data equally well, suggesting that envi-

ronmental factors probably contribute to the development of

OSAHS. More recently, Buxbaum et al. [12] performed a

segregation analysis on a sample of 177 Caucasian families

and 125 African-American families. This demonstrated trans-

mission of a putative candidate gene for OSAHS (defined

solely by apnea/hypopnea index, AHI) that was variable

depending on whether the mathematical/statistical model was

age- or BMI-adjusted for the Caucasians and independent of

BMI for African-Americans.

AHI is variable within subjects on a nightly basis and

subject to recording and scoring error. Therefore, it is not

an immutable characteristic that substitutes for phenotype.

Furthermore, a previous study showed that BMI is just as

important in the etiology of OSAHS in African Americans

as it is in American Caucasians [13].

Although there may be racial differences in the presen-

tation of OSAHS [14], it is often taken for granted that

the human species is divided into homogeneous groups or

races among which biological differences are large [15].

Studies of allele frequencies do not support this view, as

differences between members of the same population account

for 85% of the total diversity. Differences among continents

represent roughly 1/10 of human molecular diversity, which

does not suggest that racial subdivision of our species

reflects any major discontinuity in our genome [15].

Craniofacial Morphology

The craniofacial complex is probably one of the most

important heritable determinants of OSAHS. A number of

morphological features have been described including

changes in cranial base dimensions, displacement of the

hyoid bone inferiorly, macroglossia, adenotonsillar hyper-

trophy, bulkier soft tissue in the upper airway resulting in

narrowing and increases in lower facial height [16–18].

Retroposed maxillae and specifically short mandibles

have been consistently shown to predispose to OSAHS

[17, 18]. Such differences in jaw size can be inherited or

acquired – e.g., following nasal occlusion in childhood

[19]. There are also a number of syndromes such as the

Carpenter syndrome and Apert’s syndrome, which are

associated with craniofacial anomalies leading to OSAHS.

Here the genetic locus has been identified but the con-

founder remains the multitude of associated anomalies,

which characterize these syndromes.

The craniofacial complex is comprised of a number of

components which are interdependent in their growth pat-

terns and which are so closely linked, that the growth and

shape of one component will influence the rest.

A hierarchy of control genes is activated in sequence,

which specifies how the cells in a domain should develop.

These controls are influenced by local feedback and inter-

communication mechanisms between cells and tissues. The

effect of other genes on contiguous tissue will also influ-

ence expression of the gene of interest with resultant effects

on each other. Genes have been identified through animal

studies (mouse mutants), human craniofacial syndromes

and expression studies of signaling molecules during facial
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development [20]. It is now well recognized that growth of

the craniofacial complex continues throughout adulthood;

that significant sexual dimorphism exists with men being

larger at all ages with more growth; that women have peri-

ods of increased growth often associated with pregnancy,

and that mandibular orientation and occlusal relations

change throughout the life cycle [21].

Environmental mechanisms affecting growth include

deleterious orofacial muscle habits such as thumb-sucking

and abnormal tongue posturing; nasopharyngeal disease

and disturbed respiratory function which may produce

mouth-breathing; oral/gingival tumors; dental caries with

loss of teeth and loss of permanent teeth. Polymorphisms

in genes controlling final adult height and stature may affect

craniofacial growth. These include the vitamin D receptor,

beta-2-adrenergic receptor, growth hormone, insulin-like

growth factor (IGF-1), insulin-like growth factor recep-

tor and growth hormone receptor (GHR). Specifically, 

IGF-1 has been shown to be an important and inde-

pendent regulator of maxillofacial and mandibular growth

postnatally [22].

GHR gene SNPs have been associated with postnatal

bone and soft tissue growth as well as with obesity [23]. A

recent study aimed to quantitatively evaluate the relation-

ship between craniofacial morphology and the Pro561Thr

(P561T) variant in the GHR gene in a normal Japanese

population [24]. Subjects without P561T had a significantly

longer mandibular ramus as measured cephalometrically

suggesting that the GHR gene P561T variant may be associ-

ated with mandibular height growth as well as being a genetic

marker for it. Riha et al. [unpubl.] examined the GHR

P561T polymorphism (within 10 kb of the �561 T/G SNP)

in 400 subjects and found no association with cephalomet-

ric variables in those with OSAHS compared to those with-

out it.

Studies using genome-wide linkage to look at mandibular

structure and size have so far not been undertaken in humans.

Obesity

Obesity is the most commonly identified risk factor for

OSAHS [25]. Obesity is thought to contribute to the devel-

opment/expression of OSAHS due to reduction in nasopha-

ryngeal caliber secondary to fat deposition or as a result of

hypoventilation due to a decrease in chest wall compliance.

Heritability for Body Mass Index (BMI) in large sample

sizes has been estimated to lie between 25 and 40% [26].

The susceptibility to becoming obese therefore seems to

be determined significantly by genetic factors, but a favorable

‘obesogenic’ environment is necessary for phenotypic

expression [27].

The regulation of appetite and energy expenditure

comprises an extremely complex system with a large

number of redundant pathways biased towards weight gain.

Obesity develops when energy intake exceeds energy expend-

iture over time. Accumulated information regarding obesity

susceptibility genes is so extensive, that it is currently

published in updated form on an annual basis as The Human
Obesity Gene Map and is now available as a website

(http://obesitygene.pbrc.edu). The most current update [27]

incorporates published results on single-gene mutation

obesity cases, Mendelian disorders exhibiting obesity as a

feature, quantitative trait loci (QTLs) from human genome-

wide scans and animal crossbreeding experiments as well

as association and linkage studies with candidate genes and

other markers. In total, more than 300 genes, markers and

chromosomal regions have been associated or linked with

human obesity phenotypes.

So far, only a few single gene mutations causally related

to obesity have been convincingly detected in a small num-

ber of people. These include the leptin receptor gene, the

leptin gene, the pro-opiomelanocortin gene, the prohomone

convertase 1 gene and the melanocortin MC4 receptor gene.

A recent meta-analytic review of the linkage association of

the 3 currently known leptin receptor gene polymorphisms

in a total of 3,263 individuals (�74% Caucasian) showed

no statistically significant association with waist circum-

ference or body mass index at the p � 0.05 level [28]. The

role of leptin in OSAHS has been emphasized in recent

sleep research. However, its role in normal and obese phys-

iology has not been elucidated. Because of its pleiotropic

effects on metabolic and appetite regulation, control of ven-

tilation and sleep homeostasis, it cannot be fully integrated

in a single pathway that results in OSAHS alone. Other

genes that have been sequenced and screened in the search

for what predisposes to obesity include the agouti gene,

the uncoupling proteins (UCP1–3), all the melanocortin

receptor genes, the neuropeptide Y receptor 1 and 5 genes,

TNF-�, peroxisome proliferation-activated receptor-gamma

(PPAR-�) and the �3-adrenoceptor genes among many others.

None of the genetic associations reported so far has been

proven to be the consequence of a mutation affecting the

function or amount of a gene product. Many of the studies

reporting single gene polymorphisms associations also

need to be supported by cellular work identifying the func-

tional consequences of the reported polymorphisms and it

would be of greater clinical relevance if the environmental

circumstances necessary for the full phenotypic conse-

quence of these genes and their expression were identified.
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Upper Airway in OSAHS

Sleep-related reductions in pharyngeal muscle activity

lead to snoring and upper airway obstruction, which in turn

lead to arousal from asleep. These arousals in turn activate

the pharyngeal muscles thereby restoring airway patency

and more effective breathing.

The genioglossus muscle, innervated by the hypoglossal

nerve, is considered to be the major upper airway dilator.

NREM sleep and especially REM sleep are associated with

the withdrawal of tonic excitation of the hypoglossal motor

neurons via reduced firing of predominantly serotonergic

medullar raphe neurons and less so by noradrenergic locus

coeruleus neurons [40].

Molecular dissection techniques have most recently

shown the 5HT2A receptor to be the predominant receptor

subtype in hypoglossal motor neurons [41] and pharmaco-

logic trials support this receptor subtype as well as 5-HT2c

(found in much smaller quantities) as the predominant

post-synaptic facilitator of hypoglossal motor neurons,

thereby being instrumental to the regulation of upper air-

way tone [42].

Clinically, attempts have been made to alleviate obstruc-

tive apneas by using selective serotonin reuptake inhibitors

(SSRI) [43]. The results have been mixed, with incomplete

responses to the SSRIs despite demonstration of increased

genioglossal activity as measured by EMG in the awake state.

In light of current knowledge in this area, it would be of

potential value to explore whether gene polymorphisms

in the 5-HT2A receptor may play a role in the modulation of

serotonin metabolism affecting upper airway responsive-

ness. A preliminary study by Riha [unpubl.] showed no

difference in a population of over 400 subjects in the distri-

bution of the T102C SNP in the 5HTR2A gene between

those with and without OSAHS. The issue is complicated by

imprinting, which plays a large role in the expression of this

gene, and the fact that the study was underpowered to detect

a difference (over 3,000 subjects would have been required).

More promising results may be obtained by examining the

serotonin transporter (5-HTT) molecule, which is the initial

site of action of SSRIs. A recent study on a small Turkish

population showed no association of the serotonin trans-

porter gene polymorphism with OSAHS [44].

Control of  Ventilation

Genetic influences may play a role in determining

the wide variability in the magnitude of response to

hypoxia and hypercapnia in the adult human. Studies in

Sleepiness

Epidemiological studies have shown that sleepiness

does not necessarily correlate with the severity of sleep-

disordered breathing and that there is a differential suscep-

tibility to somnolence between individuals [29]. Mechanisms

involved in sleep promotion need to be considered as part

of the process aimed at elucidating the reasons for the

observed differences and as a predisposition to the syn-

drome of OSAHS.

Sleep is regulated by neuronal and humoral mechanisms

that are interdependent [30]. The mediation of a large num-

ber of neurohumoral factors by IL-1 and TNF-� appears to

be central to the sleep activation pathway and their roles in

OSAHS have been the subject of much work [31]. Other

cytokines thought to induce sleep include IL-10, IL-6,

interferon; IL-2, IL-4, GM-CSF and FGF [32].

TNF-� is elevated in OSAHS independently of obesity

and may play a role in daytime sleepiness experienced by

the obese even in the absence of OSAHS [33]. There is

some evidence to suggest that TNF-� gene polymorphisms

may be associated with hypertension [34] as well as with

obesity [35]. TNF-� is implicated in bone growth and

remodeling, which may affect craniofacial growth [36].

Differences among patients with OSAHS in terms of

excessive daytime somnolence may in part be accounted

for by differences in cytokine production, which in turn

may be mediated by genetic polymorphisms. One study to

date has shown increased prevalence of the higher-secreting

SNP (�308A) in the TNF-� gene in subjects with OSAHS

compared to controls and in siblings with OSAHS com-

pared to those without it [37].

Hypocretin (Orexin)

Animal studies and most recently human studies have

identified that the neuropeptide hypocretin is integral to

sleep pathways [38]. Most patients with narcolepsy have

undetectable levels of hypocretin in the cerebrospinal fluid

and a marked decrease in hypocretin immunoreactivity and

transcript levels in the perifornical hypothalamus [39]. It has

been postulated that the same pathways that cause sleepi-

ness in narcolepsy may potentially be implicated in the

induction of sleepiness in the normal population as well as

in OSAHS. However, the pathogenesis and clinical expres-

sion of the two disorders is so different that it is unlikely that

a gene polymorphism in the hypocretin system is involved.

Furthermore, hypocretin is involved also in the pathogenesis

of cataplexy, which does not occur in OSAHS.
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adult monozygotic twins have shown concordance in

responses to hypoxia, but not consistently to hypercapnia

[45, 46]. A high degree of heritability of peripheral

chemoreceptor response to hypoxia and hyperoxia in

monozygotic twins during infancy compared with dizy-

gotic twins exposed to similar environmental conditions

has also been shown [47].

An examination of the ventilatory drive in OSAHS

patients and their healthy relatives as well as healthy unre-

lated controls has been undertaken by a number of inves-

tigators with no convincing differences demonstrated

[48, 49]. Based on this information, it is difficult to conclude

that there is one single abnormality in ventilation in sleep

disordered breathing, making search for a candidate gene

currently untenable. Knowledge with regard to neural con-

trol of breathing in vertebrates is still in its infancy. Gene

deletion models and their effects on ventilatory responses

in transgenic mice have been investigated at length but the

genes examined potentially play their most important role

during early embryonic development and for a brief and

transient period only, e.g. Hox and Krox-20 [50].

The outstanding issue remains whether respiratory control

is implicated in the pathogenesis of OSAHS. Although there

are abnormalities of respiratory control in OSAHS, these

reverse with CPAP [51, 52]. Thus, the changes may be sec-

ondary rather than causative. This makes search for a genetic

abnormality in respiratory control likely to be low yield.

Apolipoprotein E – A Role in OSAHS?

Apolipoprotein E (APOE � gene; ApoE � protein)

occurs in all lipoproteins and its major role is thought to be

the conversion of LDL proteins to IDLs [53]. The 3 major

isoforms of human apo E (apoE2; apoE3 and apoE4) are

coded for by 3 alleles (epsilon 2, 3, 4). The APOE3 allele is

the most frequent, especially in populations with a long-

established agricultural economy such as those in the

Mediterranean basin where the frequency of the allele is

0.849–0.898. The APOE4 allele frequency remains higher

in populations such as the Pygmies (0.407), Aborigines of

Malaysia (0.240) and Australia (0.260) [54].

Allelic variants in APOE were first examined on the

basis of its role as an ‘injury-response’ macromolecule in

peripheral nerves and neuromuscular junctions in the con-

text of pharyngeal dilator muscle patency in OSAHS [55].

In this Finnish population, there was no significant differ-

ence in distribution of either APOE alleles or genotypes

between cases and controls. A second study in an American

population looked exclusively at the presence or absence

of apolipoprotein E4 alleles in a group of patients who had

all undergone polysomnography and were classified as

all having sleep apnea (AHI �5) [56]. A normal control

group was not used and subjects were grouped as either

APOE4-positive (n � 222) or APOE4-negative (n � 569).

There was a significantly higher mean AHI in the E4-

positive group (6.5SE0.6 vs. 4.8SE0.3) and there was a

higher percentage of patients with AHI �15 in the E4-

positive group (12 vs. 7%). However, the median values

between groups were not significantly different: 1.3 (0–121)

in the E4-negative group vs. 2 (0–81) in the E4-positive

group. A third study in 718 Japanese-American men in

Hawaii aged between 79 and 97 years demonstrated a

prevalence of 18% of the E4 allele [57]. Moderate to severe

sleep disordered breathing (AHI �15) was present in 42%

of this sample of men and adjustment for age, BMI, smok-

ing and use of antihypertensive medication did not reveal

an association between E4 and an AHI �15. The most

recent study in 1,775 American subjects aged between 40

and 100 years, showed one APOE e4 allele present in 25%

of subjects with only 1.3% being E4/E4 homozygotes [58].

Only 19% of the population had an AHI �15 events/h. The

strongest association of APOE e4 was found in subjects

aged less than 65 years (OR 3.08, CI 1.43–6.64) and was

stronger with hypertension or cardiovascular disease.

Apo E is inconsistently associated with the presence

of atherosclerosis, Alzheimer’s disease and potentially neu-

ropathy and the association with sleep apnea is even more

problematic. No controls without OSAHS have been exam-

ined in the positive studies. Furthermore, OSAHS is associ-

ated with a number of comorbidities that have independently

been shown to associate with increased frequency of the E4

allele, such as atherosclerosis, and coronary artery disease.

There also appears to be no biologically plausible mecha-

nism currently under consideration that would link ApoE

with the development of OSAHS.

OSAHS as a Complex Trait

OSAHS appears to be a polygenic disorder with a com-

plex phenotype, so it is not surprising that there have been

relatively few studies investigating genetic markers in asso-

ciation with global phenotype per se.

Early studies looked at HLA markers. A Japanese study

[59] showed an association of the HLA-A2 antigen with

OSAHS. Another study in an American population showed

no association of HLA-DR2, commonly found in the nar-

coleptic population, with OSAHS [60]. Numbers in both

studies were very small. A more recent study examining
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HLA antigens in 41 children with OSAHS found HLA-B65

to be significantly more frequently expressed in this group

compared to controls [61]. Overall, however, the data did

not suggest that HLA played a key role in the pathogenesis

of OSAHS.

More recently, attempts have been made to associate

various gene polymorphisms with OSAHS. Data from a

Han Chinese population was examined for an association

of the angiotensin system genes (modulation of hypoxic

responses at altitude; effects on hypertension) with

OSAHS [62]. Findings suggested that the angiotensin G/T

polymorphism was potentially involved in the development

of central obesity and thereby may have contributed to the

expression of OSAHS and hypertension. Application of

this result to over a thousand American subjects in the

Wisconsin Sleep Cohort revealed that the ACE gene inser-

tion/deletion polymorphism was dose-dependently associ-

ated only with the degree of blood pressure recorded and

not with sleep-disordered breathing [63].

Another factor potentially accelerating the development

of cardiovascular disease is haptoglobin, an antioxidant and

immunomodulatory protein encoded by 2 alleles. A study

examining 465 subjects with OSAHS compared to 757

controls showed the risk of cardiovascular disease in sleep

apnea patients �55 years with haptoglobin 2–2 was greater

than 2.32-fold compared to haptoglobin 2–1 [64].

The first study to look at cytokine gene polymorphisms

in OSAHS has shown that the (�308A) TNF-� polymor-

phism occurs significantly more frequently in subjects with

OSAHS compared to population controls and in siblings

with OSAHS compared to siblings without OSAHS [37].

To date, 2 genome-wide scans in a population with

OSAHS have been published. Palmer et al. [65] performed

a 9-cM genome scan for OSAHS and obesity in 66 European-

American pedigrees comprising 349 subjects. OSAHS

was phenotyped on the basis of AHI alone. The pedigrees

were chosen on the basis of either an affected individual

with overnight, in-home measurement of breathing using

a portable monitor (Edentec®) or a proband who was a

neighborhood control individual. Multipoint variance-com-

ponent linkage analysis was performed for the OSAHS-

associated quantitative phenotypes of AHI and BMI. The

analysis identified candidate regions on chromosomes 1p

(LOD score 1.39), 2p (LOD score 1.64), 12p (LOD score

1.43) and 19p (LOD score 1.40) for linkage with AHI. BMI

was linked to the following regions: chromosome 2p (LOD

3.08), 7p (LOD score 2.53) and 12p (LOD score 3.41).

Further statistical modeling indicated that evidence for

linkage to AHI was removed after adjustment for BMI,

excepting regions on chromosomes 2p (adjusted LOD

score 1.33) and 19p (adjusted LOD score 1.45). When BMI

linkages were adjusted for AHI the LOD scores were

roughly halved.

A further 9-cM whole genome scan was conducted in 59

African-American pedigrees [66]. Once again, OSAHS

was defined on AHI alone and analysis identified linkage

on chromosome 8q (LOD score 1.29) [64]. Body mass

index was linked to chromosomes 4q (LOD � 2.63) and 8q

(LOD � 2.56). Adjustment for AHI greatly reduced link-

ages to BMI and vice versa.

Why findings between the two studies differ is difficult

to explain. It should also be noted that LOD scores of less

than 2 are not considered to demonstrate significant link-

age under most circumstances so the results must be inter-

preted with caution.

Conclusions

OSAHS is a complex, polygenic disease with a number

of etiologies interacting to produce a single phenotype.

OSAHS is not just a sporadic, but also a familial condition.

The degree of environmental influence on its development

is currently unknown but is almost certainly considerable

including effects on obesity and craniofacial structure.

The major factor affecting progress in genetic studies

remains a solid definition of the OSAHS phenotype. Further

investigation should be undertaken into whether the OSAHS

phenotype remains static throughout life, or whether it changes

with time and under different environmental conditions. At

present, we are limited to studying the phenotype at a single

point in time – when it calls itself to clinical attention, gener-

ally in middle age.

Longitudinal studies, firstly identifying those who have

OSAHS in childhood and following them through and

secondly, continuing to follow those with sleep disordered

breathing identified in adult life could be useful in clarify-

ing this issue. There may be large differences in underlying

genotype, for instance, between those progressing into old

age with asymptomatic sleep disordered breathing, com-

pared to those who develop symptoms and require treat-

ment. We may discover that we are dealing with a range of

diseases that manifest as a single phenotype at a particular

point in time in the individual’s life rather than a single dis-

order (genotype). Further study is needed to determine the

best variables to be used to define phenotype, including age

and gender related cut-offs to be used.

Perhaps it is premature at present to utilize genome-

wide scans in OSAHS owing to phenotype complexity.

Choosing candidate genes for OSAHS in case-control
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studies is also difficult because a large number of dis-

parate co-etiologies need to be considered. These include

obesity, craniofacial structure, upper airway control and

sleepiness. Each of these etiologies in turn is regulated by a

wide variety of genes and mechanisms that may be

pleiotropic and may interact and influence each other. The

role of epigenetic phenomena is underestimated and high-

lights influences that are difficult to measure with accuracy.

OSAHS is a complex disorder and future work attempt-

ing to unravel its genetic basis may be better served by utiliz-

ing a combination of investigative methods. At present, much

remains to be done in elucidating the precise role of genes

involved in the regulation of craniofacial growth as well as

upper airway control. Once the basic biochemical and physi-

ological processes have been completely understood, then

the underlying genetic factors will be rapidly identified.
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Abstract

This chapter concerns studies of pharyngeal muscles,
especially concerning histopathological changes observed in
patients with obstructive sleep apnea syndrome (OSAS) and
habitual snoring. The concept of OSAS as a progressive dis-
ease is presented as well as the possible causes for this.These
include signs of local nervous lesions in the upper airway, both
motor and sensory.The focus in this review is put on evidence
for motor neuron lesions in the upper airway muscles such as
the phenomena of type grouping and grouped atrophy in his-
tological sections, and how this may be related to muscle
strength. There are signs of lesions to the motor neurons
supplying the upper airway muscles in patients with OSAS and
to a lesser degree also in patients with habitual snoring that
are consistent with neurogenic lesions. This supports the
hypothesis that the progression from habitual snoring to the
clinical disease of OSAS could be attributed to neurogenic
changes.

The pharynx is essentially a muscular tube which serves

three purposes: respiration, swallowing and speech. It lacks

substantial bony or rigid support and is therefore highly

collapsible. The patency of the pharynx during respiration

is almost completely dependent on the activity of the pha-

ryngeal dilator muscles. The most important striated upper

airway muscles involved in respiration are:

In the palate
• Palatoglossus (anterior tonsillar pillar), moves the palate

downwards-forwards, thus promoting nasal airflow.

• Palatopharyngeus (posterior tonsillar pillar), which

moves the palate downwards.

• Levator and tensor veli palatini. These muscles elevate

and tighten the soft palate, promoting oral respiration.

They are tonically active during the whole respiratory

cycle, and are therefore important for airway patency

during both inspiration and expiration. Their activity is

diminished during sleep.

In the floor of the oral cavity
• Genioglossus protrudes the tongue. It contracts with

each inspiration, i.e. it exhibits phasic activity, remain-

ing essentially the same during wakefulness and the dif-

ferent sleep stages. This muscle is considered the most

powerful of all pharyngeal dilators.

• Geniohyoideus elevates and protrudes the hyoid bone,

and is active at inspiration in the same manner as the

genioglossus muscle.

Muscle Activation Patterns

At inspiration, the negative pharyngeal pressure caused

by the inflation of the lungs tends to suck the airway

closed. This is normally counteracted by activation of the

dilating muscles, which thus stiffen the upper airway [1].
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These muscles are referred to as inspiratory phasic upper

airway muscles. Several studies on the activation patterns

of these muscles, the genioglossus in particular, have been

conducted. An increased inspiratory activity is also present

in mm. palatoglossus, palatopharyngeus and levator palatini.

Their activity is much reduced during expiration when the

pressure inside the airway becomes positive. Other mus-

cles, such as the tensor veli palatini, do not consistently

show increased activity at inspiration but instead maintain

a relatively constant level of activity throughout the respira-

tory cycle [2]. These tonically active muscles are referred

to as postural and are of course also important for the

patency of the airway. In the supine position, when gravity

is negatively influencing the width of the upper airway, an

increased activity has been demonstrated in the palatoglos-

sus and palatopharyngeus muscles [3, 4].

The activity of these muscles is increased by several

stimuli. Negative pressure is considered the strongest stimu-

lant, but also rises in pCO2, falling of pO2 and the sensation

of cold (e.g. inhaled air) are important [5, 6]. The responses

to negative pressure and temperature have the character of

reflexes. These are probably mediated via sensory neurones

in the pharyngeal mucosa, since the muscles in question

appear to lack muscle spindles [7], and since the responses

may be abolished by a combination of local anesthesia of

the upper airway and superior laryngeal nerve block [8].

During sleep, there is always a diminished activity of the

tonically active muscles. This causes an increased pharyn-

geal resistance even in normal subjects. This is the most

likely explanation why apneas only take place during sleep

in obstructive sleep apnea syndrome (OSAS). In OSAS,

there are repeated episodes of narrowing of the pharynx

during sleep. During an obstructive sleep apnea, the upper

airway dilating muscle activity is not sufficient to over-

come the negative inspiratory pressure created by the tho-

racic pump. Consequently, the upper airway collapses.

During an apnea, the timing of events is such that initially

the genioglossal activity goes down, and towards the end

the activity increases again [9, 10]. The activity in the

genioglossus muscle has also been shown to be signifi-

cantly more reduced in OSAS patients than in normal

subjects during sleep [11]. Pharyngeal reopening always coin-

cides with increased activity in the genioglossus muscle,

and often with arousal, when the activity of the postural

muscles increases. Apnea resolution does not occur until

inspiratory EMG activity reaches its peak in all dilating

muscles, irrespective of whether an arousal occurs or not

[12]. An intriguing observation in this context is that during

wakefulness, the peak genioglossal activity is higher in

OSAS patients than in normal subjects [13]. However,

genioglossal activity in OSAS patients is substantially

reduced at sleep onset compared to normal subjects [14].

This has been interpreted as loss of a neuromuscular com-

pensation mechanism, present during wakefulness.

Muscle Fiber-Type Characteristics in OSAS

Skeletal muscles are composed of fibers of different

types, each type being characterized by the isoform of the

myosin heavy chain. Slow fibers are referred to as type I,

and they are resistant to fatigue due to their highly oxidative

metabolism. Type IIX and IIB fibers are easily fatigable.

Fast IIA fibers exhibit intermediate fatigue resistance.

Fatigue-resistant fibers are characterized by small fiber

diameter, an abundance of capillaries, and a high aerobic

oxidative enzyme activity. Upper airway muscles have less

type IIB fibers and more type I and IIA than limb muscles,

and also a smaller fiber size, which is typical for muscles

which often have to remain active for long periods. Patients

with OSAS and/or severe snoring have an increased amount

of type IIA and less type IIB and type I [15, 16].

Heavy-resistance training, as in body-building, may pro-

duce preferential type II hypertrophy. However, some motor

units with predominantly hypertrophic fibers also occur in

several peripheral neurogenic disorders, probably as a result

of overuse of the remaining healthy motor units. The changes

described above in OSAS could result from increased use of

the upper airway dilators to maintain airway patency. To

counteract the increased intraluminal pressure caused by a

narrow upper airway, these muscles simply have to work

harder than those in a nonapneic person. This might also

account for an increased fatigability during sleep.

Degeneration of motor neurons leads to decreased

electromechanical activity in the muscle fibers they supply,

and also to a lack of trophic factors from the nerves to the

muscle fibers. The principal morphological change in a den-

ervated muscle fiber is shrinking of its diameter. All muscle

fibers belonging to the same motor unit are of the same his-

tochemical type. In a normal muscle, they are evenly distrib-

uted over a rather large area, creating a mosaic pattern of

fibers from different units. When reinnervation takes place,

as it always tends to do to some extent even in a slowly pro-

gressive neurogenic disorder, the regenerating axon

attempts to innervate all muscle fibers it comes close to.

Fibers adjacent to each other are then activated by the same

axon and will therefore be of the same histochemical type

[17]. This creates a histological pattern known as ‘type

grouping’. The new motor units also tend to be much larger

that the original ones, i.e. containing a higher number of
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muscle fibers. If the axon dies, the whole motor-unit will

degenerate; creating a histological picture termed ‘fascicu-

lar atrophy’. Figure 1 illustrates these processes in an upper

airway muscle from a patient with sleep apnea. When a

nervous lesion occurs over an extended period of time, the

rule is that there will be parallel processes of reinnervation

and denervation, creating patterns of both type grouping

and grouped atrophy in histological sections from the same

muscle. Since those muscle motor units which are still func-

tioning have to carry the load of the atrophied ones, the rule

is also that a number of units with hypertrophic fibers will

be seen. This is simply the effect of hard exercise and not a

pathological phenomenon. It also is important to remember

that occasional large motor-units with hypertrophic fibers

must not be mistaken for increased strength in the studied

muscle. The hypothesis behind some of the studies men-

tioned below was therefore that the inability of the dilating

upper airway muscles to maintain airway patency during

sleep is the effect of peripheral nerve lesions, causing a par-

tial paresis, worsening over time.

Studies Concerning Possible Motor Neuron
Lesions in the Upper Airway Muscles:

• Woodson et al. [18] used light and electron microscopy,

and found atrophied and hypertrophied muscle fibers in

the soft palate of 8 patients with sleep apnea and severe

snoring, but not in 4 nonsnoring controls. There were

also frequent focal degeneration of myelinated nerve

fibers in their severely apneic patients.

• Edström et al. [19], in 1992, performed the first study

which showed typical histological signs of peripheral

nerve lesions in pharyngeal muscle tissue from OSAS

patients. The above-described phenomena of type group-

ing, grouped atrophy and great variability of muscle fiber

size (simultaneous atrophy and hypertrophy) were found.

• Friberg et al. [20] employed the same techniques as

in the above mentioned work by Edström et al. [19],

but in this study heavy snorers were also included.

Histological findings indicating a progressive ‘snorer’s

disease’ was found in the palatopharyngeus muscle.

Some degree of pathology was present in the majority of

snorers, but with marked worsening in the OSAS

patients. The individual score of abnormality was signif-

icantly correlated to the percentage periodic obstructive

breathing of total sleep time, but not to the oxygen

desaturation index. The most important cause for the histo-

logical muscle changes could therefore be the amount

of time during which the upper airway is subjected to the

trauma of snoring and apneas, whereas the qualitative

factor of hypoxia is less important.

• Lindman and Stål [7] investigated the histopathology

in biopsies from the palatopharyngeus muscle and the

Fig. 1. Cross-section from m. palatopharyngeus of a patient with OSAS, stained with myofibrillar ATPase, after acid preincubation with pH

4.6. Type I fibers stain black, type IIA light, and type IIB grey. There is a complate dominance of type II fibers. The thick white arrow points

to a fascicle with atrophic fibers of the same type. This is an example of the phenomenon of fascicular atrophy. This unit and the adjacent with

grey fibers of even size are also examples of type grouping.
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uvula in patients with sleep-disordered breathing and

reference samples from autopsy material. The muscle

samples from the patients, especially those from the

palatopharyngeus, showed several morphological abnor-

malities; increased amount of connective tissue, an abnor-

mal variability in fiber size, an increased proportion of

small-sized fibers, and an increased frequency of

fibers containing developmental MyHC isoforms. These

findings all point towards a process of simultaneous

denervation and degeneration, i.e. a neuromuscular dis-

order.

• Boyd et al. [21] performed morphometric analysis of

upper airway tissue of OSAS patients, and showed that

there were clear signs of simultaneous reinnervation

(increase in intramuscular nerve fibers) and denervation

(positive immunostaining). Immunoreactivity tests

showed that there was a dramatic increase in intramus-

cular nerve fibers in OSA patients compared with con-

trol subjects, which is a clear sign of reinnervation.

There was also direct evidence of denervation based on

positive immunostaining.

• Svanborg [22] has reviewed the possibility to diagnose

muscular aberrations using various EMG techniques,

including concentric needle EMG, with comparison to

the structural changes revealed by histological methods.

Etiology of Obstructive Sleep Apnea Syndrome

Lugaresi et al. [23] in Bologna conducted the first stud-

ies of patients with hypersomnia and sleep apneas at the end

of the sixties. Already then, they observed that many

patients reported similar histories. Heavy snoring had been

present for years, often since the patient’s youth. In middle

age, the spouse noted that the snoring became intermittent

with breathing pauses. At the same time, diurnal somno-

lence became apparent. In the late stages of the disease, res-

piratory insufficiency, cardiomegaly and polycythemia

could also occur. Lugaresi et al. [23] coined the term ‘heavy

snorer’s disease’ to describe this course of events. It was

hypothesized that the abnormal respiratory efforts during

snoring every night for years could cause anatomical

changes in the upper airway that would eventually lead to

occlusion. This could cause a vicious circle; the more

occluded the upper airway would be, the heavier the inspira-

tory efforts would be, with even further narrowing as a

result. The typical evolution of events in ‘heavy snorer’s dis-

ease’ is corroborated by the fact that OSAS is an unusual

diagnosis before middle age. It has also been shown in sev-

eral later studies, with objective recordings of indices of

respiratory distress, that a progress takes place in many cases,

in particular those with a mild-to-moderate disease [24, 25].

Obstructive sleep apnea can develop as the result of a

variety of physiologic characteristics. Most OSAS patients

have an anatomically small upper airway due to overweight

with fat deposits in the pharynx, an aberrant facial skeleton

or soft tissue enlargement. In these cases, their upper air-

way dilator muscles are obviously unable to adequately

respond to rising intrapharyngeal negative pressure and

increasing CO2 during sleep. The patient’s arousal thresh-

old in response to respiratory stimulation is also important,

as is instability in ventilatory control. Primary muscular

hypotonia could also be a cause (OSA is overrepresented in

neuromuscular diseases). However, OSAS/snorers disease

is in many cases a progressive disorder, and the above men-

tioned mechanisms do not offer a substantial explanation

for this development. Weight increase does not always pro-

voke impairment of obstructive respiration. In one study,

there was no certain correlation between increases in the

apnea/hypopnea index and body weight [24], and in

another, marked worsening of obstructive breathing was

found in some patients despite weight loss [25]. After ado-

lescence, the tonsils gradually decrease in relative size, and

skeletal aberrations as a rule do not worsen in adulthood.

Concomitant clinical neuromuscular disorders are rare in

OSAS cases. Some other factor could therefore also be

responsible for progression, as will be discussed below.

The majority of patients report that they have been

habitual snorers for years before apneas become apparent.

Snoring implies vibrations of the tissues that produce the

sound. In occupational medicine, it has been shown that

long-standing tissue vibration may cause local nerve

lesions [26, 27]. Vibrations could, however, also cause pri-

mary structural changes in tissue. Sinclair and Roach [28]

tested the effect of vibratory stress on dog bronchi.

Turbulent airflow was created by a cannula acting as a

stenosis, producing vibrations in the wall, similar to what

happens in the upper airway during obstructive breathing.

There was a significant alteration in the structural proper-

ties. A ‘yielding’ in the direction of maximum vibration

was observed with a corresponding structural rearrange-

ment (radius decreased, length increased). The bronchi also

became less resistant to collapse under negative pressures.

One hypothesis is therefore that snoring vibrations,

repeated every night for several years, cause neuronal

lesions in the upper airway. This, in turn, could result in a

gradual collapse of the pharyngeal tube due to partial pare-

sis of the dilating muscles. Another additive cause of air-

way collapse could be an impaired reflex. The sensation of

cold air triggers the dilating muscles to contract at inspiration.
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It is reasonable that both motor and sensory neurons should

be damaged, if vibration of the upper airway is the cause.

Evidence for sensory nervous lesions has indeed been

given in several previous studies. Larsson et al. [29] found

pathologically decreased temperature sensitivity on the ton-

sillar pillars in patients with OSAS in comparison to non-

snoring subjects. Kimoff et al. [30] showed decreased

sensitivity to vibration in the upper airway of both snorers

and OSAS patients, with significant improvement after

CPAP-treatment. Nguyen et al. [31] found a virtually

inverse dose-response relationship between AHI and laryn-

geal sensitivity to air puffs.

In conclusion, the dilating muscles of the pharynx are

vitally important for maintenance of airway patency during

sleep. Many studies have shown malfunction and structural

abnormalities in the upper airway muscles in patients with

obstructive respiratory sleep disorders. These changes

could, at least in part, be due to neurogenic lesions.
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Abstract

Obstructive sleep apnea is a common disorder. Most
patients are referred to sleep clinics because of snoring,
excessive daytime sleepiness and witnessed apneas. Obesity,
male sex, older age, and family history are recognized risk
factors for sleep apnea. The cardiovascular and neurocogni-
tive sequelae of OSA makes early diagnosis and treatment of
this disease important. CPAP remains the treatment of
choice. Even though treatment improves quality of life and
can improve cardiovascular endpoints, adherence and accept-
ance of CPAP remains problematic but on par with treat-
ment of other chronic medical conditions. The natural
history of untreated sleep apnea and a description of its
clinical course has not been fully elucidated. However,
more research is needed to help clarify if sleep apnea has
different phenotypes and clinical courses in different patient
populations.

Clinical Presentation

Definitions

In obstructive sleep apnea/hypopnea syndrome (OSAHS),

the upper airway collapses during sleep causing episodic

airflow obstruction. In an attempt to re-establish airflow,

the afflicted individual makes progressively larger respi-

ratory efforts until there is arousal from sleep and resump-

tion of breathing. In order to characterize and diagnose

obstructive sleep apnea (OSA), the terms apnea and hypop-

nea have been used to define these events. An apnea is the

cessation of airflow of at least 10 s in duration. Hypopneas,

however, have been harder to characterize and much debate

still persists as to what constitutes a hypopnea. The

American Academy of Sleep Medicine Task Force defines

hypopnea as one of the following three: �50% reduction in

airflow, �50% reduction in airflow associated with a desat-

uration of �3%, or a moderate reduction in airflow with

associated arousal by electroencephalogram [1]. Detecting

changes in airflow has become more sensitive with the use

of nasal pressure measurements instead of oronasal ther-

mistors. The clinical relevance of hypopneas, therefore, has

become even more confusing. Although the range of normal

is still being defined, it has been generally accepted that

during sleep, normal individuals may have up to at least five

to ten airflow reductions or cessation events an hour.

The apnea-hypopnea index (AHI) is the number of

apneas and hypopneas per hour. This index has been used to

define and characterize the severity of the sleep apnea syn-

drome (table 1), although its ability to predict OSA-related

complications has been modest at best. An AHI of �5–10

events per hour is used to characterize patients with OSA.

As the AHI increases, two main consequences occur.

The first is that patients have an increased number of

arousals. These arousals disturb sleep architecture resulting

in nonrestorative sleep and daytime somnolence. Recurrent

arousals combined with intermittent hypoxia lead to 

worsening neurocognitive functioning and compromise in

daytime attention. In fact, patients with sleep apnea syndrome
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are at markedly increased risk of motor vehicle accidents

when compared to matched controls [2]. Patients with sleep

apnea have also been found to have difficulty with memory,

intellectual capacity and motor coordination. Performing

tasks that require psychomotor vigilance such as visual

reaction and auditory learning are impaired in patients with

sleep apnea.

The second consequence of OSA is that to the cardiovas-

cular system. While the hemodynamic effects of arousals are

still being elucidated, each arousal occurs in the setting of

episodic hypoxemia and a surge of sympathetic tone.

Repetitive hypoxemia may cause injury to tissues and is

thought to play a role in the development of cardiovascular

disease (see below). In addition, fluctuations in sympathetic

tone during the night may also contribute to increasing day-

time systemic hypertension, as will be discussed. This link

between hypertension and sleep apnea is increasingly appar-

ent in both large human prospective epidemiological studies

and human interventional trials [3–6]. With each apneic

event per hour of sleep, the odds of having daytime hyperten-

sion increases by approximately 1% and if the events are

associated with a 10% oxygen desaturation, the odds

increase by 13% [4]. Although the effect of sleep apnea on

systemic hypertension is becoming clearer, its role in pul-

monary hypertension is more confusing. Older observations

that patients with sleep apnea had increasing pulmonary

hypertension with associated right heart dysfunction and cor

pulmonale are misleading. Recent studies have shown that

OSA alone is not sufficient to cause severe pulmonary

hypertension but that daytime derangements in arterial blood

gases must be present as well. Therefore, to attribute severe

pulmonary hypertension to OSA, there must be another

abnormality to cause daytime hypoxemia and hypercapnia

such as obesity hypoventilation syndrome or emphysema [7].

However, more recent data suggest that OSA can lead to

mild to moderate pulmonary hypertension in the absence of

parenchymal lung disease. Of note, this form of pulmonary

hypertension is reversible with OSA therapy. In addition,

these patients exhibit marked hypoxic vasoreactivity such

that pulmonary artery pressures can elevate considerably in

the face of hypoxic stimuli. Thus, substantial elevations in

pulmonary arterial pressures can be observed in patients

with underlying OSA who then develop hypoxemia, e.g.

from mild pneumonia. The role of sleep apnea in coronary

artery disease (CAD), stroke, and other cardiovascular dis-

eases is currently being investigated, and will be discussed

subsequently. 

Clinical Importance of OSAHS

Wake up America: A National Sleep Alert, 1993 Report

of the National Commission on Sleep Disorders Research

[8]: ‘By any measuring stick, the deaths, illness, and damage

due to sleep deprivation and sleep disorders represent a sub-

stantial problem for American society.’

Sleep disorders are emerging as a substantial public

health problem. In 1987, the US Congress passed legislation

requiring the National Institutes of Health to establish a plan

for researching sleep disorders. In response, the National

Commission on Sleep Disorders Research was founded in

1988 to conduct a comprehensive study of the status on cur-

rent knowledge, research, and resources available for

addressing sleep disorders. The Commission published its

findings in the 1993 report ‘Wake up America.’ This study

estimated that OSAHS affects approximately 20 million

Americans, making it more prevalent than asthma in adults.

The cost of sleep apnea is substantial with estimates of USD

42 million a year in hospital bills. Yet despite these statistics,

OSAHS remains a largely unrecognized and undiagnosed

disorder. It is not because these patients do not seek medical

treatment. A telephone survey of 5,000 individuals in the

United Kingdom found that 31% of those with breathing

pauses during sleep sought medical attention more than 6

times in the previous year [9]. This is true in the United

States as well. When patients seeing their primary care

physician were asked to complete a survey regarding symp-

toms associated with OSAHS, 32% had a high pretest proba-

bility for OSAHS [10]. The failure of medical professionals

to recognize OSAHS is likely due to the limited training in

sleep medicine. In the United Kingdom for instance, medical

students receive only 5 min of sleep medicine teaching

throughout their training [11]. The United States does not

fare much better, where, on average, less than 2 h of the cur-

riculum are devoted to sleep medicine [12]. Even among

highly trained pulmonologists, formal sleep medicine train-

ing is limited with many learning ‘on their own’ [13]. A

study of 60 chest physicians at the American College of

Chest Physicians annual meeting in 1998 revealed that even

though 65% of the respondents directed or were on staff

Table 1. Severity indices of OSA

AHI, events/h O2 saturation, %

Normal �5 �95

Mild 5–19 �85

Moderate 20–39 �65

Severe �40 �65
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in a sleep laboratory, only 3% had completed any type of

formal sleep medicine training and 18% had American

Board of Sleep Medicine certification [14].

However, times are changing as sleep disorders become

more prominent in both the public eye and the medical pro-

fession. OSAHS and its effects on productivity, cognition,

coordination, quality of life, and cardiovascular health are

important to be able to recognize since this is a treatable dis-

ease. Because OSAHS is so common, its clinical presentation

and diagnosis is crucial for any physician to know. Almost

every medical specialty will come across patients with

symptoms associated with or exacerbated by OSAHS [15].

Sleep physicians, specifically, will most likely see patients

who are referred because of snoring, excessive daytime

sleepiness (EDS), or witnessed apneas (table 2).

Snoring

Snoring is very common. In the United Kingdom, a tele-

phone survey revealed that 40% of the total population

snored regularly with an increased prevalence in men [9].

Snoring can be intrusive and can cause strain on the rela-

tionships between bed partners, even threatening marriages.

Often times, it is the bed partner who will raise concern over

the snoring bringing the patient to medical attention. The

bed partner is sometimes even more invested in obtaining a

diagnosis and treatment for snoring. Studies of bed partners

have shown that if snoring is due to OSAHS, then treatment

will improve both the bed partner’s and the patient’s quality

of life [16]. Yet the patient’s own perception of his or her

snoring can be very inaccurate with the majority of snorers

denying it when asked. One pulmonologist recalls a patient

and his wife who came into his office seeking treatment for

excessive snoring. The patient did not believe his wife and

when she produced a tape recording of his loud snoring, he

yelled ‘You’re lying. That is not me!’ as he stormed out of

the office. This story illustrates the importance of bed part-

ner reports since these may be the only clues to diagnosing

OSAHS. Snoring is one of the most common symptoms of

OSAHS, occurring in up to 70–95% of patients with the

syndrome [17]. However, because it is so common, snoring

is not specific for OSAHS. However, the severity of snoring

can be helpful as patients with very loud snoring are more

likely to have sleep apnea than those with soft snoring. On

the other hand, lack of snoring makes OSAHS much less

likely with reports of only 3–6% of nonhabitual snorers hav-

ing OSAHS [18].

Excessive Daytime Sleepiness

Like snoring, daytime sleepiness is relatively com-

mon, in part because there are a myriad of causes for sleep

deprivation. It is estimated that approximately 20–30% of

people with or without OSAHS suffer from daytime sleepi-

ness [19]. To complicate matters, self-reported sleepiness is

often inaccurate and likely underestimates the degree of

sleepiness [20]. This may be due to lack of awareness

or environmental pressures to ignore sleepiness. Caffeine, a

modestly traded commodity, is a frequent ‘masking’ agent

and can substantially complicate assessments of sleepiness.

For example, doctors in training, truck drivers, and shift

workers often work despite substantial sleep deprivation

caused by long job hours. Patients with OSAHS, however,

do not suffer from lack of sleep time. They experience day-

time sleepiness because of the sleep fragmentation caused

by intermittent apneas and hypoxia. Yet despite the wide-

spread prevalence of EDS, 80–90% of those who present to

sleep clinics with this symptom will be diagnosed with a

sleep disorder [21]. This may be because patients with the

most severe symptoms present to sleep clinics. On the other

hand, patients who are sleepy due to lifestyle-inflicted sleep

deprivation may not come to clinical fruition very often.

Because daytime sleepiness can often be confused with

lethargy or fatigue, the distinction must be made in order to

pursue the correct diagnosis. ‘Sleepiness’ is the urge to fall

asleep during normal activities, usually those that may not

require complete concentration, such as driving, watching

television, conversing, or listening to lectures. Fatigue or

lethargy, on the other hand, is not always associated with an

increased propensity to sleep. Patients who feel fatigue,

lethargy, or exhaustion may feel tired but not necessarily

have hypersomnolence. Conditions such as anemia, con-

gestive heart failure (CHF), depression, or hypothyroidism

may present with fatigue. Making the distinction between

sleepiness and tiredness may ultimately lead to a different

diagnosis. True sleepiness is usually caused by inadequate

sleep duration, sleep fragmentation, or increased sleep

drive. However, patients with OSAHS use words such as

fatigue, tiredness, or lack of energy to describe their own

symptoms of sleepiness. In a study of patients with sleep

apnea, complaints of fatigue, tiredness or lack of energy

Table 2. Classic symptoms of sleep apnea

Snoring

Excessive daytime sleepiness

Witnessed apneas
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were commonly used by sleep apneics to describe sleepi-

ness especially among women [22]. Therefore, to exclude

the diagnosis of OSAHS because a patient may describe

his/her symptoms as fatigue more than sleepiness may lead

to missed diagnoses.

There are several tools available to measure the degree

of sleepiness. These include the Epworth Sleepiness Scale

(ESS; table 3), the Multiple Sleep Latency Test (MSLT),

the Maintenance of Wakefulness Test (MWT), and the

Osler test. There is no gold standard as they all likely meas-

ure somewhat different phenomena. The easiest tool to use

is the ESS because it is simple to administer, quick, inex-

pensive, and has a high test-retest reliability [23]. It con-

sists of a self-administered questionnaire where patients

rate on a scale of 0–3 their likelihood of falling asleep dur-

ing everyday activities. A score of 6–7 indicates normal

somnolence, a score of 8–12 indicates mild sleepiness, a

score of 13–17 indicates moderate sleepiness, and a score

of 18 or higher indicates severe sleepiness. The drawbacks

to the ESS are that it does not always correlate with the

severity of sleep apnea and because it relies on self-reporting,

can often be inaccurate or vulnerable to misreporting.

Objective tests eliminate self-reporting but are often time

consuming to administer and may not necessarily reflect the

activities of daily living. During the MSLT, the subject is

instructed to try to sleep at multiple times during the day,

during which length of time to sleep onset and presence of

REM sleep is assessed. The MWT test differs in that the

subject is asked to stay awake. The Osler test asks the sub-

ject to press a switch each time a light turns on and a com-

puter scores the number of correct answers. The advantage

of the Osler test over the other two is that is does not require

an electroencephalogram. This test has been found to corre-

late with the others when tested in comparison [24].

Witnessed Apneas

A bed partner may witness breathing pauses or apneas

during the patient’s sleep, or the patient may report waking

up choking or feeling acutely panicked during the night.

This is one of the more common reasons for referral to a

sleep clinic. However, the accounts of witnessed apneas

may often be incorrect as even trained medical staff are not

very good at recognizing respiratory events in patients with

OSAHS [25]. Apneas can also occur in the non-OSAHS

population. Finally, it is important to distinguish between

nocturnal shortness of breath from witnessed apneas. Other

conditions such as CHF, asthma, and laryngospasm may

present with nighttime symptoms of dyspnea. Paroxysmal

noctural dyspnea can have some of the same characteristics

as apneas with a similar sensation of ‘choking’. Often

patients with OSAHS may only be breathless for a brief

moment whereas the other conditions have prolonged dysp-

nea. Also, there are usually other more obvious signs and

symptoms associated with the conditions listed above.

Although patients may present with EDS, snoring, or

witnessed apneas, none of these symptoms alone allow for

an accurate diagnosis. Sleep doctors have often been wrong

when asked to make the diagnosis on history and physical

exam. However, a combination of these symptoms, such as

snoring and witnessed apneas, are more predictive of

OSAHS. To improve the likelihood even more, recognition

of certain risk factors may help to establish a diagnosis.

Risk Factors

Anatomy
Narrowing of the upper airway is the most recognized

risk factor for OSAHS. Unlike most mammals, humans do

not have a rigid bony support for the pharyngeal airway,

hence the patency of the upper airway relies on muscle acti-

vation and soft tissue structures. The smaller upper airway

causes a reflexive increase in muscle activity to maintain

patency during wakefulness. When these protective

reflexes are lost during sleep, the upper airway is prone to

collapse. Multiple imaging studies using computed tomog-

raphy, magnetic resonance imaging, fluoroscopy, and

acoustic reflection have demonstrated that patients with

OSAHS indeed have a small pharyngeal airway with the

smallest area occurring at the velopharynx. Patients with

Table 3. The Epworth Sleepiness Scale

Rate the likelihood of falling asleep or dozing off in the following

situations, in contrast to feeling just tired

Refer to your usual way of life in recent times

0 � Would never doze

1 � Slight chance of dozing

2 � Moderate chance of dozing

3 � High chance of dozing

Situation Score

1. Sitting and reading

2. Watching television

3. Sitting inactive in a public place (e.g. church)

4. As a passenger in a car for an hour without a break

5. Lying down to rest in the afternoon when circumstances permit

6. Witting and talking to someone

7. Sitting quietly after lunch without alcohol

8. In a car, while stopped for a few minutes in traffic
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OSAHS have larger tongues, soft palates, parapharyngeal

fat pads, and lateral walls around the pharynx [26]. There

are also speculated differences in the direction of the long

axis. It is thought that the orientation is anterior-posterior

instead of inferior-superior, which may place the pharyn-

geal dilator muscles at a mechanical disadvantage making

them less effective in keeping the airway patent [27].

Finally, in normal subjects, increased distance between the

hyoid bone and the mandibular plane (and other surrogates

for pharyngeal airway length) have been shown to increase

the propensity for airway collapse [28] (fig. 1).

Conditions such as obesity (see below), craniofacial

abnormalities (retrognathia, micrognathia, midface or

mandibular hypoplasia), macroglossia, hypertrophied ton-

sils and adenoids (especially in children), and increased

uvula size can lead to smaller upper airways. Therefore, it

is not the obese patient alone who suffers from OSAHS.

Other diseases such as Down’s syndrome, which can lead

to both midface hypoplasia and macrogloassia, or acro-

megaly, which can lead to macroglossia, can present with

OSAHS.

Although obesity is a major risk factor for OSAHS,

location of fat deposition, not BMI alone is a more likely

predictor of OSAHS. There is an increase in excess fat in

areas anterolateral to the upper airway in both obese and

nonobese patients with OSAHS [29]. This is perhaps why

neck circumference has been shown to be a strong predictor

of OSAHS [30]. Neck circumferences greater than 48 cm

are associated with a high risk of OSAHS while circumfer-

ences less than 37 cm are lower risk for OSAHS. Despite

these data, physicians should be aware that OSA is being

increasingly recognized in lean individuals who have small

neck circumferences.

Although the velopharynx is the most common site of air-

way narrowing, nasal anatomy also plays a role in OSAHS.

When there is increased nasal resistance, the diaphragm will

produce more negative pressure potentially causing the pha-

ryngeal airway to collapse. Therefore, nasal polyps, deviated

septa, and congestion can exacerbate or lead to OSAHS. In

fact, patients with rhinitis and OSAHS have a decrease in

their AHI when treated with an intranasal corticosteroid [31]

(table 4).

Obesity
Obesity is a well known risk factor for OSAHS. Many

studies over the years have shown a clear correlation

between OSAHS and excess body weight. Even modest

gains in weight have led to increased severity of OSAHS.

The Wisconsin Sleep Cohort has shown that patients with

mild OSAHS have a 6-fold increase in risk for developing

moderate or severe OSAHS if they gain only 10% of their

body weight [32]. And among those who are most over-

weight (BMI of �40), 70% suffer from OSAHS. Therefore,

it seems that weight gain increases the chance of develop-

ing OSAHS and can worsen the severity of OSAHS in

those who already have it. Why obesity can lead to OSAHS

is not completely understood, but probably relates to a

smaller pharyngeal airway, dysfunctional upper airway

muscles, and decreased lung volumes. While weight loss

among patients who have had bariatric surgery or who have

participated in weight reduction studies can lead to sub-

stantial decreases in OSA severity [33], it often does not

eliminate OSAHS altogether. Current studies have been

Fig. 1. The pharyngeal airway length from the top of the hard palate

to the epiglottis.

Table 4. Risk factors for sleep apnea

Anatomy

Small upper airway

Craniofacial abnormalities

Macroglossia

Hypertrophied tonsil and adenoids

Increased nasal resistance

Obesity

Male sex

Increased age

Genetics

Alcohol, opioid, or benzodiazepine use

Smoking



limited by small numbers, short observation periods, and

lack of correlation with symptoms. Also, whether there is a

difference in weight loss achieved through reduced caloric

intake vs. increased caloric output remains unclear. Never-

theless, weight loss, if maintained long term, will likely be

the best means for reducing prevalence and severity of

OSAHS and remains a large public health challenge.

Yet obesity and BMI alone do not always correlate with

severity of OSAHS. There are many nonobese people who

suffer from OSAHS, who likely remain undiagnosed, and

many obese patients without OSAHS. The ‘Pickwickian’

stereotype does not always hold true. Neck circumference,

waist-hip ratio, and degree of central obesity may be better

predictors of OSAHS in men than obesity in general [33].

There is, however, no real consensus on the most predictive

body habitus for OSAHS because of large variations in

body morphology and difficulties in objective accurate

measurements of phenotype. Most weight loss interven-

tions, therefore, have focused on weight or BMI reductions

rather than changes in fat distribution.

Sex
The general stereotype of the obese male as having

OSAHS emphasizes male gender as being an important risk

factor. Among patients studied in a sleep center, the male to

female ratio is often 8–10:1. However epidemiologic studies

have shown that in the general population, this ratio is often

lower (2:1). Nevertheless, the increased prevalence in males

remains undeniable. The reason for the male predominance

remains uncertain. In the Wisconsin Sleep Cohort study,

postmenopausal women were three times more likely to

have moderate to severe OSAHS when compared to pre-

menopausal women matched for age and BMI [34]. Other

population-based studies have shown similar results.

Although hormonal changes are important to women and

the subsequent development of OSAHS, they still do not

account for the differences in sex. In general, hormonal

therapy for men has failed to reduce the AHI. Differences in

upper airway shape and fat deposition may account for some

of the differences between men and women but there have

been no conclusive studies. There may be many other fac-

tors such as differences in chronic diseases, occupational

exposures, or health behaviors that may be playing a role.

Age
The relationship between OSAHS and age is complex.

Children ages 3–5 years old have relatively high prevalence

of sleep apnea because of their narrow airways and

enlarged tonsils and adenoids. The prevalence then

decreases during adolescents and young adulthood. Among

middle-aged and elderly adults, the prevalence increases

again. Several large cohort studies have shown that among

men and women �60 years of age, the prevalence of sleep

apnea increases anywhere from two- to threefold higher

than middle-aged populations [35–40]. However, this rela-

tionship between age and the increased prevalence of

OSAHS is not clearly understood.

One explanation is that with any disease that is nonfatal,

increased prevalence over time may be due to accumulation

of cases and not necessarily due to an increased incidence.

If increased age actually contributes to the etiology of

OSAHS, one would expect the prevalence of OSAHS to

continue to rise with age. This however, has not been shown

in several studies. In the Sleep Heart Health Study, much of

the increase in prevalence of OSAHS occurred before age

65 and then plateaued [39]. Either the incidence declines or

mortality increases to explain this phenomenon. The natu-

ral history of OSAHS, however, is still not defined. We do

not know the incidence rate of this disease with any age

group and so far OSAHS has not been clearly shown to

cause death. Of note, OSAHS is often linked with poten-

tially serious comorbidities that may also contribute to the

‘survivor effect’ in these epidemiological data. Increased

mortality from other diseases associated with OSA may

mask true prevalence of OSA in the elderly. The relationship

between age and OSAHS therefore, remains speculative at

this point.

Is OSAHS in elderly adults a different condition than

OSAHS in middle-aged adults? BMI in elderly adults is not

clearly correlated with increased prevalence of OSAHS as

it is in middle-aged adults. In an 18-year, longitudinal study

of elderly adults, only a weak association between BMI and

AHI was found [41]. Other common characteristics of

OSAHS, such as snoring, are also not as prevalent in eld-

erly adults. This may be due to loss of bed partners who, as

discussed, are the main reporters of the patient’s snoring.

Another explanation is that central sleep apnea, which is

less associated with snoring, may be more prevalent in

older populations, although data supporting this theory are

minimal. Again, more data are needed to try and define this

disease in elderly populations and to clarify if there are

confounding factors, such as survivor effects, differences in

diagnosis in elderly adults, or co-morbid conditions to

name a few.

Race and Genetics
OSAHS has largely been studied in Western Caucasian

populations. The prevalence of this disease in other coun-

tries is just beginning to be explored; therefore, the impor-

tance of racial or genetic differences is not yet understood.
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As with most epidemiologically based studies, determining

genetic etiologies of disease is difficult to differentiate

from differences in lifestyle and diet. However, some of the

data now available are intriguing. For instance, several pop-

ulation studies in the United States suggest that OSAHS is

more prevalent among African-Americans. In a population

study of adults over 65 years old, Ancoli-Israel et al. [42]

observed 2.5-fold increased odds of having an AHI greater

than 30 events per hour in African-Americans. In subjects

less than 25 years old, the Cleveland Family Study found

that the prevalence of OSAHS in African-Americans was

higher after controlling for BMI and other factors [126].

However, other studies, such as the Sleep Heart Health

Study, did not find the same association between African-

Americans and OSAHS [39]. Clearly, more research is

needed to further clarify whether race impacts the preva-

lence of OSAHS.

There have been several studies of OSAHS in Hong Kong

among Chinese males and females. From these studies, it is

estimated that the prevalence of OSAHS (when the defini-

tion of AHI �5 events per hour with daytime sleepiness is

used) is 4% in males and 2% in females [43, 44]. Unlike

Caucasian populations, obesity is not strongly correlated

with OSAHS in Asians. The relationship between obesity

and OSAHS is also not evident in other races, including

African-Americans, in the Cleveland Family Study. Simi-

larly, in New Zealand, increasing BMI correlated with increased

severity of OSAHS in white but not Polynesian men [45].

Whether race contributes to differences in the phenotype of

OSAHS patients is currently being investigated.

There are likely specific genetic factors that influence

the etiology and presentation of OSAHS as well. OSAHS

can cluster in families. The syndrome is substantially more

prevalent in offspring of patients with OSAHS. The relative

risk for OSAHS may be two- to fourfold greater in first-

degree relatives. Even in the unaffected offspring of

OSAHS patients, there is increased vulnerability to upper

airway collapse. In provocative tests with inspiratory resis-

tive loading, the unaffected offspring had increased upper

airway collapse when compared with controls [46].

Although no specific pattern of inheritance has emerged,

genetics likely plays a role in the etiology of OSAHS and

may have differing penetrance in certain subjects. One

study showed an increased risk for OSAHS in nonobese

relatives of sleep apneics [47], suggesting that factors other

than obesity contribute to the genetics of the syndrome.

Other Risk Factors
There are many other risk factors that have been asso-

ciated with OSAHS. Alcohol and drugs that cause CNS

depression (such as opioids and benzodiazepines) are likely

to exacerbate OSAHS. Endocrine disorders such as hypothy-

roidism can lead to OSAHS due to myxedema and decreased

upper airway muscle function. Acromegaly can cause

macroglossia. Cerebrovascular accidents and neuromuscular

diseases (including muscular dystrophies, myopathies, and

neuropathies) can cause both central and obstructive sleep

disordered breathing. Smoking is also a possible risk factor

for OSAHS in epidemiological studies. Smokers are

three times more likely to have OSAHS when compared to

lifelong nonsmokers or former smokers [48]. This is proba-

bly due to the increased upper airway inflammation from

smoking. Former smokers do not have increased risk for

sleep apnea, implying that this risk is reversible.

Presentation to Other Subspecialties

As discussed earlier, patients with OSAHS seek more

medical attention when compared to controls. Prior to the

diagnosis of OSAHS, these patients see more doctors and are

hospitalized more than controls [15]. What are they being

treated for? A chart review of over 700 Canadian residents

with OSAHS showed that in the 5 years prior to diagnosis,

many of these patients were being treated for ischemic heart

disease, CHF, hypertension, cardiac arrhythmias, chronic

obstructive lung disease, and depression [15]. The asso-

ciation between cardiovascular disease and OSAHS is

becoming clearer. Hypertension, to date, is the most well-

documented and studied consequence of OSAHS. The risk

of systemic hypertension rises with increased severity of

OSAHS as measured by the respiratory disturbance index

(RDI) [49]. A 4-year follow-up of the Wisconsin cohort

showed a dose-response association between AHI and hyper-

tension. An odds ratio of 4.54 for hypertension was associ-

ated with an AHI �15 events per hour [50]. A causal link

between OSA and hypertension is now generally accepted

based on mechanistic animal studies, large well-controlled

cross-sectional and longitudinal epidemiological studies, and

most recently based on human interventional studies.

Patients with refractory hypertension (requiring at least 3

antihypertensive medications) may be particularly at risk of

OSA, and may benefit substantially from therapy.

The correlation between ischemic heart disease and

OSAHS is less defined. In the Sleep Heart Health Study,

OSAHS was found to be an independent risk factor for

CAD although the increase was modest [51]. ST-segment

changes in sleep apneics with concomitant CAD are com-

mon and have been related to both hypoxemia and sympa-

thetic surges after apneic episodes [52]. Sleep apnea may
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also be a poor prognostic indicator in patients with CAD

with a mortality rate of 38% reported in one study [53]. The

direct cause-effect relationship between OSAHS and CAD,

however, is still debatable. It is apparent that OSAHS

can exacerbate underlying CAD, but whether repetitive

hypoxemia, hypercapnia, and surges in sympathetic tone

observed during apneic episodes contribute to atheroscle-

rosis is currently being investigated. OSAHS is now being

associated with inflammation, endothelial injury, coa-

gulation abnormalities, and metabolic abnormalities. The

mechanisms of how OSAHS relates to these abnormalities

and the genesis of CAD is under rigorous examination and

will have a large impact on the treatment and diagnosis of

OSAHS in patients with CAD in the future.

As with CAD, both diastolic and systolic CHF has been

associated with OSAHS. The Sleep Heart Health Study

found a stronger correlation between CHF and OSAHS

than CAD and OSAHS. The relative odds ratios for CHF in

subjects with sleep apnea was 2.38 [51]. However, whether

OSAHS causes CHF or whether CHF causes OSAHS or

whether they simply correlate with one another is unclear.

Hypertension, increased catecholamines, and hypoxemia

caused by OSAHS could all contribute to CHF. On the

other hand, worsening upper airway edema from CHF

could decrease upper airway size leading to increased col-

lapsibility and result in OSA. Periodic breathing associated

with CHF because of increased chemosensitivity, pro-

longed circulation times, and hyperventilation has been

proposed to destabilize the upper airway [52]. Whether

treatment of OSAHS with continuous positive airway pres-

sure (CPAP) improves CHF among patients with sleep

disordered breathing is currently being studied, although

early reports appear promising.

Arrhythmias have also been associated with OSAHS,

the most common being sinus bradycardia. Ventricular

premature beats, premature ventricular contractions, and in

some cases ventricular tachycardia have also been described.

Some data have suggested that theses arrhythmias resolve

with treatment of OSAHS [54].

Although cardiologists commonly see sleep apnea

patients, there are many other subspecialties that come

across these patients. Neurocognitive effects of OSAHS

have been well documented with decreases in cognition and

attention. Patients with OSAHS have higher incidences of

traffic accidents and work-related accidents and are there-

fore likely to be seen by emergency room physicians, ortho-

pedists, etc. Symptoms of sleep deprivation can often

appear similar to those of depression, although a direct cor-

relation is unclear. In a Canadian study, patients with OSAHS

who were treated for depression were often prescribed 

antidepressants but not psychotherapy [15]. Although spec-

ulative, it is possible that these patients may have been mis-

diagnosed since symptoms such as decreased concentration,

and daytime sleepiness can be mistaken for depression.

More recent studies have shown that patients report amelio-

ration of their depressive symptoms after treatment with

CPAP even if they were already on an antidepressant [55].

Again, although sleep apnea is unlikely to cause depres-

sion, it can worsen underlying symptoms and is therefore

important for clinicians to recognize.

As many neurologists know, sleep apnea has also been

associated with stroke. The Sleep Heart Health Study

showed that in OSAHS patients, there was a modest

increase in stroke prevalence [51]. Among people who have

suffered from stroke, sleep apnea has been reported in

43–91% of patients [52]. However, observations that preva-

lence and severity of sleep apnea did not differ among

patients with stroke vs. transient ischemic attacks [56],

and that frequency of obstructive apneas did not decline

3 months after a stroke [57] have led some investigators to

believe that OSAHS is likely present prior to stroke in most

patients. Most recently, a prospective observational cohort

study has been published in NEJM that has shown OSA

to be a risk factor in the development of stroke or death,

independent of known confounding variables [127]. Of

note, more severe OSA was more likely to lead to stroke

than milder OSA. Despite these compelling data, the gener-

alizability of this study has been questioned since all

patients were referred to a sleep laboratory. In addition,

there was no evidence of a beneficial effect of CPAP treat-

ment, although this was not the primary focus of the report.

As with CHF, the direct cause-effect relationship between

sleep apnea and stroke and sleep apnea remains blurred.

Moreover, randomized trials are needed to establish the role

of sleep apnea therapy in preventing stroke.

Anesthesiologists are also becoming more familiar with

the perioperative management of patients with OSAHS. Due

to smaller airways, these patients are more likely to be diffi-

cult intubations. In severe cases, drugs administered during

conscious sedation (opioids and benzodiazepines) have led

to respiratory arrests in nonintubated patients. Unlike sleep,

anesthesia produces an unarousable state. The normal pro-

tective reflexes against asphyxia are blunted or even lost.

Anesthesia has been shown to decrease arousal to inspiratory

load, hypercapnic and hypoxic stimuli, which are normally at

least somewhat preserved during sleep [58]. After induction

of anesthesia, the postoperative management of OSAHS

patients can be challenging. For instance, they may not toler-

ate extubation if they are somnolent and not fully awake.

Many anesthesiologists have witnessed apneas in these
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patients during recovery. Extra precautions should be taken

in OSAHS patients, such as early initiation of CPAP, if

required, or placing the patient in the lateral decubitus

position to help minimize airway collapse. These patients

will need vigilant nursing care, especially if they remain

somnolent postoperatively, to avoid an airway emergency.

Unfortunately, the area of perioperative management of OSA

is currently lacking in solid data.

Otolaryngologists are also very familiar with OSAHS

patients not only because of the surgical overlap in treatment

of this population, but because they may initially present to

them with complaints of snoring, nasal obstruction, sore

throat or hoarse voice. Interestingly urologists also see

many OSAHS patients with complaints of nocturia, impo-

tence, and erectile dysfunction.

There is an increased prevalence of gastroesophageal

reflux disease  (GERD) in these patients not only because of

obesity but because the increased negative intrathoracic

pressure created during periods of apneas worsens GERD.

Pulmonologists see these patients for a myriad of reasons

including aspiration pneumonias, shortness of breath, respi-

ratory failure, and pulmonary artery hypertension (table 5).

Summary

In summary, because sleep apnea is a common disorder all

physicians will come across patients who have the syndrome

and will have to be cognizant of the symptoms to make an

accurate diagnosis. Most patients are referred to sleep clinics

because of snoring, EDS and witnessed apneas. Recognition

of risk factors such as obesity, male sex, older age, and family

history may help to differentiate sleep apneics. However,

because of the cardiovascular and neurocognitive sequelae of

OSAHS, many of these patients will initially report to other

providers with symptoms of CAD, CHF, hypertension,

depression, decreased cognition, and sexual dysfunction.

Sleep apnea can also cause complications during anesthesia.

Because OSAHS is a treatable disease, early recognition of

these patients is important. Treatment may help prevent fur-

ther complications and increase quality of life.

CPAP Treatment

CPAP has been the mainstay of treatment for OSAHS

since its initial description in 1981. Sullivan et al. [59]

tested 5 subjects with nasal CPAP at varying levels of pres-

sure (from 4.5 to 10 cm H2O) and found that it acted as a

‘pneumatic splint’ for the upper airway, preventing col-

lapse. These subjects had a night of consolidated sleep

when the nasal CPAP was applied. Since Sullivan’s initial

description, CPAP has been used on countless patients for

treatment of OSAHS. There has been strong evidence to

support that treatment with CPAP has improved breathing

during sleep, concentration, alertness, neurocognitive func-

tions, mood, breathing during sleep and even some cardio-

vascular outcomes. Despite this, adherence and patient

acceptance of CPAP has been limited. By some estimates,

one third of patients who are eligible for CPAP refuse to use

it [62]. Nevertheless, it is currently the treatment of choice.

Understanding of its mechanism(s) of action, outcomes,

and adverse effects is necessary for any sleep physician.

Likewise, understanding reasons for acceptance and adher-

ence is also essential since no treatment can be effective if

the patient does not use it.

Mechanism of Action

As proposed by Sullivan et al. [59], the idea that CPAP

provides a ‘pneumatic stent’ for the pharyngeal airway has

been widely accepted. Subsequent studies have supported

this theory. In early work by Alex et al. [61], esophageal

pressure and inspiratory airflow measurements were made

on awake normal subjects on CPAP. It was found that there

was an increase in mean inspiratory airflow for a given

esophageal pressure when CPAP was applied, despite a

decrease in upper airway muscle activity. This decrease in

upper airway muscle activity with CPAP has been further

elucidated. In awake subjects with OSAHS, genioglossus

muscle activity is augmented in response to negative pres-

sure [62]. When CPAP is applied, the negative pressure

stimulus is eradicated, resulting in decreased genioglossus

muscle activity. A more open pharyngeal airway puts less

demand on the upper airway dilator muscles. This explains

the decrease in genioglossus muscle activity with positive

Table 5. Presentation to other subspecialties with associated

diagnoses and symptoms

Cardiology – ischemic heart disease, CHF, hypertension, arrythmias

Pulmonology – chronic obstructive lung disease, aspiration pneumo-

nia, respiratory failure, pulmonary hypertension

Neurology – stroke, poor cognition

Anesthesiology – difficult intubation, respiratory failure

Otolaryngologists – snoring, nasal obstruction, hoarse voice

Gastroenterology – gastroesophageal reflux disease

Psychiatry – depression

Urology – nocturia, impotence, erectile dysfunction
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pressure. To summarize, if the flow increases but esophageal

pressure (which approximates pleural pressure) remains the

same, then resistance must be decreased, despite a decrease

in upper airway muscle activity. It has been proposed that by

acting as a mechanical splint, CPAP reduces upper airway

resistance.

However, the mechanism by which CPAP prevents

upper airway collapse is slightly more complicated. Lung

volumes play a role in upper airway stability. A study

of awake obese subjects with sleep apnea showed that the

pharyngeal cross-sectional area significantly decreased as

lung volumes diminished from total lung capacity (TLC) to

functional residual volume (FRC) [63]. The decrease in air-

way size was more pronounced in sleep apnea patients

when compared to controls. This study, however, was done

on awake subjects and, therefore, may not be truly reflec-

tive of what happens during sleep. In addition, the coordi-

nation between respiratory and airway muscle groups is

complex. For example, the genioglossus becomes active

prior to diaphragmatic contraction or inspiratory airflow

thus preventing the upper airway from collapse by the neg-

ative pressure that is subsequently generated [128, 129].

During expiration, however, the genioglossus relaxes when

positive pressure makes the airway less prone to collapse.

The observation that upper airway size diminishes as lung

volume decreases from TLC to FRC may be a result of

behavioral changes in upper airway muscle activation dur-

ing the respiratory cycle rather than changes in lung vol-

ume per se.

To elucidate the effect of lung volume on the upper air-

ways, Sériès et al. [64] looked at upper airway resistance

with passive changes in lung volume using an iron lung.

This method tried to eliminate confounders that may be

present during active breathing. Measurements of both nasal

and pharyngeal airway resistance showed that when positive

extrathoracic pressure was applied, resulting in lower lung

volumes, upper airway resistance increased. It was noted

however, that when negative extrathoracic pressure was

applied, resulting in larger lung volumes, pharyngeal resist-

ance decreased more appreciably than nasal resistance. This

observation supported previous theories that mechanical

forces, such as caudal traction on the trachea, may lead to

increased upper airway patency with larger lung volumes

[65]. Unlike the pharyngeal airway, the nasal airway is not

influenced by caudal traction of the trachea.

With both passive and active changes in lung volumes,

pharyngeal airway size decreases with lower lung volumes.

Most of these previous studies, however, were done on

awake subjects. The influence of lung volume on the upper

airway during NREM sleep required more investigation.

Stanchina et al. [66] studied normal subjects during NREM

sleep and altered their lung volume passively with positive

and negative extrathoracic pressure. With lower lung vol-

umes, subjects had increased upper airway resistance and

collapsibility. Of note, the genioglossus muscle had

increased activity with low lung volumes, but this was not

adequate to maintain airway patency.

To summarize, CPAP prevents upper airway collapse in

subjects with sleep apnea by stenting open the airway.

However, because lung volumes influence upper airway

resistance, size, and collapsibility, the increase in lung vol-

umes seen with CPAP likely has an additional effect on

upper airway patency. To what extent changes in upper air-

way resistance are influenced by lung volume or by the

‘pneumatic stenting’ effect of CPAP has been studied by

Sériès et al. [67]. Using positive extrathoracic pressure to

maintain the same lung volume, increases in CPAP resulted

in a progressive decline in upper airway resistance in nor-

mal subjects. Although decreases in resistance were seen

with multiple modalities that increased lung volumes (such

as applying end expiratory pressure, or negative extratho-

racic pressure), these changes were not as impressive as

when CPAP was applied. Although this study suggests that

splinting of the airway is the main mechanism of action of

CPAP, most investigators agree that lung volume plays a

substantial role and is likely important.

Acceptance and Adherence to CPAP

Although the natural history of OSAHS is still being elu-

cidated, to our best knowledge it is an ongoing, unremitting

disease process. Nonsurgical treatment is not curative, there-

fore, whatever treatment that is offered will likely be life-

long. Although CPAP is a very effective treatment of this

disease, acceptance and adherence to it has been challenging

to say the least. Acceptance of CPAP has been a substantial

problem since its inception. It is admittedly an awkward

device and can cause significant discomfort during sleep.

Multiple investigators have tried to determine what factors

are associated with improved adherence and acceptance.

Over the years, it has been shown that sleep apnea patients

with EDS and severe hypoxemia during sleep were more

likely to accept CPAP [130]. Patients with other symptoms

such as snoring, poor memory, and cognition were less likely

to accept CPAP. Also, who initiates the sleep consultation is

an important predictor of acceptance. For instance, if the

patient initiated the referral, rather than the spouse, CPAP

acceptance increases. Presumably this is because it is

harder for a patient to accept treatment if he or she does not



recognize that they have a problem. However, once a patient

accepts treatment, having a partner or spouse initiate the

referral predicted better adherence [68]. This is probably

because the partner or spouse encourages daily CPAP use and

provides positive reinforcement. Even if patients initially used

CPAP, long-term acceptance of this treatment has been prob-

lematic as well. Within several months of follow-up, one third

of patients who initially accepted CPAP discontinued it [69].

Once a patient accepts CPAP as a treatment, adherence

is another issue. Reports of adherence vary, depending on

which definition one uses. However, all studies are in

agreement that adherence is suboptimal. Initial studies of

CPAP adherence were encouraging with reports of up to

85% of patients claiming daily use [70]. These initial

papers relied on self-questionnaires that were vulnerable

to misreporting. This was found to be true when CPAP

machines were fitted with monitoring devices that recorded

the number of hours used. The objective information

obtained proved that adherence was poor and since then

adherence has been a major issue in the treatment for

OSAHS. One study found that only 46% of subjects stud-

ied used CPAP for at least 4 hours on 70% of the days mon-

itored [71]. Subsequent studies have shown that CPAP is

used, on average, for only 4.7 h a night [72]. Larger, long-

term studies have shown that 20% of patients stop CPAP all

together [73]. It has been a challenge to figure out why

patients do not adhere to CPAP treatment and how best to

improve this. However, all is not lost. If patients adhere to

treatment for the first 3 months, they are likely to continue

CPAP use in a 5-year follow-up [73]. Other studies have

shown that patient use during the first 2 weeks of CPAP ini-

tiation predicted long-term use [74]. It has become increas-

ingly clear that practitioners have a small window of

opportunity to influence long-term adherence to CPAP.

Why is CPAP not being used? It is natural to assume that

the severity of OSAHS may play some role in the adherence

to CPAP with the more severe patients being more apt to

use the treatment. Yet reports on the correlation between

adherence and disease severity have been conflicting. Some

studies have shown that with higher AHIs, use of CPAP is

more reliable [75]. On the other hand, several studies have

shown that there is no correlation [73, 76]. Other predictors

such as symptomatic relief have also been variable with some

reports of EDS being a major predictor of adherence, while

others cite quality of life measurements. Still other studies

have shown that perhaps it is not the severity of disease or

improvement in quality of life that predicts future CPAP use,

but a patient’s initial experience with the device that matters.

Lewis et al. [77] studied 80 patients with CPAP for approxi-

mately 1 month and found that those patients who reported

initial problems with the machine were most likely to discon-

tinue or not adhere to it. They also found that patients with

recent life events and those who lived alone were also less

likely to adhere to CPAP treatment. All of these studies point

to the complexity of issues associated with CPAP usage and

how many non-OSAHS-related factors can play a large part

in adherence. However, to place CPAP adherence in perspec-

tive, adherence to other treatment modalities for chronic

medical conditions is comparable to CPAP. For example,

metered-dose inhaler use in patients with obstructive lung

disease is similar to CPAP usage (estimated use 37–52%)

[78, 79]. Even with less obtrusive therapies, adherence to

medical therapy is a substantial problem (table 6).

How can CPAP adherence be improved? This has been

an area of great interest to many investigators. The realiza-

tion that initial CPAP use determined long-term use has led

to several educational/psychological interventions to try

and improve the CPAP initiation experience. With CPAP

education at home, partner involvement, and a 3-night trial

of CPAP at a sleep center, Hoy et al. [80] showed improve-

ment in long-term usage compared to patients who received

standard therapy. This type of intervention, however, is dif-

ficult for any sleep center to maintain since it requires con-

siderable resources. With increasing numbers of patients

being diagnosed with OSAHS, the system would be

quickly overwhelmed if every patient were to have this type

of intensive support. However, if the practicing physician is

aware of this intensive initial support, selected patients may

benefit from this type of early therapy. There is a growing

number of options to improve adherence. One should be

aware, however, that effectiveness of these interventions

may also be influenced by the patient’s level of education,

cultural background, and ethnicity. A study of OSAHS

patients in Hong Kong showed that intensive supportive

therapy provided by videotapes, respiratory nurse visits,

and physician visits did not increase CPAP adherence [81].

Many complaints regarding CPAP have to do with air-

leaks, mask discomfort, upper airway dryness, and feelings

of claustrophia. Higher pressures may have some impact

on these discomforts. For instance, higher pressures may

cause greater air leaks. However, many of the patients who
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Table 6. Factors affecting adherence to CPAP

Symptomatic relief

Initial experience with CPAP

Side effects – nasal congestion, airleaks

Recent life events

Social support system



end-exhalation, the reductions in applied pressure in early

exhalation do not appear to impact efficacy. Although ran-

domized trials are clearly needed, some observational data

do suggest some benefits over standard CPAP. This algo-

rithm has also been adapted into bi-level devices (Bi-flex)

and to auto-tiration devices (Auto-flex); however, improve-

ments in outcome with these techniques remain unproven.

Improving upper airway dryness has also been shown to

improve adherence and acceptance. Many patients complain

of dryness and daytime rebound nasal congestion. With

nasal CPAP, mouth leaks may lead to one-way airflow and

progressive drying of the nasal mucosa. Humidification

helps to alleviate these symptoms. Small studies using

humidification have shown slight increases in adherence

when humidified nasal CPAP was used vs. placebo [88].

However, these results do not warrant routine initial use of

humidification since it can be costly and requires mainte-

nance. On the other hand, because the window to establish

therapy is narrow, we generally recommend initial humidifi-

cation if costs are not prohibitive. Other strategies such as a

chin strap or full face mask may be as efficacious and as

easy to implement (table 7).

Indications for CPAP Treatment

What are the indications for treatment with CPAP? 

A consensus statement published in Chest in 1999 recom-

mended that CPAP be given to all OSAHS patients who are

symptomatic (EDS, impaired cognition, mood disorders,

insomnia, cardiovascular disease, or stroke) with an RDI of

�5 events per hour [89]. It was also recommended that all

patients with an RDI � 30 events per hour be treated

regardless of whether they are symptomatic or not, given

the increased risk of hypertension described by the

Wisconsin Sleep Cohort Study [90]. The American Academy

of Sleep Medicine, however, set forth a slightly different set

of guidelines [91]. They have recommended that patients

with an apnea index (AI) of �20 events per hour or an AHI

of �30 events per hour should receive CPAP regardless of

symptoms. For patients with EDS, an AHI of �10 events per
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Table 7. Methods to improve CPAP adherence

Intensive educational/psychological support

Humidification

Auto-titrating CPAP

Bi-level PAP

Cflex

complain of noisy machines and nocturnal awakenings

have less severe disease and likely use lower CPAP levels

[82]. CPAP levels per se are a predictor of CPAP use in only

some studies, but not in others, potentially related to the

confounding influences of disease severity.

Nevertheless, many of the interventions to improve

adherence and acceptance have focused on how to deliver

lower pressures. Autotitrating PAP, which is discussed else-

where, was developed to deliver optimal pressures through-

out the night recognizing that the amount of pressure needed

can vary depending on sleep stage and body position. By

doing so, less pressure can be delivered throughout the

night, which in turn may be more tolerable for the patient.

However, although some reports show that there was a pref-

erence for auto-CPAP devices over fixed CPAP or no treat-

ment, there is no conclusive evidence that auto-PAP

improves adherence. Even with less conservative estimates,

subjects may use auto-PAP for about 15–20 min longer when

compared to the fixed CPAP users [83]. A meta-analysis

of auto-PAP vs. CPAP showed there was no significant

reduction in sleepiness or AHI with auto-PAP and adherence

did not increase (average use increased by 0.20 h per night)

[84]. Even though auto-PAP does not improve adherence,

there are selected groups of people who may benefit from it,

such as those who have very variable pressure requirements

throughout the night. Subjects who require high pressure

levels or who have not been able to use fixed CPAP may tol-

erate and hence, use auto-PAP more [85, 86].

Bi-level PAP has also been studied in improving adher-

ence. The thought is that by decreasing expiratory positive

airway pressure, subjects may feel more comfortable with

positive airway pressure in general and therefore use it

more often. Like the studies with auto-PAP, studies of bi-

level PAP have not shown a significant improvement in

adherence or acceptance, although in one study more

patients withdrew from the fixed CPAP group [87]. The

cost of bi-level PAP devices is also a concern and can be

substantially higher than CPAP, making it difficult to justify

its routine use. As with auto-PAP, there are likely select

groups of people who are more comfortable on bi-level

PAP. For instance, patients who feel excessive pressure or

discomfort during expiration may feel more comfortable

with lower expiratory pressures. Universal use, however, to

improve adherence in general is not indicated at this time.

A new technique (Cflex) has been recently released for

clinical use. By using a proprietary algorithm, the manufac-

turers (Respironics, Inc.) provide reduced pressure in early

exhalation while maintaining the prescribed level by end

exhalation. The resulting ‘pressure relief’ is tolerated well by

some patients. Because pharyngeal collapse tends to occur at
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hour or a respiratory arousal index of �10 per hour warrants

treatment. The difference between the Chest consensus state-

ment and the American Academy of Sleep Medicine practice

parameters is subtle but brings up a few interesting questions.

What should we use to measure the severity of sleep apnea?

Should it be the AI (mean number of apneas per hour), AHI

(mean number of apneas and hypopneas per hour), the respi-

ratory arousal index or the RDI (mean number of arousals per

hour)? Although AHI and RDI are often used interchange-

ably, they are not exactly the same. An RDI can include respi-

ratory effort-related arousals (RERA) which is neither an

apnea nor hypopnea. However, with the use of nasal pressure

diagnostic technology, the majority of these ‘RERAs’ are

actually mild hypopneas making this distinction somewhat

semantic. When should we start treatment with CPAP? An

AI � 20 events per hour, AHI � 30 events per hour,

RDI � 30 events per hour, AHI � 10 events per hour with

symptoms, RDI � 5 events per hour with symptoms? A

study of community-dwelling adults showed that 21% had

EDS with an RDI of �5 events per hour [92]; should these

people be treated as well? And what should we include

as symptoms: EDS only, or should we include cognitive

deficits, mood disorders, and cardiovascular symptoms?

Currently, Medicare in the United States will pay for CPAP

treatment in those patients who have an AHI � 15 events per

hour or AHI of 5–14 events per hour with symptoms of EDS,

impaired cognition, hypertension, ischemic heart disease,

history of stroke, mood disorders, and insomnia [93].

However, treatment with CPAP remains controversial.

Even though CPAP is widely accepted as the treatment of

choice for OSAHS, its efficacy has been questioned. Until

recently, comparison studies evaluated CPAP against con-

servative management, pill placebo, or suboptimal CPAP

with varying results. With the invention of ‘sham’ CPAP,

more clinical trials are emerging with somewhat surprising

results. As mentioned, there are two sets of guidelines advo-

cating treatment of severe sleep apnea, with an AHI � 30

events per hour, regardless of whether the patient has

symptoms or not. Yet a multi-centered, randomized, placebo-

controlled trial of asymptomatic patients (i.e. no daytime

sleepiness) with AHI � 30 events per hour showed no ben-

efit with CPAP treatment after 6 weeks when compared to

placebo (sham CPAP) [94]. Critics of the study point out

that measuring sleepiness as an outcome in nonsleepy sub-

jects may not be meaningful and that 6 weeks of therapy

may be an inadequate amount of time to see changes with

therapy. In addition, there were some important trends

towards improvement in blood pressure in this study (i.e. of

similar magnitude to studies with sleepy patients) that may

have been significant with increased sample size.

The realization that AHI and symptoms do not always

correlate, however, exemplifies the complexity of sleep

disorders. There are people who are not apparently affected

by sleep fragmentation for unclear reasons. It has been

suggested that response to sleep deprivation and sleep

fragmentation may be individually or genetically determined

[95]. Future research is needed to understand whether these

‘asymptomatic’ patients are misperceiving their degree

of impairment or whether they are somehow biologically

protected.

Symptomatic patients with moderate to severe sleep

apnea, however, do benefit from treatment. A randomized

controlled trial using sham CPAP vs. optimal CPAP in

patients with moderate to severe sleep apnea (average AHI

was about 50 events per hour) showed considerable improve-

ment in daytime sleepiness, vigilance, and general pro-

ductivity [96]. Using a sham CPAP that mimicked CPAP

in noise, humidity and perceived airflow, ensured that

these results could be interpreted fairly and did indeed

show that CPAP was effective.

At the other end of the spectrum are studies of mild

symptomatic OSAHS showing significant improvement

after treatment with CPAP. Patients with an AHI of 5–15

events per hour who complained of EDS, had improved

subjective sleepiness, cognition, feelings of depression, and

quality of life when treated with CPAP [97]. Unlike the pre-

vious study, however, an oral pill was used for comparison

rather than a sham CPAP. Not unexpectedly, even though

the subjects had improvements in their symptoms with

CPAP, the majority of them preferred the oral placebo.

Again, we are reminded of the challenge of getting patients

to accept CPAP as a treatment modality.

Outcomes of CPAP Treatment

Daytime Sleepiness
As stated, several studies comparing CPAP to sham

CPAP and other placebos have shown that CPAP does

improve symptoms of EDS. Many of these studies have

shown both subjective improvements in sleepiness (using

questionnaires such as the ESS), and objective improve-

ment in alertness (using multiple sleep latency testing, or

psychomotor vigilance task testing). Although the Epworth

Scale has been criticized by some, it does represent the

most robust technique available for measuring improve-

ment with CPAP in OSA. There is evidence to suggest that

in patients with symptomatic OSAHS, missing one night of

CPAP reverses almost all of the previous improvements in

alertness and sleepiness [98].



Performance
Sleep fragmentation caused by OSAHS affects memory,

learning, and performance. Measurements using question-

naires or task testing after CPAP use have shown improve-

ments in performance with CPAP. Where the effect on poor

performance becomes dangerous is when sleepy subjects

operate machinery. It has been well known that subjects

with OSAHS have a higher risk of motor vehicle accidents

[99], most likely from poor daytime performance and alert-

ness. Studies have shown that men with an AHI � 5 events

per hour have significant increased risk of having at least

one accident in 5 years. Worse yet, men and women with

and AHI � 15 events per hour have higher odds of multiple

accidents within 5 years [99].

Trying to delineate the contribution of OSAHS on

motor vehicle accidents remains a challenge. Targeting spe-

cific populations, such as commercial vehicle drivers, has

revealed that OSAHS is prevalent and correlates with

increased risk of accidents. Studies have shown a 15.8%

prevalence of OSAHS amongst commercial vehicle drivers,

although these figures vary widely among patients [100].

The sleepiest 5% of these drivers have two to three times

increased odds of having an accident or even multiple acci-

dents [100]. There is evidence that treatment does decrease

the risk. When treated with CPAP, subjects were involved in

less motor vehicle accidents when compared to controls.

Treated subjects decreased their risk of accidents to normal

[101]. A meta-analysis calculated that in the United States

more than 800,000 drivers were involved in OSAHS-related

accidents, costing approximately USD 15.9 billion and

1,400 deaths. If all drivers with OSAHS were treated, USD

11.1 billion could be saved and 980 lives per year [102].

Cardiovascular Effects
The correlation between sleep apnea and cardiovascular

disease is well known and is being better clarified with

ongoing research. Hypertension is the most well-documented

cardiovascular consequence of sleep apnea. Two large

studies, the Sleep Heart Health Study, and the Wisconsin

Sleep Cohort Study have shown a relationship between

AHI and hypertension [103, 90]. That is, as AHI increases,

the odds of hypertension increase as well. These findings

have been validated in a prospective 4-year follow up of the

Wisconsin Sleep Cohort which also shows a dose-response

association between AHI and hypertension [3]. There is

also evidence that patients with refractory hypertension

have an extraordinarily high prevalence of OSAHS (up to

87%) [106]. The effect of treatment with nasal CPAP has

been studied in several small randomized controlled trials.

Some showed no change in blood pressure [94, 108], while
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others showed up to a 10-mm-Hg fall in mean blood pres-

sure with CPAP [109]. It appears that subjects who are

sleepy, on antihypertensives, and who have more severe

disease are likely to see the greatest improvements in blood

pressure with CPAP treatment (table 8).

As noted, sleep apnea has also been correlated with

ischemic heart disease, arrhythmias, congestive hear failure,

and death due to cardiovascular disease. Because CPAP has

been shown to improve symptoms of daytime sleepiness,

cognitive functioning, and hypertension, large, long-term

randomized controlled trials with a no treatment control arm

seem unethical. However, because of difficulty with adher-

ence in sleep apneics, a natural cohort of untreated individu-

als can be observed. Marin et al. [110] observed treated and

untreated male sleep apneics for 10 years and found that

those with severe untreated OSAHS had an increased risk of

fatal and nonfatal cardiovascular events. CPAP reduced this

risk and in fact, those who were adherent to CPAP had

the same risk as the general population for cardiovascular

events. Although these data are tantalizing, the question

remains whether these findings represent a benefit to CPAP

or whether the use of CPAP selects for a more adherent pop-

ulation with improved outcome based on motivation, adher-

ence with medications, education, etc. There are also some

data from small trials that suggest that CPAP treatment also

reduces cardiac arrhythmias [111] and improves CHF [112],

although larger trials to confirm these findings are needed.

Overall, there is increasing evidence that sleep apnea

patients who also suffer from concomitant cardiovascular

disease should be treated with nasal CPAP.

Side Effects
As mentioned earlier, adherence to CPAP depends upon

the patient’s initial experience with the device. If the practi-

tioner can minimize side effects as early as possible, then

the patient is more likely to use CPAP. Congestion and rhi-

norrhea are some of the most common symptoms of CPAP.

Often, these symptoms are caused by nasal dryness which

Table 8. Adjusted odds ratio for hypertension at a follow-up sleep

study [50] according to the AHI at baseline

Baseline AHI, events/h Odds ratio adjusted for 

baseline hypertension

0 1.0

0.1–4.9 1.66 (1.35–2.03)

5.0–14.9 2.74 (1.82–4.12)

�15.0 4.54 (2.46–8.36)
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may cause an increase in inflammatory mediators.

Humidification may help to alleviate these symptoms and

if possible, should be started early if costs are not prohibi-

tive. Patients who are on medications that cause mucosal

dryness, or who suffer from nasal congestion, or who have

had previous surgery may find humidification helpful in

preventing worsening rhinorrhea.

Symptomatic treatment with nasal steroids or ipratro-

pium spray may also help alleviate nasal congestion.

Making the distinction between vasomotor rhinitis and

allergic rhinitis may help in choosing the most effective

nasal spray. Other strategies like using a chin strap or a full

face mask may also help alleviate reactive congestion and

rhinorrhea by preventing mucosal drying.

Other complaints center around poorly fitting masks or

skin breakdown around the masks. Using different types of

masks or nasal pillows has helped to improve patient com-

fort. Poorly fitting masks can also lead to air leaks which

can cause dry eyes, loud noises, and suboptimal pressure

delivery. Patients who report airleaks often state they have

poor sleep quality and do not feel symptomatic benefit

from treatment. Trying different masks can help improve

these symptoms but can take some patience and time.

Additional care should also be taken in patients who have

concomitant lung disease, such as bullous emphysema,

who may be vulnerable to barotrauma from excessive posi-

tive airway pressures. This is quite rare, but should be rec-

ognized as a possible complication of CPAP.

In summary, CPAP remains the treatment of choice for

patients with OSAHS, especially in patients with symp-

toms of daytime sleepiness. Acceptance and adherence of

CPAP remains problematic but is on par with treatment

with other chronic medical conditions. By improving the

initial experience of CPAP, patients are more likely to

adhere to treatment. CPAP can improve neurocognitive

functioning, performance, daytime sleepiness, and cardio-

vascular outcomes. The benefits of CPAP are still being

elucidated, but current evidence suggests that this mode of

treatment can improve not only quality of life but mortality

from cardiovascular disease.

Sleep Apnea: Prognosis

The clinical course of OSAHS is still the subject of

ongoing investigation. Currently, OSAHS is not thought to

be a fatal disease; however, several studies have shown an

increase in mortality amongst untreated sleep apneics, rec-

ognizing that such studies are frequently confounded by

comorbidities. So far, the most common cause of death is

due to cardiac disease. Repeated apneas cause hypoxemia,

hypercapnia, surges in sympathetic tone, episodic hyper-

tension, cardiac arrhythmias, and increases in ventricular

wall stress. Over time these insults likely contribute to

cardiovascular disease. OSAHS has also been associated

with hypercoagulability, systemic inflammation, endothe-

lial dysfunction, impaired glucose metabolism and the meta-

bolic syndrome. It appears that even though OSAHS in and

of itself is not fatal, the effect it has on cardiovascular dis-

ease contributes to increased mortality. Current research is

clarifying the effect of OSAHS on the cardiovascular sys-

tem to better understand if OSAHS is simply a marker for

cardiovascular risk, exacerbates underlying cardiac disease,

or actually causes cardiovascular injury.

Clinical Course

Although there is an association between increased age

and OSAHS, the natural history of the disease is not clearly

defined. We know that with middle age, there is an

increased prevalence of OSAHS when compared to young

adults. Then as age increases, the prevalence of OSAHS

increases. However, the prevalence plateaus at around 65

years old [39]. What we do not know is if the plateau in

prevalence is due to a decline in incidence or an increase in

mortality in the elderly population. The clinical course is

also not known. Do people get worsening sleep apnea as

they get older or do they maintain the same level of severity

throughout their course? Is sleep apnea in elderly patients a

different disease? Because aging is frequently complicated

by weight gain, the isolated effect of aging on the natural

history of sleep apnea is somewhat difficult to study.

Mortality

The mortality data on OSAHS are still emerging.

Because OSAHS is associated with obesity, cardiovascular

disease, and hypertension, drawing a clear relationship

between OSAHS and mortality is difficult. Studies have

been hampered by small numbers making them potentially

vulnerable to confounders. Earlier reports did not find a sig-

nificant correlation between OSAHS and death [114].

However, later several small studies demonstrated an associ-

ation between OSAHS and death. Seppala et al. [115] found

an increase in mortality among male snorers. Habitual snor-

ers were more likely to die in their sleep and were at higher

risk for morning death. Among sleep apnea patients,

Partinen et al. [116] found that those treated conservatively



with weight loss were more likely to die when compared to

those who had received tracheostomies. Likewise, He et al.

[117] found that sleep apneics with an AI � 20 had a higher

mortality than those with an AI � 20. They found this mor-

tality difference was especially true for patients �50 years

old. Since then, more studies have shown an increase in

mortality especially in middle-aged sleep apneics. Lavie et

al. [118] looked at 1,620 adults with OSAHS and found that

there was an increase in mortality during the fourth and fifth

decades when compared to the general population. They

found that the most common cause of death was due to

myocardial infarction. Interestingly, however, AI was not a

significant predictor for cardiopulmonary or cardiovascular

deaths even though it was a predictor for all cause mortality.

Reasons for this observation are speculative. Lavie et al.

[118] pointed out that perhaps it is the combination of con-

ditions such as lung disease and OSAHS or heart disease

and OSAHS that increases the risk of dying rather than

OSAHS alone. Alternatively, noncardiopulmonary causes of

death, such as motor vehicle accidents, may be associated

with higher AIs skewing the relationship between AI and

cardiopulmonary deaths.

Surprisingly, Lavie et al. [118] also noted that in sleep

apneics older than 70 years old, the risk of death was actu-

ally lower than that of the general population. It is hard to

believe that OSAHS could be protective. Perhaps elderly

sleep apneics referred to the sleep clinics in the study by

Lavie et al. may have been a healthier population or a sur-

vivor population. Nevertheless, the relationship between

age, OSAHS, and mortality has been unexpected in other

studies as well. The hypothesis that OSAHS contributes to

mortality in the elderly population has not clearly panned

out. Early studies by Ancoli-Israel et al. [119] found that

the RDI was an independent risk factor for mortality in

institutionalized elderly women. However, they did not find

a relationship between RDI and mortality for men in the

same institution. Later studies by Ancoli-Israel et al. [120]

found that in a community-dwelling elderly population,

RDI was also not an independent predictor of death.

However, those with an RDI � 30 events per hour had

shorter survival, dying up to 2 years earlier. Ancoli-Israel

et al. drew similar conclusions as Lavie et al. that OSAHS

may hasten death in those patients with other underlying

conditions such as cardiopulmonary disease, but is not

necessarily a predictor of mortality itself in the elderly

population.

As the evidence linking OSAHS to cardiovascular dis-

ease grows stronger, the question of how patients with

OSAHS die is being investigated. Gami et al. [121] looked

at whether OSAHS increases the risk of sudden death from

cardiac causes during sleep. From midnight to 6 am the

relative risk of sudden death from cardiac disease in

patients with OSAHS was 2.57. This is in stark contrast to

what occurs in the general population and in people without

OSAHS. In these populations, sudden death occurs in the

early morning hours from 6 am to noon and, in fact, there is

a decrease in risk from sudden death at night. However, this

study points out that the mean age at sudden death was the

same in both the sleep apneics and the control groups

(around 70 years old). Therefore, whether sleep apnea

increases overall risk of sudden death is still not answered.

This study was also not able to address what happens to

younger populations. What we do know is that sleep apnea

patients are at increased risk of sudden death at night as

compared with the daytime. Observations that OSAHS

is associated with autonomic and electrocardiographic

abnormalities such as increases in Q-T intervals during

periods of apnea [122], decreased heart rate variability

[123], cardiac arrhythmias, increased sympathetic activity,

and coagulation abnormalities may explain why sleep

apnea patients are at a higher risk of sudden death during

their sleep.

Because epidemiological studies have been troubled by

small numbers, study limitations, and confounding factors,

the clear link between mortality and OSAHS has not been

established even though much evidence points to an

increase in mortality from cardiovascular disease among

sleep apneics. Observational studies have tried to answer

the question of whether OSAHS increases mortality in

general and whether it causes increased risk of cardiovascu-

lar events (both fatal and nonfatal) in particular. Because

many patients with OSAHS are nonadherent to treatment

with CPAP, long-term observational studies of treated

vs. nontreated sleep apneics have been possible. Marti 

et al. [124] found that patients in a historical cohort of

sleep apneics who received no treatment had a higher mor-

tality than those who received some form of treatment

which included CPAP, surgery, or diet. The risk of death

was higher in patients �50 years old and highest in those

who had a history of severe chronic obstructive lung dis-

ease. A few more observational studies specifically addre-

ssing whether untreated OSAHS influences cardiovascular

outcomes and whether CPAP in particular changes these

outcomes have been published. Marin et al. [110] observed

treated and untreated male sleep apneics for 10 years and

found that those with severe untreated OSAHS had an

increased risk of fatal and nonfatal cardiovascular events.

CPAP reduced this risk and, in fact, those who were adher-

ent to CPAP had the same risk as the general population for

cardiovascular events.
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Abstract

Continuous positive airway pressure therapy (CPAP) rep-
resents the standard treatment for obstructive sleep apnea
syndrome (OSAS).With the aim of achieving optimal adapta-
tion of the treatment pressure to the actual requirement of
the patients and improving compliance, auto-adjusting CPAP
(APAP) devices were developed. They react to respiratory
flow, flattening of the inspiratory flow contour, snoring, gener-
ator speed or the upper airway impedance. In recent years,
the devices have proven to effectively treat respiratory distur-
bances, improve sleep profile and the self-assessment of the
patients equally as good as the gold standard constant CPAP.
APAP reduces the treatment pressure substantially.Although
an improvement of the patient’s compliance has not been
shown consistently, most patients prefer APAP vs. constant
CPAP. APAP devices use different algorithms depending on
the primary purpose of the application. Therefore, a clear
distinction between automatic titration and treatment is of
major relevance.While titration devices aim at the finding of
one single pressure which is fixed to a constant CPAP device,
automatic treatment means the chronic use of APAP at home
for optimal adaptation of the treatment pressure to the actual
requirements of the patient.A high constant CPAP level, huge
pressure variability, insufficient compliance with constant
CPAP may be indications for APAP treatment.The main rea-
son for automatic titration is standardization of the initiation
process.

Treatment of obstructive sleep apnea syndrome (OSAS)

with continuous positive airway pressure (CPAP) was intro-

duced in clinical practice at almost the same time as the

syndrome was recognized as a major clinical issue [1].

CPAP still represents the standard of treatment for OSAS.

Nevertheless, adaptation of the therapy requires large

efforts in education and personal resources. Great experi-

ence is needed to find the best equipment (CPAP device,

mask, humidifier) for the individual patient, to optimize the

treatment according to the patient’s needs or to side effects.

Moreover, an experienced technician or nurse is required

to perform the polysomnography and manual titration during

the night. Although CPAP has proven to be effective in

most patients with OSAS, several problems raised during

the application of CPAP in large patient groups:

(1) Adaptation of therapy by manual titration needs

additional time and attention of the technician besides the

supervision of the patient and the polysomnographic

parameters. The technicians have to focus on several poly-

somnographies in most sleep labs simultaneously, therefore

it cannot be excluded that a number of respiratory disturbances

might be overseen.

(2) Differences in the level of experience and education

of the technician and difficulties with standardization of the

titration procedure might lead to different therapeutic

results.

(3) Up to 30% of the patients reject constant CPAP ther-

apy, e.g. for local side effects.

Randerath WJ, Sanner BM, Somers VK (eds): Sleep Apnea.
Prog Respir Res. Basel, Karger, 2006, vol 35, pp 137–144
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(4) The level of the upper airways obstruction varies

within one night in different sleep stages or body positions,

from night to night due to spontaneous variability or

lifestyle, such as alcohol consumption, or in the longer

term due to nasal obstructions (rhinitis) or changes of the

body weight. Therefore, it seems difficult to define one sin-

gle pressure level for optimal treatment in any situation

throughout the treatment course [2].

In the light of these problems, self-adjusting CPAP

devices (automatic devices, APAP) were developed since

the mid-1990s [3–9]. The aim was to optimally adapt the

treatment pressure to the actual requirements of the patient

according to the varying level of upper airway obstruction.

APAP can be applied for two aspects [10], both crucially

important for the conception of the algorithm:

(1) On the one hand, APAP devices can be used for

automatic titration. They are intended to find the one single

optimal pressure level for continuous treatment with a con-

stant CPAP device at home. As under manual titration, the

pressure level should be as low as possible but has to com-

pletely suppress the respiratory disturbances in any situa-

tion throughout the course of therapy.

(2) On the other hand, algorithms for automatic treat-
ment are not intended to find a constant pressure level but

have to continuously adapt a treatment pressure every

night, in every situation to the actual level of obstruction.

The aim is to reduce the mean treatment pressure and to

improve the patient’s acceptance.

These two aspects focus in different directions. At the

end of this chapter, it will be discussed if they can be

reached sufficiently with one algorithm. First of all, the

technical aspect of automatic CPAP devices, their efficacy

and the indications for APAP therapy will be discussed.

Technical Aspects of Automatic CPAP Devices

APAP devices react to variations of respiratory flow,

flattening of the inspiratory flow contour (APAPFLAT), snor-

ing, or generator speed, thus indirectly determining the

degree of obstruction [2–7]. Furthermore, a system was

developed to directly measure the complex resistance, the

impedance, of the upper airways with the aid of the forced

oscillation technique (APAPFOT), thus making it independ-

ent of respiratory effort and flow characteristics [8, 9, 11].

Based on these parameters, APAP devices detect respira-

tory disturbances which induce elevations of the treatment

pressure. When the obstruction is overcome, the devices

reduce the treatment pressure at different speeds and differ-

ent frequencies.

Lofaso et al. [12] described an automatic device which

measured snoring based on pressure variations in the mask.

A high-frequency pressure sensor analyzed frequencies

between 30 and 280 Hz. It classified variations of the

amplitude as snoring and changed the treatment pressure

exclusively based on the detection of the snoring signals.

Scharf et al. [13] used a device which analyzed the breath-

ing pattern by flow and pressure sensor and classified

apneas, hypopneas or mixed apneas according to the reduc-

tion of the amplitude. The analysis of the flow limitation,

the flattening of the respiratory flow curve, is widely spread

in APAP devices (APAPFLAT). Condos et al. [14] described

variations of the flow contour on the different levels of the

upper airways obstruction. Ayappa et al. [15] found that

flow limitation indicated the recurrence of obstruction ear-

lier than snoring when CPAP was decreased. Teschler et al.

[7] studied an APAP device based mainly but not exclu-

sively on the analysis of the flow contour.

While the parameters snoring, flow, flattening and

esophageal pressure depend directly on the patient’s effort,

the measurement of the impedance by the forced oscillation

technique is independent of the activity of the patient. An

oscillatory flow with low amplitude is superimposed to the

breathing flow of the patient. A pressure signal is measured

at the mask which is composed of the actual CPAP pressure

and the pressure variations induced by the oscillatory flow.

The latter is used for the measurement of impedance. The

APAP device increases or decreases the treatment pressure

according to the relative changes of the oscillatory flow. In

contrast to the effort-dependent parameters, the impedance

can be measured even if the patient does not breath at all.

Farré et al. [16] demonstrated that the forced oscillation can

simultaneously be applied to CPAP in clinical routine.

Hoster et al. [17] experimentally compared the sensitiv-

ity of different parameters for the measurement of the

upper airway obstruction in young healthy persons (fig. 1).

The volunteers breathed through a tube which was nar-

rowed step by step down to a diameter of 1 mm. Flow, flat-

tening and esophageal pressure reacted in similar ways.

There was no significant change of the figures up to a

stenosis of 20–28 mm2. When the stenosis was narrowed

further, a sharp decrease of the flow and flattening and a

increase of the esophageal pressure were measured. In con-

trast, the impedance reacted substantially differently. There

was a continuous increase of the impedance beginning at a

stenosis of 130 mm2. Thus, the forced oscillation technique

presented as most sensitive in this study.

It has been difficult to compare the behavior of APAP

devices in response to different breathing disturbances.

Therefore, Farré et al. [18] implemented a bench test to
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simulate normal breathing, apneas, hypopneas, flow limita-

tion and snoring and to describe the different responses of

APAP devices. They used a computer-controlled breathing-

waveform generator, which consisted of a servo-controlled

pump to generate flow, a loudspeaker to generate snoring,

and orifices to simulate leakages. The APAP devices

reacted considerably differently. Two of five devices did not

detect apneas sufficiently. All devices showed pressure

increases to hypopnea or flow limitations and reacted cor-

rectly to the simulated snoring. However, in the presence of

leakages some devices reacted to apneas but reduced the

rate of pressure increase in response to hypopneas, while

others did not respond to apneas but to hypopneas.

Problems were found with devices based on snoring alone,

especially in case of leakages.

However, this first bench test was not able to simulate

upper airway obstruction and was therefore unable to test

the forced oscillation technique. Therefore, Rigau [unpubl.

data, 2003] and Schwaiboldt [unpubl. data, 2005] used a

modified simulator to reproduce flow and airway obstruc-

tion. They tested eight devices based on flow, flow shapes,

snoring or upper airway resistance. Once again, remarkable

differences were found. Only two devices, one based on

flattening, the other on forced oscillation technique, were

able to stabilize the virtual patient’s respiration to an 

AHI �5/h over the long-term.

These studies point out that there are relevant differ-

ences between the APAP devices according to their tech-

nique and algorithms (fig. 2). Thus, the devices are not

generally interchangeable [19]. The reactions in the indi-

vidual patients have to be tested under supervision in the

sleep lab.

The clinical use of APAP devices may be limited by sev-

eral problems:

(1) Flow- or flattening-derived devices (APAPFLAT) do

not discriminate between central or obstructive distur-

bances in case of complete interception of the airflow.

(2) The device based on impedance alone (APAPFOT)

could not detect leakages or other artificial increases of the

upper airway resistance, which led to unintentional pres-

sure increases.

Therefore, a new APAP device was developed which

unified the advantages of the forced oscillation technique,

the flattening and snoring. Therefore, it allows the detection

of leakages, central breathing disturbances, and initial

obstructions (such as flattening or snoring). Moreover, dis-

crimination of inspiration and expiration is possible. The

algorithm excludes pressure reactions to pure expiratory

obstructions which often result from mouth leakage due to

the position of the soft palate. Based on this technique, not

only a treatment but also a titration algorithm has been

developed. The first results prove the good efficacy of this

APAP device based on the combination of flow and imped-

ance in both algorithms [Galetke, unpubl. data, 2005].

Efficacy of the APAP Therapy in Chronic
Treatment

Numerous studies were performed to evaluate the clini-

cal efficacy of APAP devices in the treatment of OSAS.

Most data are available for the APAP devices based on

flow, flattening or impedance. In a large group of unse-

lected consecutive patients with OSAS, APAPFOT was simi-

lar to constant CPAP in all polysomnographic aspects. The

patients were treated in a randomized, double-blind study

for 6 weeks with both constant CPAP and APAPFOT. The
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Fig.1. Variations of flow (�), flattening (�), esophageal pressure (�)

and impedance (�) during experimental breathing. A tube was nar-

rowed gradually to a diameter of 1 mm. Flow, flattening, and esophagical

pressure did not change relevantly up to a square of 20–28 mm2. The

impedance signal increased much earlier and was therefore more sensi-

tive in detecting early obstructions [17, modified].
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CPAP pressure and the mean APAP pressure increased in

correlation with the Body Mass Index. However, there was

a substantial reduction of the treatment pressure with

APAPFOT by 1.5–2.5 mbar reaching 6 mbar in individual

cases. The pressure range of the APAP device should be as

wide as possible to reach the best pressure reduction [20].

Berry et al. [10] evaluated the available literature in a

review of the American Academy of Sleep Medicine in

2002. They found evidence that APAP devices effectively

suppress respiratory disturbances in a huge majority of the

patients. While they are equally as effective as constant

CPAP, in general the mean treatment pressure can be

reduced significantly [10].

When APAP was introduced in clinical practice, it was

anticipated that the pressure variation might impair the

sleep quality. However, those fears were not confirmed

using modern automatic devices in recent years. On the

contrary, most studies showed an improvement of sleep

parameters as compared with the baseline. Moreover,

APAP reduced arousals and improved REM and slow-wave

sleep as well as constant CPAP [10].

Although APAP has proven to be as effective as constant

CPAP, an improvement in patients’ compliance could not

be demonstrated consistently [6, 20–25]. However, it is

remarkable that constant CPAP reaches very high levels of

compliance under the conditions of controlled studies

which might not be representative of the real life situation

[20]. However, in several studies the majority of patients

(up to 75%) preferred APAP against constant CPAP. APAPFOT

was preferred by a huge majority of unselected difficult-to-

treat patients as compared with bilevel therapy [20, 21].

Similar data were presented by Marrone et al. [22] who

verified the patients’ self-assessment using objective

parameters. The patients used the preferred devices (CPAP

or APAP) for longer time periods. 14 of 22 patients who

preferred the flow-derived device as compared to CPAP

showed a daily compliance of 4.8 � 1.8 h/day under CPAP

while it reaches 5.5 � 1.5 h/day under APAP. Interestingly,

the baseline AHI was significantly lower in those patients

who preferred constant CPAP.

Several studies evaluated the clinical symptoms of

OSAS, the quality of life and the sleepiness based on -

self-assessment questionnaires and electrophysiological

tests. Senn et al. [26] compared constant CPAP with two

different APAP devices based on the detection of apneas

and hypopneas or snoring and variations of the flow

contour, respectively. They found an improvement of the

symptoms and quality-of-life scores and the performance

in maintenance of the wakefulness test without any differ-

ence between the treatment modes. Massie et al. [25]

described an improvement in the vitality score and mental

health score of the SF-36 test but not in the Epworth

Upper
airway

Inspiratory
flow

V·

Oscillatory
pressure
signal (OPS)

%

Esophageal
pressure

PEs

Fig. 2. Schematic presentation of the differ-

ences between impedance and flow during

an increasing obstruction of the upper air-

ways in OSAS, which is represented in the

upper line. During the course, the esophageal

pressure becomes increasingly negative.

The impedance of the forced oscillation

technique increases similarly and reaches

its highest level at closure of the airway. The

amplitude of the flow signal reduces and the

peak is flattened. When the obstruction is

complete no flow can be measured, so that a

differentiation between central and obstruc-

tive apneas is impossible.
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sleepiness scale under APAP. The authors focused on

patients with a constant CPAP level �10 mbar. The

patients reported more recreation sleep, better sleep qual-

ity and less discomfort with APAP vs. CPAP.

In conclusion, chronic treatment with APAP offers addi-

tional treatment options which are equally effective in

terms of respiratory and polysomnographic parameters as

compared to constant CPAP. While an improvement in

patients’ compliance has not been shown consistently,

APAP reduces the treatment pressure substantially and is

preferred by most patients [27].

Indications for Chronic APAP Treatment

Despite the advantages of APAP treatment, it cannot be

recommended routinely for economic reasons. However,

while there are no generally accepted criteria for APAP

treatment at the moment, evidence increases for which

patients APAP treatment might be beneficial. APAP is often

used in patients with high variability of pressure requirements

depending on body position, sleep stages or night-to-night

variability. Moreover, in patients who are insufficiently

treated with constant CPAP, bilevel treatment is often

applied [28]. These patients may be candidates for APAP

treatment, too.

Therefore, the efficacy of APAPFOT was compared to

bilevel therapy in patients with difficult-to-treat OSAS.

Patients with primary CPAP intolerance, a high CPAP pres-

sure (�12 mbar), or with mixed sleep apnea syndrome with

a proportion of central respiratory disturbances of �10%

were randomly treated with both APAP or bilevel therapy in

a cross-over design. Substantial improvement in the respi-

ratory disturbances and arousals were observed in the over-

all group and the individual indication groups. The mean

AHI was lowered to values of around 10/h, with no signifi-

cant differences between the modalities. As compared to

earlier investigations comparing APAPFOT with constant

CPAP, this study differed by the higher baseline AHI and

difficult-to-treat disease status in which CPAP was ineffec-

tive or not tolerated by the patients. In a large majority of

patients (20 of 27), the AHI could be reduced to �10/h

with at least one of the two modalities [21].

Additionally, in patients with high pressure require-

ments (�10 mbar), Massie et al. [25] found a significantly

greater compliance under APAP as compared to constant

CPAP. Moreover, in this population APAP improved the

perception of sleep quality and treatment comfort.

Ficker et al. [11] studied 8 OSAS patients with constant

CPAP and APAP in randomized order. There were no

differences in the results of the Epworth sleepiness scale or

the polysomnographic data. However, the mean CPAP pres-

sure was significantly lower with APAP as compared to

constant CPAP. Especially the pressure applied in the lat-

eral body position was significantly lower with APAP than

that employed in conventional CPAP.

Although the night-to-night variability of OSAS is a

well-known phenomenon, the clinical relevance of the

problem was unclear. Therefore, the pressure profile of a 

6-week treatment period with APAP was analyzed in 20

patients with the aim of quantifying the pressure variability.

The deviations of the treatment pressure from the mean

value defined a variability index (VI). Breathing was

assumed to be stable if neither the mean of the VI nor �10%

of the treatment nights exceeded a defined threshold

(pressure variation of �1.5 mbar). Only 3 of 20 patients

fulfilled both criteria of pressure stability. The VI exceeded

the threshold in mean in 50% of the patients and in more

than 10% of the nights in 7 of the remaining 10 patients.

Based on these findings one can conclude that stability of

the pressure requirement is the exception and that variabil-
ity is the rule [29].

Automatic Treatment versus 
Automatic Titration

Besides important differences clear discrimination

between automatic titration and treatment is often lacking

in the literature. The aim of chronic automatic therapy is to

apply the optimal treatment pressure each and every night,

in every situation, in every sleep state, and in the case of

additional interfering factors such as nasal obstructions or

muscle relaxants (drugs, alcohol). The treatment pressure

should be as low as possible in each situation and should be

increased only in the actual case of obstruction.

Automatic titration does not principally differ from

manual titration. Both have to define one single pressure

level which is sufficient for every situation. Therefore, the

pressure value has to be adapted to the worst obstruction,

e.g. in the supine position or during REM sleep. The con-

stant CPAP level titrated manually or automatically, regu-

larly exceeds the mean pressure under automatic treatment.

It could be shown that the automatically titrated constant

CPAP allows for a sufficient improvement of sleep quality

and suppression of respiratory disturbances [30, 31].

However, it is obvious that a level, titrated in a single night,

will not optimally fulfill the varying requirements dictated

by changes of body weight or nasal obstruction during the

course of disease.
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The reports read out of the APAP devices describe the

pressure profile of a single night or longer time periods.

They mostly include maximum pressure (Pmax), mean pres-

sure (Pmean) and 95th percentile (P95). The latter describes

the pressure figure which is exceeded �5% of the time.

Teschler et al. [7] demonstrated that the P95 read out from a

titration device could be recommended for constant CPAP.

Based on these findings, different APAP devices were com-

pared. Kessler et al. [32] randomly studied 16 patients on 2

consecutive nights. They performed titration studies in the

sleep lab without supervision using two automatic devices.

As the P95 under APAPFLAT exceeded APAPFOT, different

figures for constant CPAP had to be recommended (fig. 3).

Pevernagie et al. [33] compared the same devices in a ran-

domized cross-over split-night study in 30 patients with

OSAS. They found relevant increases of the P95 under

APAPFLAT during wake-to-sleep transition while it fell

under APAPFOT. Moreover, the pressure variability was

higher under APAPFOT as compared to APAPFLAT. While the

authors found a lower snoring index with APAPFLAT there

was no difference in the respiration or sleep profile

between the two devices. These data indicate the difference

between the algorithms of automatic titration and treat-

ment. The APAPFOT device was designed for chronic auto-

matic treatment. For this reason, treatment pressure is set to

the lowest possible level throughout long periods of the

night, resulting in significantly lower P95 and Pmean, as com-

pared to titration algorithms. Automatic titration increases

the treatment pressure step by step but rarely lowers it.

Therefore, a higher variability of the treatment pressure

results from treatment devices (fig. 4).

Indications for Automatic Titration

Automatic titration is discussed for several reasons: On the

one hand, there is a long time delay between the suspicion

of OSAS and the start of the treatment due to long waiting

lists in some countries. On the other hand, the diagnostic

procedure and treatment initiation in the sleep lab is

thought to be too expensive.

Studying the use of APAP, some critical issues have to

be taken into concern:

APAP devices which cannot discriminate between cen-

tral and obstructive disturbances may increase the treat-

ment pressure inappropriately in case of central apneas,

hypopneas or periodic breathing and, therefore, aggravate

the situation.

Any positive airway pressure treatment, APAP, CPAP,

bilevel, may not sufficiently treat hypoventilation disorders.
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Fig. 3. Differences between the pressure

profile under automatic treatment and auto-

matic titration. The SOMNOsmart® (APAPFOT)

curve shows longer periods of minimal

pressure resulting in lower Pmean. On the

other hand, the P95 from the AutoSet can be

recommended for constant CPAP therapy

[32, with permission].

Fig. 4. Schematic presentation of the difference between automatic

titration and treatment. Automatic titration aims at finding a single

pressure level for constant CPAP. Thus, the algorithm increases pres-

sure whenever an obstruction can be found but rarely reduces it. On

the other hand, automatic therapy is intended to treat patients with the

lowest treatment pressure throughout any night of his course. Hence,

it will increase pressure if necessary but will reduce pressure when-

ever possible.
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A supplementation of oxygen or noninvasive ventilation

might be necessary in these cases.

Juhasz et al. [34] described central apneas and arrhyth-

mias in patients with pre-existing heart failure or lung dis-

eases.

Marrone et al. [35] found that CPAP titration by auto-

matic devices alone results in imperfect titration in �10%

of the patients. Only polysomnographic recording ensures

titration reliability in all patients.

For these reasons, unattended treatment initiation cannot

be recommended. The diagnostic evaluation and the first

treatment night have to prove that the patients do not suffer

relevant central disturbances or develop them under treat-

ment. Up to now, the studies on automatic titration

excluded patients with relevant cardiovascular or pul-

monary disorders, such as heart failure or chronic pul-

monary diseases. Therefore, there is no evidence of the

efficacy and safety of automatic titration in this group of

patients. Those APAP devices which detect central distur-

bances and avoid pressure increases might be used safely in

these patients. Patients with cardiovascular or pulmonary

diseases should be adapted to any positive airway pressure

treatment under attention in the sleep lab.

Moreover, there is a lack of evidence that automatic

titration might be efficient for economic reasons. The rapid

prescription of a treatment device does not fulfill the qual-

ity standards of the treatment of OSAS. Optimal diagnostic

work-up, follow-up, mask adaptation and patient education

are essential. Several disadvantages have to be taken into

account for the correct calculation of costs and effective-

ness: insufficient treatment, additional titration nights,

direct and indirect costs due to insufficient compliance,

time-consuming advice to the patient about the titration

device and sensors [see paper by Hein ‘Portable Monitoring

Systems’, this vol, pp 47–50]. Unattended CPAP titration at

home cannot be recommended by now as it does not allow

for polysomnographic and visual control of optimal pres-

sure adaption or for solving problems with the devices or

mask. The constant CPAP pressure should be recom-

mended not only based on the reading of the software, but

also on the correlation of the polysomnography with the

raw data of the respiratory disturbances and the pressure

profile.

Nevertheless, automatic titration may allow one to stan-

dardize the treatment initiation. The technicians have to

supervise several polysomnographies in most sleep labs.

Moreover, besides monitoring they have to attend the

patients in case of problems and to correct the sensors if

necessary. The level of education and experience differs

within the team. The interpretation of minor respiratory

disturbances such as flattening during the running study

is a major issue even for experienced sleep speciali-

sts. Automatic titration might overcome all these problems.

The devices allow for reliable reactions to respiratory

disturbances. Thus, the titration becomes independent

of the technician’s attention and experience and may be

cost-effective as repetitions of titration studies might be

reduced.

In conclusion, the clinician has to define why the use of

an automatic device is intended. If the purpose is to find a

constant CPAP pressure, an automatic titration algorithm

could be used and the P95 can be recommended for fixed

CPAP. If chronic automatic treatment is indicated, a treat-

ment device should be chosen to optimally reduce the treat-

ment pressure and adapt it to the actual need of the patient.

Regarding autoadjusting CPAP, the American Academy

of Sleep Medicine gives the following recommendations

[36]:

APAP titration and APAP treatment are not currently

recommended for patients with congestive heart failure,

significant lung disease, daytime hypoxemia and respira-

tory failure of any cause, or prominent nocturnal desatura-

tion other than from OSAS.

A diagnosis of OSAS must be established by an accept-

able method which, in most cases, is polysomnography.

Split-night studies and the use of unattended APAP – nei-

ther for titration nor for treatment in CPAP-naïve patients –

are not recommended.

Certain APAP devices may be used during attended

titration to identify by polysomnography a single pressure

for use with standard CPAP for the treatment of OSA.

Once an initial successful attended CPAP or APAP

titration has been determined by polysomnography, certain

APAP devices may be used in the self-adjusting mode for

unattended treatment of patients with OSA.

All patients being treated with fixed CPAP on the basis

of APAP titration or being treated with APAP must be

followed to determine treatment effectiveness and safety,

and must be re-evaluated if symptoms do not resolve or

the CPAP or APAP treatment otherwise appears to lack

efficacy.
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Abstract

Humidification of inspired air is critical for the protection
of the airways and alveoli of the lung.The nose is a highly effi-
cient conditioner of inspired air with a large mucosal surface
area and an airpath designed to create turbulent flow. Normal
upper airway function can be interfered with by the use of
positive airway pressure (PAP) therapy, leading to symptoms
such as nasal congestion, dry nose or throat, sore throat and
epistaxis.These symptoms are caused by mouth leaks, which
during PAP treatment lead to high unidirectional nasal airflow.
This has a cooling and drying effect on the nasal mucosa
which leads to mucosal inflammation, rebound nasal conges-
tion and an increase in nasal resistance creating a potential
vicious circle.The symptoms are a common side effect of PAP
therapy and may decrease both compliance and the effective
pressure delivered to the oropharynx. Adequate humidifica-
tion of inspired air attenuates these increases in nasal resist-
ance, symptoms, and may increase compliance with therapy.
The types of humidifiers available, their limitations, alterna-
tives to humidification and the current prescription practice
for humidification will also be discussed.

Normal Nasal Physiology and Function

The nasal airway performs two main functions in respi-

ration, filtration of particulate matter and conditioning of

inspired air. Normal mucociliary function in proximal lung

airways depends on adequately conditioned air, and in the

presence of dry air there is increased mucus viscosity, slow-

ing of mucociliary transport, cilial dysfunction and epithe-

lial cell death. This in turn inevitably leads to atelectasis

and pneumonia, a sequence of events that was quickly

appreciated by pioneering physicians attempting long-term

ventilation through bypassed upper airways.

The anatomy of the nasal airway ensures very efficient

conditioning of inspired air by causing turbulent airflow and

maximizing the contact between air and mucosa (fig. 1).

Room air entering the nasal airway at 20�C and 50% relative

humidity will be approximately 32�C and 100% humidified

by the time it reaches the nasopharynx. Conditioning is nor-

mally completed in the trachea at a point known as the

isothermic saturation boundary. This point may shift distally

with high minute ventilation such as with exercise, and if it

reaches proximal airways may trigger the phenomena of

exercise-induced asthma.

The energy and water required for air conditioning is

supplied through a rich submucosal vascular network. There

is rapid movement of water across the mucosa with the

approximately 150 �l of fluid that covers the nasal mucosa

being replaced every 90 s. A counter current system is used

to maximize efficiency. During inspiration the mucosa is

cooled as it gives up heat and moisture, but during expira-

tion the air is warmer than the mucosa and approximately a

third of the water and heat lost in inspiration are recovered.

The total loss of water per day is approximately 300–400 ml

and is known as the respiratory insensible water loss.

The nasal mucosa is highly specialized with the system

of glands, goblet cells and blood vessels under the influence
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of an autonomic neural network that delicately adjusts the

secretory control system to changes in demand due to

changing breathing patterns and environment. Blood vessels

run in the long axis of the turbinates with the venous system

lying superficial to the arterial system with interconnections

through numerous anastomoses. Within the turbinates and

parts of the septum there exist erectile tissue rich in capaci-

tance vessels. Filling of capacitance vessels and blood flow

is regulated by sympathetic postganglionic vasomotor fibers,

and nasal glands by postganglionic parasympathetic

fibers from the pterygopalatine ganglion. Rich local neural

networks exist and while the afferent receptors are not well

understood, it appears that they respond to osmolarity of the

mucosal surface. Normal nasal secretions consist of 2–3%

mucin, 1–2% salts, with the remainder being water [1]. If the

requirement for conditioning increases, evaporation of water

increases salt concentration at the mucosal surface. This

stimulates afferent nerves with resulting increases in sub-

mucosal blood flow, enlargement of capacitance vessels and

increasing secretion from nasal glands.

An efficient air conditioning system necessarily has

high resistance to airflow, and the nasal airway is no excep-

tion. Nasal resistance is approximately half of total airway

resistance with the narrowest part of the respiratory tract

being at the nasal valve, a physiologic site at the proximal

end of the turbinates. Changes in the caliber of the capaci-

tance vessels at this site in response to changes in demand

for humidification may cause large changes in nasal resist-

ance. Other factors that may normally influence nasal

resistance include the nasal cycle, which is a phenomenon

in which nasal resistance alternates from one nostril to the

other at an interval of approximately 90 min, supine posture

which increases resistance, and stimulation of ventilation

by exercise, hypoxia or hypercapnia, which decrease resist-

ance. Rhinitis of any cause increases resistance and it can

be reduced by treatment with atropine, sympathomimetic

decongestants and steroids.

Considerable understanding of normal and abnormal

nasal physiology has been derived from experimenting with

a phenomena well known to alpine enthusiasts – skiers

nose. Nasal hypersecretion in lift queues is a frequent prob-

lem due to the normal nasal physiologic systems being

overwhelmed and then unable to adapt to a sudden decrease

in demand due to reduced ventilation. Experimental models

of cold dry air exposure have demonstrated the importance

of unidirectional airflow, the appearance of inflammatory

mediators on nasal mucosa if it becomes hyperosmolar,

and the reversal of the process by humidification [2–4].

This research, originally undertaken to enhance under-

standing of exercise induced asthma, has serendipitously

provided important insights into some of the adverse effects

of PAP therapy.

Nasal Symptoms and PAP Therapy

The nasal breathing route is preferred by most, but it has

higher resistance than the alternative, mouth breathing, and

thus causes higher work of breathing. If nasal resistance

becomes abnormally high the normal response is to switch to

mouth breathing to reduce work of breathing. Measurement

of partitioning between mouth and nasal breathing is diffi-

cult as the instrumentation required may influence breathing

route, but it has been shown that increases in nasal resistance,

or airflow (which indirectly increases resistance) as with

graded exercise, normally causes an increased proportion of

breathing through the mouth. Long term increases in nasal

resistance as seen in chronic rhinitis may cause mouth

breathing to be learnt, so that if rhinitis resolves, mouth

breathing may continue.

The preferred route of breathing for many patients with

OSA is through the mouth. We conducted a survey of 600

new patients attending a sleep service in Australia and found

that two thirds had a history of chronic nasal symptoms

before starting therapy. There is evidence that nasal disease

may sometimes play a causative role in OSA, with patients

suffering from allergic rhinitis having a higher AHI during

episodes of rhinitis. The mouth is nearly as efficient as the

nose as a humidifier, and mouth breathing has no known

long-term adverse effects apart from OSA. However, if PAP

therapy is required, mouth breathing may have unwanted

consequences.

Left nasal cavityRight nasal cavity

Middle  
turbinates

Inferior 
turbinates

Septum

Fig.1. Schematic representation of a coronal CT of the nasal passage.



Treatment Humidification 147

Mouth leaks during PAP therapy are common and offer

a rational mechanism for the development of adverse upper

airway symptoms as they cause high unidirectional nasal

airflow, progressive drying of the upper airway mucosa,

release of inflammatory mediators, increased nasal mucosal

blood flow, increased nasal resistance and daytime upper

airway symptoms [3, 5, 6].

The degree of mouth leak with PAP therapy depends on

the pressure in the nasal mask, the nasal resistance and the

extent of jaw opening. With a well-fitting mask, the mean

flow through the mask (i.e. difference between inspiration

and expiration volumes) is small, in the order of 0–12

liters/min. At CPAP pressures over 10 cm H2O, pinhole leaks

between the lips give measured leaks of 24–60 liters/min [6].

Sealing the lips abolishes this increase. Leaks via the mouth

in excess of 40 liters/min are commonly encountered in clin-

ical practice since PAP devices are designed to deliver large

flows.

We conducted a series of experiments during which nor-

mal subjects deliberately simulated a mouth leak of 50

liters/min for 10 min while using CPAP [6]. Nasal resist-

ance was measured, using posterior rhinomanometry, to

assess activation of compensatory nasal physiologic mech-

anisms to mucosal drying. This stimulus induced a fourfold

increase in nasal resistance that reduced rapidly for 10 min

then more slowly over 30 min but had not returned to base-

line at the conclusion of the test (fig. 2). All subjects also

experienced discomfort during the stimulus followed by

rhinorrhea and a persistent sensation of nasal congestion

that lasted longer than the 40 min of the test. Repetitive

challenges of mouth leak, to simulate the occurrence of

multiple mouth leaks during the course of a night, demon-

strated that there was no tachyphylaxis (fig. 3) [6]. Mouth

leaks of 3 min in duration repeated every 10 min caused

increases in nasal resistance of similar magnitude each

time. Nasal resistance did not reach baseline between chal-

lenges, causing a gradual increase in baseline resistance

over time. An unpublished series of experiments on a group

with chronic nasal disease demonstrated a higher baseline

resistance and a much greater response to the stimulus such

that it became difficult to measure nasal resistance.

Subjects with established nasal disease appear to be signif-

icantly more susceptible to the effects of nasal mucosal

drying than those without symptoms.

The same subjects were tested using protocols that used

air at differing temperatures and humidities. Fully humidi-

fied air at temperatures ranging from 23�C (similar to the

output of commercially available heated humidifiers) to

37�C were found to prevent the response to the stimulus.

Cold passover humidifiers, which provide little added

humidity at high flows, were ineffective at preventing

increases in nasal resistance. These findings were extended

by another group [5], employing an identical protocol but

measuring nasal mucosal blood flow using a Doppler

method, who found increases in nasal blood flow were

attenuated with the use of fully humidified air.

The results of the above observations and experiments

suggest that nasal symptoms during PAP therapy are likely

to be due to mouth leaks. They suggest that a mechanism

similar to that described in cold dry air challenges is

involved in the development of upper airway symptoms but

also raise some possibilities, which are unique to PAP ther-

apy, that deserve consideration. As increased nasal resist-

ance predisposes to mouth breathing, and during PAP

therapy mouth breathing leads to increased nasal resistance,
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Fig. 2. Increase of nasal resistance after stimulus and gradual decrease

of nasal resistance over 20 min. Shaded area represents stimulus of

10 min.
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Fig. 3. Mean nasal resistance after repeated challenges of mouth leak

with room air at 50 liters/min. Shaded areas represent the four peri-

ods of mouth leak for 3 min each.
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a vicious circle may occur (fig. 4) which is self sustaining.

For patients starting therapy with PAP the only way to pre-

vent this circular escalation is to seek added treatment such

as humidification that disrupts the sequence of events, to

persist hoping that it will spontaneously resolve, or to stop

PAP therapy. It is likely that some choose the last option.

Additionally, the degree of increase in nasal resistance may

reduce efficacy of PAP therapy. A change in nasal resistance

of 10–15 cm H2O/liter/s at flow rates observed during nor-

mal tidal breathing, would equate to a pressure drop of

5–7.5 cm H2O across the nose [6]. This degree of change in

resistance was observed frequently during the experiments

described above. CPAP titration for OSA is performed to

determine a mask pressure that is assumed is transmitted to

the anatomic site on which the positive pressure acts – the

oropharynx. These results demonstrate that the nasal airway

is dynamic, and suggest that patients experiencing nasal

symptoms may experience a critical reduction in CPAP

delivered to their oropharynx, which can result in subopti-

mal treatment of their disease.

Clinical Evidence

Patients commencing CPAP for OSA frequently find it

inconvenient and may experience a range of difficulties that

interfere with their ability to use the therapy. Several studies

have documented a high frequency of complaints including

discomfort from the mask, upper airway symptoms, sleep

disruption due to noise and the presence of equipment, and

difficulty exhaling. Upper airway symptoms including nasal

congestion, dry nose or throat, sore throat and epistaxis

affect 30–70% of patients and may limit long-term accept-

ance [7–10]. Approximately 20–30% of patients prescribed

CPAP do not use it long term. The reasons that cause

patients to decline PAP therapy are often complex, and it is

unusual for one single factor to be identified, but side effects

are generally important.

Four studies have addressed the effects of humidifica-

tion on acceptance rates of CPAP therapy for OSA. Massie

et al. [11] studied 38 new CPAP users comparing heated

humidification, cold passover humidification and no humi-

dification using a randomized crossover design. They

found significantly increased use of CPAP (35 min per

night) in those using heated humidification compared to no

humidification, a reduction in reported upper airway side

effects, and increased satisfaction with treatment. Use of

cold passover humidification was ineffective. There was a

strong seasonal influence demonstrated, with significantly

larger increases in CPAP use noted in winter months com-

pared to spring months. Neill et al. [12], using a very similar

crossover design, compared heated humidification with

placebo humidification in 37 new CPAP users. They found

a modest improvement (24 min per night) in CPAP use over

a three week period in those using heated humidification,

and a reduction in symptoms compared to placebo.

Rakotonanahary et al. [13] studied a cohort of 82 new

CPAP users for a medium duration of 347 days. 46 subjects

(56%) developed upper airway symptoms and were started

on cold passover humidification, with 23 experiencing per-

sistent symptoms and subsequently starting heated humi-

dification. The group using heated humidification had

significantly greater mean CPAP use (5.4 h) than those

using cold passover humidification (4.6 h). Mador et al.

[14] performed a randomized parallel study of one year

duration comparing a group who received heated humidifi-

cation at the onset of CPAP therapy, with a control group

who received heated humidification only if they developed

upper airway symptoms refractory to other measures.

Despite chronic upper airway symptoms being very com-

mon in both groups before initiation of CPAP only a quar-

ter of control subjects complained of more than mild

symptoms when on treatment. Half of the subgroup of con-

trols who developed troublesome symptoms were success-

fully treated with simple measures and half were crossed

over to heated humidification. There was no difference

between the groups in use of CPAP, quality of life, or

sleepiness although there were fewer upper airway symp-

toms in the group using heated humidification. These

results suggest that routine use of heated humidification at

CPAP initiation does not lead to better outcomes than treat-

ment of symptoms as they arise.

The current literature generally supports the use of

heated humidification in the large minority of patients who

Mouth leak

Unidirectional 
flow

Mucosal drying and 
rebound congestion

Nasal 
resistance

Fig. 4. The vicious circle for the development of nasal symptoms

when using PAP therapy.
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develop new or worsened upper airway symptoms during

PAP therapy for OSA. Heated humidification is effective at

preventing and treating upper airway symptoms associated

with therapy, although improvements in use of PAP therapy

may be modest. Patients generally make a decision about

long-term acceptance early in the course of therapy with

use at 1 month predicting use at 3 months [9], and subopti-

mal usage able to be identified after 4 nights [15]. Early

intervention for side effects is prudent, but in clinical prac-

tice nasal symptoms may be present for an extended time

before any treatment is initiated. The studies demonstrating

a positive effect of humidification on CPAP acceptance

have introduced humidification early, and it cannot be

assumed that these effects will be recognized if the addition

of humidification is significantly delayed.

There is no convincing evidence supporting the use of

humidification in patients using noninvasive ventilation.

However, upper airway side effects are common in patients

using this therapy and in some there is the additional con-

cern of worsening sputum retention if the nasal humidifica-

tion system is overwhelmed resulting in the isothermic

saturation boundary moving distally. In addition, if nasal

resistance increases in these patients and causes increasing

mouth leak, treatment efficacy may be compromised. It is

therefore common clinical practice for patients using non-

invasive ventilation to be routinely prescribed heated

humidification.

Treatment of Upper Airway Symptoms

Treatment of pre-existing nasal disease should always

be considered in patients starting CPAP therapy, but is fre-

quently neglected. Effective therapy may reduce a tendency

to mouth breathe, and reduce the sensitivity of the nasal

mucosa to drying, thereby significantly reducing nasal

symptoms.

Full face masks offer a potential treatment as they pre-

vent the high unidirectional nasal airflow caused by mouth

leaks [16, 17]. Many patients find them difficult to use and

less comfortable than a nasal mask, which has restricted

their use for this indication. However, with improvements

in design they are becoming an attractive alternative to

heated humidification for some patients with upper airway

symptoms. Some clinicians have advocated the use of oily

nose drops, with the aim being to reduce nasal drying by

providing a barrier to evaporation. The use of oily drops has

not been subject to a clinical study, except where they were

used as a control, and were found to be less effective than

heated humidification [18]. Chin straps have been widely

used to reduce mouth leaks, but the effect on nasal symp-

toms has not been studied. They may reduce but not elimi-

nate mouth leaks, and are not always well tolerated, but are

an inexpensive option for some patients.

The principle treatment of upper airway symptoms

caused or exacerbated by PAP therapy is humidification.

There are three types of devices available, heat and mois-

ture exchangers (HMEs), cold passover humidifiers, and

heated humidifiers. HMEs are membranes placed in the

distal part of the CPAP tubing or the mask inlet that retain

expired heat and moisture to humidify subsequent inspired

air. These are ineffective for symptoms caused by mouth

breathing because expired air does not pass through the

membrane. Cold passover humidifiers use a reservoir of

water at room temperature in the airpath with a large sur-

face area to maximize evaporation. Humidity output is

modest and reduces significantly during periods of high

airflow associated with mouth leak. They have not been

found to be effective in reducing increases in nasal resist-

ance or nasal blood flow in normal subjects, or improving

symptoms or CPAP use in clinical studies.

Heated humidification uses the same setup as cold

passover humidification, except that the reservoir of water

is heated to above 40�C. The water bath may be separate, or

more commonly integrated with the CPAP device (fig. 5).

Heated humidifiers are capable of producing fully saturated

air at the mask at just above room temperature even with

high airflow and effectively prevent nasal responses to high

unidirectional airflow. The amount of water lost on respir-

ing non-humidified air has been reported to be decreased

by 44% with heated humidification compared with 16%

Fig. 5. An example of a heated humidification unit integrated with a

CPAP unit. Copyright ResMed Limited 2005.
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with cold passover humidification [19]. Heated humidifiers

are the only humidification method that has been shown to

reduce nasal symptoms or increase CPAP use in clinical

studies.

Tube condensation is a problem frequently encountered

with heated humidifiers and occurs because air rapidly

cools between the humidifier and mask, reducing its ability

to transport water. Condensation increases in conditions

that promote heat loss from the tube such as cold ambient

conditions or drafts, and can be reduced by decreasing the

humidifier temperature, insulating the tube or increasing

ambient temperature. Problems with condensation can gen-

erally be overcome with advice and some minor adjustment

of the humidifier output. The possibility of iatrogenic respi-

ratory infection from pathogens growing in the water bath

is frequently raised as an issue, but there are no reported

cases of this having occurred. There are a number of rea-

sons that make this possibility unlikely. Patients using

CPAP or non-invasive ventilation have intact upper airway

defenses against infection in contrast to those who are intu-

bated, the temperature of the water bath in most heated

humidifiers is bacteriocidal to the majority of pathogens,

and heated humidifiers produce molecules of water which

are too small to transport pathogens. So unless water is

accidentally spilled into the tube, there is no means of

transport from the humidifier bath to the upper airway.

Some clinicians advocate the use of sterile water for heated

humidifiers to avoid the possibility of iatrogenic infection,

but this is an unnecessary and expensive option.

The use of heated humidification in CPAP therapy for

OSA has increased rapidly over the last decade. In the USA,

it is estimated that two thirds of patients prescribed CPAP

are also prescribed humidification. Some of this has been

driven by reimbursement issues and the availability of inte-

grated humidification with many CPAP devices, rather than

clinical need. The use of cold passover humidifiers, which

were once widely used, has declined considerably over this

time. In Europe, the proportion prescribed heated humidifi-

cation is somewhat lower at approximately a third of

patients. To some extent the use of humidification is deter-

mined by the ambient conditions, with prescriptions being

higher in locations with climatic extremes and the frequent

use of central heating than in equatorial climates with less

variation in temperature and higher ambient humidity.
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Abstract

This overview summarizes current knowledge of effects,
side effects and indications for oral appliances in the treat-
ment of patients with obstructive sleep apnea (OSA) and
snoring. Mandibular repositioning appliances (MRAs) in vari-
ous designs represent the most evaluated type of oral appli-
ance. MRAs relocate the lower jaw forward and downward in
order to prevent sleep-induced pharyngeal collapse. Short-
term success rates with MRAs of over 80% of selected OSA
patients have been reported, but figures vary. MRAs are indi-
cated for patients with mild to moderate OSA, men with
supine-dependent OSA and women. Patients with initial treat-
ment success may benefit from MRAs over a long time, pro-
vided that they do not gain weight and wear high quality
devices.There are few randomized controlled trials of treat-
ment effects from MRAs on OSA, particularly regarding symp-
toms. MRA design, methodology and the teamwork between
dentists and physicians has an influence on the treatment out-
come. Continuous positive airway pressure is the primary
treatment for patients with more severe OSA because of its
superior effects compared with MRAs. Another drawback of
MRAs is their dependence on healthy teeth and the risk of
dental side effects. It is concluded that MRAs are indicated for
selected patients with OSA, but more research is needed.

Highly effective treatments are required for patients

with obstructive sleep apnea (OSA) who suffer from

a varying severity of nightly breathing stops with poor

oxygenation, irresistible daytime sleepiness and cognitive

deficits in combination with longer-term increased risks for

other disorders such as cardiovascular disease and acci-

dents. The multicausal character of OSA, including factors

such as gender, obesity, age, endocrine disorders and mor-

phologic abnormalities indicates that a battery of treat-

ments is desirable.

Oral appliances represent an attractive, simple and non-

invasive treatment option for patients with OSA and snor-

ing. Mandibular repositioning appliances (MRAs) in

various designs are the most widespread and evaluated

types of oral appliances [1, 2], and the effects and side

effects of MRAs are therefore the main topic of this

overview. Tongue-retaining devices, which intend to hold

the tongue forward into an anterior bulb by suction, exem-

plify another, less effective type of oral appliance [1, 2].

MRAs widen the upper airway by holding the mandible

forwards and downwards in order to avoid OSAs and snor-

ing [1, 2]. Already at the beginning of the 20th century,

Pierre Robin introduced a predecessor to the present MRA,

the ‘monoblock’, to facilitate breathing in children with

extremely retropositioned lower jaws and problems to keep

their airways unobstructed during sleep. Similar types of

devices have been extensively used in orthodontics in chil-

dren and adolescents for the treatment of distal occlusion,

i.e. the lower dentition retropositioned in relation to the

upper dentition, since the repositioning of the lower jaw by

the device will produce corrective forces on the teeth when

the mandible makes efforts to relocate backwards and

upwards again. Only during the last two decades, MRAs
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have become a widespread treatment modality for adult

patients with OSA and snoring.

High percentages of treatment success in OSA, of over

80% of selected patients have been reported, but the figures

are highly variable in the few randomized controlled studies

(table 1) and many case series that have been conducted so

far [1–12]. The randomized controlled trials have shown

clear reductions of OSAs from MRAs, whilst the effects on

symptoms and snoring as well as the longer-term health

effects and side effects have been less tested [3–11]. A

recent Cochrane review has stated that the evidence for

MRA treatment is limited and that continuous positive air-

way pressure (CPAP) should be regarded as the first treat-

ment of choice [12]. At present, MRAs are therefore

primarily indicated for patients with snoring or mild to mod-

erate OSA, men with supine-dependent OSA and women,

and as a secondary treatment in patients who do not tolerate

CPAP and have no other OSA treatment [1, 2, 13, 14].

Side effects from MRAs are common in the shorter term,

e.g. increased salivation and tender teeth, but these are con-

sidered negligible among patients who continue using the

device [1, 2, 13]. Longer-term dental side effects are mainly

manifested as bite changes, which may occur in one fifth of

the patients after 2 years and thereafter progress with time

[1, 2, 13, 15]. Once in a while these adverse events result in

recommendations to discontinue MRA treatment and the

need for another therapy for sleep apnea, although many

patients consider that the advantages of the device outweigh

the negative effects on the teeth. Methods to avoid these

adverse events will be of importance for the long-term

usage of MRAs in clinical practice. New data show that the

initial bite characteristics and the design of MRA predict the

bite changes during longer-term treatment [15].

Teamwork between dentists who are specialized in sleep

apnea treatments and physicians and the continuous education

in the discipline are essential for optimal results with this

method [1]. A great number of patients are treated with oral

appliances today, despite the fact that there is a need for more

evidence for this method. Some patients have continued to use

their devices for a long time, since the treatment was intro-

duced in the middle of the 1980s. It is therefore likely that the

benefits from the treatment are more obvious for many

Marklund152

Table 1. Results from crossover studies comparing MRA with placebo treatments or CPAP [3–12]

Recruited Both Inclusion AHI, RDI or ODI mean value (SD) [SEM] Objective 

patients arms criteria snoring

Baseline Placebo Placebo MRA % CPAP largest

device tablet success reduction

MRA vs. placebo device
Gotsopoulos et al. 85 73 RDI � 10a 27 [2] 25 [2] 12 (2] 36%b MRA

[2002]

Johnston et al. 21 20 ODI � 10 32 (21) 38 (25) 23 (23) 33%c

[2002]

Mehta et al. 28 24 AHI � 10a 27 (17) 30 [2] 14 [2] 38%b MRA

[2001]

MRA vs. CPAP
Barnes et al. 114 80 AHI 5–30 21 [1.3] 20 [1.1] 14 [1.1] 4.8 [0.5]

[2004]

Engleman et al. 51 48 AHI � 5a 31 (26) 15 (16) 19%b 8 (6)

[2002]

Randerath et al. 20 20 AHI 5–30a 18 (7.7) 14 (11) 30%c 3.2 (2.9) CPAP

[2002]

Tan et al. 24 21 AHI 10–49 22 (10) 8.0 (11) 70%c 3.1 (2.8)

[2002]

Ferguson et al. 24 20 AHI 15–55a 24–25 14 (15) 55%d 4.0 (2.2)

[1997]

Ferguson et al. 27 21 AHI 15–50 18–20 9.7 (7.3) 48%d 3.6 (1.7)

[1996]

Values for AHI, RDI and ODI represent mean values (SD) [SEM]. a � symptoms; b AHI � 5; cAHI � 10; dAHI � 10 � relief of symptoms.
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patients and their therapists than the scientific evidence shows

so far, a fact which encourages more research in the field.

Mechanism of Action

Oral appliances target the sleep-induced decrease in

upper airway dimensions, which is suggested to cause

OSAs in patients with undersized upper airways [1, 2, 13, 16].

A retropositioned or small lower jaw or increased soft

tissue volume may cause the reduced upper airway size.

Pharynx is longer and laterally constricted and the soft

palate and tongue may be enlarged in OSA patients [16].

The lateral narrowing in the upper airway consists of a

combination of increased amount of fat tissue and muscle

volume [16]. During sleep in the supine position, the upper

airway is particularly small when the lower jaw and soft

palate move backwards from gravitational forces. The

velopharyngeal area is the most changeable and vulnerable

site of the upper airway in OSA patients [16]. A collapse in

this region leads to subsequently increased risks of airway

narrowing at more caudally located sites.

MRAs stabilize the lower jaw forward and downward with

the intention to indirectly reposition the tongue and soft palate

in the same direction in order to increase upper airway dimen-

sions and reduce the effects of the sleep-induced decrease in

pharyngeal dilator muscle activity [1, 2, 16]. It has been

shown, that MRAs enlarge the upper airway, in oro-, velo-

and hypopharynx and reduce the pharyngeal collapsibility [1,

2]. There is predominantly a lateral enlargement of the upper

airway, but also an anterior-posterior expansion has been

observed [1, 2, 16, 17]. In this way, the tongue gets more

space and becomes flatter and more stretched out, equivalent

to the mandibular advancement [17]. The hyoid bone and the

mandible approach [1]. The mechanical fixation of the lower

jaw forward by the device is probably of importance for the

mechanism of the device. The pharyngeal resistance has been

found to diminish during the passive repositioning of the

mandible, but not during an active protrusion of the lower jaw

[18]. Possibly, muscles which stiffen the upper airway relax

by the device and this may also cause the increased lateral

dimensions in the pharynx. There are also indications that

MRAs increase the activity in some other upper airway dila-

tor muscles such as the genioglossus muscle [1]. A reduced

nasal resistance during mandibular advancement may further

contribute to the mechanism of the device.

Successfully treated patients receive a larger increase of

upper airway dimensions than patients who experience

treatment failure with MRAs, independent of the degree of

mandibular advancement and disease severity [17]. The

soft palate moves more forward and pharynx becomes less

flexed in good responders compared with nonresponders

[17]. Women increase their airway dimensions more than

men do when they move their lower jaws forwards [19]. On

the contrary, OSA patients who have a long soft palate, an

inferiorly positioned hyoid bone, an enlarged lower face

height or a small mandible have a reduced chance to widen

their airways by MRAs.

In summary, MRAs increase the upper airway dimensions

and reduce the pharyngeal collapsibility. OSA patients will

therefore be able to withstand more negative pressure during

breathing at night and reduce their risk of suffering from

sleep-induced OSAs compared with untreated conditions.

The Mandibular Repositioning

The degree of mandibular repositioning by MRA is a

crucial question, since this procedure is closely linked to

the treatment effect of the device. Larger forward displace-

ments of the mandible have given larger reductions in

OSAs [20], oxygen desaturations and pharyngeal collapsi-

bility compared with smaller advancements, often in a

dose-dependent way [14, 20]. Nonadvanced devices are

inefficient or may aggravate OSA. Clinical recommenda-

tions of more than 5 mm mandibular advancement, percent-

age values of above 50 or 75% of maximum protrusion or

maximal comfortable protrusion are common for MRAs.

The vertical displacement by MRA is usually advised to be

kept to a minimum, since large openings cause a backward

rotation of the lower jaw and this relocation may impinge

on upper airway dimensions. Still, advancements within a

wide range, from 0 to 12 mm have been related to treatment

success [14, 20]. Openings of 4–14 mm have produced sim-

ilar apnea reductions, although the patients preferred the

smaller opening [1, 2]. Probably, the structural response in

the pharynx from the mandibular repositioning is modu-

lated by factors such as the pretreatment pharyngeal or

craniomandibular morphology, gender and disease severity.

A forward and downward relocation of the mandible is

certainly necessary for optimal effects from an MRA. The

amount of mandibular displacement that is required for the

individual patient can, so far, not be predicted and has to be

titrated during the initial treatment period.

Types of MRAs

Two-piece adjustable MRAs are the most popular types

of oral appliances, since these enable an easy titration of the



optimal degree of mandibular advancement (fig. 1). A

remotely controlled MRA may further facilitate the titra-

tion procedure [21]. One-piece, monoblock types of

MRAs, in contrast, are made with the mandible in a fixed

position (fig. 1). Adjustment of these devices has to be per-

formed at a dental laboratory, where the upper and lower

parts of the device are separated and thereafter fixated

together in another position after a new bite registration

from the patient. Custom-made MRAs are most common.

These devices are made from individual plaster casts and a

wax index, which determines the mandibular repositioning.

There are also prefabricated MRAs, often of the boil-and-

bite type. A prefabricated device has been found to be inef-

fective in reducing sleep apneas compared with the effects

from a custom-made one [22]. This may be explained by

a poorer fixation to the teeth of a prefabricated device

compared with an MRA which is made to fit the individual

dentition. Various designs of custom-made devices also dif-

fer in their effects on OSA. The adjustable Karwetzky acti-

vator produced a better apnea reduction than another

adjustable device, the Silensor® [1, 2]. On the other hand,

there were similar effects on sleep apneas from a

monoblock MRA and the adjustable Herbst appliance with

similar degrees of mandibular advancement, but the

monoblock device produced better effects on symptoms,

snoring, sleep arousals and slow wave sleep than the

adjustable device [1, 2]. In yet another study, the Herbst

appliance had a better effect on subjective sleepiness than

the adjustable Twin Block appliance, although these two

devices were equally effective against sleep apnea [23].

More comparisons of treatment effects on OSA and

snoring between different designs of MRAs are essential in

order to define golden standards for construction details for

these appliances.
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Fig. 1. a The intended effect of MRA on the soft palate and tongue. b From top: SomnoMed adjustable oral appliance (courtesy of

SomnoMed), Klearway adjustable oral appliance (courtesy of Prof. Alan A. Lowe and Great Lakes Orthodontics, Ltd., Tonawanda, N.Y., USA),

Herbst adjustable oral appliance (courtesy of Great Lakes Orthodontics, Ltd.), Monoblock elastomeric oral appliance.



Definitions of Treatment Success

Different definitions of treatment success for MRAs have

been used, such as a cut-off point of the total apnea/hypopnea

index, with limits of below 5, 10 or 15. The percentage

reduction of sleep apneas, with a cut-off point at 50% has

also been used to define treatment success. The relief of pre-

treatment symptoms, mainly daytime sleepiness is often

added to the above criteria.

Effects on OSA

Treatment success defined in various ways has varied

from 19 to over 80% of selected OSA patients treated with

MRAs [1] (table 1). A recent Cochrane review has stated

that there are clear effects from MRAs on OSA with reduc-

tions of 11–15 apneas and hypopneas per hour of sleep

compared with placebo treatment according to results from

studies so far [5, 7, 8, 11, 12] (table 1). Arousals are

reduced, and there are also indications that minimum oxy-

gen desaturation increases with an active device compared

with a placebo treatment [5, 7, 8, 11, 12]. CPAP has, how-

ever, a better effect on sleep apnea with further reductions

of 8–13 apneas and hypopneas per hour of sleep compared

with MRAs [3, 4, 6, 9–12]. There is also a larger increase in

minimum oxygen desaturation and decrease in sleep

arousals from CPAP compared with oral appliances [3, 4, 

9–12]. These comparisons have primarily been derived

from samples of patients within the milder range of disease

severity with apnea/hypopnea indices of between 5 to 30,

with only single cases above that level. Also among the

mildest cases with an apnea/hypopnea index between 5 and

15, CPAP produced better effects on sleep apneas than

MRA [11]. Still, symptoms were equally reduced by both

treatments and the patients preferred MRAs [11].

A comparison between MRA and uvulopalatopharyngo-

plasty (UPPP), has shown that MRA more effectively

reduces sleep apneas among patients who continue using the

device [1, 2, 12]. The effects on sleepiness and vitality were

similar between the two treatments, but the patients were

more content with UPPP. Disadvantages from the two treat-

ments include persistent swallowing problems in 10% of

patients treated with UPPP and the discontinuation of treat-

ment in about one third of MRA patients after 4 years. Many

patients with insufficient positive effects from UPPP may,

however, experience treatment success with MRAs.

MRAs are effective in selected patients with sleep

apnea. CPAP should, however, be regarded as the first treat-

ment of choice in patients with a more severe OSA.

Predictors of Treatment Success

Predictors of treatment success with MRAs are usually

sought among the ethological factors in OSA, e.g. male gen-

der, obesity, craniomandibular abnormalities and age, disease

severity and the possibilities for these devices to counteract a

pharyngeal collapse. In this way, the elimination of the pha-

ryngeal obstruction during mandibular advancement and a

concomitant Muller manoeuvre [24] or during sedation [25]

observed by MRI imaging or nasendoscopy has predicted

treatment success in OSA and snoring. New results suggest

that awake flow-volume curves may predict the treatment

response to MRAs [26]. Validation of these methods in larger

samples may result in useful prediction methods.

In a large cohort of treated patients, the predictive

strength of variables from the sleep apnea recording, MRA

design and a number of background variables were tested

[14]. There was a gender difference in treatment effect in

favor of the women in that study. Among men, supine-

dependent sleep apneas and a larger mandibular advance-

ment favored success, while weight increase during

treatment related to a poorer treatment outcome. Among

women, it was favorable to have a milder disease and no

symptoms of nasal congestion. The gender difference in

treatment effect of MRAs may be explained by the longer

and more collapsible airway in men compared with what has

been found in women [14], with increasing difficulties to

avoid upper airway collapse by the simple mandibular repo-

sitioning procedure in men. In addition, men more often have

supine-dependent sleep apneas and they also reduce their

upper airway dimensions more when they move their lower

jaws backwards from a rest position compared with women

[27]. This probably explains why position dependency and

the degree of mandibular advancement were good predictors

of treatment success in men only in that study [14].

A number of morphologic predictor variables for MRAs

have also been proposed, but the value of these in the pre-

dictions of treatment success in clinical practice is uncer-

tain. Consequently, a short soft palate, a narrow pharynx or

a wide one and a high tongue position as well as a number

of skeletal variables such as maxillar prognathia, mandibu-

lar retrognathia and either a large mandibular plane angle

or a small one have been related to treatment success with

MRAs [13]. Also younger and slimmer patients with thin-

ner necks have been found to be more successful with the

device compared with older and more obese patients [1]. In

line with these results, a weight increase by more than

3–4 kg during treatment has been related to a reduced

chance of treatment success with MRA in men with OSA

[14]. In many studies, there is no association between
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obesity or age and MRA treatment effects. The continuum

of craniofacial and pharyngeal abnormalities in relation to

other factors such as the degree of obesity and age as well

as difficulties in measuring the pharyngeal soft tissue mor-

phology may explain the inconsistent results.

Sleep apnea recording and patient records contain useful

prediction information. A milder disease, supine dependency

in men, female gender, younger age and less obesity are

related to treatment success. The benefits from additional

diagnostic tools such as cephalometry or MRI have to be

evaluated in more studies before the risks and costs related to

these procedures can be considered. More research regarding

predictors of treatment success for MRAs in OSA is needed.

Effects on Symptoms

Many snorers seek medical attention because of poor

sleep quality and problems to keep awake during the day-

time. The majority of OSA patients suffer from excessive

daytime sleepiness [28, 29]. Snoring women are particu-

larly affected by sleepiness. Frequent awakenings at night

with sleep disruption and oxygenation dips are suggested to

cause daytime sleepiness and cognitive deficits in patients

with OSA [28]. Daytime sleepiness is, however, more com-

mon than cognitive deficits in sleep apnea patients [29].

This is compatible with the pathophysiological mechanism

that cognitive impairment and effects on quality of life

occur as a result of increased sleepiness rather than being a

primary symptom [29]. A more severe disease is therefore

related to poorer cognitive performance compared with a

milder disease. Sleepiness may, however, exist together

with a large variation in sleep apnea frequency [29].

Consequently, it may be difficult to evaluate treatment

effects on symptoms in patients who have been selected

mainly on the basis of laboratory measurements of sleep

apneas rather than sleepiness or cognitive dysfunction.

Despite the frequent symptoms of OSA, there are few

randomized controlled trials of effects of MRAs on sleepi-

ness and cognitive function [4, 6–8, 10–12]. This probably

reflects the fact that oral appliances are primarily recom-

mended for patients with mild OSA and snoring, who have

been regarded to suffer from less symptoms and conse-

quences on everyday life than patients with a more severe

disease. Also, CPAP has been found to produce less symp-

tomatic effects in patients with milder sleep apnea than in

patients with a more severe disease [29].

Slight reduction in subjective sleepiness, measured as 1-

to 2-step decrease in the Epworth Sleepiness Scale score has

been detected in patients treated with MRAs in comparison

with patients treated with control devices [7, 8, 12] or a

placebo tablet [11], but the results are inconsistent. The

decrease in subjective sleepiness from MRAs has been sug-

gested to be similar to that of CPAP or poorer, depending on

factors such as the design of the oral appliance and patient’s

compliance [4, 6, 10–12]. The effect of MRA on objective

sleepiness is variable [1, 11], although this may be an effect

of the lack of objective sleepiness among cases with milder

OSA. Despite the insufficient evidence for these devices

regarding symptoms, clinical experience witnesses of

patients who describe that they have got a ‘new life’ with

their devices.

Inconsistent results regarding effects on cognitive per-

formance, well-being and health have been found for both

CPAP and MRAs, with equal effects in some studies and a

better effect from CPAP than MRA in others [6, 10–12].

Placebo effects on tests of neuropsychological function,

mood and quality of life [11] and risks for hang-over effects

in crossover studies make the overall results of cognitive

effects of MRAs difficult to interpret.

The evidence for symptomatic effects from MRAs is

insufficient so far.

Effects on Snoring

An MRA has been found to reduce subjective and objec-

tive snoring in frequency and loudness compared with a con-

trol device in the short-term [1] (table 1). Snoring is, however,

better controlled with CPAP than with MRA (table 1).

Objective reduction of about half of the number of snores per

hour of sleep has been calculated in combined results from

studies of patients treated with MRAs [30]. One uncon-

trolled study has been performed on patients with upper air-

way resistance syndrome, who responded with reduced

subjective and objective daytime sleepiness, a better sleep

quality with less fragmentation and less snoring [13].

MRA reduces the frequency and loudness of snoring.

There are no methods to predict the successful reduction in

snoring, so far.

Effects on Blood Pressure

The short-term effects of MRAs on blood pressure have

been evaluated in two studies [11, 31]. In one study, there

was a decrease in the 24-hour diastolic blood pressure after

4-week treatment with MRAs compared with control

devices in symptomatic OSA patients [31]. The blood pres-

sure was particularly reduced in the early morning hours
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with an average of 3 mm Hg in patients treated with MRAs

[31]. The authors concluded that the effect of oral appliance

therapy on blood pressure was similar to that of CPAP

according to previous reports. In the other study, the dia-

stolic blood pressure decreased only during the night after

3 months of treatment with MRAs [11].

There are promising results regarding reductions in

blood pressure from MRAs in a few studies. More studies

including the knowledge of the underlying mechanism for

the increase in blood pressure among OSA patients may

lead to better understanding of treatment effects of MRAs

on secondary effects from OSA.

Long-Term Effects

Patients who experience initial treatment success have

about 80% chance to remain so, if they continue to use their

MRAs for the following 2–5 years according to a few, long-

term studied, small samples [13]. Increased snoring during

treatment is common.

The follow-up of patients in the longer term is impor-

tant, since factors such as weight gain, a worn out appliance

and redevelopment of symptoms may require adjustment or

replacement of the appliance, reassessment of the condition

with a new sleep apnea recording or recommendations of

another treatment.

Compliance

One quarter of patients who initiate treatment have been

reported to discontinue during the first years [14] and more

than two thirds may give up the treatment in the longer term

[2]. Patients with pretreatment symptoms and the effective

control of these [13], patients who do not experience side

effects and nonobese patients have a higher compliance rate

than others [14], which indicates that the compliance rate is

highly related to the efficacy of the appliance.

Patient’s Preference

Three studies so far have compared different types of

MRAs regarding patient’s preference, but there is no gen-

eral consensus based on these results. In one study [1, 2],

more patients preferred a monoblock MRA to the adj-

ustable Herbst appliance, and in another study [23], more

patients preferred the Herbst appliance to the adjustable

Twin Block device. Finally, more patients preferred the

adjustable hard acrylic Karwetzky activator to the Silensor,

a soft elastomeric adjustable device [1, 2]. However, most

patients who respond to treatment prefer MRA to CPAP,

probably because the oral appliances are generally easier to

use [1, 3, 4, 12].

No specific appliance has yet been identified to be best

tolerated by the patients. The skills of the therapist in rela-

tion to a specific type of treatment most certainly also

influence the patient’s choice of appliance.

Contraindications

One third of patients who have been referred to a sleep

laboratory for suspected sleep apnea have been found to

have odontological contraindications, such as an insufficient

number of teeth, periodontal disease or temporomandibular

joint disorders [1, 2]. Another fifth of the patients may

require close supervision of their dental conditions in order

to avoid odontological complications during treatment with

MRAs [1, 2]. Although oral health shows demographical,

socioeconomical and age-related differences, these figures

clearly demonstrate a restriction for this type of treatment.

Side Effects

Temporary short-term side effects from the introduction

of a foreign body in the mouth are common. The nightly

use of MRAs gives, however, more problems with exces-

sive salivation or dryness, tenderness of teeth and jaws and

the perception of an abnormal bite in the mornings than

control devices [1, 2, 12, 13]. Exaggerated gag reflex, frac-

ture of teeth and fillings or an aggravation of a temoporo-

mandibular joint disorder may also complicate the

treatment [1, 2]. These short-term adverse effects have been

considered to be negligible among patients who continue

treatment. On the other hand, patients with a poor treatment

outcome report more dominating side effects compared

with patients who use an efficient appliance.

In the longer term, most side effects disappear [1, 2, 13].

No permanent effects on the temoporomandibular joint

[20] or masticatory muscles have been observed, but the

development of abnormal bites becomes more common.

The patients are seldom aware of any adverse effects on

the dentition, except for the more extreme ones [13]. The

prevention of upper airway collapse during sleep by the for-

ward and vertical displacement of the mandible produces

backward forces on the upper teeth and maxilla and for-

wardly directed forces on the lower dentition and the
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mandible when the lower jaw attempts to go back to its nor-

mal postural position. The expected orthodontic effects

with a backward tipping of the upper front teeth, a forward

movement of the lower front teeth and mandible are more

or less clinically obvious, but may also be monitored on

cephalograms. The distance between the incisors in the

sagittal and vertical direction, the overjet and the overbite,

diminishes [13]. Depending on the initial bite characteris-

tics, this will have a different impact on various patients. A

normal bite may change into a mesial occlusion, i.e. the

lower dentition anterior to the upper dentition. In contrast,

patients with distal occlusion may receive more normal bite

conditions during treatment. After 2 years, about one fifth

of the patients have been found to receive bite changes of

more than 1 mm, and after 5 years this figure has increased

to about one third of the patients [13]. Extreme bite

changes have been reported in single patients, with 3–5 mm

change in dental occlusion after about 2 years [13].

Unacceptable dental side effects result in recommendations

for an alternative treatment. Even so, clinical experience

suggests that many patients prefer to continue with their

appliances, since the advantages from the treatment are

more important for them than the problems with bite

changes. Moreover, the bite changes often diminish in

patients who discontinue with the appliance.

A deep bite with the upper incisors interlocking the

lower ones with 3 mm or more diminishes the risk for long-

term bite changes [15]. The use of a soft elastomeric appli-

ance which extends over the alveolar processes or a smaller

repositioning by the appliance have also been found to

reduce the change in dental occlusion compared with the

use of a hard acrylic appliance that is only fixed to the teeth

or larger displacements of the lower jaw by the appliance.

These prediction possibilities will be particularly useful in

patients with initially normal bites.

Bite changes represent an increasing problem with

the common use of MRAs during longer periods of time.

The bite changes may be reduced by the individualization

of appliance design, patient selection and more intense

follow-up of patients who are at risk of dental side effects.

Interdisciplinary Collaboration

The interdisciplinary collaboration is of great impor-

tance to receive optimal treatment effects from MRAs. The

physician at the sleep apnea clinic has the diagnostic,

therapeutic and overall medical responsibility for the treat-

ment. The dentist takes care of the more precise installa-

tion of MRAs including odontological concerns and the

regular follow-ups of treatment in close collaboration with

the sleep apnea clinic. A written referral including the

results from the sleep apnea recording and a preliminary

oral examination is sent by the physician to the dentist who

is trained to treat sleep apnea and snoring. After a more

detailed oral examination, the dentist determines if the

patient is suitable for an oral appliance and informs the

patient about the expected effects and side effects from the

appliance before treatment starts. The patient is referred

back to the sleep laboratory for a renewed sleep apnea

recording with the appliance, after the dentist has evalu-

ated the treatment regarding subjective effects and com-

fort. A follow-up sleep recording is recommended, since

the improvement of symptoms is insufficient to predict a

successful apnea reduction by the appliance. Twenty-five

percent of patients who report reduced snoring with MRAs

have been observed to have an insufficient apnea reduction

by this type of treatment. The exact regimen for longer-

term follow-up has to be individualized based on a number

of factors such as sleep apnea severity, type of bite and oral

health. During the follow-up visits, the dentist monitors

the usage, side effects and other complications, the effe-

ctiveness of the appliance on snoring, sleepiness and sleep

apneas and the condition of the appliance. The control of

side effects at least every 2nd year and the replacement of

the appliance with a new one within a period of 3–5 years

are often necessary. The continuous contact with the sleep

laboratory is important, since the treatment effects on

OSA may vary over time, which may necessitate a renewed

sleep apnea recording or the patient may desire another

treatment for sleep apnea because of side effects or med-

ical concerns.

Conclusions

MRAs are an established treatment for selected patients

with OSA and snoring. More research is needed, however,

to determine which patients will particularly benefit from

the appliance, especially regarding symptomatic effects,

long-term effects and the risk of side effects.

Continuous education and the exchange of knowledge

between different areas of expertise in this new field of

sleep medicine will be of particular importance for this

highly interdisciplinary treatment modality.
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Abstract

The upper airway muscles are importantly affected in
obstructive sleep apnea syndrome (OSAS). The most important
dilator, the genioglossus, shows augmented activity during
wakefulness which decreases during sleep. Moreover, it shows
greater fatigue and structural changes such as abnormal fiber
morphology, inflammation and increased connective tissue in
OSAS. Because of the crucial role of the muscles in the upper
airway patency there is interest if electrical stimulation can
improve the efficacy of the muscles and lead to new therapeu-
tic options for OSAS. Indeed, the upper airways resistance can
experimentally be reduced in animals, healthy persons and
patients with OSAS using surface and intraneural stimulation.
To translate these results in clinical application, apnea-triggered
stimulation during sleep has been studied. However, although
there were some positive effects the results were inconsistent
and relevant side effects, such as arousals, were found.Tongue
muscle training is the most recent approach to improve the
function of the upper airways muscles.However, although snor-
ing significantly improved there was no relevant reduction of
respiratory disturbances in general. In conclusion, neurostimu-
lation cannot be recommended for clinical use at this time.
However, the available data prove the importance of the mus-
cles in the pathophysiology of OSAS and the partial positive
effects in patients encourage to go forward with this approach.

Obstruction of the upper airways in obstructive sleep

apnea syndrome (OSAS) is associated with diminished

neuromuscular activity of the dilating muscles [1] that

stiffen the pharyngeal airway during inspiration [2]. Several

factors have been proposed to influence the muscle tone of

the upper airways: The ineffective muscle response to

hypercapnia, hypoxia or negative pressure may be a possi-

ble predisposing factor for OSAS [3]. Moreover, breathing

through a narrowed airway generates a greater negative

intraluminal pressure, which increases the collapsing force

so that pharyngeal muscles must contract more forcefully

[3]. The activity of the dilator muscles is dependent on the

sleep state. With sleep onset, supraglottic resistance

increases in healthy persons. This phenomenon is even

more pronounced in snorers and sleep apnea patients.

Recent findings indicate that topical receptor mechanisms

in the nasopharynx importantly influence the dilator activ-

ity in OSAS [4]. However, at sleep onset, the activity

decreases largely in most patients [5].

The genioglossus muscle is one of the major pharyngeal

dilators which pulls the tongue forward, thereby enlarging

the cross-section of the upper airways. It has been

described that sleep apnea patients when compared with

normal cases have augmented genioglossus activity during

wakefulness [5]. This activity is thought to represent a neu-

romuscular compensatory mechanism of compromised

upper airway patency [6]. However, significant decreases in

activity are observed during sleep when compared to

controls [5, 7]. In an in vitro study, Carrera et al. [8]

recently found a greater genioglossus fatigability in OSAS

than in control subjects. It has been shown that episodic

hypoxia/asphyxia reduces upper airway muscle endurance
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and selectively impairs pharyngeal dilator responses to

physiological stimulation [9]. Moreover, in an animal

model Petrof et al. [10] found abnormal fiber morphology,

inflammatory cell infiltrates and increased connective tis-

sue in upper airways dilator muscles. The changes were

consistent with muscle injury and were accompanied with

changes to the proportions of the muscle fiber types. Series

et al. [11] described similar increases of the cross-sectional

area of muscle fiber and the number of fast-twitch fibers in

patients with OSAS. Therefore, there is no evidence that

the morphological changes in sleep apnea are beneficial.

In the light of these findings, the question arose if elec-

trical stimulation of the muscles of the upper airways could

improve the efficacy of the muscles and could be used as an

alternative treatment for OSAS.

Acute Effects of Neuromuscular Stimulation on
the Upper Airways Diameter

Most studies in this field applied electrical neurostimu-

lation during sleep with the intention of illustrating acute

modifications of airflow dynamics. These investigations

provided contradictory results [12–23]. In 1989, Miki et al.

[12] studied the stimulation of the genioglossus muscle in

dogs. They found that the resistance of the upper airways

increased while the negative tracheal pressure was continu-

ously lowered in the experimental setting. Under electrical

neurostimulation, the resistance of the upper airways was

significantly reduced. It reached a plateau on a low level

with stimulation frequencies of at least 50 Hz. Additionally,

Yoo et al. [13] demonstrated in a canine model that nonse-

lective hypoglossus stimulation yielded the greatest impro-

vement in upper airways resistance as compared with that

for selective activation of the geniohyoid, genioglossus,

and hyoglossus/styloglossus muscles. Odeh et al. [14] per-

formed electrical stimulation of the dilating muscles in

dogs and measured flow and pressure profiles of the upper

airways. Schnall et al. [15] studied the effects of transmu-

cosal and transcutaneous stimulation in wake healthy per-

sons. In both studies, only stimulation of the genioglossus

significantly reduced the upper airways resistance. These

results could be confirmed by Bishara et al. [16] who

directly stimulated the genioglossus, the geniohyoideus,

and the sternohyoideus in dogs. Only the stimulation of the

genioglossus muscle was able to reopen a total obstruction.

In conclusion, experimental surface and intraneural

stimulation has been shown to reduce upper airways resist-

ance in animals, healthy persons and patients with OSAS.

In particular, stimulation of the genioglossus muscles

resulted in a significant reduction in airway resistance and

an increase in the critical collapsing pressure. Genioglossus

stimulation is most important to widen the shape of the

upper airways.

Apnea-Induced Neurostimulation: Clinical
Application

Investigations on the use of electrical stimulation in

patients also provided heterogeneous results. Schwartz et al.

[24] found that intraneural stimulation of the hypoglossal

nerve significantly improved respiratory disturbances

during sleep. Based on their results in dogs, Miki et al. [25]

carried out a study on the influence of percutaneous sub-

mental electrostimulation of the genioglossus muscles in

6 patients with OSAS. Stimulation was performed during

sleep and was triggered by apnea of more than 5 s duration.

This resulted in a reduction in the apnea index and in the

number of oxygen desaturations to under 85% [25]. Miki

et al. [25] did not find any negative effects such as arousals,

increased blood pressure or heart rate. In contrast,

Guilleminault et al. [26] failed to observe an enlargement

of the upper airways either under submental or intraoral

stimulation. Moreover, they reported contractions of the

platysma, undesired movements of the tongue, and induc-

tion of EEG arousals. Oliven et al. [27] studied the effect of

stimulation with sublingual surface electrodes and found a

reduction of the transpharyngeal resistance and an

improvement of the airflow. However, they were not able to

reopen obstructive apneas. Moreover, Decker et al. [28]

using submental surface electrodes and implanted intra-

neural electrodes found only an inconsistent termination of

the apneas.

Therefore, although neuromuscular stimulation trig-

gered by apneas improves respiratory disturbances during

sleep it is – by now – not sufficiently effective to treat the

complex sleep apnea syndrome.

Tongue Muscle Training

Muscle training using electrical neurostimulation (ENS)

has been found to effectively strengthen skeletal muscles in

pathological or posttraumatic situations. In healthy muscles,

ENS can induce the activity of motor units which are diffi-

cult to activate voluntarily [29]. It has been shown that ENS

with a frequency of 50 Hz activates both muscle fiber types

completely and homogeneously [30]. Moreover, in contrast

to the structural changes of the upper airways muscles in the
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Fig. 1. Stimulation is performed using a

chin electrode with both a positive and neg-

ative lead and an oral electrode which is

placed as a ring on the teeth. The stimulating

part of the oral electrode is placed beneath

the tongue.

Pulse train

Relaxation Contraction RelaxationRelaxation ContractionContraction

l

 t

Fig. 2. Stimulation consists of a relaxation

cycle and a contraction cycle. The contraction

cycle consists of two parts, a ramp-up phase

(1.5 s) and contraction phase. The relaxation

cycle consists of a ramp down phase (1.0 s)

followed by a phase of no stimulation. Only

during the contraction cycle and ramp down

phase are stimulation pulses transmitted in a

pulse train between the electrodes.

course of sleep apnea, no inflammatory changes have been

observed under electrical stimulation in skeletal muscles

[31]. Neurostimulation of the upper airways muscles during

sleep induces acute transient improvements in airflow

dynamics but can be limited by side effects. Taking together

the findings on the training of skeletal muscles and the

effects of neurostimulation on the upper airways, the ques-

tion arose whether training of the tongue muscles during the

daytime might improve the strength of the dilator muscles

and, therefore, reduce nocturnal respiratory disturbances

without impairing sleep quality. The rationale of the tongue

muscle training was to improve the maximum muscle activ-

ity by stimulating both the fast- and the slow-twitch fibers

more homogeneously and to maintain a sufficient activity

level in spite of the fall during sleep.

Only few data on the tongue muscle training from

clinical trials are available. In a noncontrolled study,

Wiltfang et al. [32] found an increase in tongue muscle

power and reported sufficient training effects in a single

case. However, controlled studies in large groups on day-

time tongue muscle training comparing with either CPAP

or placebo were needed. Therefore, a randomized, double-

blind, placebo-controlled study to evaluate the efficacy and

compliance of a tongue muscle training by electrical neu-

rostimulation in patients was recently published [33]. The

stimulating electrode was placed centrally below the tongue

with the aim of achieving stimulation of the genioglossus

muscles (fig. 1). The stimulation device produced a sym-

metric biphasic output. The net direct current delivered into

the load was �0.1 mA (fig. 2). 57 patients with mild or

moderate OSAS (apnea/hypopnea index (AHI) 10–40/h)

practiced tongue muscle training for 20 min twice a day

during the daytime for 8 weeks.

There was no significant change in the AHI or the sleep

profile either under placebo or stimulation. However, snor-

ing improved significantly under stimulation (baseline

63.6 � 23.1 epochs/h, stimulation 47.5 � 31.2, p � 0.05)

but not under placebo. There was a small subgroup of

patients with a baseline AHI �25/h whose AHI decreased

significantly. The reduction of snoring was even more pro-

nounced in this group of responders. In contrast, under

placebo no responders were to be found. The conclusions of

the study are limited by several aspects. It was not possible

to take morphological factors such as anatomical differ-

ences in the shape of the upper airways, BMI, body position

or variability in the upper airway function during sleep into



account. As it is not known whether even weak pulses might

have a stimulating effect, even applying minimal stimulation

in the placebo group was avoided. However, the absence of

sensation during training cannot be excluded as a reason for

the larger number of drop-outs in the placebo group [33].

It is not clear how long the therapeutic effect in the

responders persists and whether a longer duration of training

beyond 8 weeks, or repetition of training after an interval,

might be beneficial. However, at this time the results do

not permit recommending tongue muscle training as

an alternative treatment in patients with OSAS. Never-

theless, the partially positive results encourage further

studies on methods which aim at influencing the muscle

function [33].
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Abstract

Since sleep apnea and cardiac arrhythmia requiring pace-
maker therapy are quite common, the idea of using pacemak-
ers for the treatment of sleep apnea could be interesting. A
review of the current literature regarding pacemaker therapy
in sleep apnea was compiled using PubMed. Regarding central-
sleep apnea with Cheyne-Stokes breathing (CSB) caused by
heart failure, it could be shown that a pacemaker therapy
especially used for cardiac resynchronization therapy could
improve heart function and thus CSB. For obstructive sleep
apnea (OSA), in 2002 one study attracted some attention
while it showed significant improvement of OSA by nocturnal
pacing with an implanted usual pacemaker. Atrial overdrive
pacing was performed 15 bpm above mean nocturnal heart
rate. Subsequent studies were done to assess these findings. In
three well-performed and quite similar investigations, the
results of the foregoing study could not be replicated.While
in these studies CPAP was apparently effective in treating
OSA, atrial overdrive pacing showed no effect. While pace-
maker treatment used for resynchronization in heart failure
therapy is effective in amending central sleep apnea with
Cheyne-Stokes breathing, the majority of the current findings
cannot confirm that pacemaker therapy in obstructive sleep
apnea is useful.

Many patients suffer from obstructive sleep apnea. In

addition, central sleep apnea with Cheyne-Stokes breathing is

common, at least in patients with congestive heart failure.

Cardiac arrhythmias, which require pacemaker therapy (e.g.

bradyarrhythmias) also are quite frequent, especially in older

people (i.e. 60 years of age and above). Furthermore, there is

some evidence that sleep apnea, e.g. in inducing cardiac over-

load and provoking hypertension, could trigger cardiac

arrhythmias [1, 2].

Considering this, it seems quite clear that a relevant

number of people who suffer from sleep apnea also

have implanted pacemakers. Thus, the idea of using these

devices as a possible treatment option for sleep apnea came

up.

Pacing and Central Sleep Apnea in 
Heart Failure

In the case of central sleep apnea with Cheyne-Stokes

breathing (due to congestive heart failure), this approach

appeared to be more promising: as heart failure results, e.g.

by a diminished cardiac output and a prolonged circulation

time, in Cheyne-Stokes breathing, a stabilization of heart

function, e.g. resulting in improved stroke volume, could

possibly abolish this form of central sleep apnea.

In this context, the mechanism of biventricular pacing is

interesting: in patients with enlarged left ventricles and a

desynchronized pattern of cardiac muscle contraction, ben-

eficial effects of resynchronization therapy by biventricular

pacing could be observed. In many cases, an augmentation

of stroke volume and performance indices could be shown.

Also, implantation of biventricular pacing devices in
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patients with heart failure and Cheyne-Stokes breathing led

to a significant reduction of this pathologic breathing pat-

tern [3, 4].

Obstructive Sleep Apnea

Besides ventricular stimulation pacing – and focusing

on atrial pacing – some excitement arose, as in 2002

Garrigue et al. [5] published a work on atrial overdrive

pacing in sleep apnea. They showed a detectable improve-

ment in sleep-disordered breathing by modification of for-

merly implanted cardiac pacemakers. In this study,

two-chamber pacemakers in DDD mode featuring a rest-

rate algorithm were used. The pacemakers had been

implanted because of symptomatic bradycardia. 15

patients were evaluated in a single-blinded, randomized,

cross-over design trial. At baseline, the mean nocturnal

heart rate was assessed. On two further nights, rest rate

was elevated 15 beats above the mean nocturnal heart rate.

By this, a reduction in the apnea/hypopnea index (central

and obstructive together) from 28 � 21/h to 11 � 14/h

(p � 0.001) was achieved. In controls, the pacemakers

were set to a VVI mode with a constant base rate of 40

beats/min. Compared to the control group, in which no

improvement of sleep-disordered breathing was noticed,

the changes in the pacing group were significant. Although

the effects were stronger in patients with Cheyne-Stokes

breathing, they were also detectable and significant in

obstructive sleep apnea.

Regarding the group of patients with central sleep apnea

and considering the pathophysiologic insights mentioned

above, the results seemed to be quite plausible.

As the pathophysiologic background of obstructive

sleep apnea consists basically in an obstruction of the upper

airways, it did not seem quite evident how a change in car-

diac pacing patterns could be of any effect.

Yet, various considerations were made for how a higher

heart beat could influence obstructive sleep apnea [6, 7].

For example, an enhanced respiratory drive due to cardiac

pacing was discussed. Critics argued that a possible effect

could coexist, e.g. in sympathetic activation and therefore

in deranged quality of sleep. Perhaps sleep architecture was

affected and fewer amounts of slow-wave and REM sleep

led to a smaller number of apneas. Garrigue and his team

unfortunately did not show detailed data of parameters

describing sleep quality [5].

As the results of the Garrigue group seemed so astonish-

ing, some study groups tried to repeat those findings. For

example, in 2005, Lüthje et al. [8] examined (in a study

design nearly analogue to that of the Garrigue group) 20

patients with predominantly obstructive sleep apnea by equal

elevation of nocturnal heart rate. Regarding sleep-disordered

breathing, nearly no significant effect could be shown.

In another recent study, pacing with a temporary lead

(15 beats higher than the baseline heart rate) was com-

pared to CPAP therapy in 10 patients with obstructive

sleep apnea. While CPAP worked well, pacing showed no

effect [9].

Another investigation dealing with this subject was con-

ducted by Simantirakis et al. [10]. The study examined 16

patients with moderate-to-severe obstructive sleep apnea and

normal left ventricular function in whom a dual-chamber

pacemaker had been implanted. The eligible patients had a

programmed backup pacing at a rate below 40 bpm. Atrial

overdrive pacing was compared to CPAP therapy: after

randomization, one group was assigned to atrial overdrive

pacing at 15 bpm above the spontaneous mean nocturnal

heart rate. In the other group, the original pacing rate was

unchanged. The first group received overdrive pacing for 1

month and the second group received nCPAP for 1 month.

After 1 month, the groups were switched in a crossover

design. Polysomnographic recordings were done at baseline,

after one night of pacing, after 1 month of pacing or CPAP

and after 1 month subsequent to crossover. Short- and 

long-term overdrive pacing led to no reduction in AHI

(p � 0.82 for short-term pacing/0.87 for long-term pacing),

desaturation index (p � 0.66/0.82) and total sleep time

(p � 0.35/0.16), while CPAP apparently was very effective

(e.g. reduction in AHI from 49 to 2.7, with p � 0.001).

In conclusion, this study showed that atrial overdrive

pacing after 1 night and after treatment during 1 month was

not at all effective in treating obstructive sleep apnea.

Conclusions

Considering the majority of the current findings (fig. 1),

the results of Garrigue et al. [5] could not be approved and,

on the contrary, appear to be falsified [11]. Up to now, the

inefficacy of a cardiac pacing therapy in obstructive sleep

apnea could be shown regarding short- and long-term

effects and in investigating slight, moderate and severe

sleep apnea. Yet one bigger study initiated by St. Jude

Medical (‘BREATHE’ – base rest rate elevation for apnea

therapy) investigating this problem is still ongoing.

Furthermore, it is shown in animal models that overdrive

pacing, at least in principle, could lead to increased mortality

[12]. Therefore, discerning long-term observations of over-

drive pacing therapy would be necessary anyway.
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Away from biventricular pacemakers for resynchroniza-

tion therapy in heart failure, Floras and Bradley [13] appear

to be right in arguing that the ‘door (for atrial overdrive

pacing in sleep apnea) seems to be closed’.
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Fig. 1. Effect of atrial pacing on the apnea/hypopnea index (AHI) in

patients with obstructive sleep apnea. Comparison of different con-

trolled studies.
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Abstract

Continuous positive airway pressure (CPAP) is the first-
line treatment for obstructive sleep apnea (OSA) because of
its proven beneficial effects upon associated morbidity, day-
time symptoms and quality of life.Nevertheless,CPAP compli-
ance is an important problem in a subgroup of patients.
Surgery can be considered as a first-line treatment in mild
OSA and in patients with moderate-to-severe disease for
whom other noninvasive treatments have failed. Surgical
treatment of OSA aims to correct anatomical abnormalities
in the upper airway (UA), contributing to its collapse during
sleep. The concept of a two-level (retropalatal and retrolin-
gual) pharyngeal collapse seems overly simplified as recent
investigations on the pattern of UA collapse during sleep indi-
cate that most OSA patients have a diffuse pattern of UA col-
lapse. This information resulted in the development of a
‘multilevel surgical concept’ dictated by the patient’s anatomy.
In this chapter, emphasis will be placed upon the rationale of
this approach, the related anesthetic risks and the definition
of outcome measures. In addition, the importance of ventila-
tory instability and collapse of the lateral wall in the develop-
ment of new surgical modalities will be discussed.

Rationale of Obstructive Sleep Apnea Surgery

Snoring and obstructive sleep apnea (OSA) are caused

by a partial or complete collapse of the upper airway (UA)

during sleep. This collapse might be located anywhere

between the choanae and the epiglottis. Several methods

have been employed to identify the site of UA collapse in

OSA patients. By means of UA pressure measurements dur-

ing sleep, we have demonstrated that the majority of OSA

patients have multiple sites of UA obstruction during sleep;

that the site of obstruction may vary according to sleep stage

and that extension of collapse to lower sites of the UA can

occur during REM sleep [1]. The majority of patients were

found to obstruct at the level of the naso- and oropharynx, a

finding that has been confirmed by other investigators [2].

These observations are in accordance with the concept of 

‘disproportionate anatomy’, i.e. unfavorable anatomic fea-

tures of the surrounding soft tissues and underlying facial

skeleton, predisposing to OSA. At present, there is a con-

sensus among clinicians that OSA results from diffuse UA

narrowing which includes the soft palate, lateral pharyngeal

wall and tongue base. Only a minority (1–2%) of OSA

patients have a specific space-occupying abnormality in the

UA for which surgical removal is corrective.

Three major categories of UA surgery can be discerned:

soft tissue surgery, skeletal framework surgery and tra-

cheotomy. Soft tissue surgery aims to remove or reduce the

volume of UA soft tissues such as the tonsils, uvula and soft

palate or tongue base. The goal of skeletal framework sur-

gery is to modify the facial skeleton from which the soft tis-

sues are suspended. This results in a repositioning of UA

soft tissues. Tracheotomy restores UA patency through

bypassing the UA. For a detailed description of surgical

techniques and their respective results, the reader is

referred to some recent review papers on this subject [3, 4].
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Interpretation of Surgical Results

Papers on UA surgery are frequently flawed by methodol-

ogical and statistical errors, making correct interpretation

of the presented data a difficult task. Bridgman et al. [5]

recently reviewed the literature on surgery for OSA through

the Cochrane Airways Group Sleep Apnea Randomized

Controlled Trial Register. No randomized controlled trials

could be identified by this search strategy comparing any

surgical intervention for OSA with another surgical or non-

surgical treatment modality. In addition, the reviewers

emphasized the following methodological difficulties: (1)

the lack of a consensus on the definition of OSA in descrip-

tive studies, and (2) the effectiveness of the interventions

was assessed by a variety of outcome measures (both sub-

jective and objective) and long-term follow-up data were

often lacking. The final conclusion of the Cochrane review

was that, given the lack of good trial-based evidence, sur-

gery for OSA should be restricted to surgery carried out as

part of clinical trials and patients should be informed about

the experimental nature of the surgical procedure. In daily

practice, however, a less dogmatic approach might be

adopted since considerable clinical experience with the var-

ious UA surgical procedures has been obtained over the

past years. The lack of a consensus on the definition of

OSA and ‘surgical success’ seriously hampers the interpre-

tation of surgical results and comparisons among different

treatment options. The criteria employed by Scher et al. [6]

in their meta-analysis on surgical treatment for OSA, are a

reduction of the respiratory disturbance index (RDI: num-

ber of apneas and hypopneas/hour of sleep) for at least 50%

and a postoperative RDI �20/h or a reduction of the apnea

index (AI: number of apneas/hour of sleep) for at least 50%

and a postoperative AI �10/h. These criteria are frequently

employed in the current literature on OSA surgery but their

validity might be questioned given the recent data that even

mild forms of OSA might be associated with cardiovascu-

lar morbidity [7]. Another subject of discussion and contro-

versy in reporting surgical results is the definition of

outcome measures. From our present understanding about

the pathophysiological consequences of OSA, it can be

inferred that the RDI or AI does not represent the ideal out-

come variable. Other polysomnographic variables such as

oxygen desaturations, the amount of sleep fragmentation,

cardiac events and patient-based factors such as the degree

of daytime sleepiness or obesity are probably better related

to the long-term health consequences of OSA [8]. The

American Academy of Otolaryngology, Head and Neck

Surgery Sleep Apnea Treatment Outcomes Pilot study

(OSATOPS), attempted to define a clinical-severity staging

system for patients with OSA. This staging system incorpo-

rates both polysomnographic and patient-related factors

and is based upon the Epworth Sleepiness Scale (ESS),

Body Mass Index (BMI), presence of redundant pharyngeal

tissue, RDI and minimum oxygen saturation during apneas

[9]. Although further validation studies are required, this

proposal might signify an important step forward towards a

multidimensional approach including both subjective and

objective parameters. The tendency among surgeons to per-

form multiple procedures in various combinations in a sin-

gle operative session is another confounding factor in the

interpretation of surgical results. This is certainly true when

the associated procedures (especially nasal surgery or ton-

sillectomy) are not reported in detail in the methodology

and the composite surgical results are assessed in 1 postop-

erative polysomnography (PSG). In line with the prevailing

concepts about the pathophysiology of OSA, UA collapsi-

bility as such might be used as an outcome parameter for

surgical treatment. The critical closing pressure (Pcrit) can

be considered as a measure of UA collapsibility and varies

along a continuum from health (low collapsibility,

Pcrit � atmospheric pressure) to disease (high collapsibility,

Pcrit � atmospheric pressure). Specific treatment strategies

have been shown to result in a predictable decrease in Pcrit

[10]. Effective treatment of obstructive apnea and hypop-

nea can only be obtained when Pcrit decreases to near

�4 cm H2O, thus converting patients from OSA to snorers.

Knowledge of Pcrit for a given patient prior to treatment and

information about the magnitude of the Pcrit change that can

be obtained by a particular treatment can be used to select

patients for a specific treatment or a combination of treat-

ment strategies [10] (fig. 1a, b).

Surgical Failures

In the 1980s, Fujita et al. [11] introduced uvu-

lopalatopharyngoplasty (UPPP) as a surgical procedure for

OSA. For about 15 years, it has been the standard surgical

treatment for this condition until, in 1996, a critical review

was performed about the surgical results by Sher et al. [6].

In their meta-analysis of more than 500 cases from 37

papers, it was found that only 39% of unselected OSA

patients met the success criterion defined as a postoperative

reduction in RDI by �50% and a postoperative RDI

�20/h. UPPP failures are usually attributed to a lack of

modification at secondary sites of UA collapse located

lower in the pharynx, to persistent retropalatal collapse due

to an increased thickness of the soft palate after surgery, to

postoperative weight gain and smoking. Data from UA
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pressure measurements performed during sleep before and

after UPPP confirmed the persistence of UA obstruction at

the level of the tongue base and hypopharynx [12]. Upper

airway surgical techniques involving the retrolingual region

have been developed to address persistent or additional col-

lapse in this region. In addition, surgical strategies have

evolved towards a ‘multiple sites of obstruction/multiple

treatments’ concept adapted to the individual UA anatomic

features. Gupta et al. [13] performed a survey among Ear

Nose and Throat surgeons regarding their workup and treat-

ment of patients suspected of having OSA. Palatoplasty,

septoplasty, tonsillectomy and turbinate reduction were

among the most popular surgical procedures performed by

the respondents. Only 28% used any procedure to address

hypopharyngeal airway compromise such as genioglossus

or hyoid advancement. The authors suggested that failure to

address obstruction at the hypopharyngeal level could lead

to inadequate treatment of OSA. The Stanford Protocol is

one example of a staged surgical approach for UA recon-

struction [14]. Clinical examination, fiberoptic endoscopy

and cephalometry serve as a guidance to classify patients

according to the type of pharyngeal obstruction as pro-

posed by Fujita and Simmons [15]. Phase I surgical treat-

ment consists of nasal reconstruction, UPPP for class I

patients (retropalatal collapse), genioglossal advancement

(GA) plus hyoid myotomy and suspension (MMS) for class

III patients (retrolingual collapse) and a combination of

these procedures in class II patients (retrolingual and

retropalatal collapse). For those patients with significant

persistent OSA and patients who are willing to undergo

additional surgery, phase 2 of the protocol is performed

consisting of maxillomandibular advancement (MMA).

This approach has become under criticism and the general-

izability of the surgical results has been questioned. Some

investigators advocate that MMA be performed as the pri-

mary surgical treatment in some moderately overweight,

skeletally deficient patients thereby avoiding the need for

repeated anesthesia and surgery [16]. In addition, the sig-

nificant morbidity associated with these procedures has a

negative impact on patient acceptance (immediate surgical

risks include tooth injury, wound infection, postoperative

UA compromise; long-term risks are permanent anesthesia

of the cheek, lips or chin). Alterations in the facial contour

should be anticipated and it may take about 10 weeks

before patients can resume their professional activities

[16]. Another modality of phased UA surgery was proposed

by Hessel et al. [17]. For patients with multilevel obstruc-

tion (as demonstrated during sleep endoscopy), the first

approach is correction of obstruction at the nasal level. If

improvement is insufficient, secondly, the retropalatal level

(palate/uvula/tonsils) is approached, and, finally, if still

necessary the retrolingual obstruction (tongue base/epiglot-

tis) is corrected. Kao et al. [18] reported the results of such

an anatomically based surgical approach. Forty-two

patients who failed a trial of CPAP were included. A site-

directed multistage surgical plan was outlined based upon

clinical examination, fiberoptic nasopharyngoscopy with

Mueller’s maneuver, CT scan of the sinuses, and PSG.
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Nasal surgery (septoplasty, turbinoplasty or endoscopic

surgery) was performed in 85.6%; palatal surgery

(UPPP/tonsillectomy) was performed in 92.8%, and 85.6%

of the patients underwent radiofrequency volume reduction

(RFVR) of the tongue base. Overall, RDI fell from 38.2 to

12.7/h and a 50% reduction in RDI or RDI �20/h could be

obtained in 83.3%. Cure rates were better in patients with

mild OSA as compared to those with severe disease.

A staged approach implies repeat anesthetic procedures

and hospitalization and from a theoretical point of view, the

results of each surgical step and thus the validation of the

next step should be justified by a PSG examination since

several studies have underlined the discrepancies between

subjective reports and objective data. This is, however,

impossible in clinical practice and further studies are

required to delineate the most cost/effective approach.

In contrast with the staged approach, a variety of different

surgical procedures might be combined in the same single

treatment session. The application of radiofrequency energy

(RFe) to obtain a volume reduction of specific UA tissues

seems to lend itself to this approach although with modest

success rates [19]. Stuck et al. [20] reported on the combi-

ned RFVR treatment of the tongue base and soft palate in

18 patients with moderately severe OSA. Treatment was

performed under local anesthesia with a mean of 2.7 ses-

sions/patient. Patients were selected upon clinical signs of

both palatal and tongue base obstruction. Subjects with previ-

ous velopharyngeal surgery or with relevant enlargement of

the uvula, tonsillar hypertrophy or webbing �1 cm were

excluded. There was a significant subjective improvement in

excessive daytime sleepiness and snoring but only 33% of the

patients were cured (defined as a reduction in RDI �50%

with a postoperative RDI �15/h). Overall postoperative mor-

bidity and complication rate were low and did not seem to

increase when soft palate RFVR was added to the tongue base

approach. The authors therefore recommended to perform a

combined approach (soft palate and tongue base RFVR) in

patients with palatal and tongue base obstruction provided

there is no relevant enlargement of the uvula, no tonsillar

hypertrophy and if there is �1 cm of webbing. Long-term fol-

low-up data �1 year after combined RFVR treatment of

palate and tongue base for mild-to-moderate OSA indicate

that OSA-related quality of life, daytime sleepiness and RDI

all significantly improved at extended follow-up [21].

Nasal Obstruction and OSA

Whereas the nose represents the primary route of breath-

ing, especially during sleep, the role of nasal breathing and

the importance of nasal obstruction in the pathogenesis of

OSA is incompletely understood and subject of much con-

troversy. Theoretically, the presence of an increased nasal

resistance might contribute to sleep-disordered breathing

(SDB) through several mechanisms: (1) The passage of air-

flow through the nasal cavity has a stimulant effect on

breathing, an effect that is mediated by nasal receptors sen-

sitive to airflow. An increase in nasal resistance (NR) may

cause a switch to mouth breathing during sleep and result in

a decreased activation of nasal receptors with a negative

impact on ventilation. (2) An increase of the NR generates

an increased negative inspiratory pressure causing turbu-

lence in the relaxed soft tissues and upper airway collapse.

(3) Mouth breathing results in a posterior displacement of

the tongue which might further compromise the UA. Data

obtained with experimentally induced nasal obstruction in

normal subjects showed a positive association between

nasal obstruction and the occurrence of snoring, apnea and

hypopnea [22]. Nasal obstruction is also an important fac-

tor contributing to CPAP intolerance reported by about

47% of the patients [23] and correction of nasal obstruction

either medical or surgical, improves CPAP compliance.

Several studies performed in patients with SDB failed to

demonstrate a linear relationship between awake nasal

resistance and apnea severity [24] and the effects of

improving nasal obstruction (either medical or surgical) in

this population are controversial. The results of isolated

nasal surgery on OSA are often poor. Verse et al. [25] sum-

marized the effects of nasal surgery for OSA based on a

review of the available literature between 1983 and 2000

and found that the overall success rate of isolated nasal sur-

gery in 57 OSA subjects was only 18%. Friedman et al.

[26] performed a prospective study on 50 OSA patients

undergoing isolated nasal surgery. In this study, the effect

of nasal surgery on CPAP pressure was documented and a

significant decrease of effective CPAP level was found in

the severe OSA patients 10.1 vs. 7.4 cm H2O postopera-

tively (p � 0.01). Based upon the available data, it can be

concluded that there is clinical evidence to suggest a role of

nasal obstruction in the pathogenesis of snoring and OSA

and normalization of nasal resistance either by medical or

surgical methods should be integrated in the therapeutic

management of these patients. Realistic expectations must

however be put forward and discussed with the patients

before surgery. Isolated nasal surgery is likely to decrease

the feeling of nasal obstruction, improve daytime sleepi-

ness and feelings of unrefreshing sleep but is unlikely to

cure OSA. In subjects with CPAP intolerance due to nasal

obstruction, an improvement in mask tolerance can be

expected after treatment of nasal obstruction.
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Anesthetic Risk and OSA Surgery

OSA patients are at increased risk during surgical proce-

dures under general anesthesia. These risks might relate either

to their OSA and associated morbidities (hypoventilation, car-

diovascular vulnerability) or to difficulties with airway con-

trol (due to obesity or UA anatomic features typically of OSA

such as crowding of the oropharynx, a long thick soft palate,

tonsillar hypertrophy, macroglossia and retrognathism). The

incidence of perioperative complications in OSA patients

undergoing surgery for other medical conditions is unknown.

Guidelines for pre- to postoperative management of OSA

patients were recently published by a Clinical Practice

Review Committee of the American Academy of Sleep

Medicine [27]. Surgical treatment for OSA is associated with

an increased risk for postoperative UA edema with life-

threatening hypoxemia. This is especially true for tongue base

procedures, UPPP and maxillofacial surgery. Nasal packing

might adversely affect the breathing pattern and worsen OSA

and should therefore be avoided or removed as soon as possi-

ble. Keeping in mind the increased risk of OSA patients for

procedures under general anesthesia and the present tendency

to combine several procedures in 1 patient, the safety of this

approach might be questioned. This issue was recently

addressed in a study of 85 OSA patients undergoing a combi-

nation of extended uvulopalatal flap surgery and septomeato-

plasty [28]. The study included middle aged subjects (�50

years) in otherwise good health, without morbid obesity and

undergoing simultaneous (n � 55) (group 1) or staged sur-

gery (n � 30) (group 2). Nasal surgery was performed after

palatopharyngeal surgery (in the case of single treatment ses-

sion), nasal packing was removed during the first postopera-

tive day and patients received humidified oxygen via a nasal

mask during the postoperative period. There were no intra-

operative complications or incidents of UA compromise in

the immediate postoperative period in either group. An analy-

sis of cost-effectiveness demonstrated a major reduction in

medical expenses in the simultaneous surgery group that

could mainly be attributed to a shorter total length of hospital-

ization. Busaba et al. [29] retrospectively reviewed the charts

of 91 OSA patients undergoing UPPP � tonsillectomy and

nasal airway surgery (n � 63) (group 1) or palatopharyngeal

and nasal surgery in a staged fashion (n � 28) (group 2). One

patient in group 1 and 2 subjects from group 2 had genoid

advancement. Two patients in group 2 underwent RFVR of

the tongue base. Patients had moderately severe OSA and

both groups had various comorbidities. Airway problems did

not occur in the immediate postoperative period and the post-

operative complication rate was comparable for both groups

at 4.8% and 3.6%, respectively. These studies show that

combined nasal/palatopharyngeal surgery might be safe and

more cost efficient in middle-aged, moderately severe OSA

patients without morbid obesity. Whether this also applies to

other OSA subgroups (morbidly obese, severe OSA, signifi-

cant comorbidities) remains unknown and additional studies

are necessary before any recommendations can be made on

this subject. Unfortunately, none of these studies addressed

the patient ‘s acceptance or the degree of discomfort (espe-

cially in combined surgical approaches).

New Developments in OSA Surgery

Adjuvant Medical Treatment with 
Acetazolamide (ACET)
Apart from anatomical factors and intrinsic collapsibil-

ity, the magnitude of ventilatory instability is considered as

a determinant of pharyngeal obstruction. Considering the

respiratory system, loop gain represents the gain or sensi-

tivity of the negative feedback loop that controls ventila-

tion. Extended circulation time, small lung volumes and an

increased responsiveness to hypoxia, hypercapnia or both,

tend to destabilize the respiratory control system and thus

increase loop gain. Recent data indicate that OSA patients

have a much higher loop gain than controls, suggesting an

intrinsically less stable ventilatory control system. Wellman

et al. [30] found a strong correlation between loop gain and

RDI in patients with atmospheric Pcrit values (r � 0.88,

p � 0.0016) and suggested that this group of patients may

be highly susceptible to changes in ventilatory instability.

The effect of ACET on ventilatory instability has previ-

ously been demonstrated in patients with central sleep

apnea. Taking into account the susceptibility for ventilatory

instability of mainly hypopneic subjects (atmospheric Pcrit)

and the beneficial effects of ACET on ventilatory control,

we investigated the adjuvant role of ACET administration

after UPPP in mild OSA patients. Preliminary data of this

double-blind, placebo-controlled, randomized trial suggest

a beneficial effect on RDI after 3 months treatment with

ACET following UPPP [31]. This opens new perspectives

for a combined medical/surgical approach in OSA patients

that addresses the key factors in the pathogenesis of this

disease: pharmacological treatment to reduce ventilatory

instability and surgery to decrease UA collapsibility.

Surgery of the Lateral Pharyngeal Walls: 
Hyoid Expansion
The tongue and soft palate are generally considered to

be the most important soft tissue structures contributing to
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UA collapse. Based upon studies using volumetric mag-

netic resonance imaging (MRI), Schwab et al. [32] empha-

sized the importance of the lateral pharyngeal walls in

controlling UA patency during sleep. The lateral walls are

complex structures composed of several muscle groups

(hyoglossus, styloglossus, stylohyoid, stylopharyngeus,

palatoglossus, palatopharyngeus, the pharyngeal constric-

tors), lymphoid tissue (palatine tonsils) and pharyngeal

mucosa. A beneficial effect of MMA on lateral wall col-

lapse was observed in a study by Li et al. [33] using

fiberoptic nasopharyngoscopy with the Müller maneuver.

This effect might be mediated through the effect of skeletal

surgery on the suprahyoid and velopharyngeal musculature

[4] and on the constrictor muscles [32]. The efficacy and

safety of less-invasive surgical techniques affecting lateral

wall collapse is a subject of ongoing research. One of the

possibilities under investigation is the use of hyoid expan-

sion; a concept based upon experimental data obtained in

dogs undergoing expansion hyoidplasty [34]. The hyoid

bone is intimately related to UA structures that might con-

tribute to UA collapse during sleep: the base of the tongue

and the distal oropharyngeal and superior hypopharyngeal

walls. If the hyoid bone is cut at the midline and expanded

laterally through the insertion of a stent between both parts

of the hyoid bone, the following anatomical changes could

be expected: a lateral displacement of the greater cornu

with the middle pharyngeal constrictor, the hyoglossus and

stylopharyngeus (components of the lateral wall) and an

anterior displacement of the base of the tongue [34] (fig. 2).

The possibility of treating moderately severe OSA subjects

with hyoid expansion by means of a titanium implant, is

currently under investigation at 3 European Centers

(Antwerp, Mannheim and Amsterdam).

Conclusions

Surgical treatment for OSA has evolved towards an indi-

vidually tailored approach taking into account a variety of

patient-related factors such as specific UA anatomic fea-

tures, the degree of obesity, OSA severity, degree of maxil-

lomandibular deficiency and co-morbidity. Careful patient

selection, ability to perform varied surgical approaches,

and willingness to utilize more than one procedure when

necessary are the cornerstones of a successful management

plan. Future research in this field should provide an answer

to the following questions: (1) Which approach (single

stage or multi-step) is the most cost-effective in a particular

category of patients (taking into account OSA severity, co-

morbidity, anesthetic risks and economic costs)? (2) Which

outcome parameters, other than RDI, are the most clinically

useful to assess the effect of surgery on OSA severity, qual-

ity of life and long-term morbidity? (3) Which tools can

provide more insight into the importance of nasal obstruc-

tion and its relationship and help to predict the outcome of

nasal surgery? (4) What is the exact role of new treatment

options such as hyoid expansion and combined pharmaco-

logical/surgical treatment of these subjects?
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Fig. 2. Hyoid expansion on a cadaver specimen: the hyoid bone is

transected at the midline and a titanium stent is secured to both parts,

resulting in an increased distance between the major cornu.

Reproduced with permission from Aspire Medical.
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Abstract

Many people with obstructive sleep apnea syndrome
(OSAS) are treated well with continuous positive airway pres-
sure (CPAP) but an important number cannot tolerate it or
have ongoing symptoms despite good compliance.Alternative
therapies are needed for these patients.Weight loss should be
encouraged in all obese subjects since this may reduce or
even cure the OSAS and the risks from associated disorders
particularly diabetes. Bariatric surgery may be the most effec-
tive approach. In some patients OSAs are particularly promi-
nent when they are in the supine position and position
therapy can improve symptoms. Drug therapy for OSAS has a
limited role although there are promising developments.
OSAS associated with nasal obstruction may respond to top-
ical steroids in adults and children. Drugs that increase venti-
latory drive have proven to be ineffective or poorly tolerated.
There are mixed results from trials of vasoactive compounds
but antihypertensives are safe to prescribe to patients with
both OSAS and hypertension.The role of serotonin (5HT) in
controlling upper airway tone is complex. The mixed 5HT
agonist/antagonist mirtazipine may be useful but data are lim-
ited. Cholinergic drugs (e.g. physostigmine) warrant further
investigation particularly in nonobese individuals. Patients
with ongoing daytime sleepiness despite compliance with oth-
erwise effective CPAP therapy may benefit from modafanil to
increase daytime alertness once other causes of hypersomno-
lence have been excluded.

The upper airway of individuals affected by obstructive

sleep apnea syndrome (OSAS) can be narrowed but is

patent during wakefulness at least when in an upright pos-

ture. Mass loading due to obesity, changes in the direction

of forces on assuming a supine position, respiratory drive

instability and the state-dependent fall in drive to the air-

way dilator muscles may all contribute to collapse of the

upper airway during sleep. Each of these mechanisms is a

potential target for therapies other than CPAP or upper air-

way surgery to ameliorate the impact of OSAS.

Weight Loss

The relationship between weight and sleep-disordered

breathing was examined over 4 years in a Wisconsin cohort

[1]. Compared to those with stable weight subjects who

gained more than 10% of their body weight were at a 6-fold

risk of developing moderate-to-severe OSAs. Those who

lost 10% of their weight had a 26% fall in the apnea/hypop-

nea index (AHI). However, such weight loss is not easy to

achieve or maintain and there is some doubt about the dura-

tion of any benefits. Some people develop recurrent OSAs

despite maintaining weight loss [2].

Bariatric surgery may offer some patients a means of

losing a considerable amount of weight where changes in

diet and life style have failed. A recent systematic review

and meta-analysis of the outcomes of this approach

Randerath WJ, Sanner BM, Somers VK (eds): Sleep Apnea.
Prog Respir Res. Basel, Karger, 2006, vol 35, pp 174–179

Alternative Therapies for
Obstructive Sleep Apnea Syndrome:
Behavioral and Pharmacological 
Options
Ian E. Smith

Respiratory Support and Sleep Centre, Papworth Hospital, Cambridge, UK



Alternative Therapies for OSAS 175

included 136 studies with data from 22,000 subjects [3].

The population was very obese with a mean BMI pre-

operatively of 47 and 19.6% of the subjects had sleep-

disordered breathing. Irrespective of the surgical approach

there were important reductions in sleep-disordered breath-

ing with resolution in up to 86% of subjects. There were

also dramatic reductions in the frequency of diabetes and

hypertension and there is evidence of increased quality of

life and longevity post-procedure.

Position Therapy

Some people may have apneas only when sleeping

supine but even in those with apneas in all sleeping posi-

tions the severity of apneas is usually greater when supine

and are more likely to lead to arousals [4]. It is possible to

reduce the amount of sleeping time that is spent supine

using pillows or a vest with a tennis ball sewn into the back.

In a single-blind study, position therapy was compared with

CPAP and although it was not as effective in reducing the

AHI, position therapy improved sleep quality and daytime

alertness to an equal extent [5]. It can also lead to a reduc-

tion in 24-hour blood pressure recordings [6].

Drug Treatments for OSAS

A large number of drugs have been trialed as treatments

for OSAS. Many of the studies have been poorly designed

with no control limb and very small numbers. In this sec-

tion data from some of the better designed studies are pre-

sented and discussed.

Topical Therapy to the Upper Airway

In the balance of forces affecting the patency of the

upper airway, the calibre of the lumen is an important fac-

tor. When subjects with both OSAS and rhinitis were ran-

domised to either fluticasone or placebo, active treatment

led to a lower AHI (p � 0.05) and an increase in subjective

daytime alertness [7]. A reduction in AHI has also been

shown in children with adenotonsillar hypertrophy treated

with nasal fluticasone again with an improvement in symp-

toms [8].

It has been proposed that surface forces, influenced by

pharyngeal secretions, contribute to the closure of the

upper airway during apneas [9]. Jokic et al. [9] trialed a soft

tissue lubricant (intranasal phosphocholinamin) in mild to

moderate OSAS. In all 10 subjects the AHI was lower after

the active preparation than after placebo (fig. 1). There

were fewer arousals from sleep on the active treatment.

Unfortunately, the compound is based on mineral oil mak-

ing it unsafe for long-term use with a risk of lipoid pneu-

monia on repeated application.

Drugs Affecting Respiratory Drive

A number of compounds that increase respiratory drive

have been tried in patients with OSAS. Increasing the suc-

tion pressure produced by the diaphragm could theoreti-

cally increase the number of apneas by increasing the

transluminal pressure across the upper airway. Instability in

drive may exacerbate OSAs by producing periodic respira-

tory effort [10] and so increasing the stability of the venti-

latory drive should perhaps be the aim of such therapy.

Progestogens increase ventilatory drive but in a rando-

mised controlled trial (RCT) in subjects with OSAS medrox-

yprogesterone had no positive effects [11]. Acetazolamide

inhibits carbonic anhydrase producing a metabolic acidosis

that increases ventilatory drive. In an uncontrolled study, it

reduced apnea frequency in patients with OSAS by around

a quarter [12]. In an RCT acetazolamide reduced the AHI

by nearly half (fig. 1) [13]. However, there was no improve-

ment in sleep quality and the subjects did not report any

reduction in daytime somnolence, only 1 patient tolerated it

long term. There have been several uncontrolled trials

of theophylline in OSAS and 2 RCTs, 1 each with

theophylline [14] and aminophylline [15]. In both of these

studies there was a decrease in the total number of obstruc-

tive apneas but not their frequency during sleep. In the

aminophylline study there was a 24% decrease in the time

overnight spent asleep on the active drug compared to

placebo [15].

Vasoactive Medication

Clonidine is an alpha-adrenergic agonist used to control

hypertension, which suppresses REM sleep, when OSAs

may be particularly prominent. In the only RCT describing

its use in OSAS there was no significant reduction in AHI

but REM sleep was only completely suppressed in 2 of

8 subjects [16]. In subjects where REM sleep was not

suppressed, the AHI in REM sleep was paradoxically

increased. In an uncontrolled trial metoprolol and the ACE

inhibitor cilazapril were both shown to reduce apnea fre-

quency by about a third but sleep quality and daytime
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symptoms were not reported [17]. In contrast, in an RCT

cilazapril reduced blood pressure with only a minor reduc-

tion in OSA during NREM sleep [18]. Another study ran-

domised patients with hypertension and OSAS to treatment

with two of five agents to compare the effects of atenolol,

amlodipine, enalapril, hydrochlorothiazide and losartan

[19]. Atenolol was most effective in reducing blood

pressure. None of the drugs reduced the AHI or daytime

symptoms. Finally, celiprolol another beta-adrenergic

blocking agent does not reduce OSAS severity [20]. While

there is remaining doubt about whether anti-hypertensives

can ameliorate OSAS they do not lead to deterioration and

so treatment of hypertension can be recommended in

OSAS patients.

Study
or sub-category

Whyte 1988 100.00 �400.00 [�25.50, 17.50]

�100 �50 50 1000

Events/h (fixed)
95% CI

Protriptyline better Placebo better

Weight
%

Events/h (fixed)
95% Cl

Study
or sub-category

Whyte 1988 100.00 �24.00 [�43.95, �4.50]

�100 �50 50 1000

Events/h (fixed)
95% CI

Acetozolamide better Placebo better

Weight
%

Events/h (fixed)
95% Cl

Study
or sub-category

Jokic 1998 100.00 �10.00 [�14.02, �5.98]

�100 �50 50 1000

Events/h (fixed)
95% CI

Lubricant better Placebo better

Weight
%

Events/h (fixed)
95% Cl

Study
or sub-category

Hedner 2003 100.00 �13.00 [�24.02, �1.99]

�100 �50 50 1000

Events/h (fixed)
95% CI

Physostigmine better Placebo better

Weight
%

Events/h (fixed)
95% Cl

Study
or sub-category

Carley 2003 100.00 �10.40 [�16.02, �4.60]

�100 �50 50 1000

Events/h (fixed)
95% CI

Favours mirtazapine Favours placebo

Weight
%

Events/h (fixed)
95% Cl

Fig. 1. Graphic representation of effectiveness of medication in reducing apnea/hypopnea index (events/h).

Protriptyline the most studied drug is ineffective. Although acetazolamide reduces AHI by a half, it is poorly tolerated

long term. Nasal lubricant reduced AHI in NREM sleep but there is no compound available for long-term use.

Physostigmine and mirtazapine have been effective in reducing AHI on single night studies. No long-term data have

yet been published. Reproduced with permission from The 2005 Cochrane Review [41]. The studies Whyte 1988,

Jokic 1998, Hedner 2003 and Carley 2003 are referenced in the current text as [13, 9, 36 and 28], respectively.



Serotonin Agonists and Antagonists

There is tonic serotonergic input from the medullary

raphe to the hypoglossal motor neurones which, acting

through genioglossus, increases upper airway patency. This

tonic input decreases from wakefulness to NREM to a min-

imum in REM sleep [21]. Increasing serotonin (5HT) levels,

administering 5HT agonists or reducing negative feedback

on pre-synaptic 5HT receptors with specific antagonists

during sleep offer possible therapeutic approaches to OSAS.

It should be noted, however, that animal models particularly

employing vagotomy might have exaggerated the impor-

tance of 5HT in controlling airway tone [22].

The tricyclic antidepressant protriptyline reduces reup-

take of 5HT and noradrenaline in the brain. It reduces REM

sleep and in a cat model at least preferentially activates both

hypoglossal and recurrent laryngeal nerve activity without

altering phrenic nerve activity [23]. However, in three RCTs

no difference was found in the frequency of apneas overnight

or any other measure of a respiratory disturbance during

sleep compared to placebo [13, 24, 25]. Side effects includ-

ing dry mouth, urinary hesitance, impotence and visual dis-

turbance were frequent. The specific serotonin reuptake

inhibitor (SSRI) paroxetine has been shown to increase

genioglossus activity in healthy volunteers during wakeful-

ness, when the serotonergic medullary raphe nuclei are most

active [26]. During sleep and in particular REM sleep these

neurones are less active and since there are lower levels of

5HT released preventing reuptake is less likely to affect air-

way tone. In a study of paroxetine in OSAS patients there

was only a modest improvement in the apnea frequency over-

all from 25 to 18/h [27]. There was a 35% drop in the number

of apneas in NREM sleep but no change in the frequency in

REM and no reduction in daytime symptoms.

Mirtazapine is an agonist at 5-HT1, and antagonist at 

5-HT2 and 5-HT3 receptors. As a 5HT agonist it offers the

possibility of affecting airway tone in REM sleep when

SSRIs have been shown to be ineffective. In a controlled

trial published in abstract form it decreased the mean AHI

(fig. 1) but no long-term data were presented [28]. A case

report of an individual intolerant of CPAP who was treated

with mirtazapine has been published subsequently [29].

This man had a baseline AHI of 40.4 and on follow-up

3 months later had an AHI of 9.3 with a subjective improve-

ment in well-being.

At different sites and in different animal models 5HT has

been shown to decrease rather than increase genioglossus

activity presumably through autoregulatory mechanisms

acting at the pre-synaptic receptors. Possibly by blocking

this action the 5HT antagonist and anti-emetic ondansetron

decreases the frequency of apneas in adult bulldogs [30].

There has been one study of ondansetron in humans with

OSAS, which showed no effect on sleep apnea possibly due

to dosage issues [31].

Cholinergic Agents

Acetylcholine has effects on the upper airway dilators.

In the rat the application of nicotinic agents to the

hypoglossal motor neurones increases tone in genioglossus,

while muscarinic agents reduce tone [32]. In one study,

nicotine gum which has only a short half-life of action

reduced the number of apneas in the first 2 h of sleep [33].

There was no apparent change in sleep structure. In an

RCT, 20 non-smoking snorers were administered transder-

mal nicotine or placebo [34]. The intensity of snoring was

decreased by the active treatment but the number of apneas

was not and sleep quality deteriorated. Other nicotinic ago-

nists might be more beneficial but there are no data avail-

able to date.

There is a relationship in patients with multi-system

atrophy between reduced thalamic nerve terminal density

and the frequency of OSAs [35]. It was postulated that this

may be due to decreased pontine cholinergic projections

and as a consequence physostigmine was trialed in patients

with OSAS [36]. The overall AHI was reduced by 23%

compared to placebo (fig. 1) with greater effects at the end

of the night when it was thought that the drug concentration

was optimised and in REM sleep. During REM sleep in the

final third of the night the reduction in AHI was 67.5%.

Only subjects with a body weight of �120% ideal were

admitted to the trial and there was an inverse relationship

between body weight and AHI reduction. It is interesting

that physostigmine both decreased AHI in REM sleep and

increased REM duration while REM-suppressing agents

such as protriptyline and clonidine have been ineffective in

reducing AHI [13, 16, 24, 25].

Persisting Daytime Sleepiness on CPAP
Treatment

In some people even when abnormal respiratory events

during sleep are normalised by CPAP therapy, disabling

daytime somnolence persists. It is important in this situa-

tion to review the original diagnosis and consider alterna-

tive or co-existing reasons for sleepiness. If no other

remediable cause is identified, then wakefulness-promoting

drugs can be considered. Amphetamines improve daytime
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alertness in OSAS patients [37] but have considerable

drawbacks including abuse potential and cardiovascular

side effects. Modafinil is a wake-promoting agent, chemi-

cally unrelated to amphetamines. Its exact mechanism of

action is not yet known but there is evidence that it reduces

persistent sleepiness in patients complying with CPAP

therapy [38]. Although there has been concern that it might

reduce compliance with CPAP this was not demonstrated in

two published series [38, 39]. In one smaller study there

was a slight decrease in CPAP usage [40]. This is unlikely

to be of clinical significance but the possibility of

decreased CPAP usage should be borne in mind.
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Abstract

Central sleep apnea and hypoventilation syndromes are
increasingly important clinical entities, in part because of their
associations with pervasive conditions such as heart failure
and obesity. While disruption of ventilatory control appears
to contribute to these disorders, much remains unknown
about pathophysiologic mechanisms and optimal treatment
methods. This chapter explores some of these issues in the
context of the most recent research data, and also discusses
some less common disorders of ventilatory control that may
be encountered by the sleep medicine specialist.

Definitions

A 1999 joint consensus statement [1] was prepared in an

effort to standardize definitions of sleep-related breathing

disorder syndromes as well as techniques for measurement

to guide future research. While some of these recommenda-

tions will be referred to, it should be noted that an updated

scoring manual is expected from the American Academy of

Sleep Medicine (AASM) in 2006.

The nosology of the central sleep apnea (CSA) syn-

dromes have lacked rigid standardization, probably owing

to the relative infrequency with which some of the clinical

disorders are encountered in clinical practice. The AASM

published the Second Edition of the International

Classification of Sleep Disorders (ICSD-2) in 2005 [2].

The reader is referred to that publication for details, but we

will utilize this classification scheme whenever possible in

describing clinical syndromes in this chapter.

In the broadest sense, CSA is characterized by episodes of

apnea or hypopnea related to loss of ventilatory output from

the central respiratory generator in the brainstem to the respi-

ratory pump. During polysomnography (PSG), the scorable

central event has been defined by an absent (apnea) or reduced

(hypopnea) respiratory effort associated with decrements in

airflow, lasting at least 10 s. It should be noted that centrally

mediated pauses in breathing may be a natural occurrence,

such as with a sleep onset central apnea during the transition

from wakefulness to light sleep. While the esophageal balloon

is considered the gold standard to confirm reductions or

absence of respiratory effort, central apneas appear to be ade-

quately scored by plethysmographic measurement of chest

wall and abdominal motion, a technique with reasonable relia-

bility that is unlikely to misclassify a patient’s sleep-related

breathing disorder [3, 4]. Cardiogenic oscillations noted in the

airflow signal seen with a patent upper airway may further

confirm that an apneic event is not obstructive [5].

Historically, CSA syndromes have been broadly divided

into two general classes based upon the presence or absence

of hypercapnia during wakefulness; this heterogeneity was

described by Bradley et al. in 1986 [6]. As will be discussed

later, those disorders associated with daytime hypercapnia

(some hypoventilation syndromes) appear to result from

global derangements in ventilation and ventilatory drive dur-

ing both wakefulness and sleep. Disorders without hypercap-

nia, and importantly often associated with hypocapnia,

include primary CSA syndrome, Cheyne-Stokes breathing
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pattern (also been referred to as periodic breathing) seen most

commonly in the setting of heart failure (HF) or central neu-

rologic disease, and high altitude periodic breathing (HAPB).

Control of Ventilation and the Influence of Sleep

Ventilation is broadly controlled by both chemical/ meta-

bolic stimuli (PaO2 and PaCO2) as well as neurobehavioral

factors. The latter are prominent during wakefulness, and

include stimuli from higher cortical centers related to daily

living behaviors, such as phonation and deglutition as well

as visual and auditory cues thought to contribute to an over-

all increase in tonic output from the cerebral cortex to the

respiratory centers in the brainstem. During sleep, with loss

of this neurobehavioral input, ventilation is driven by an

automatic system which integrates afferent signals from

peripheral (primarily sensing PaO2) and central (sensing

PaCO2) chemoreceptors as well as vagally mediated feed-

back from lung and chest wall mechanoreceptors [7].

The reduction in ventilation associated with sleep appears

to be multifactorial in origin [8]. NREM sleep is associated

with a twofold increase in upper airway resistance [9] which

appears to be due in part to reduced neuromuscular input as

demonstrated by electromyographic recordings of upper

airway muscles. This reduction in neuromuscular control

originates primarily from the tonic background, although

decrements may be seen on phasic stimulation during inspi-

ration [10]. These regional effects coupled with reductions in

both the hypoxic and hypercapnic ventilatory response [8],

result in modest hypoventilation associated with 2–4%

reductions in oxyhemoglobin saturation and a 3–6 mm Hg

increase in the partial pressure of carbon dioxide [11, 12].

Further decrements in the ventilatory response occur during

REM sleep [13], despite the return of behavioral cortical

activity which is characterized by an irregular breathing

pattern thought to be associated with dreaming. There is

some evidence to suggest that premenopausal women main-

tain ventilatory responsiveness during the state change from

wakefulness to NREM sleep [14], a finding which may be

important in explaining the reduced risk of sleep-disordered

breathing (SDB) noted in the same population [15].

During both wakefulness and sleep, the most sensitive

determinant of ventilation is PaCO2, the level of which is lin-

early related to minute ventilation. Thus, small changes in

arterial CO2 tension actuate a change in ventilation. Oxygen

tension also appears to play a role in the drive to breathe,

but relatively large decrements (PaO2 � 60 mm Hg) are

required before an appreciable increase in minute ventilation

is encountered (a hyperbolic response) [16]. Skatrud and

Dempsey [17] were among the first to describe an apneic

threshold, a PaCO2 level below which was frequently associ-

ated with central apnea during NREM sleep in healthy indi-

viduals. Hypoxia appears to promote apnea indirectly by

stimulating ventilation with resultant hypocapnia sufficient to

cross the apneic threshold [17], a mechanism which is impor-

tant in periodic breathing at high altitude (discussed later).

The goal of the ventilatory control system is to maintain

homeostasis of blood gas tensions within a tightly con-

trolled range. The determinants of this system have been

modeled after an engineering concept known as loop gain

[18, 19], which considers the overall gain of a system based

upon feedback from multiple inputs. In its most simplistic

terms, as outlined by Khoo et al. [18], the ventilatory sys-

tem is under the influence of:

1. Respiratory pump and gas exchange capabilities of the

lungs and body tissues (‘plant gain’)

2. Central and peripheral chemoreflexes (‘controller gain’)

3. Circulatory time (as determined by fluctuations in car-

diac output and cerebral blood flow)

This homeostatic model has been applied to some of the

fundamental pathophysiologic mechanisms related to SDB,

including obstructive sleep apnea (OSA) [20, 21] (fig. 1).

Those mechanisms as they relate to CSA will be discussed

in this chapter.

The Association between Central and 
Obstructive SDB

There are features of OSA and CSA that are physiologi-

cally distinct. For example, obstructive apneas are most pro-

found and frequent during REM sleep, as a result of muscle

atonia during this stage. Central events, on the other hand,

are rare during REM sleep, which probably relates to the

relatively minor role of PCO2 in driving ventilation during

this stage [22] where behavioral influences become more

prominent. Still, there appears to be considerable overlap

between pathophysiologic mechanisms in OSA and CSA.

It is unusual to encounter pure CSA without discernible

superimposed obstructive events either within an apnea 

(so-called ‘mixed apnea’) or co-existing during a single

night. This coupling likely represents overlap of the patho-

physiologic and neuromuscular mechanisms that govern

aspects of both ventilatory control and upper airway

patency. There are several lines of evidence to suggest OSA

and CSA may share common pathophysiologic mecha-

nisms. Central apneas during Cheyne-Stokes breathing
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pattern have been found to be frequently accompanied by

upper airway occlusion [23]. Induction of periodic breathing

with hypoxic gas mixtures results in upper airway narrowing

in both snorers [24] and normal volunteers [25], an effect

confirmed by electromyographic recordings of upper airway

muscles [26]. In HF, there is evidence for an overnight shift

in predominance of obstructive apneas to central apneas, an

effect which may be mediated by deteriorating cardiac func-

tion [27]. Further evidence of the association between upper

airway narrowing and central events is derived from an

observed increase in central apneas in the supine position

[28] and a reduction in central events with the use of contin-

uous positive airway pressure (CPAP) treatment [29, 30].

Primary CSA

Also referred as idiopathic CSA, this remains a relatively

uncommon disorder and, as a result, the pathophysiology and

natural history are not well understood. What does appear to

be a consistent finding among these patients is an exagger-

ated ventilatory response to PaCO2 during both wakefulness

and sleep, representative of high loop gain predisposing to

respiratory control system instability, as described in a series

of papers by Bradley’s group [6, 31, 32]. This increased sensi-

tivity to blood carbon dioxide tensions results in lower base-

line PaCO2 (around 35 mm Hg), close to the apneic threshold,

thereby predisposing to apnea. Associated arousals manifest

with abrupt hyperventilation [32] and further propagation of

ventilatory instability. That arousals and ventilatory pattern in

CSA are not the cyclical waxing and waning as seen in

Cheyne-Stokes respiration suggest additional or pathophysio-

logically distinct mechanisms at work. However, raising the

PaCO2 by inhaled CO2 or increasing dead space was suffi-

cient to nearly eradicate central apneas in a group of patients

with CSA [33]. Polysomnographically, central apneic events

are typically seen during NREM sleep, probably because the

reduction in CO2 sensitivity during REM sleep [13] renders

the ventilatory response less capable of crossing the apneic

threshold.

Given the uncommon occurrence of CSA, its epidemiol-

ogy is not well described. Most, but not all [34] studies sug-

gest a middle to older age male predominance. Evidence for

heritability of chemosensitivity in other clinical settings,

such as chronic obstructive pulmonary disease (COPD) [35]

and neuromuscular disease [36], suggests a possible familial

role in CSA, although this has not been confirmed.

Dominant clinical features of CSA include fragmented

sleep with frequent awakenings which may lead to daytime

hypersomnolence. Insomnia is often reported, and it is pos-

sible that each condition feeds the other, as the apneic

threshold is frequently violated during wake-sleep transi-

tions. According to the 1999 Guidelines, more than 5 central

events per hour of sleep are required to make a diagnosis of

CSA. However, absence of outcomes research does not

allow severity grading of CSA based upon the apnea/hypop-

nea index (AHI) as has been applied to patients with OSA.

Central apneas usually result in oxyhemoglobin desatura-

tion but, on account of enhanced ventilatory drive and less

obesity-related chest wall restriction, are often modest in

comparison to those encountered during obstructive apneas

in OSA. In general, cardiovascular sequelae of CSA are

thought to be relatively mild [37], although systematic stud-

ies to confirm this are lacking.

As there are no high level clinical trials comparing treat-

ment options and efficacy in CSA, the literature has been

largely based upon clinical case reports or series. That said,

there appears to be a number of viable treatment options for

the CSA patient suffering from sleep disruption and/or

resultant daytime functional sequelae. CPAP therapy has
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Fig. 1. Comparative ventilatory responses

to apnea (the first disturbance) in 2 individ-

uals with differing loop gain (LG). An LG of

0.5 produces a regular ventilatory pattern,

while a heightened LG (LG � 1) results in

an exaggerated response with subsequent

oscillation. From White [21].



been shown to be effective in some patients with CSA [29,

30]. Given the pathophysiologic similarities between CSA

and OSA previously outlined and evidence for dysfunc-

tional upper airway mechanics in CSA, this finding is not

surprising, although the effects of CPAP may be independ-

ent of upper airway closure and more related to influences

on ventilatory drive. Furthermore, since OSA and CSA

often co-exist, a trial of CPAP seems warranted in many

instances, particularly in the somnolent, obese, and/or snor-

ing patient with central apneas on PSG.

Very limited data suggest that supplemental oxygen may

be effective in reducing central apneic events in CSA [38],

although possibly at the risk of increasing the frequency of

obstructive apneas in those with mixed disease [39]. Its

mechanism of action is not completely clear but it probably

acts to suppress ventilatory drive and hyperventilation, thus

moving the PaCO2 away from the apneic threshold.

The efficacy of acetazolamide in CSA has also been

reported in two studies with treatment duration of 7–30

days [40, 41]. This carbonic anhydrase inhibitor is believed

to act by inducing a mild metabolic acidosis, resulting in a

widened gap between the prevailing PaCO2 and the PaCO2

associated with the apneic threshold [42]. A third study

described emergence of obstructive apneas following

acetazolamide therapy for mixed sleep apnea CSA [43], a

finding possibly explained by heightened respiratory mus-

cle force in response to metabolic acidosis, resulting in

more negative upper airway intralumenal pressures.

Cheyne-Stokes Breathing Pattern 
(Cheyne-Stokes Respiration)

Cheyne-Stokes respiration (CSA-CSR), an increa-

singly common form of SDB most often encountered in 

the setting of HF, is a breathing pattern characterized by

crescendo-decrescendo tidal volumes with intervening cen-

tral apneas. This waxing and waning pattern has also been

referred to as periodic breathing. In contrast to OSA, where

arousals typically occur with apnea termination, arousals

from sleep in CSA-CSR tend to occur at the height of the

hyperpneic phase following apnea. Considering this propen-

sity for sleep disruption, it is not clear why daytime symptoms

in CSA-CSR may not be as prominent as in OSA [44, 45].

CSA-CSR in HF has been associated with increased

mortality [46, 47]. The severity of CSA is thought to be, to

some extent, a reflection of underlying cardiac dysfunction,

which could partially explain the mortality association.

However, multivariate analyses suggest that CSA-CSR may

be an independent risk factor for mortality [47]. Potential

mechanisms may relate to cardiac decompensation associ-

ated with apnea-induced hypoxemia, sympathetic activa-

tion, or repetitive arousals and sleep fragmentation [48].

Perhaps as a consequence, CSA in HF has been associated

with cardiac pathologies that could further worsen progno-

sis, such as atrial fibrillation [49].

The characteristic waxing and waning pattern of alter-

nating apneas and hyperpneas in CSA-CSR is readily rec-

ognized on PSG (fig. 2). The cycle length, found to

approximate 60 s, is significantly longer than those encoun-

tered in primary CSA [50], and appears to correlate with

circulatory delay. The 1999 Guidelines require 5 or more

central apneas or hypopneas per hour of sleep as well as at

least 10 consecutive minutes of cyclic crescendo and

decrescendo changes in breathing amplitude [1]. There are

scant outcome data upon which to base severity criteria in

CSA-CSR. Reported variables include the central apnea

index [51], the central AHI, and the quantity or percentage

of sleep time with periodic breathing [47]. Lanfranchi et al.

[47] found prognostic significance in the central AHI but

not in the percentage of sleep time spent with periodic

breathing.

Mechanisms of CSA-CSR in HF

Many of the pathophysiologic mechanisms in HF and

CSA-CSR relate to abnormalities in ventilatory control as

outlined in the model above, although integrated reflexes

and pathways are undoubtedly more complex. Circulatory

delay in association with reduced cardiac output in systolic

HF is reproducible in models of CSA in animals [52] and

usually is present in human patients with HF and CSA-CSR

[53, 54]. Naughton et al. [55] showed that circulatory delay

appears to play an important role in determining CSA-CSR

cycle length.

On the other hand, interindividual variation in central

and peripheral chemoreflex sensitivity (‘controller gain’)

may explain why some patients with HF do not develop

central apnea. HF patients with CSA-CSR have consis-

tently been found to have heightened ventilatory responses

to blood CO2 tensions, as in primary CSA, often resulting

in hypocapnia [31, 56, 57]. Javaheri and Corbett [58]

reported that hypocapnia is often modest (PaCO2 range of

32–34 mm Hg) and is not invariably present during wake-

fulness. Recalling that a stable ventilatory rhythm is main-

tained by a 3–6 mm Hg rise in PCO2 associated with

normal NREM sleep, small decrements in PCO2 below the
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apneic threshold are often sufficient to destabilize the sys-

tem, resulting in ventilatory oscillations manifesting as

CSA-CSR [57, 58]. The intervening apneas perpetuate the

vicious cycle as resulting hypercapnia elicits an exagger-

ated ventilatory response on subsequent cycles.

Sensitivity to CO2 positively correlates with the severity

of the CSA-CSR as determined by the AHI [57]. Further-

more, HF patients also have enhanced CO2 sensitivity and

relative hyperventilation during exercise (represented by

the VE/VCO2 slope), a finding that has been shown to be of

prognostic importance [59, 60] and may be representative

of global derangements in CO2 metabolism in this popula-

tion. A nonrandomized observation of CPAP compared

with O2 therapy in HF with CSA showed improvement of

the VE/VCO2 slope in the CPAP group but not in those

treated with O2 [61]. Further evidence for derangements in

CO2 processing in HF include a reduced cerebrovascular

response to hypocapnia in those with CSA-CSR compared

to those without [62]. Finally, very recent data suggest that

hypocapnia-induced destabilization of ventilatory control

appears to be specific to systolic dysfunction and circula-

tory delay in HF. A prospective evaluation of stroke patients

showed that those with systolic dysfunction and hypocap-

nia had a higher prevalence of CSA independent of stroke

type or brain location [63]. Despite the common occurrence

of hypocapnia in hepatic cirrhotics, related to metabolic

derangements and alterations in pulmonary hemodynamics

[64, 65], cirrhotics with normal left ventricular (LV)

function (ejection fraction 60%) matched with HF patients

(ejection fraction 23%) for PaCO2 levels showed little

to no CSA compared with the high rate in the HF

group [66].

Leptin, the protein product of the adipocyte ob/ob gene,

may provide a mechanistic link between cardiac dysfunc-

tion and ventilatory control. Leptin is predominantly impli-

cated in appetite, weight and metabolism regulation, but

has also been linked to CO2 sensitivity [67]. In a knockout

model of obese mice, leptin infusions appeared to prevent

respiratory depression, particularly during REM sleep [68].

Disturbed leptin metabolism in HF [59] may conceivably

contribute to the heightened CO2 sensitivity (controller

gain) and predisposition to CSA-CSR in HF.

Increased cardiac filling pressures (pulmonary capillary

wedge pressures) have been associated with worsening of

CSA-CSR [69]. This may explain the increase in central

apnea frequency as HF severity worsens, as well as when HF

patients change from the upright to the supine posture [28].

While overt alveolar flooding is probably needed to stimulate

ventilation on the basis of hypoxemia, subtle pulmonary

interstitial edema commonly resulting from increases in car-

diac filling pressures in HF can increase ventilation by stim-

ulation of vagally mediated lung irritant receptors [36, 79],

thereby leading to mild chronic hypocapnia. There may also

be interactions between the respiratory control center and

cardiac mechanoreceptors or other pressure-sensitive cardiac

receptors that elicit reflex changes in ventilatory control.
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oscillations in ventilation with an approximate cycle length of 60 s. Because of circulatory delay, oxyhe-

moglobin desaturations manifest on pulse oximetry near the end of the subsequent hyperpneic phase.

V � Nasal airflow; SpO2 � oxyhemoglobin saturation; RC � rib cage movements; ABD � abdominal

movements. From the Mayo Clinic Sleep Disorders Center.



Figure 3 summarizes possible pathophysiologic mechanisms

in HF and CSA [70].

Further evidence from a recent interventional trial also

implicates increased cardiac filling pressures and resultant

instability of ventilatory control in the pathogenesis of

CSA-CSR. Sinha et al. [71] found that in 14 patients with

HF (LV ejection fraction 25 � 5%), intraventricular con-

duction delays and CSA-CSR, cardiac resynchronization

therapy (CRT) markedly reduced CSA-CSR at 17-week

follow-up (mean AHI 19 � 10 to 4.6 � 4.4). LV ejection

fraction increased to a mean of 35% and significant

improvements were noted in quality of life. At baseline,

CSA-CSR patients demonstrated increased ventilatory

responses to exercise (VE/VCO2 slope) in keeping with

other studies showing abnormalities in CO2 metabolism

in these patients [59, 60]. However, CRT resulted in a

reduction in this measure that was comparable to that of 10

other subjects without CSA-CSR who underwent CRT.

While long-term outcome data are not yet available, it is

possible, although not proven, that some of the survival

benefit attributed to CRT in HF patients in recently pub-

lished large-scale studies may be related to amelioration of

central apnea in this patient population [72, 73]. It is likely

that CRT-related stabilization of loop gain is at least partly

responsible for the improvement in CSA-CSR, although

further study will be needed to clarify other mechanisms,

and if any further benefit is afforded those HF patients

with co-existing OSA and CSA.

Treatment of CSA-CSR

Directed Treatment of Underlying HF
There are currently no defined criteria for treatment of

CSA-CSR and, importantly, no high-level trials have been

published to show an improvement in cardiovascular out-

comes with directed treatment of CSA-CSR. Aggressive

treatment of the underlying HF would be expected to

improve CSA-CSR, although systematic data to confirm this

are sparse. A single study, pre-dating the widespread use of

�-blockers for HF, showed significant attenuation of breath-

ing events in a minority of patients after 2 months of medical

therapy following acute HF [74]. Clearly, further studies

assessing the impact of medical therapy on CSA-CSR in

larger populations of HF patients are needed. Case reports of

surgical correction of cardiac valvular disease, particularly

of the mitral valve, describe marked improvement in CSA-

CSR [75]. CSA-CSR was eradicated in 7 of 13 patients fol-

lowing heart transplantation for HF, but persisted in another

4 patients postoperatively [76]. As discussed previously,

CRT seems to reverse CSA-CSR in those carefully selected

candidate patients, although the benefit over and above those

related to enhancing cardiac function, if any, is not clear.

Positive Airway Pressure and Adaptive Servo-Ventilation
Aside from its reversal of apnea as described in the set-

ting of primary CSA, CPAP has salutary effects on cardiac
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function on account of inspiratory muscle unloading and

reduction of cardiac afterload related to increasing intratho-

racic pressure [77]. A controlled trial of CPAP or usual care

followed those with HF with and without CSA. CPAP was

associated with an increase in ejection fraction and reduced

risk of heart transplant only in those with CSA [78]. The

multicenter CANPAP trial also showed slight improve-

ments in ejection fraction and reduced sympathetic activity

but failed to show a survival benefit in those with HF and

CSA-CSR randomized to CPAP therapy [79]. The authors

hypothesized that improvements in medical therapy over

the course of the multi-year study (use of �-blockers in par-

ticular) reduced mortality in all subjects to the point of irre-

versibly underpowering the study, but it is also noteworthy

that the AHI was reduced by only about 50% in the treat-

ment group. Thus, while there is ample evidence to con-

sider a trial of CPAP in the HF patient with symptoms

referable to poor sleep quality, such data not only call into

question the adequacy of treatment but also the incom-

pletely understood role, if any, of CSA-CSR in the morbid-

ity and mortality of HF patients [80].

Adaptive servo-ventilation (ASV) utilizes an algorithm

to analyze a patient’s ventilatory rhythm and estimates a

minute ventilation with which to target support. While pro-

viding support during apneas and hypopneas, ASV is

designed to avoid overventilation during the hyperpneic

phase, promoting more uniform ventilation and reducing

arousals from sleep. Previously available only outside of the

U.S., the ASV mode recently received FDA approval and is

targeted for U.S. distribution in 2006. ASV has been shown

to effectively suppress CSA-CSR and may be preferred over

CPAP by patients [51, 81]. A 1-month randomized trial

comparing therapeutic ASV with subtherapeutic ASV

showed significant improvements in daytime sleepiness and

reductions in neurohormonal activity associated with active

treatment in patients with stable HF and CSR-CSA [82]. A

recent randomized crossover trial has demonstrated superi-

ority of ASV over CPAP and NPPV in normalizing breath-

ing and sleep parameters in patients with CSA syndromes

with and without HF [Morgenthaler et al., unpubl. data].

Supplemental Oxygen
Supplemental O2 has also been a popular treatment

choice for CSA. As mentioned previously, it is believed to

suppress ventilatory drive thereby buffering the apneic

threshold, but it is also conceivable that the O2 improves

cardiac function, thereby indirectly reducing periodic

breathing. A two-night randomized controlled trial yielded

a greatly reduced AHI in men with severe HF and nocturnal

hypoxemia [83].

Inhaled CO2

Since hypocapnia, as mentioned earlier, appears to be

intimately related to the pathogenesis of CSA-CSR, it would

follow that increasing PaCO2 by inhalation of CO2 or by

enhancing dead space may ameliorate ventilatory instability,

as has been demonstrated in primary CSA [33]. In fact, one

night of inhaled CO2 administered to 6 patients with severe

stable HF resulted in virtual eradication of CSA-CSR [84].

However, the long-term effects are unknown and there is

evidence for worsened sleep quality and fragmented sleep

architecture associated with CO2 treatment. Moreover, there

is evidence that a single night of treatment may be harmful

in those with HF, as demonstrated by an increase in meas-

ured sympathetic activity [85].

Theophylline
Theophylline, a phosphodiesterase inhibitor with bron-

chodilatory properties, has also been shown to be a central

respiratory stimulant [86], possibly by antagonizing adeno-

sine in the brainstem [87]. Use of theophylline for asthma and

other bronchospastic diseases fell out of favor, in part because

other anti-inflammatory therapies were found to be more

effective, but also because of the risk of neuroexcitatory

adverse effects such as tachycardia, which were found to be

coupled to serum concentrations above the therapeutic range

of 10–20 ug/ml). Five-day oral administration of theophylline,

resulting in modest serum concentrations (11 �g/ml) reduced

the frequency of central apneas and hypopneas as well as the

duration of arterial oxyhemoglobin desaturation in a con-

trolled trial of 15 men with stable CHF (LVEF � 45%) [88].

The lack of improvement in ventricular function, as well as a

case report of efficacy in treating CSA-CSR in the setting of

normal ventricular function [89] suggests the central mecha-

nism of action noted above, which may have a stabilizing

effect on ventilatory output. Safety concerns related to theo-

phylline use and arrhythmogenesis in HF patients, a popula-

tion with sympathetic overactivity, may be tempered by these

findings related to relatively low serum concentrations.

Furthermore, a recent study showed that similarly modest

serum theophylline levels do not increase sympathetic

activity or heart rate in HF patients as is seen in healthy indi-

viduals [90]. Nevertheless, a cautious approach is warranted

since long-term use of another phosphodiesterase inhibitor,

milrinone, was shown to increase mortality in patients with

HF [91].

Acetazolamide
Javaheri [92] recently published results of a random-

ized placebo controlled trial of 6 nights of single-dose 
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acetazolamide in a small group of men with stable HF and

CSA. Acetazolamide significantly improved the central

apnea index (mean 44 to 23 per hour) as well as the nadir

saturation value compared with placebo. That blood gas

analysis found the PaCO2 to be lower in the treatment group

confirms the importance of the difference between the

prevailing PaCO2 and the PaCO2 associated with the apneic

threshold, rather than the absolute values, in triggering ven-

tilatory instability. It should be noted that while the effects

on CSA are presumably due to alterations in PaCO2, diuretic

effects with subsequent reductions in pulmonary edema

cannot be excluded as an added mechanism of action.

High Altitude Periodic Breathing (HAPB)

Nearly anyone ascending to elevations greater than 7,500

meters will experience HAPB, characterized by cyclic cen-

tral apneas and hyperpneas associated with repetitive

arousals, fragmented sleep of poor quality and occasional

dyspnea [93]. Significant symptoms can also occur at lesser

elevations, as low as 3,500 meters [94]. Such a prevalence

suggests that HAPB is a normal response to altitude rather

than a pathologic finding per se. The onset of HAPB is 

co-incident with ascension and usually occurs the first night

at elevation. The pathophysiologic mechanism appears to be

heightened sensitivity to hypoxia with an exaggerated venti-

latory response to reduced ambient oxygen levels leading to

hypocapnia, followed by a similar cascade during sleep as

seen in CSA-CSR [95]. Lack of potentiation of this periph-

eral chemoreflex in Himalayan Sherpas who do not manifest

HAPB at altitude suggest accommodation of the hypoxic

ventilatory response over time, although after 32 days at

elevation, Caucasian lowlanders continued to demonstrate

ventilatory instability [96]. Those who also develop pul-

monary edema related to high altitude have more frequent

central apneic events thought to result from worsened hypox-

emia related to ventilation-perfusion mismatching [97]. As in

primary CSA, HAPB is most common during NREM sleep

with the dampened peripheral chemoreflex having a protec-

tive effect during REM sleep.

If available, supplemental oxygen is effective at revers-

ing HAPB, while inhaled CO2 may reduce apneas but

appears to have no effect on the periodicity of ventilation

[96]. Both acetazolamide and theophylline were found to

significantly reduce the central AHI in a placebo-controlled

trial of HAPB conducted at 3,500 meters [94]. Notably,

as in Javaheri’s trial in HF patients with CSA-CSR [88],

measured serum theophylline levels were relatively low

(4–6 �g/ml in this study), underscoring an incomplete

understanding of mechanisms of action of theophylline or

other phosphodiesterase inhibitors.

Sleep Hypoventilation Syndromes

The most frequently encountered hypoventilation syn-

dromes during sleep are those associated with another

medical condition. Most notable among these are pul-

monary disorders such as COPD as well as restrictive lung

diseases related to neuromuscular impairment. According

to ICSD-2, these secondary sleep hypoventilation syn-

dromes share similar polysomnographic features, of which

one or more should be present to confirm the diagnosis:

1. An oxygen saturation during sleep of �90% for more

than 5 min with a nadir of at least 85%

2. More than 30% of total sleep time at an oxygen satura-

tion of �90%

3. Sleeping arterial blood gas with PaCO2 that is abnor-

mally high or disproportionately increased relative to

levels during wakefulness

Obstructive or central disordered breathing events may

or may not be an associated feature. Treatment should be

directed at the underlying disorder but noninvasive positive

pressure ventilation should be considered in those with

associated pulmonary hypertension, cor pulmonale or poly-

cythemia.

Congenital Central Alveolar Hypoventilation Syndrome
Congenital central alveolar hypoventilation syndrome

(CCHS, also referred to as Ondine’s curse) is a very rare dis-

order (�1,000 cases worldwide) characterized by failure of

central ventilatory mechanisms and hypoventilation often

beginning in infancy [98]. Not uncommonly, clinical atten-

tion comes with an episode of acute respiratory failure with

failure to wean from mechanical ventilation in an otherwise

healthy-appearing infant. Other cases characterized by

chronic sleep-related hypoventilation manifest later in child-

hood with overt hypercapnic and hypoxemic respiratory

failure accompanied by cor pulmonale and polycythemia.

Despite reaching early developmental milestones, patients

with progressive untreated respiratory failure may develop

cognitive delay or growth retardation [98]. Associated clini-

cal features include Hirschsprung’s disease and autonomic

dysfunction as manifested by reduced heart rate variability

and blood pressure irregularities [99].

The pathophysiology of CCHS appears related to dys-

functional integration of respiratory afferents in the brain-

stem, which, despite a radiographically normal appearance,

results in blunted chemoreflexes and lack of subjective

CSA, Hypoventilation Syndromes and

Periodic Breathing Disorders 

187



dyspnea despite obvious gas exchange abnormalities.

Hypoventilation, often without accompanying apneas, is

the dominant finding on PSG. Recent data have implicated

mutations in PHOX2B, a gene associated with central and

peripheral autonomic nervous control [100]. Although

expression of the disease in siblings and monozygotic twins

has been reported, current evidence suggests that CCHS is

the result of de novo gene mutations [101].

Treatment consists of assisted ventilation either by 

noninvasive means or by tracheotomy. In many instances,
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ventilation is required only during sleep, although more

advanced cases may require continuous support day and

night. While some patients have aged into early adulthood,

treatment is likely to be a lifelong requirement [98].

Obesity Hypoventilation Syndrome (Encompassed by
the ICSD-2 Sleep-Related Hypoventilation/Hypoxemia
due to Neuromuscular and Chest Wall Disorders)
Previously referred to as the Pickwickian syndrome,

derived from a character in Dickens’ novel The Posthumous
Papers of the Pickwick Club, the obesity hypoventilation

syndrome (OHS) is an increasingly recognized disorder. The

epidemiology of OHS is not well described, and it is likely

that the disorder remains underappreciated or misdiagnosed

as asthma or COPD. Nearly one third of hospitalized patients

with a BMI � 35 kg/m2 demonstrated otherwise unex-

plained daytime hypoventilation [102] with the prevalence

increasing to nearly half of patients with a BMI � 50 kg/m2.

Daytime hypercapnia (PaCO2 � 45 mm Hg) is a cardi-

nal sign of OHS, reflecting reduced ventilation during

wakefulness as well as sleep. While the pathophysiology of

OHS has not been completely elucidated, it is believed to

result from a combination of mechanical load imposed by

obesity and alterations in both hypoxic and hypercapnic

ventilatory drive, as reported by Zwillich et al. in 1975

[103, 104]. Obesity is associated with reduced chest wall

compliance [105], decreased total lung volume and expira-

tory reserve volume [106], and elevated airway resistance

[107]. Ventilation-perfusion abnormalities result from

reduced effective volumes in the lung bases which are pref-

erentially perfused (via gravitational effects) by an

expanded lung blood volume (fig. 4).

Knockout mice studies describe important effects of the

hormone leptin on ventilation in obesity [68]. Leptin acts,

among other sites, in the hypothalamus to induce satiety, and

serum levels closely correlate with total body fat content.

Patients with OSA have even higher than expected leptin

levels for their degree of obesity [108], suggesting resist-

ance to the appetite-suppressing effects, and perhaps other

physiologic effects, of leptin. CPAP therapy has been shown

to reduce leptin levels in the absence of weight loss [109].

It may seem implicit that all obese persons with hypoventi-

lation would manifest SDB and OSA. Indeed, the majority of a

select group of OHS patients demonstrated SDB during noc-

turnal monitoring [110]. CPAP has been shown to ameliorate

blood gas abnormalities and daytime symptoms in a group of

OHS patients not known to have OSA [111]. However, not all

patients with OHS demonstrate SDB on nocturnal monitoring,

so the contribution of SDB to the cardiopulmonary pathophys-

iology of OHS is not entirely clear. Furthermore, sleep-related

hypoventilation and hypoxemia may prove resistant to CPAP,

which may necessitate the addition of supplemental oxygen or

alternative treatment with noninvasive positive pressure (bi-

level) ventilation. Clinical trials comparing different treatment

options are currently lacking, although weight loss should be

universally recommended.

Available evidence suggests that cardiopulmonary mor-

bidity in OHS is striking. Autopsy data show biventricular

failure as a frequent cause of death, with marked changes in

the pulmonary vasculature consistent with pulmonary

hypertension [112]. The independent contribution of OSA

in the genesis of cardiopulmonary abnormalities in OHS is

not clear, and it may be that obesity itself is a more impor-

tant risk factor [113]. In the absence of substantial weight

loss, however, directed treatment of SDB may help prevent

cardiovascular complications. Alternatively, more radical

weight loss options, such as bariatric surgery, could be con-

sidered in OHS patients, given their high cardiopulmonary

morbidity.

Occasionally, a patient may demonstrate evidence for

sleep-related hypoventilation/hypoxemia without obesity,

sleep apnea or any predisposing comorbid condition, in

which case an ICSD-2 diagnosis of idiopathic sleep related

nonobstructive alveolar hypoventilation could be made.

This disorder is thought to result from reduced chemoreflex

sensitivity with or without alterations in medullary ventila-

tory drive. Treatment may include supplemental oxygen or

positive pressure ventilation.
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Abstract

Obstructive sleep apnea is associated with an increased
risk of cardiovascular disease and stroke.Three pathophysio-
logical mechanisms characterize sleep-related breathing dis-
orders: (1) upper airway instability; (2) respiratory control
instability, and (3) respiratory pump disorders. Especially the
intrathoracic pressure swings during obstructed breathing,
hypoxemia as a result from apneic events, and arousals from
sleep (terminating the apneas) are responsible for the cardio-
vascular consequences. Obstructive sleep apnea is an inde-
pendent risk factor for systemic hypertension and has also
been implicated in the pathogenesis of pulmonary hyperten-
sion, arrhythmias, atherosclerosis, coronary artery disease
and myocardial infarction, stroke, and congestive heart failure.
Treatment of obstructive sleep apnea – especially with CPAP –
improves breathing and eliminates the acute hemodynamic
effects during sleep. In addition, long-term treatment with
CPAP has a beneficial influence on the cardiovascular conse-
quences: left ventricular function, systemic and daytime pul-
monary hypertension improve, and there is also evidence
that the otherwise increased cardiovascular morbidity and
mortality can be normalized.

Pathophysiology

Sleep-related breathing disorders are intertwined with

cardiovascular disease by virtue of their shared real estate

(i.e. the thorax) and common interacting physiology. Three

pathophysiological mechanisms characterize sleep related

breathing disorders, namely: (a) upper airway instability

(e.g. sleep related loss of muscle tone leading to snoring

and ‘obstructive’ hypopneas and apneas); (b) respiratory

control instability (e.g. hyperventilation with circulatory

delay causing periodic drive to breathe), and (c) respiratory

pump disorders (e.g. chest wall abnormalities or ‘restric-

tive’ ventilatory defects). Each mechanism impacts upon

the development of obstructive sleep apnea hypopnea syn-

drome (OSAHS) (fig. 1), central sleep apnea with Cheyne-

Stokes respiration (CSA-CSR) (fig. 2) and sleep-related

hypoventilation. Each mechanism may be influenced by, or

has an effect upon, the cardiovascular system.

Upper Airway Instability
Upper airway instability and collapse occurs either during

inspiration, where negative intraluminal forces predominate

and the so-called collapsing pressure (Pcrit) is negative, or

during expiration, when the intraluminal collapsing pressure

is positive [1]. The former usually occurring in patients with

skeletal or soft tissue anatomic abnormalities (e.g. narrow

high-arched palate, retrognathia, nasal obstruction) whereas

the later occurs in patients with obesity or drugs affecting

upper airway tone (sedatives, alcohol [2]).

In either case, upper airway occlusion occurs for peri-

ods of 10–90 s during which time, vigorous respiratory

drive occurs resulting in numerous futile efforts to inspire.

Each effort being associated with increasing large negative

intrathoracic pressure whilst hypoxia and hypercapnia

become progressively greater, heart rate slows down (diving
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reflex) until an arousal occurs (precipitated by hypercapnia,

hypoxemia, work of breathing) at which time airway

patency returns. Following the apnea, the arousal related

return of airway patency may be partial (in which snoring

persists), or complete (in which ventilation occurs without

snoring) for the 3–5 breaths before deep sleep returns.

Systemic blood pressure oscillates with each inspiratory

effort during the apnea, then surges up with the arousal, and

later returns to baseline with the onset of sleep and the next

apnea.

Sleep is characterized by a unique autonomic state and

this can be disturbed by upper airway instability. If one con-

siders a 4-step change from (1) quiet wakefulness, to (2)

stages 1 and 2 NREM sleep, to (3) stages 3 and 4 NREM

sleep or slow wave sleep and finally to (4) REM sleep,

sympathetic tone falls from wakefulness to stages 1 � 2,

and further reduces in slow wave sleep, and rises in REM

sleep to levels seen in wakefulness [3]. Thus, sleep has a

powerful effect on SNS activity.

Parasympathetic or vagal tone however rises with state

change from wakefulness to stages 1 � 2 and further to

SWS and REM sleep. Parasympathetic activity appears to

be influenced, not just by sleep, but also by circadian tim-

ing, such that PNS activity may be increased during the

night in subjects who remain awake [4].

Upper airway instability during sleep resulting in snor-

ing, hypopneas or apneas result in changes in autonomic

control. During the apnea, whilst airflow is absent and

hypoxia is occurring, there is an acute reduction in sympa-

thetic activity. When each apnea is terminated, sympathetic

activity surges up, in parallel with rise in heart rate and sys-

temic and pulmonary artery blood pressure. With recurrent

apneas, the overall net sympathetic activity, as measured

awake or asleep, increases [3, 5].

Respiratory Control Instability
Under normal circumstances, respiratory control is influ-

enced by several factors whilst awake: cortical factors (to
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Fig. 1. A 5-minute polysomnograph of a patient with obesity and idiopathic cardiomyopathy (LVEF 40%). Note

esophageal pressure swings to –55 mm Hg during apneas associated with falls in SpO2 from 95 to 75%, a PtcCO2

ranging between 52 and 57 mm Hg, BP peak of 170/90 mm Hg and an apnea/hyperpnea cycle length of 43 s. Also note

lack of nasal cannulae signal, yet intermittent oronasal thermistor flow indicating nasal obstruction and oral breathing.
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allow respiration to synchronize with speech, swallowing,

laughter, etc.), a waking neural drive and finally a metabolic

drive [6].

Whilst asleep, there is loss of cortical control and the

waking neural drive. The metabolic threshold required to

stimulate ventilation is raised and the overall drive to venti-

late is diminished by �20%. Thus, during sleep, ventilation

is under a negative feedback system, where metabolic factors

(reflecting the efficiency of ventilation) are sensed centrally

by two neurologically distinct chemoreceptors: a rapidly

responsive carotid body and a more slowly responsive pons.

The speed at which messages from the lung are sensed by the

brain is the afferent loop of the feedback system and is usu-

ally �10 s (time it takes blood leaving the pulmonary vein to

reach the peripheral chemoreceptors). This time can become

prolonged in the setting of impaired cardiac output (slow rate

or reduced stroke volume) to values of 20–30 s [7].

Respiratory Pump
Significant lung volume changes occur with changes in

posture and sleep/wake state. These changes are exagger-

ated in diseases of the nervous, cardiac or pulmonary sys-

tems which may result in exaggerated loss of oxygen stores

or greater ventilation perfusion (VQ) matching.

Under normal conditions, the change in posture from

seated to supine induces a �20% reduction in end-expiratory

lung volume [8], and a further reduction in lung volume

occurs with transition from wake to sleep. Respiratory

pump muscle activity also alters with sleep with a prog-

ressive reduction in accessory and intercostals muscle activ-

ity with sleep, and a greater dependence upon diaphragm

activity.

Reduced pump activity in patients with cardiovascular

disease may occur in the settings of massive obesity,

diaphragmatic palsy post-thoractomy for cardiac surgery,
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Fig. 2. A 5-minute polysomnograph of a patient with advanced ischemic cardiomyopathy (LVEF 15%). Note absent

esophageal pressure swings during the apneas followed by swings to –30 mm Hg during the peak of ventilation asso-

ciated with falls in SpO2 from 98 to 94%, PtcCO2 oscillating from 44 to 48 mm Hg, periodic limb movements in right

leg, and an apnea hyperpnea cycle length of �75 s. Also note the cardiac oscillations on the thermistor trace on apneas

1, 2 half of 3 and 4: these represent an open upper airway, which closes mid apnea in the 3rd apnea. Also note some

snoring during the peak of ventilation. Finally, note difference in airflow between oronasal thermistor and nasal pres-

sure cannulae, indicating intermittent oral airflow, possibly due to nasal obstruction.



heart failure related myopathy, effusions and cardiomegaly.

Reductions in lung volume will exaggerate the hypoxemia

related to a disturbance to ventilation, thus exaggerating the

‘plant gain’ of periodic breathing.

Systemic Hypertension

During sleep, and parallel to apneas, there is a gradual

increase of systemic blood pressure, the maximum taking

place during the postapneic hyperventilation period. The

amount of blood pressure increase at the end of the apnea

correlates with the degree of the arousal that terminates the

apnea [9]. As a result, patients with obstructive sleep apnea

(OSA) are often nondippers during 24-hour blood pressure

monitoring. This is of importance because the presence of a

disturbed circadian blood pressure profile might constitute

a further risk factor with regard to cardiovascular sequelae.

It could be shown that the percentage of nondippers was

higher in patients with moderate to severe OSA compared

to those with mild OSA [10].

While the causal association between OSA and night-

time hypertension is well accepted, the relation to daytime

hypertension is less clear. This is due to the fact that patients

with hypertension and patients with OSA have common risk

factors like obesity (and its pattern of distribution), alcohol

consumption, age, male gender, and decreased physical

activity. Approximately 50% of OSA patients are hyperten-

sive – both nocturnal and daytime blood pressure are raised

– whereas one third of hypertensive patients have disturbed

breathing patterns during the night. Furthermore, there is an

association between the degree of breathing disturbance

during the night and the height of blood pressure during the

day. The first direct evidence of a cause and effect relation-

ship between OSA and the development of systemic hyper-

tension came from an animal model in 1997 [11].

Meanwhile several well-conducted, large population-based

studies have also been able to prove an independent associa-

tion with a dose-response relationship between these two

conditions in man [12] indicating that OSA constitutes a

risk factor for hypertension and subsequent cardiovascular

morbidity [13]. Interestingly, in the Sleep Heart Health

Study, sleep-disordered breathing was associated only with

systolic/diastolic hypertension (and not with isolated sys-

tolic hypertension) in those aged �60 years. No association

was found between sleep-disordered breathing and hyper-

tension in those aged �60 years [14].

These results induced the National High Blood Pressure

Education Program (NHBPEP) of the National Heart,

Lung, and Blood Institute to publish updated consensus

recommendations for the prevention and treatment of

hypertension and to declare OSA as an identifiable cause of

hypertension in their JNC 7 report [15]. Given the high

prevalence of OSA, this causal association could explain a

substantial number of cases of hypertension and its seque-

lae, such as cardiovascular and cerebrovascular morbidity

and mortality. Furthermore, OSA could be the most fre-

quent cause of hypertension.

How can the relationship between OSA and hypertension

be explained? It has been shown that OSA patients have an

increased sympathetic activity not only during the night but

also during the day [3]. Furthermore, they have a higher nor-

epinephrine-release rate to hypoxia than controls, increased

endothelin-1 levels, and a reduced endothelium-dependent

vascular relaxation [16].

The standard treatment for OSA – continuous positive

airway pressure (CPAP) – reduces blood pressure [17]. This

reduction is seen in both systolic and diastolic blood

pressure, and during both wake and sleep, suggesting that

the fall is associated with a general change in vascular

pressure regulation and is not attributable solely to the cor-

rection of the acute hemodynamic effects during the night.

The reduction in blood pressure is similar in magnitude or

even higher to that seen in pharmacological intervention

studies. The influence on blood pressure depends on the

severity of OSA. Patients with more severe disease show a

larger fall in blood pressure with CPAP than those with less

severe disease. It is of great importance to emphasize that

effective treatment is necessary to achieve success. An even

50% reduction in the apnea-hypopnea index (AHI) with

subtherapeutic CPAP did not result in a decrease in blood

pressure [18].

The drop in mean blood pressure by 3.3–10 mm Hg would

be predicted to reduce coronary heart disease event risk by

15–37% and stroke risk by 20–56%. CPAP might also

improve other vascular risk factors – like cholesterol levels,

leptin regulation, and platelet aggregability [19] – and there-

fore produce a risk benefit greater than might be expected

from the blood pressure changes alone [17].

Not only CPAP, but also effective oral appliance therapy

for OSA results in a reduction in blood pressure, similar to

that reported with CPAP therapy [20].

So far, there are only limited data available to predict the

blood pressure-lowering effect of CPAP therapy. The avail-

able data suggest that OSA patients with a high pulse pres-

sure or elevated heart rates at baseline (indicative of an

increased sympathetic activity) [21], with nondipping during

24-hour blood pressure monitoring [22], and without blood

pressure lowering medication [23], are more likely to experi-

ence lower blood pressure values with effective treatment.
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Furthermore, the polymorphism of the �1-adrenoceptor

appears to have an impact on heart rate and blood pressure

response to CPAP therapy [24].

Pulmonary Hypertension

Changes in pulmonary artery pressure within an obstru-

ctive apnea during NREM sleep are well known. Usually

intravascular pulmonary artery pressure decreases during

the apnea and increases at the resumption of breathing.

Transmural pulmonary artery pressure (i.e. corrected for

intrathoracic pressure swings) increases progressively

throughout the apnea with a maximum during the final

occluded efforts and sustained during the early phase of

hyperventilation. It could be shown that the increase of

transmural pulmonary artery pressure during an obstructive

apnea is associated with both the degree of hypoxemia – as

a result of the apnea – and the height of intrathoracic pres-

sure swings [25]. Hypoxia raises endothelin concentrations

and influences the NO-dependent vasodilation; this results

in pulmonary vasoconstriction. Intrathoracic pressure

swings induce an increased venous reflow to the right ven-

tricle, thereby augmenting right ventricular stroke volume

(and pulmonary artery pressure). Furthermore, a right-left

shift of the septum increases left ventricular end-diastolic

pressure and capillary wedge pressure.

Mild daytime pulmonary hypertension is a common

complication in patients with OSA syndrome, with a preva-

lence of approximately 20% [26]. Pulmonary hypertension

in these patients is often associated with obesity or chronic

obstructive lung disease, but it can occur even in the absence

of lung or heart disease [27]. In this situation, pulmonary

hypertension is related to the severity of OSA.

The potential mechanisms of daytime pulmonary hyper-

tension in OSA are still under debate. Serum levels of

vascular endothelial growth factor – a hypoxia-sensitive

glycoprotein stimulating neoangiogenesis – are elevated in

patients with OSA [28]. It is assumed that the postcapillary

component of daytime pulmonary hypertension is due to

diastolic dysfunction and that the precapillary component

results from repetitive hypoxia-reoxygenation during the

night, leading to both pulmonary vasoconstriction and vas-

cular endothelial remodeling. It is also suggested that

genetic factors determine the link between hypoxia and the

manifestation of pulmonary hypertension.

Treatment of OSA with CPAP improves daytime pul-

monary hypertension and total pulmonary vascular resist-

ance. The greatest improvement could be shown in patients

with sustained daytime pulmonary hypertension [29].

Given the association between daytime pulmonary

hypertension and OSA, sleep-disordered breathing should

be ruled out in patients with pulmonary hypertension of

unknown etiology.

Arrhythmias

Sinus arrhythmia is the commonest ECG rhythm noted

in patients with OSAHS. Although not strictly a pathologi-

cal arrhythmia, it is a cardiac rhythm marker of the cardiac

autonomic response to OSAHS. During the obstructive

apnea, whilst hypoxemia occurs with an absence of airflow,

a vagal or ‘diving reflex’ response occurs which results in

bradycardia. At the apnea termination, hypoxemia with air-

flow occurs resulting in a transient tachycardia which sub-

sides once the coinciding surge in system blood pressure is

registered by the baroreflex system which prompts a rela-

tive slowing of the heart rate towards normality or until the

next apnea begins. As such a typical tachy-bradycardia,

with a cycle length of 30–90 s during sleep of a snorer, is

often indicative of moderate to severe OSAHS in a patient

with intact autonomic control. Indeed, analysis of heart rate

variability may provide an additional diagnostic tool for

OSAHS.

The loss of tachy-bradycardia response, replaced with a

fixed heart rate (in which there is a lack of heart rate  vari-

ability), indicates failed autonomic responses. Specifically,

it may indicate a loss of baroreflex (vagal) control and

excessive sympathetic activity, a forerunner to the develop-

ment of systemic hypertension.

Importantly the recognition of sinus tachycardia during

sleep at night may represent the side effects of therapeutic,

illicit or social drugs. Alternatively anxiety or medical con-

ditions (thyrotoxicosis, anemia or failure of heart, lungs or

liver) may contribute. In 1968, the Framingham study iden-

tified the importance of tachycardia being a marker of

greater mortality and the sleep study provides an opportu-

nity to identify this adverse risk factor [30].

The recognition of bradycardia also may represent nor-

mality (extreme fitness) or pathology, namely hypothy-

roidism, heart block or side effect of medication (e.g. beta

blockers). Sinus pause of up to 2–3 s duration are not infre-

quently seen in severe OSAHS and are a normal physiologi-

cal response to apnea without airflow. Transient heart block

may also occur and has been reported in up to 10% of patients

with OSA [31]. Those most at risk have pre-existing con-

duction disturbances or are taking negatively chronotropic

medications. Sinus pause (up to 13 s) is not uncommonly

observed in polysomnograms (fig. 3). Reports of sinus pause
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�13 s have not been reported to the best of our knowledge.

This may be explained by the reports that asystole is associ-

ated with loss of consciousness at about 7 s with overt

seizures at 15 s [32]. Indeed, careful reading of the description

of acute arrest to cerebral circulation studies [32] indicate eye

twitching at �7 s which may indicate the onset of seizure acti-

vity, an appearance noted on polysomnography (fig. 3) [33]. In

the situation of sinus arrest with OSASH, there is resumption

of ventilation prior to the 13 s which may represent a response

to hypotension rather than the usual triggers for arousal

(hypoxia, hypercapnia and upper airway irritation).

Approximately 25% of patients with moderately severe

OSA will have brief supraventricular arrhythmias, or rate

dependent bundle branch block, which relate to degree of

nocturnal hypoxemia. Moreover, �50% of patients with

established atrial fibrillation (AF) have symptoms of OSA,

compared with �3% of a general population [34]. The AF

may initially only be transient during sleep and most com-

monly in REM sleep when there is excessive background

sympathetic activity similar to wakefulness [3]. Mooe et al.

[35] reported that OSAHS was an independent predictor

for the development of AF post-coronary artery bypass sur-

gery. Treatment of OSAHS can halve the re-occurrence rate

of AF post-cardioversion [36].

Possible factors related to OSAHS that might contribute

to AF include (a) sympathetic hyperactivity related to

hypoxemia, hypercapnia and arousals; (b) impaired and

reset parasympathetic and baroreceptor activity secondary

to large negative intrathoracic pressure swings; (c) myo-

cardial ischemia related to hypoxemia and increased

myocardial work related to surges in systemic blood pres-

sure upon a background of coronary artery disease, and 

(d) atrial chamber dilatation related to large negative

intrathoracic pressure swings.

AF is important to recognize as it carries significant mor-

tality, morbidity and economic costs [34, 36]. The age-

adjusted prevalence of AF has tripled from the 1960s to the

1980s. Obesity, a major risk factor for OSA, has reached

endemic proportions. These facts coupled, and based upon

current scientific knowledge, questioning for OSA should be

considered in all patients with AF. Recognition of this sub-

group of AF patients is important as the AF-associated stroke

rate is likely to remain high. In addition, there is a theoretical

risk that CPAP treatment of OSA with AF, may result in

reversion from AF to SR, and expulsion of a mural thrombus.

Ventricular ectopy is common, as is transient ventricular

tachycardia, usually self terminating. Development of ST

change and broadening of the QRS complex during sleep

may also indicate cardiac decompensation during sleep.

In addition, a high frequency of ventricular ectopic beats

has been observed in patients with OSA and heart failure

[37]. Treatment with nocturnal CPAP has been shown to

abolish the majority of these bradyarrhythmias and ectopic

beats [31].

Coronary Artery Disease and Myocardial
Infarction

OSAHS may be a potential cause of coronary artery dis-

ease (CAD). On a mechanistic level, there is now evidence

that OSAHS causes endothelial damage and dysfunction,

and thus may be a cause of generalized atherosclerosis.

Vascular wall damage can occur with recurrent hypoxemia

and hyperoxia, altered autonomic control, and production

of oxygen free radicals. Altered endothelial function (loss

of naturally occurring nitric oxide) [38], greater blood coag-

ulability [19], elevated fibrinogen levels [39], impaired

vasodilatation [40] and the development or association with

type 1 [41] and 2 [42] diabetes mellitus all will contribute

to the development of premature vascular disease.

Epidemiological evidence has shown OSAHS to be

common amongst patients with myocardial infarction:

Hung et al. [43] showed an apnea index �5 events/h  being

associated with a 23 odds ratio of myocardial infarction,

greater than that seen with smoking. Recently, this was

confirmed with a Spanish 12-year follow-up study of 1,651

patients with varying degrees of OSAHS, indicating that

the presence of untreated OSA was associated with a seven-

fold incidence of mortality and non-fatal cardiovascular

events, a risk factor greater than that of systemic blood pres-

sure and smoking history [44].
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Peker et al. [45] have published data from a 7-year fol-

low up of a sleep clinic population. In this group, those

with OSAHS at baseline had a 4.9 times greater chance of

developing cardiovascular disease during the follow-up

period, independent of age, BMI and blood pressure. The

Sleep Heart Health Study [46] showed only a modest asso-

ciation between OSAHS and IHD in its recent cross sec-

tional analysis. Those in the highest quartile of AHI (AHI

�11 events/h) had only a 1.3 increased risk of self reported

IHD compared to those in the lowest quartile of AHI.

However, the small number of patients in the analysis with

very severe OSAHS may attenuate this effect.

A separate issue is the prognosis of patients with both

CAD and OSAHS. Possible reasons for a worse prognosis

due to OSAHS include the precipitation of nocturnal

ischemia/infarction and arrhythmias, or the acceleration of

pre-existing atherosclerosis. Nocturnal ischemia is com-

mon in patients with both OSAHS and CAD, and, similarly,

OSAHS has been found to be very common in patients

with nocturnal ischaemia. A study with a 5-year follow-up

of patients known to have CAD, revealed mortality to be

significantly higher in those with OSAHS, independent of

confounding factors [47].

Another interesting observation is the circadian pattern

of myocardial infarcts and death. It has been well accepted

that the peak time of onset of myocardial infarction 

�8:00 a.m. occurs between 6:00 a.m. and 12 midday – a

time that includes the final hours of sleep and the transition

from sleep to wakefulness [48]. Recently, a study of 112

patients who had undergone polysomnography who had

died suddenly from cardiovascular causes over a 6-year

period reported that the majority of deaths occurring during

the hours 00:00 and 06:00 were in patients with an OSAHS

[49]. Specifically, 46% of the patients dying in this 6-hour

block of time had OSAHS.

Stroke

There is increasing clinical data supporting an independ-

ent association between OSAHS and stroke. Snoring carries

a 1.3- to 10-fold greater odds ratio of lifetime stroke [50].

OSAHS occurs in 30–80% of patients with acute stroke

[50], whilst there is a spontaneous resolution over 3–12

months in up to 50% of patients [51]. Patients with recurrent

stroke are more likely to have OSAHS than first-stroke

patients [52]. The Sleep Heart Health Study demonstrated

that those community dwellers with an AHI �11 events/h

were 1.6 times more likely to have reported a history of

stroke compared to those with an AHI �1.4 events/h [46].

It has been controversial whether OSAHS is a cause or

consequence of stroke. OSAHS may be a cause of stroke

through the mechanisms of (a) AF and mural thrombus;

(b) vibration injury to carotid endothelium and potent-

ial to develop thrombus; (c) swings in blood pressure

with impaired cerebrovascular blood flow autoregulation;

(d) greater coagulability, and (e) paradoxical emboli via a

patent foramen ovale. Alternatively, OSAHS may result

from stroke-related alterations in upper airway tone and

collapsibility.

Treatment of the OSAHS with CPAP appears to reduce

mortality and hospital length of stay, and improve markers

of stroke severity (e.g. Barthel Index) [53]. However, less

than 50% of patients with a stroke and OSAHS tolerate

CPAP treatment [54]. Unfortunately, no controlled trials are

available to assess the effect of CPAP on stroke outcome.

In contrast to OSAHS, a small proportion (�20%) of

stroke survivors have CSA-CSR. It has been unclear

whether CSA-CSR occurs primarily due to the stroke or rep-

resents subtle or occult congestive heart failure (CHF).

Unfortunately, most studies in which CSA-CSR was attrib-

uted to stroke did not report the objective cardiac exami-

nation or investigations in full. This has been seen to be

problematic, given that �25% of stroke patients have under-

lying cardiovascular disease. A recent report addresses this

issue [55]. These investigators prospectively performed

polysomnography in 93 consecutive patients recovering

from an acute stroke and observed CSA-CSR in 19%. In

such patients, CSA-CSR was related to hypocapnia second-

ary to cardiac impairment (often occult) and not to the site

of the stroke.

Congestive Heart Failure

Congestive heart failure (CHF) has emerged as the most

expensive medical condition in the western world. An

increasing prevalence and incidence of CHF, frequent

hospitalizations plus increasing variety of medical thera-

pies, many of which are costly (e.g. left ventricular assist

devices and biventricular pacers) have contributed to an

annual estimate of USD 50 billion which is spent per

annum in USA on patients with CHF [56]. The mortality of

CHF ranges from 20 to 50% at 2 years, which equates with

many malignancies.

Current understanding of pathophysiology suggests that

CHF is due to either systolic (failure of contraction) and/or

diastolic left ventricular failure (failure of relaxation)

(fig. 4–8) and/or conduction abnormalities (e.g. sick sinus

syndrome, AF). It is estimated that systolic and diastolic
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left ventricular dysfunction occurs in up to 6% and 21% of

community dwellers aged 45 years or older, respectively [57].

Patients with CHF can be staged into four (A–D) cate-

gories: stage A identifies the patient who is at high risk for

developing CHF but has no structural disorder of the heart;

stage B refers to a patient with a structural disorder of the

heart but who has never developed symptoms of CHF;

stage C denotes the patient with past or current symptoms

of CHF associated with underlying structural heart disease,

and stage D designates the patient with end-stage disease
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ation of systole; (b) end of systole; (c) beginning of diastole, and (d)

end of diastole. Line (e) is the isovolumic pressure line and (f) the line

of constant preload. The horizontal arrow indicates stroke volume.

Fig. 5. Pressure-volume curve of left ventricle indicating early com-

pensated diastolic dysfunction. Note an increase from normal (dotted

line) to elevated (continuous line) systolic and diastolic blood pres-

sures indicating an increase in cardiac work (as indicated by a more

red appearance within the colored inverted triangle) with no change

in stroke volume.

Fig. 7. Pressure-volume curve of left ventricle change from normal

(dotted line) to one of increased afterload without the ability to

increase the isovolumic pressure line (e.g. elevated blood pressure in

CHF) with associated fall in stroke volume (continuous line). Further

example of decompensated diastolic dysfunction.
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Table 1. Mechanisms responsible for OSAHS contributing to vascular

disease

Hypoxemia and hypercapnia

Increased sympathetic activity and respiratory drive

Negative intrathoracic pressure

Increased left ventricular afterload

Increased venous return

Endothelial damage due to hypoxia/hyperoxia

Loss of nitric oxide production

Arousal

Sympathetic activation

Increased heart rate

Systemic hypertension

Pulmonary hypertension

Patent foramen ovale

Shunting right to left

Stroke

Profound hypoxemia

Table 2. Clinical features which assist distinguishing OSAHS from

CSA-CSR in CHF population

OSAHS CSA-CSR

Gender Male � female Male

Age Younger Older

Snoring history Yes Occasionally

Atrial fibrillation Occasionally More frequent

Obesity Yes Less common

Carbon dioxide Normal/high Low/normal

CHF severity Mild-moderate Moderate-severe

Hypoxemia Moderate Mild

Intrathoracic swings Large Mild

Sleep stage REM Stage 1�2

Table 3. Signs and symptoms of CHF: two major or one major and

two minor are considered necessary to make a diagnosis

Major Minor

Paroxysmal nocturnal dyspnea Peripheral edema

Orthopnea Night cough

Elevated JVP Dyspnea on exertion

3rd heart sound Hepatomegaly

Cardiomegaly on CXR Pleural effusion

Pulmonary edema on CXR Tachycardia (�120 bpm)

Weight loss �4.5 kg in 5 days

who requires specialized treatment strategies such as

mechanical circulatory support, continuous inotropic infu-

sions, cardiac transplantation, or hospice care [56].

Treatment strategies have been well defined for CHF

due to systolic or conduction abnormalities, where survival

has been positively influenced by treatment. In contrast,

diastolic dysfunction remains unknown territory in terms of

cause and optimal management.

OSAHS is likely to be an important cause of diastolic

dysfunction (table 1), due to hypoxemia, tachycardia, ele-

vated left ventricular transmural pressure and vascular

injury, which left unrecognized may lead to systolic dys-

function and conduction abnormalities. Whereas, CSA-

CSR (table 2) may be a secondary response to severe CHF

(of any cause) (table 3) due to hyperventilation, circulatory

delay and plant gain (wet lungs) (table 4).

Under normal conditions, cardiac output falls during

normal sleep, by approximately 20%, via the mechanisms

of a drop in heart rate and stroke volume. Normal pressure

volume curves are shown in figure 4. With upper airway

instability, and the development of obstructive sleep disor-

dered breathing, cardiac output may fall further for several

reasons. First, the left ventricular transmural pressure will

increase (due to large negative intrathoracic pressures dur-

ing the apnea and elevated systolic pressures during the

arousal). Elevated transmural pressure (akin to elevated

afterload) will impede stroke volume mildly in healthy indi-

viduals, and to a greater degree in patients with impaired
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mic line (black arrow), an increase in end diastolic volume and asso-

ciated reduced stroke volume (continuous line). Example of systolic

dysfunction.
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baseline cardiac contractility. Second, inspiratory efforts

will raise intrathoracic blood volume, a right ventricular

dilatation may occur shifting the intraventricular septum

towards the left ventricle. Third, stroke volume may fall

with obstructive sleep disordered breathing, due directly to

hypoxia (during the apnea) and tachycardia (at arousal),

which have the capacity to precipitate impaired cardiac

relaxation, thus reduced filling during diastole and the

development of diastolic dysfunction (fig. 5, 6). Fourth,

structural changes to the low pressure left atrium, due to the

large negative intrathoracic pressure and impaired relax-

ation, may lead to left atrial dilatation and then to atrial fib-

rillation which will further reduce cardiac output. Fifth,

with venous engorgement of the pulmonary vascular tree,

alveolar leak may occur, leading in extreme situations to the

development of pulmonary edema. Impaired systolic con-

traction follows (fig. 7) and later cardiac dilatation (fig. 8).

Finally, elevations of right-sided pressures may lead to tran-

sient opening of foramen ovale [58].

There is now experimental and clinical evidence to sup-

port the hypothesis that OSAHS is deleterious to cardiac

function. Firstly, studies in dogs have shown that 1–3

months of repetitive apneas can lead to impaired left ven-

tricular ejection function (LVEF) and hypertension [59].

OSA is also strongly associated with systolic heart failure

in human studies [60, 61]. In the Sleep Heart Health Study

[46], the largest cardiovascular risk from OSA was seen

for a history of cardiac failure. Those with an AHI �11

events/h had a relative risk of 2.4 for reporting a history of

CHF compared to those with an AHI �1.4 events/h.

OSA and Diastolic Heart Failure

The apnea-induced hemodynamic changes cause acute

reductions in left ventricular (LV) diastolic function. Negative

intrathoracic pressure causes increased right ventricular fill-

ing with a subsequent shift of the intraventricular septum

into the LV cavity. This reduces LV diastolic compliance.

Hypoxemia leads to delays in ventricular relaxation and

tachycardia, both of which also impair diastolic function.

Chronically, OSA is associated with hypertension and

increased LV wall thickness, which may lead to LV diastolic

dysfunction [59, 62]. However, it remains controversial

whether the change in LV muscle bulk occurs independently

of associated hypertension, as evidence to this point in time

has been conflicting. Recently [62], a report described

reversible left ventricular diastolic dysfunction in a group of

OSA patients using a randomized controlled cross-over

design. Patients with diastolic dysfunction do not appear to

have predisposition to hyperventilation or hypocapnia and

thus do not develop CSA-CSR [63].

OSA and Systolic Heart Failure

If OSA adversely affects LVEF then one would expect

improvement in cardiac performance following its treat-

ment. Strong evidence supporting a beneficial effect of

CPAP has now begun to emerge. A recent randomized con-

trolled trial has shown improvements in LVEF from 25 to

34% with 1 month’s CPAP treatment of OSA in patients

(n � 24) with systolic heart failure in addition to reduc-

tions in chamber size [60]. In a larger (n � 40) and longer

(3 month) randomized controlled Australian study LVEF

increased from 38 to 43% with CPAP in addition to sig-

nificant improvements in quality of life and autonomic

activity [61].
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Table 4. Mechanisms of positive airway pressure in heart failure

A Upper airway stability

B Intrathoracic

Increase end-expiratory lung volume

Increase alveolar pressure

Assist inspiratory muscles

Reduce left ventricular transmural pressure

Reduce preload

Reduce cardiac chamber size

Reduce cardiac mechanical work

Increase dead space and thereby increase CO2

Attenuate sympathetic activity
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Abstract

Multiple genetic, metabolic and neuromuscular disorders in
children are associated with abnormal control of breathing dur-
ing sleep.More commonly are the breathing disorders associated
with hypertrophy of the tonsils and adenoids. Removal of hyper-
trophied tonsils leads to transient and sometimes permanent
resolution of the disorder. Persistence of breathing disorders
during sleep after adenotonsillectomy requires evaluation of the
anatomy and dynamics of the upper airway. Such an evaluation
could shed light on the contribution of pharyngeal structures and
dynamics to airway obstruction. Specifically the contribution of
hypertrophied lingual tonsils, macroglossia or glossoptosis to
airway obstruction could only be recognized through direct visu-
alization of the airway during sleep.Such an approach could assist
in designing an optimum management of a multifactorial disorder.

Childhood sleep-disordered breathing (SDB) encom-

passes children with obstructive sleep apnea syndrome

(OSAS), the syndromes of central hypoventilation, and

children with disorders of respiratory muscles.

As in adults, OSAS in children refers to a breathing disor-

der characterized by recurrent partial or complete episodes of

upper airway obstruction, commonly associated with inter-

mittent hypoxemia and sleep fragmentation. This definition,

however, does not encompass the spectrum of severity of

upper airway obstruction and increased airway resistance

associated with sleep. The current definition of obstructive

SDB is increasingly challenged by the recent evidence

showing that children with prolonged periods during sleep of

increased upper airway resistance but without obstructive

sleep apnea (OSA) might exhibit neurocognitive deficits

similar to those with intermittent upper airway obstruction. A

broader definition of obstructive SDB in children has been

proposed by Carroll [1]: ‘Childhood obstructive SDB may be

defined as a disorder of breathing during sleep characterized

by prolonged increased upper airway resistance, partial upper

airway obstruction, or complete obstruction that disrupts pul-

monary ventilation, oxygenation, or sleep quality. Nighttime

manifestations include some combination of snoring,

increased respiratory effort, episodic hypoxemia, CO2 reten-

tion, restless sleep, and increased numbers of arousals and

awakenings from sleep. Daytime symptoms include exces-

sive daytime sleepiness, daytime tiredness, fatigue, poor

school performance, inattention, hyperactivity, oppcositional

behavior, and other subtle behavioral disturbances.’

While this definition encompasses childhood OSA,

obstructive hypoventilation, and increased upper airway

resistance syndrome (UARS), it imposes significant limita-

tions as to the value of the available diagnostic methods in

providing an accurate diagnosis across the entire spectrum

of the syndrome and reliably identifying those at risk for

adverse outcome from the disorder.

Epidemiology

At present, a minimum prevalence of childhood OSAS

is estimated to be 2–3%, and the prevalence of habitual
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snoring may be as high as 20%. The peak incidence of OSAS

occurs between 3 and 6 years of age, consistent with snoring

prevalence. These epidemiological observations correspond

to the findings in a longitudinal study by the group of Jeans

which demonstrated that the soft tissues appear to grow more

rapidly from 3 to 5 years of age than does the nasopharynx,

leading to a relative decrease in the size of the airway at this

period. Beyond the age of 5 years, the soft tissue area

remains relatively constant whilst the nasopharynx increases

in size. In contrast to the male predominance of OSAS in

adults, epidemiologic studies and case series find a similar

prevalence of snoring and OSAS in boys and girls.

Craniofacial anomalies, altered soft tissue size and

neurologic disorders place infants and children at risk for

OSAS.

Nasal and Oropharyngeal Pathologies

The most common type of childhood OSAS occurs in

children between 2 and 8 years of age and is associated

with adenotonsillary hypertrophy in most cases. Children

without distinct craniofacial anomalies have subtle cranio-

facial morphometric features associated with OSA.

Guilleminault found that children with the highest scores

on a orocraniofacial clinical scale had SDB in the form of

OSA or UARS. The orocraniofacial scale identified a sub-

group of children with common craniofacial features: small

chin, steep mandibular plane, retroposition of the mandible,

long face, high hard palate and elongated soft palate. These

features did not distinguish between children with OSAS

and UARS, and absence of these features did not rule out

SDB.

Soft tissues, particularly the adenoid and palatine tonsils,

can also narrow the pharynx. These tissues grow progres-

sively during childhood, and are maximal in the prepubertal

years, coinciding with the peak incidence of childhood

OSAS. In most children, without underlying medical condi-

tions, surgical removal of enlarged tonsils and/or adenoid,

cures or ameliorates the disorder. However, it is estimated

that in 10–15% of otherwise normal children with OSAS,

this disorder is not resolved by removal of the tonsils and

adenoid, and only a weak relationship has been found

between the severity of OSAS and the size of these tissues.

This suggests that the pathogenesis of OSAS is more com-

plex, involving other mechanisms, such as those leading to

altered upper airway neuromotor tone during sleep.

Arens found that the overall volume of the tongue in

normal children with OSAS did not differ from controls.

Using magnetic resonance imaging (MRI), Arens also

noted a 30% increase in the volume of the soft palate of

children with mild to moderate OSAS compared to con-

trols, thought due to edema and inflammatory changes sec-

ondary to chronic snoring as described in adults.

Atopy is strongly associated with habitual snoring. A

study evaluating the prevalence and factors associated with

snoring and habitual snoring in preschool and primary

school children demonstrated that habitual snoring was sig-

nificantly associated with allergic rhinitis (OR 2.90) and

atopic dermatitis (OR 1.8). The odds ratio of children with

all three atopic diseases, (asthma, allergic rhinitis, and

atopic dermatitis), to have habitual snoring was 7.45,

greater than obesity (OR 3.75). The association between

snoring and rhinitis has been demonstrated in several other

studies.

Neuromuscular Disorders

Effect of Sleep on the Respiratory System
Several changes in ventilatory control and respiratory

muscle function occur with sleep onset, and familiarity

with these changes provides a framework for understanding

the pathophysiology of the early stages of chronic respira-

tory failure manifesting during sleep. These changes are

presented below.

Reduction in Muscle Tone

There is a sleep-stage-related fall in postural muscle

tone that reaches its nadir during REM sleep. Muscle hypo-

tonia is attributed to supraspinal suppression of the gamma

motor neuron drive and presynaptic inhibition of skeletal

muscle spindle afferents. This muscle hypotonia clearly

involves the intercostal and dilator muscles of the upper air-

way. In contrast, the diaphragm muscle with its scant mus-

cle spindles is less subject to central inhibition and is

therefore crucial in maintaining respiration during REM

sleep. As such, the degree of alveolar hypoventilation dur-

ing sleep and the accompanying hypoxemia and hypercap-

nia are dependent on diaphragmatic function.

Restrictive Ventilatory Defect

During normal sleep there is a fall in the functional

residual capacity and a consequent reduction in O2 storage.

In patients with neuromuscular disorders, these changes are

often exaggerated during sleep.

Upper Airway Resistance

Muscular hypotonia during sleep involves the dilator

muscles of the upper airway, which leads to loss of tonic
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activity in the musculature of the tongue, pharynx, and

larynx. A fall in the functional residual capacity further

reduces the cross-sectional area of the upper airway and

contributes to further increase in upper airway resistance.

Some patients with neuromuscular disorders experience a

rapid weight gain as the result of loss of ambulation. This

weight gain leads to a significant degree of airway obstruc-

tion and possibly to OSA or obstructive hypoventilation dur-

ing sleep. With the rise in upper airway resistance during

sleep, patients with significant diaphragmatic weakness are

sometimes unable to generate sufficient force to overcome

the physiological changes of the upper airway caliber. As a

result, they are unable to generate inspiratory flow.

Central Respiratory Drive

In normal sleep, the hypercapnic and hypoxic responses

are diminished. This occurs because of an increase in upper

airway resistance, as well as a decrease in the sensitivity of

the chemoreceptors. This decline in chemosensitivity can

contribute to sleep apnea in patients with neuromuscular

diseases. Arousal from sleep during OSA is in part due

to an increase in respiratory effort, which stimulates the

chest mechanoreceptors. Prolonged OSA is frequently

caused both by the inability of weak respiratory muscles to

trigger an arousal response from the mechanoreceptor and

the blunted central respiratory response to chemoreceptor

input.

Stages of Respiratory Failure in Neuromuscular
Disorders
Early evidence of respiratory muscle dysfunction is

noted when muscles perform their function under condi-

tions of stress, such as respiratory infection, recovery from

general anesthesia, exercise, and sleep. In many instances,

the onset of early respiratory insufficiency develops after

the patient has lost ambulation. Detecting respiratory mus-

cle dysfunction during exercise thus becomes unfeasible. In

these patients, evaluation of breathing during sleep might

then allow the identification of the early stages of respira-

tory muscle dysfunction. In slowly progressive neuromus-

cular disorders, respiratory failure advances in three stages.

Alveolar hypoventilation during REM sleep, REM and

NREM sleep and during wakefulness and sleep corresponds

to stage 1, 2 and 3, respectively. The gradual transition from

stage 1 to stage 3 respiratory failure is characteristic of

Duchenne muscular dystrophy, in which there is a gradual

progression of respiratory muscle weakness over two decades.

In some disorders, such as congenital muscular dystrophy,

if respiratory insufficiency is present, it might not progress

beyond stage 1 or 2. In other disorders, respiratory muscle

weakness is extremely severe, with patients presenting in

stage 3 respiratory failure.

Risk Factors for SDB

Overweight
In adults, obesity is a major risk factor for OSAS.

Earlier descriptions of childhood OSAS rarely described

obese patients. Failure to thrive was a common complica-

tion in the earliest case reports of childhood OSAS.

However, obesity now affects almost 1 in 5 children. The

current pediatric literature suggests that obesity increases

the risk for OSAS in all ages. In an epidemiologic study of

399 children, obesity was found to be the most significant

risk factor for OSAS, with an odds ratio of 4.5. The group

of Marcus studied obese children who did not present with

symptoms of OSAS and found that 46% had abnormal

polysomnography (PSG) and 27% had moderate to severe

abnormalities. There was a positive correlation between

obesity and the apnea index and an inverse relationship

between obesity and oxygen saturation nadir.

Childhood obesity is on the rise, with the highest preva-

lence seen in adolescent children between 12 and 19 years

of age. Recent data suggest that obesity may be a leading

cause for OSAS during adolescent years. This form of

OSAS shares much with the adult form of OSAS.

Exposure to Smoke
A 1989 study from Italy [2], found that 118 of 1,615

children aged 6–13 years were habitual snorers. Of these,

82 were exposed to passive parental smoking (69%).

Children of smoking parents were more likely to be snorers

than children whose parents never smoked (OR 1.85).

Furthermore, they demonstrated a dose-effect relationship

of smoking and snoring. The prevalence of habitual snoring

increased significantly with the number of cigarettes

smoked by parents.

A study from Singapore of over 11,000 children found

that maternal smoking was significantly associated with

habitual snoring, with an odds ratio of 2.22. Snoring is

thought to reflect enhanced proliferation of lymphoid tissue

induced by chemical irritation of the upper respiratory tract

at an age when tonsils and adenoids are in a period of accel-

erated growth.

A study of over 3,600 Greek children found an odds

ratio of 1.4 associated with passive smoking and habitual

snoring.

Kahn studied 115 newborns within 1 week of birth and

394 infants at 11 weeks of life by overnight PSG. Prenatal



smoking by mothers correlated with an increase in fre-

quency and length of OSAs (relative risk 2.76) and a

decrease in birth weight of their infants. Paternal smoking

during pregnancy increased the risk of obstructive apneas

only in the infants of smoking mothers.

Genetic Disorders
Common craniofacial anomalies affecting upper

airway size and associated with OSAS include: Crouzon,

Pfeiffer, Apert, Treacher-Collins, Nager, Hallerman-Streiff,

Goldenhar, Rubinstein-Taybi, Doen, Beckwith-Wiedemann,

Klippel-Feil, and Marfan syndromes, Robin sequence,

choanal stenosis, and mucopolysaccharidosis. Some cranio-

facial syndromes, such as Down syndrome, are also associ-

ated with hypotonia, which can contribute to upper airway

obstruction.

Macroglossia can significantly reduce upper airway

size and commonly occurs in infants and children with

Down syndrome, mucopolysaccharidosis and Beckwith-

Wiedemann syndrome. In patients with glossoptosis, the

tongue may prolapse posteriorly and occlude the airway,

and is commonly seen in patients with a small and retrog-

nothic mandible as in Robin sequence or in conditions with

poor upper airway muscle tone, such as Down syndrome.

Surgical correction of soft palate anomalies, such as cleft

palate and velopharyngeal insufficiency, can be associated

with OSAS. This includes patients who have had pharyn-

geal flap placement, which can lead to nasopharyngeal or

oropharyngeal stenosis.

Down syndrome is the most common genetic disorder

associated with craniofacial anomalies. OSAS is present in

30–60% of these patients. Midface and mandibular

hypoplasia, glossoptosis, adenoid and tonsillar hypertro-

phy, laryngotracheal anomalies and obesity are the most

common anatomic causes for OSAS in Down syndrome.

A pilot study of 19 young children with Down syndrome

demonstrated a high prevalence of OSA. In this consecu-

tively encountered, nonselected patient population, OSA

was found in 79% of the subjects. More severe OSA was

associated with a higher body mass index, older age, higher

movement arousal index, and more sleep-related com-

plaints. The investigators also found a significant inverse

relationship between age and lowest SaO2.

Inadequate Central Drive
The most common causes of inadequate central drive

leading to chronic respiratory failure in children are related

to congenital or acquired central hypoventilation syn-

dromes. Congenital syndromes may present as isolated

hypoventilation or may be associated with various genetic

and metabolic abnormalities. Acquired hypoventilation

occurs secondary to central nervous system infection,

tumor, or trauma.

Congenital Central Hypoventilation Syndrome

Congenital central hypoventilation syndrome (CCHS) is

defined as the failure of the automatic control of breathing;

its etiology is unknown. This condition involves an integra-

tion abnormality of chemoreceptor input to the central con-

trollers of respiration. Since breathing during NREM sleep

is almost entirely controlled by the automatic system, ven-

tilation is most compromised during NREM stages of

sleep. The clinical presentation of CCHS varies depending

on the degree of severity of the disorder. Infants with severe

CCHS do not breathe spontaneously and require ventila-

tory assistance. Those with milder forms of the disorder

often remain undiagnosed until they present with pul-

monary hypertension and heart failure. Since more severely

affected children hypoventilate both during wakefulness

and sleep, they are diagnosed at an earlier age. During

sleep, children with CCHS have absent or negligible venti-

latory sensitivity both to hypercarbia and hypoxemia. This

abnormal chemoreceptor response is also observed in

patients with adequate daytime ventilation.

Patients with CCHS often have other abnormalities of

autonomic nervous system functioning. Several reports

have described the presence of decreased heart rate vari-

ability, decreased nocturnal blood pressure dipping, and

diminished pupillary light response. There are also reports

of esophageal achalasia. Recent studies describing the

genetics of isolated CCHS found that 40–96% of children

with this syndrome were found to have mutations of the

PHOX2b gene, with the large majority occurring as de novo

mutation.

A wide spectrum of genetic syndromes can be associ-

ated with central hypoventilation. These include myelo-

meningocele with Arnold Chiari malformation, skeletal

dysplasia, Möbius syndrome, Prader-Willi syndromes, and

inborn errors of metabolism such as pyruvate dehydroge-

nase complex deficiency, Leigh’s disease, and carnitine

deficiency.

Acquired Central Hypoventilation Syndrome

Abnormal central control of breathing can develop sec-

ondary to chronic respiratory failure caused by chronic

lung disease. Persistent hypercapnia could blunt the venti-

latory response to CO2 in the presence of chronic lung dis-

ease. A similar effect could also develop from metabolic

alkalosis and hypochloremia associated with diuretic

therapy.
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Clinical Features

While history of nocturnal symptoms could be a valuable

tool in differentiating central from obstructive SDB, many

studies have demonstrated the limited ability in distinguish-

ing the degree of severity of obstructive SDB. Despite this

limitation, clinical practice remains dependent on parental

report as to the need for evaluation or treatment of SDB.

History of snoring is the most common nighttime symptom

of OSAS in children. Children with SDB may have obvi-

ously increased respiratory effort, which is often manifested

as paradoxical inward rib cage motion. It is essential to rec-

ognize that paradoxical breathing during infancy and early

childhood may represent a normal breathing pattern espe-

cially during REM sleep. Excessive nocturnal sweating and

enuresis have been observed in children with SDB.

Neurocognitive Functions in Children with SDB
In adults, excessive daytime sleepiness associated with

abnormal polysomnogram has become an important diag-

nostic criterion for SDB. Such a manifestation in children

with SDB is very rare in the preadolescent age. However,

daytime cognitive dysfunction and behavioral disorders are

recognized at higher prevalence in children with SDB.

The cognitive and behavioral effects of OSA, commonly

called ‘neurobehavioral’ because they are presumed to be

mediated by the brain, were highlighted in some of the ear-

liest reports in the published literature, and remain the

focus of intense investigation. In 1889, Hill published a

clinical description of children who snore, are sleepy dur-

ing the day, and show academic underperformance. When

the topic of pediatric OSA resurfaced in the published

English literature nearly a century later, again academic

and behavioral difficulties were highlighted in early case

series. Interest in the neurobehavioral effects of pediatric

OSA has since accelerated rapidly. A Medline search found

over 60 relevant articles published from 2000 through mid-

2005, more than had been cumulatively published since

Hill’s first observations a century earlier. The emerging pic-

ture is that pediatric OSA is associated with considerable

neurobehavioral morbidity.

Excessive daytime sleepiness can occur in children with

OSA, but it is far less frequent than in adults. Rather, in epi-

demiological studies, parent-reported snoring, a hallmark

but nonspecific symptom of OSA, has been linked to poor

academic performance, inattentiveness and hyperactivity in

preschool and grade school children. Consistent with these

findings, children who have been referred for adenotonsil-

lectomy because of suspected OSA also display elevated

rates of hyperactivity, rebelliousness, and aggression. Of

note, however, a key limitation of most of these studies has

been that both the independent variable (symptoms of OSA)

and dependent variables (neurobehavioral functioning) have

been gathered by parent report, raising concerns about

potential reporter bias and what psychologists have termed

‘method variance’ – the tendency for spurious or inflated

correlations between two variables that are gathered using

the same methods. This limitation has been overcome by

using independent sources of information regarding sleep

and neurobehavioral functioning. With respect to the sleep,

PSG techniques have been applied to show that preschool

and grade school children with PSG-verified OSA display

inattention, poor academic achievement, aggression, and

overall behavioral maladjustment more often than their

peers [3, 4]. Although two recent studies failed to find such

associations, the samples a priori excluded children who had

attention or behavioral disorders. Because such disorders

are defined by the very behaviors suspected to be impacted

by OSA – e.g. there is no medical ‘test’ for attention

deficit/hyperactivity disorder (ADHD) – the a priori exclu-

sion of such children may effectively ‘control away’ a mean-

ingful effect. Recent data suggest that, among children with

OSA, problems with impulse control, behavior regulation,

and emotion regulation may be more prominent than diffi-

culties with sustained attention or mood. Interestingly, one

small but well-controlled study suggested that while parent-

reported symptoms of snoring and restlessness each related

in a unidirectional (monotonic) manner with ADHD symp-

toms, only children with mildly elevated ADHD symptoms

showed PSG evidence of OSA; children with more severe

ADHD symptoms were at no higher risk for OSA than non-

hyperactive controls. To our knowledge, no published

research from other groups has confirmed or refuted this

finding but, as noted below, some have questioned whether

conventional PSG indexes are adequately sensitive to SDB

in children.

Another approach has been to obtain objective assess-

ments of neurobehavioral functioning, most commonly

office-based cognitive tests. Intellectual (IQ) tests have

yielded conflicting findings. Several reports suggest the

presence of lowered IQ scores among grade school children

with SDB compared to controls. However, in each study, the

controls were of above-average intelligence, while the chil-

dren with SDB obtained scores in the average range. This

may have been due to the use of volunteer control groups,

which are often ‘super-healthy’ from a cognitive and behav-

ioral standpoint [3]. Others who have used more representa-

tive sampling techniques or have covaried for potential

confounding variables (e.g. family income) have found

no intellectual deficits in grade-school children with OSA
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compared to controls. Interestingly, younger children may

fare worse; three recent well-controlled studies found IQ

deficits in preschool and 1st grade students with SDB [5].

These developmental discrepancies in IQ findings may

reflect differences in measurement as different tests have

been used with preschool children than with school-aged

children. Compared to the IQ tests used with older children,

those used with the younger children have placed greater

emphasis on drawing abilities and auditory attention, two

skills that have been found to be deficient among adults with

OSA. Alternatively, there may be a moderating effect of age,

in which young children are at greater risk of morbidity.

Children with OSA have been reported to show impair-

ments on office-based tests of attention and executive func-

tioning [3, 6], although the variety of tests that have been

used across studies makes it difficult to integrate the find-

ings. Studies that have used formal memory tests have

yielded mixed results, with morbidity reported by some, but

not others. These heterogeneous findings, which largely par-

allel the state of research into adult OSA, highlight the fact

that attention, executive functioning, and memory are each

heterogeneous domains, with fairly ambiguous boundaries

conceptually and neuroanatomically. One challenge facing

future researchers is to better define which aspects of atten-

tion, executive functioning, and memory, if any, are particu-

larly vulnerable to OSA. A second challenge involves

balancing the rigors of scientific control with applicability

to daily life (‘ecological validity’). Particularly with tests of

attention and executive functioning, the well-structured,

controlled office-based testing environment may prevent the

expression of deficits that are better seen in more complex,

less predictable natural (ecological) settings. To strike an

optimal balance, we recommend gathering information

from multiple sources, perhaps moving beyond office-based

tests and parent report to include classroom observations

and teacher reports. As of this writing, only one published

study had presented data on teacher-reported outcome

among a group of children with PSG-verified OSA. In

2004, we found evidence of teacher-reported deficits in

behavior and emotion regulation using one data analytic

approach, but not another – the meaning of this discrepancy

was not immediately clear, but it appeared to be due at least

in part to a small sample size.

Purported Mechanisms

The mechanisms that have been implicated in the devel-

opment of vascular pathology in OSA have also been applied

to neurobehavioral morbidity. Indeed, some have suggested

that the primary mechanisms that underlie neurobehavioral

deficits in adults with OSA are cerebrovascular in origin. It is

unclear whether such a pathway, which is presumably most

applicable to adults with long-standing disease sufficient to

cause considerable vasculopathy, applies to children. Even

so, there is evidence from animal research of a second, more

direct path to neuropathology. In a rodent model, intermittent

hypoxia has been demonstrated to increase oxidative stress,

to upregulate proinflammatory cytokines, and to induce

excessive nitric oxide levels, which collectively lead to corti-

cal and hippocampal neuronal apoptosis and reduced hip-

pocampal long-term potentiation (LTP) and associated

spatial learning deficits. Further, genetic mutations that

result in reduced free radical or nitric oxide production, as

well as administration of antioxidant agents, appear to pro-

tect against apoptosis and learning deficits after intermittent

hypoxia in rodent models. Translation of these findings to

humans is bolstered by findings of elevated inflammatory

markers, as well as precursors of such inflammation (e.g.

changes in sympathetic-parasympathetic balance) in adults

and children with OSA.

Others have focused less on cell death, and more on pos-

sible neurochemical aberrations among individuals with

OSA. Intermittent hypoxia administered to neonatal rat pups

results in long-term alterations in dopamine and behavioral

evidence of overactivity and poor working memory.

Although it is tempting to note parallels with psychiatric

findings of aberrations in the dopaminergic system among

children who have difficulties regulating attention and

behavior, much research is needed to fill the gap between

findings on intermittent hypoxia among neonatal rats and

observations of the effects of OSA among human children.

As impressive as findings from these intermittent

hypoxia models have been, hypoxia may not be the neces-

sary precipitant of OSA-induced neurobehavioral deficits.

Experimental sleep deprivation results in elevated periph-

eral markers for inflammation in otherwise healthy humans

as well as inflammatory cytokine production and inhibition

of hippocampal LTP and related learning deficits in sleep-

deprived rodents. Indeed, children who are sleep deprived

or have poor quality sleep, even in the absence of evidence

of SDB, show at least some of the behavioral deficits that

have been reported among children with OSA. Thus, poor

quality sleep may act independently or synergistically with

intermittent hypoxia to induce neurobehavioral morbidity

in children with OSA. Conventional PSG indexes of

hypoxia and sleep disruption provide little insight into their

relative contribution to neurobehavioral deficits because

these indexes are often strongly correlated and have more-

over proven to be poor and inconsistent correlates of
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neurobehavioral outcome. Indeed, several recent studies

have indicated that parent-reported chronic snoring in chil-

dren, even in the absence of PSG-defined OSA, is associ-

ated with diminished neurobehavioral outcome. There have

been attempts to develop more sensitive PSG-based

indexes, such as the ‘sleep pressure score’ and respiratory

cycle-related changes in EEG spectral power, but these

require independent replication before they are widely

accepted by the field.

Given that neurobehavioral deficits are presumed to be

mediated by the brain, it is surprising that no neuroimaging

findings on children with OSA had been published as

of this writing. Among adults with OSA, structural MRI

has yielded inconsistent and sometimes null findings. In

contrast, magnetic resonance spectroscopy studies have

consistently yielded significant results, pointing towards

abnormalities in the hippocampus and frontal white matter,

but not the prefrontal cortex or parietal white matter. Early

functional MRI data suggest poor activation of dorsolateral

prefrontal cortex in untreated adults with OSA when faced

with a working memory task, a functional abnormality

which appears to persist even after treatment. These data

offer intriguing clues into the possible neural systems most

implicated in the neurobehavioral deficits of adult OSA

and, perhaps, pediatric OSA as well.

The nature, reversibility, and mechanisms by which neu-

robehavioral morbidity occurs in children with pediatric

OSA are areas of active investigation. In this research, it

will be important to take into consideration the potential

impact of non-sleep-related variables, such as sociodemo-

graphic factors, which may account for considerable ‘error

variance’ in analyses, providing a clearer picture of how

OSA relates to daytime functioning. It will also be impor-

tant to identify potential risk and resilience factors that

increase or decrease a child’s vulnerability to the neurobe-

havioral effects of OSA, such as age/development, sex,

socioeconomic status, and cognitive ‘reserve’. There is

evidence that intermittent hypoxia results in the greatest

neuronal damage in rats of an age roughly analogous to

human childhood [7] and that, in other animals, sleep dep-

rivation can derail neural and skill progression at critical

points in development. Because many cognitive skills,

including behavior and emotion regulation, show rapid

progression throughout childhood, the neurodevelopmental

insult presented by OSA may be particularly potent during

these years. Although much work on this and other issues

remains to be done, research findings to date clearly

suggest that OSA can have considerable neurobehavioral

consequences in children, and highlight the importance of

early identification and intervention.

Cardiovascular Complications of SDB

Effect of OSAS on Pulmonary Artery Pressure
The relationship between OSAS and pulmonary hyper-

tension in children has been described in single case reports

and small case series. The prevalence and severity of pul-

monary hypertension in children with SDB seems to be

greater in children with co-morbid conditions. Studies which

examined the presence of pulmonary hypertension in chil-

dren without co-morbid conditions have revealed conflicting

results. While one study found that all participants had

pulmonary hypertension, two other studies found no evi-

dence of abnormal elevation of pulmonary artery pressure.

The reversibility of pulmonary hypertension in children with

SDB was described in cases where SDB was treated with

adenotonsillectomy, and with oxygen supplementation.

Effect of OSAS on Systemic Blood Pressure
While systemic hypertension is well described in adults

with SDB, it has been described in only few cases of severe

SDB in children. However, in several cross-sectional stud-

ies, a trend towards higher BP was observed in children

with SDB [8–11]. None of the cross sectional studies found

a higher prevalence of hypertension in children with SDB

compared to controls. Evidence of blood pressure dysregu-

lation in children with SDB in the form of increased blood

pressure variability during wakefulness and sleep and

smaller nocturnal blood pressure dipping was described in

a study which examined 24-hour ambulatory blood pres-

sure recording [12].

Evidence exists that SDB in children is associated with

biventricular dysfunction. Changes in left ventricular geom-

etry have been described in small case series [13–16]. A

case control study showed that left ventricular mass and rel-

ative wall thickness were significantly greater in normoten-

sive children with PSG-proven OSA compared to children

with primary snoring and that an apnea/hypopnea index

greater than 10/h increased the risk for left ventricular

hypertrophy by 6 folds [17]. There is also evidence that left

ventricular functions improve after treatment of SDB [18].

Diagnosis of SBD

In clinical practice, the diagnosis of SDB in children

relies on the history of snoring and symptoms of obstruc-

tive breathing during sleep. This practice is in contradiction

to the evidence provided in the literature, suggesting that

history has significant limitations in discerning between

SDB and snoring.
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More objective methods of diagnosis include PSG and

radiographic airway evaluation, evaluation of central con-

trol of breathing and respiratory muscle strength.

Polysomnography
The technology used in the diagnosis of SDB in adults is

applied to children. Whether PSG is sensitive enough to iden-

tify the whole spectrum of severity of SDB in children

remains uncertain. The lack of strong association between the

index of severity of SDB, namely the frequency of obstructive

events during sleep, and neurocognitive functions suggest that

PSG in children might underestimate the degree of severity of

the disorder. Pediatric sleep laboratories choose threshold val-

ues, usually based on the ATS standards for cardiorespiratory

sleep studies in children, that they consider to be diagnostic or

strongly suggestive of significant childhood SDB. Abnormal

values on pediatric PSG include: (1) obstructive apnea

index � 1/h, (2) apnea/hypopnea index � 5/h, (3) peak end-

tidal CO2 � 53 mm Hg, (4) end-tidal CO2 � 50 mm Hg for

�10% of total sleep time and minimum SpO2 � 92%.

Airway Imaging
Radiographic evaluation of the airway of children with

SDB is not routinely obtained. Evaluation of these children

typically includes physical examination with direct inspec-

tion of the size of the palatine tonsils. In some cases, a lat-

eral radiograph of the airway is obtained to evaluate the size

of the adenoid tonsils and whether they encroach on the

nasopharynx.

A subgroup of patients with OSA has more complex prob-

lems. This subgroup includes children with syndromes that

predispose them to obstruction at multiple sites. Such condi-

tions include Down syndrome, patients with craniofacial

anomalies such as micrognathia, and children who have failed

prior surgery directed at the elimination of OSA [19–23].

In such patients, MRI with cine sequences has become a

useful tool to help determine the anatomic and dynamic

causes of persistent OSA [19–23]. Dynamic imaging stud-

ies, such as MRI or cine MR studies, have been shown

to affect management decisions in over 50% of cases of

complex OSA [19–23]. The advantage of cine MR sleep

studies is that both static anatomy as well as dynamic

abnormalities that lead to functional collapse of the airway

are depicted.

Once asleep, the patient is placed in the appropriate size

and shaped coil. With this coil, the airway from the superior

aspect of the nasal passage to the level of the trachea can typ-

ically be imaged. In small patients, the entire airway can be

visualized from its superior to its inferior extent (carina). In

large adult-sized patients, the inferior aspect of the trachea

may not be positioned in the imaging field of view. The

patient is imaged with the cervical spine in neutral position.

Cine MR sequences are performed in the midline sagittal

location, as well as in the transverse plane, at the level of the

middle portion of the tongue. The sequence used to create

the cine MR images is a fast gradient-echo sequence

(8,200/3,600, 80� flip angle, 12-mm section thickness).

Approximately 128 consecutive images are obtained in the

same location during an imaging time of approximately

2 min. Therefore, each image correlates with approximately

1 s. The sagittal or axial images are then displayed in cine

format and create a real-time ‘movie’ of airway motion. Cine

MRI is helpful in depicting both anatomic causes of OSA

and dynamic patterns of airway collapse, data that can be

helpful in surgical decision making. Examples of different
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a b

Fig. 1. Enlarged lingual tonsils in a 5-year-old girl with Down syn-

drome and persistent OSA despite previous tonsillectomy and ade-

noidectomy. a Sagittal T2-weighted MR image shows enlarged lingual

tonsils (arrows) obstructing pharynx at level of base of tongue. b Axial

T2-weighted MR image again shows enlarged lingual tonsils (arrows).

a b

Fig. 2. Hypopharyngeal collapse in an obese 5-year-old patient with

persistent OSA despite previous tonsillectomy and adenoidectomy. a
Sagittal cine MR image at time during respiratory cycle when

hypopharynx at level of posterior tongue (arrows) is patent. b Sagittal

cine MR image moment later shows collapse of hypopharynx (arrow).



anatomical causes for persistent upper airway obstruction are

shown in figures 1–4.

Methods of Evaluation of SDB in Patients 
with Central Hypoventilation

Evaluation of the Chemical Control of Breathing
The primary function of breathing is to supply O2 and

remove CO2 from the body in response to changes in arterial

blood gas values. The negative feedback chemical control

system is considered the fundamental mechanism of respira-

tory regulation. Chemical control of breathing is evaluated

by the ventilatory responses to hypercapnia and hypoxia. The

changes in PaO2 are sensed by the peripheral chemorecep-

tors. The carotid body plays a predominant role in regulating

PaO2. Changes in PCO2 are sensed by the central chemore-

ceptors and the carotid body. The stimulus to the central

chemoreceptor is most closely approximated by the hydro-

gen ion concentration in the cerebral spinal fluid rather than

in the arterial blood. The input from the chemoreceptors is

integrated at the respiratory centers in the brain stem.

Hypercapnic Ventilatory Response
A linear relationship exists between PaCO2 and alveolar

ventilation. A hypercapnic ventilatory response is meas-

ured by the slope of the relationship between PaCO2 and

minute ventilation. Two standardized tests for hypercapnic

response have been described. The first test, which is no

longer used, involves a steady-state method in which sub-

jects breathe several different concentrations of mixed CO2,

each for 5–15 min, until the ventilation becomes stable.

In the commonly used rebreathing method, the subject

rebreathes from a bag that contains a gas mixture consisting

of 7% CO2 and 93% O2. Equilibration is achieved between

mixed venous, arterial, and alveolar CO2 and that inside the

bag soon after rebreathing. After this initial period of equi-

libration, the changes in end-tidal CO2 reflect the changes

in PCO2 at the chemoreceptor level. The hypercapnic venti-

latory response is obtained by measuring minute ventila-

tion simultaneously with end-tidal CO2. The test is usually

completed in 4–5 min, when the end-tidal CO2 reaches 74.

The relationship between end-tidal CO2 and minute ventila-

tion is linear and the hypercapnic ventilatory response

curve is a straight line in the physiologic range. The slope S

of the regression line and its intercept B on the end-tidal

CO2 axis are obtained from the following equation: VE � S

(end-tidal CO2 – B). S is expressed as the change in minute

ventilation per change in end-tidal CO2. This equation pro-

vides an index of respiratory chemosensitivity to hypercap-

nia. Normal values for the hypercapnic ventilatory response

have been reported in children.

Hypoxic Ventilatory Response
In contrast to the ventilatory response to PCO2, minute ven-

tilation does not change until PaO2 decreases to 50–60 Torr.
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Fig. 3. Recurrent adenoid tonsil enlargement

in a 5-year-old girl with persistent OSA

despite previous tonsillectomy and adenoidec-

tomy. a Sagittal T2-weighted MR image shows

recurrent adenoid tonsils as high signal tissue

(arrow) in posterior nasopharynx. b Sagittal

cine MR image at time during respiratory

cycle when hypopharynx at level of posterior

tongue is patent. c Sagittal cine MR image

moment later shows collapse of hypopharynx

(arrows) secondary to negative pressure gener-

ated at level of obstruction from adenoids.

Fig. 4. Hypopharyngeal collapse in an obese

18-year-old patient with persistent OSA

despite previous tonsillectomy and adenoidec-

tomy. Consecutive cine axial images over time

show progressive cylindrical collapse of the

hypopharynx (arrows) from left to right.



The difference in the shapes of the hypoxic and hypercapnic

ventilatory response explains why the alveolar ventilation

and arterial blood gases are determined by hypercapnic

rather than by hypoxic chemosensitivity. Two methods have

been described for the measurement of ventilatory response

to isocapnic hypoxia. The first relies on end-tidal O2 as the

stimulus parameter. The second relies on O2 saturation as

the stimulus parameter. A linear regression can be applied

to express the hypoxic chemosensitivity. Reported normal

values for the hypoxic ventilatory response have also been

described.

Tests of Respiratory Muscle Strength
The force generated by the respiratory muscles leads to

displacement of the chest wall structures and ultimately to

increasing or decreasing lung volume. This force is esti-

mated as changes in pressure, and the shortening of muscle

fibers is estimated as changes in lung volume. To test respi-

ratory muscle strength, pressure can be measured either

during a voluntary maneuver or during involuntary contrac-

tions, particularly in response to phrenic nerve stimulation.

The volitional tests of respiratory muscle strength

include:

• Maximum static inspiratory and expiratory pressures

• Maximum static transdiaphragmatic pressure

• Maximum sniff pressure

• Maximum cough pressure

The nonvolitional tests of respiratory muscle strength

include:

• Electrical phrenic nerve stimulation

• Magnetic phrenic nerve stimulation

• Twitch transdiaphragmatic pressure

• Abdominal muscle stimulation

Treatment of OSA

Adenotonsillectomy
The reversibility and long-term implications of OSA-

linked neurobehavioral deficits are not fully known, but there

is cause for both optimism and concern. Adenotonsillectomy

is often effective in treating OSA and seems to contribute to

subsequent academic, intellectual, and behavioral improve-

ments. However, most adenotonsillectomy research has

lacked longitudinal control groups, raising questions about

whether parental expectancies or practice effects might

account for findings. Moreover, treatments are unsuccessful

in a substantial minority of cases [24] and it is likely that

most children with OSA are not detected in the first place.

This raises the possibility that OSA-related morbidity may

worsen over time through disease progression, the accumula-

tion of functional/adaptive failures, or inefficient neural

development. What little evidence we have on long-term out-

come suggests the development of a long-term delay or

deficit. Several years ago, Gozal and Pope reported retro-

spectively-collected sleep data on nonsnoring middle-school

students, and found evidence for long-term scholastic

deficits among those who had snored as young children [7].

Recent prospectively-collected data further indicate that

childhood snoring predicts the development of ADHD symp-

toms 4 years later, even after controlling for baseline hyper-

activity and reported snoring at follow-up. The reversibility

of cor-pulmonale and left ventricular dysfunction has been

shown in small cross-sectional studies.

Continuous positive airway pressure is the second line

of treatment of SDB in children. Several studies have

shown a large degree of success in using this modality of

treating children with the disorder [25].
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Abstract

Sleep-disordered breathing (SDB) is common in elderly
with reported prevalence rates of 20–81%. Snoring and
excessive daytime sleepiness (EDS) are the two principal
symptoms of SDB, with insomnia, nocturnal confusion, and
daytime cognitive impairment being less common presenta-
tions. The mortality and morbidity associated with SDB
remain unclear in the elderly. In evaluating an elderly patient
with questionable SDB a thorough sleep history needs to be
taken, if possible in the presence of a bed partner or caregiver,
focusing on symptoms of SDB and other sleep disorders.
Unintentional napping may be a clue that a patient has SDB. If
history is suggestive of SDB, an overnight sleep recording
should be obtained. Initiation of treatment in older patients
should be guided by the significance of the patient’s symptoms
and the severity of the SDB. Patients with more severe SDB
deserve a trial of treatment. For those with milder levels of
SDB, treatment should be considered if co-morbid conditions
are present, such as hypertension, cognitive dysfunction, or
EDS. Age alone, or assumed treatment noncompliance, should
never be reasons to withhold treatment.

With aging, sleep disruption becomes a common prob-

lem with reports of 50% of adults over the age of 65 years

complaining of difficulty sleeping [1]. There are a variety

of causes of sleep disturbances in this population includ-

ing underlying medical and psychiatric illness, medication

use, shifting of the circadian rhythm and specific sleep

disorders [2]. An increasingly recognized and important fac-

tor is the presence of sleep-disordered breathing (SDB) which

has a reported prevalence of 20–81% in the elderly [3–5].

SDB is an umbrella term which includes a spectrum of

breathing disorders ranging from benign snoring to obstruc-

tive apneas. In general, SDB is characterized by the com-

plete cessation of respiration (apneas) and partial or reduced

respiration (hypopneas) during sleep. Each event must last a

minimum of 10 s and recur throughout the night, resulting

in repeated arousals from sleep as well as nocturnal hypox-

emia. The apnea index (AI) is the number of apneas per hour

of sleep; the hypopnea index is the number of hypopneas per

hour of sleep. The total number of apneas plus hypopneas

per hour of sleep is called the apnea/hypopnea index (AHI)

or respiratory disturbance index (RDI). Depending on the

laboratory, an AHI or RDI � 5–10 is required for the diag-

nosis of SDB.

Epidemiology

SDB has been shown to be more common in the elderly

than in younger adults and more common in men than in

women, although this gender difference is less pronounced

in the elderly. Young et al. [6] reported the estimated preva-

lence of SDB among middle-aged adults 30–60 years of

age, defined by an RDI � 5 and the presence of excessive

daytime sleepiness (EDS), to be 4% of men and 2% of

women. In comparison, Ancoli-Israel [3] reviewed epi-

demiological studies on SDB in healthy elderly subjects
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and reported the prevalence rates for elderly women ranged

from 19.5 to 60% and for elderly men from 28 to 62%.

Combined prevalence rates for men and women range from

5.6 to 45%. SDB appears to be more prevalent in post-

menopausal than premenopausal women, although it

remains unclear if estrogen and progesterone are directly

protective against the development of SDB [7].

Longitudinal and cross-sectional studies have both

shown that the prevalence of SDB increases or stabilizes

with increasing age [4, 8–10]. Hoch et al. [10] found that

the median RDI and prevalence of SDB both increased sig-

nificantly from age 60 to 90 years, with 2.9% of those age

60–69, 33.3% of those age 70–79, and 39.5% of those age

80–89 having an AHI � 5.

In the largest series of randomly selected community-

dwelling elderly, 65–95 years of age, Ancoli-Israel et al. [4],

using objective measurements of SDB, reported that 24%

had an AI � 5 with an average AI of 13. In addition, 81% of

the study subjects had an RDI � 5, with an average RDI of

38. Using more stringent criteria, the prevalence rates were

62% for an RDI � 10, 44% for an RDI � 20, and 24% for

an RDI � 40. These rates were higher than had previously

been reported, most likely because objective sleep record-

ings were used rather than subjective measurements such as

self-reported snoring with observed apneas [11].

The Sleep Heart Health Study, a study of a community-

based cohort of over 6,400 individuals (mean age 63.5 years

with an age range of 40–98 years), reported prevalence rates

of SDB by 10-year age groups [12]. For those subjects age

60–69, 32% had an AHI 5–14 and 19% had an AHI � 15.

For those age 70–79, 33% had an AHI 5–14 and 21% had an

AHI � 15. For those age 80–98, 36% had an AHI 5–14 and

20% had an AHI � 15. When they focused only on those

subjects with an AHI � 15, they found a small increase in

SDB prevalence with increasing 10-year age groups (fig. 1).

Elderly nursing home patients have been shown to have

higher prevalence rates of SDB than those who live independ-

ently [13–15]. Ancoli-Israel et al. [14, 15] studied 235 nursing

home patients and found that 70–90% had an RDI � 5 and

50% had an RDI � 20. Hoch and Reynolds [16] reported that

over 40% of Alzheimer disease (AD) patients had SDB, sig-

nificantly higher than age-matched depressed or healthy eld-

erly subjects. Other studies have reported similar results [e.g.

17, 18]. In a review of seven different studies examining the

prevalence in those elderly with vs. those elderly without

dementia, Ancoli-Israel [3] reported prevalence rates of SDB

ranging from 33 to 70% in demented subjects, compared with

the reported 5.6–45% rate found in the nondemented elderly.

Several studies found that the severity of the dementia was

positively correlated with the severity of the SDB [14, 16].

Risk Factors
Established risk factors for SDB in the elderly include

increasing age, gender, obesity, and symptomatic status

[19]. Central obesity, in particular a body mass index

(BMI) of �28, is the most predictive physical finding of

SDB in the younger adult [19] with approximately 40% of

those with a BMI over 40 and 50% of those with a BMI

over 50 having SDB [20]. In the older adult, obesity and an

elevated BMI are still strong predictors of the presence of

SDB [4, 19, 21].

Other conditions that increase the risk of developing SDB

include the use of sedating medications, alcohol consump-

tion, family history, race, smoking, and upper airway config-

uration [19]. In general, few studies have explored the

association between race and SDB. There is some evidence to

suggest that SDB may be more severe but not more prevalent

in older African-Americans than in older Caucasians [22, 23].

Clinical Features

The symptoms and clinical presentations of SDB may

not differ from those of younger adults. Snoring and EDS

are the two principal symptoms of SDB in the elderly. The

snoring of patients with SDB, caused by airway collapse,

can be loud enough to disrupt the bed partner and cause

him/her to sleep in another room. In subjects 65 years and

older, Enright et al. [11] reported a negative correlation

between self-reported snoring and age, and loud snoring in

this study was independently associated with BMI, dia-

betes, and arthritis in elderly women and alcohol use in
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Fig.1. Smoothed plot (5-year moving average) showing an increase in

SDB prevalence with increasing 10-year age groups in those with
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elderly men. Approximately 50% of patients with habitual

snoring have some degree of SDB, and snoring has been

identified as an early predictor of SDB [24]. It should be

noted, however, that not all patients who snore have SDB

and not all patients with SDB snore. As many elderly live

alone, this symptom may be difficult to identify.

EDS is a major feature of SDB in the elderly and is

likely a result of the recurrent nighttime arousals and sleep

fragmentation. The presence of EDS can have a profoundly

detrimental effect on an elderly patient’s quality of life as

he/she may often fall asleep at inappropriate times during

the day. This unintentional napping may manifest as falling

asleep while watching television or movies, reading,

attending meetings, working, driving and during conversa-

tions. EDS can cause occupational and social difficulties,

reduced vigilance, and, most important in the elderly, is

associated with cognitive deficits [25].

Other less common presentations in the elderly include

insomnia, nocturnal confusion, and daytime cognitive

impairment including difficulties with concentration and

attention, and short-term memory loss [25].

Morbidity Associated with SDB

Cardiovascular Consequences
SDB is an established risk factor for hypertension in

younger adults [26–28]. Lavie et al. [26] demonstrated a

‘dose-response’ relationship between apnea severity and

elevations in blood pressure with each additional apneic

event per hour of sleep increasing the odds of hypertension

by 1%, and each oxygen desaturation of 10% increasing the

odds by 13%. Even minimal amounts of SDB (AHI

0.1–4.9), considered by most to be nonpathologic, have

been shown to increase the risk of developing hypertension

compared to an AHI of zero [28].

In the older adult, however, the relationship between

SDB and hypertension remains unclear. Earlier studies

reported an association between hypertension and SDB in

the older adult [29, 30], but more recent data from the Sleep

Heart Health Study suggested that there was no association

between SDB and systolic/diastolic hypertension in those

aged �60 years [31].

Cardiac arrhythmia, myocardial infarction, hypercoagula-

ble state, and sudden death have all been associated with the

presence of SDB in adults [32, 33]. The relationship between

SDB and cardiovascular events in the elderly is less clear as

most studies have been performed in middle-age adults.

Some of the strongest evidence supporting the association

between SDB and ischemic heart disease has emerged from

the Sleep Heart Health Study which showed a positive asso-

ciation between the severity of SDB (based on overnight

polysomnography) and the risk of developing cardiovascular

disease including coronary artery disease and stroke [32]. In

this study, even mild to moderate SDB was associated with

the development of ischemic heart disease, independent of

known cardiovascular risk factors. Cardiac patients with

severe SDB are at extreme risk of suffering a myocardial

infarction, almost 25 times that of patients with mild SDB

[34]. Snoring itself has been reported to increase the risk of

ischemic heart disease in both men and women [35].

A number of studies have also found a high prevalence

of SDB in patients with congestive heart failure (CHF) [e.g.

36, 37]. Many speculate that SDB and CHF are an adverse

combination in which SDB causes or exacerbates the heart

failure. Central and obstructive sleep apnea as well as

Cheyne-Stokes respiration (CSR) are all recognized as

occurring commonly in patients with heart failure. These

conditions represent a spectrum of severity from intermit-

tent periodic respiration without apneas to cycles of hyper-

ventilation and apneas during sleep. The hyperventilation

that occurs after apnea is recognized clinically as paroxys-

mal nocturnal dyspnea. Javaheri et al. [37] reported that

40–50% of outpatients, predominantly male, with stable,

mild, medically treated CHF had SDB, and AHI has been

shown to be a powerful predictor of poor prognosis in this

group of patients [38]. The Sleep Heart Health Study found

that the severity of SDB was positively associated with the

development of CHF and like ischemic disease, even mild

to moderate SDB was associated with its development [32].

There is a growing body of literature that suggests a direct

relationship between cerebrovascular accidents and SDB

in adults. Studies have found an independent association

between self-reported snoring and stroke, an association sim-

ilar in strength to traditional risk factors for stroke such as

hypertension, smoking, and hyperlipidemia [35, 39]. A number

of studies, generally case-control and descriptive in design,

have reported a high prevalence of SDB in patients who have

suffered a cerebrovascular accident when compared to age-

and gender-matched controls [35, 40]. Furthermore, the SDB

persisted despite resolution of many of the stroke-related

symptoms, strengthening the argument that the SDB pre-

ceded the development of cerebrovascular disease [35]. For

those patients who have suffered a stroke, the presence of

SDB has been found to be an independent prognostic factor

related to mortality, with an implied 5% increase in mortality

risk for each additional unit of AHI [41].

Some of the strongest prospective epidemiological evid-

ence to date of the association between cerebrovascular

accidents and SDB again comes from the Sleep Heart



Health Study [32]. This study has found an association

between the severity of SDB and the risk of developing

cerebrovascular disease, and has also reported that even

mild to moderate SDB increases this risk [32]. Although

the exact nature of the relationship between SDB and cere-

brovascular disease in adults and the elderly remains

unclear, most researchers appear to be embracing the idea

that SDB precedes the development of stroke and may in

fact be a modifiable risk factor [35].

Cognitive Impairment and Dementia
Cognitive dysfunction is another potentially harmful con-

sequence of SDB. The negative effect of severe SDB

(AHI � 30) on cognitive dysfunction is well established,

with consistent reports of impairment on attentional tasks,

immediate and delayed recall of verbal and visual material,

executive tasks, planning and sequential thinking, and man-

ual dexterity [25, 42, 43]. In addition to the cognitive deficits

that may occur as a result of SDB, there is evidence that

many of the progressive dementias involve degenerative

pathologies in brainstem regions, areas that are responsible

for regulating respiration and other autonomic functions rel-

evant to sleep maintenance. Therefore, sleep disorders such

as SDB may be more likely to occur in this group of patients.

Studies examining the relationship between milder SDB

and cognition are less clear-cut. Some studies have found

that milder SDB (AHI 10–20) does not cause cognitive dys-

function in the absence of sleepiness [42]. However, some

of these studies selected otherwise healthy elderly subjects

to avoid possible confounding [44]. In addition, it is likely

that SDB does not affect all areas of cognitive functioning

equally, and therefore, it is possible that if a study only

examined a small number of cognitive tasks, the findings

could be negative.

There are two proposed explanations for the cognitive

deficits found in patients with SDB. The first theory is that

hypoxia resulting from SDB causes impairment in cognitive

functioning. Studies have found that for patients with contin-

uous hypoxia, there is a correlation between the severity of

cognitive dysfunction and nocturnal oxygen saturation [45,

46]. As the oxygen saturation decreases, performance on var-

ious neuropsychological testing worsens. This relationship

becomes less clear when patients have more intermittent

hypoxia. One important consideration, however, is the wide

variability in the severity of SDB from night to night.

Depending on the severity of SDB and hypoxia the night

prior to testing, the same patient may perform significantly

better (or worse) from one day to the next. This variability

may in fact partially explain the inconsistencies reported in

the literature in regard to the effects of SDB on cognitive

functioning. It remains unclear whether these hypoxia-

related cognitive deficits are reversible with treatment.

The second possible reason cited for the cognitive

impairment found in patients with SDB is EDS. EDS has

been shown to interfere with attention and concentration

abilities and to cause inconsistent performances on neu-

ropsychological tests [47]. Therefore, it is plausible that the

effect of SDB on cognitive functioning could simply be an

effect of being excessively sleepy.

The relationship between SDB and cognitive impair-

ment in demented elderly is becoming more clear. In insti-

tutionalized elderly, it has been found that those with severe

dementia based on the Dementia Rating Scale (DRS) had

more severe SDB compared to those with mild-moderate or

no dementia [14]. Furthermore, those with more severe

SDB performed worse on the DRS, suggesting that more

severe SDB was associated with more severe dementia

[14]. Another study estimated that an AHI � 15 is equiva-

lent to the decrement of psychomotor efficiency associated

with an additional 5 years of age [48]. In addition, some

researchers speculate that SDB could actually be a cause of

vascular dementia [49], as there are data to suggest that the

hypertension, arrhythmias, decreased cardiac output, stroke

volume, and cerebral perfusion associated with SDB may

lead to a greater likelihood of cerebral ischemia and/or

localized infarcts [50].

In our own laboratory, we have studied the relationship

between SDB and cognitive impairment in both institution-

alized and community-dwelling patients with AD [3, 14,

15, 51]. In both populations, SDB was highly prevalent. In

the institutionalized AD patients, as RDI increased, cogni-

tive functioning worsened, even when controlling for age

[14]. There is also evidence to suggest that the severity of

sleep disruptions in AD parallels the decline in cognitive

functioning. Anatomically, the brainstem regions and neu-

ronal pathways that regulate sleep/wake patterns are

affected by the degenerative changes in AD [52]. We are

currently completing a study that examines whether treat-

ment of SDB in patients with AD would result in improve-

ment in cognitive abilities.

Patients with Parkinson’s disease (PD) have also been

reported to have a higher prevalence rate of SDB when

compared to age-matched controls [53, 54]. In addition, a

great majority of PD patients have some subtle changes in

cognition, and some 40% will progress to PD dementia

[55]. As PD patients commonly experience alterations

in respiratory function while awake, there are compelling

reasons to think that patients with PD may be at risk of

nocturnal hypoxemia and SDB. Anatomically, there is

degeneration of the neurons in the reticular activating
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system as well as degeneration of the pathways arising

from the dorsal raphe and locus coeruleus in PD, all of

which likely contribute to sleep disturbances and daytime

sleepiness in these patients [56]. The role that SDB plays in

the cognitive dysfunction and eventual development of

dementia experienced by the majority of PD patients

remains unknown.

Mortality
Some research has suggested that patients with SDB are

at increased risk of death compared to those without SDB.

In many studies, patients with heart failure who develop

SDB in combination with CSR experience an increased

mortality [e.g. 57, 58]. Most of the studies on mortality

have focused on younger adults, however, with few studies

exclusively examining this aspect in the elderly.

In general, the risk of sudden death from cardiac causes

is highest from 6 a.m. to noon and lowest from midnight to

6 a.m. [59]. In a study that reviewed death certificates and

polysomnograms of patients, mostly in their 60–70s, who

had suffered a sudden cardiac death, the authors found that

those who had died from midnight to 6 a.m. had a signifi-

cantly higher AHI than those who died during other time

intervals during the day. This study reported that for

patients with SDB, the relative risk of sudden death from

cardiac causes from midnight to 6 a.m. was 2.57 [33].

Much of the data about SDB and overall mortality, how-

ever, suggest that there is an indirect relationship between

the two. One study followed a cohort of noninstitutional-

ized older subjects (mean age 66) for 12 years and reported

a mortality ratio of 2.7 for those with an RDI �10 [60].

Hoch et al. [61] reported that SDB was associated with an

excess mortality rate of 450% in elderly patients with

depression and cognitive impairment. Ancoli-Israel et al.

[62] found that those community-dwelling elderly with

more SDB (defined as an RDI � 30) had significantly

shorter survivals than those with mild-moderate or no SDB.

However, in other studies of community-dwelling eld-

erly, RDI was not found to be an independent predictor of

mortality [62, 63]. Rather, these studies found that cardio-

vascular and pulmonary conditions, including hyperten-

sion, were independent predictors of death, although there

is evidence to suggest that these factors may be secondary

to or associated with SDB. Therefore, it is possible that in

elderly, SDB is one of several predisposing factors for car-

diopulmonary disease, which, in combination, leads to

increased mortality. This hypothesis is strengthened by a

study by Ancoli-Israel et al. [64] which reported that eld-

erly men with CHF had more severe SDB than those with

no heart disease and men with both conditions, heart failure

and SDB, had shortened life spans compared to those with

just CHF, just SDB or neither.

More studies need to be undertaken to further elicit the

exact nature of the relationship of SDB and mortality in the

elderly, specifically in older women as most of the studies

completed in this age category have involved predomi-

nantly men.

Clinical Assessment and Management of SDB

Presentation and Diagnosis
As discussed previously, EDS and snoring are the two main

clinical features of SDB in the elderly. However, both aspects

are common in the general elderly population. If an older adult

complains of snoring or EDS, clinicians should not assume

that this is due to normal aging nor should they assume that

this is due to SDB – a complete evaluation is warranted.

Despite the commonality of EDS and snoring in the eld-

erly, several features may guide the clinician toward the

possibility of SDB. Daytime sleepiness and difficulty

maintaining wakefulness during daily activities, such as

holding conversations, driving, or unintentional napping

should not be assumed to be normal. Although not usually

associated with SDB, insomnia may also be a presenting

complaint. Fragmented or restless sleep due to frequent

nocturnal awakenings related to the apneas results in the

subjective complaint of difficulty sleeping, often labeled

as ‘insomnia’. SDB may present as nocturnal confusion

and/or daytime cognitive impairment, particularly in the

areas of concentration, attention, and memory. Elderly

patients with hypertension, especially hypertension that is

difficult to treat despite appropriate medications, should be

further evaluated for the presence of SDB.

As mentioned above, napping, specifically unintentional

napping may be a clue that a patient has disrupted or insuf-

ficient sleep, possibly secondary to SDB. Elderly patients

tend to nap more frequently than younger adults, and regular

napping has been reported to be common in the elderly [65].

It is imperative that the clinician discern whether these naps

are planned or unintentional, as the latter may indicate the

inability to maintain wakefulness, and thus may suggest the

presence of SDB. It is also important to bear in mind that

there are a variety of other potential etiologies for EDS and

unintentional napping, including other medical conditions

(PD, abnormal thyroid function, malignancies, depression,

nocturia related to benign prostatic hypertrophy) and

medications (hypnotics, antidepressants, antihistamines,

dopaminergics). Any of these may potentially contribute to

daytime somnolence and unintentional napping.
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To accurately assess the presence of SDB in the elderly,

a stepwise process should be undertaken. A complete sleep

history should be obtained, focusing on symptoms of SDB,

symptoms of other sleep disorders (i.e. restless leg syn-

drome), and sleep-related habits and routines, if possible,

with a bed partner, room mate or caregiver. The patient’s

medical history, including psychiatric and medical records

should be thoroughly reviewed, paying particular attention

to associated medical conditions and medications, the use

of alcohol, and evidence of cognitive impairment. Lastly,

when the above is suggestive of SDB, an overnight sleep

recording should be obtained.

As with younger adults, the diagnosis of SDB in the eld-

erly requires an overnight sleep recording. There are several

potential challenges in obtaining sleep studies in the elderly

including difficulties with transportation, management of

technical equipment, and understanding complicated

instructions. Furthermore, some may be resistant to spend-

ing the night in an unfamiliar environment. Involving the

patient’s spouse or caregiver and simple anticipation of the

potential difficulties may solve some of these issues. In

addition, if the clinician has a high index of suspicion of

SDB, an unattended overnight sleep study may be sufficient

for diagnosis. However, it should be noted that at the current

time, Medicare will only reimburse attended sleep studies.

Treatment of SDB in the Elderly
Older patients who present with symptoms of SDB and

who have daytime consequences should be considered for

treatment. Several factors should be considered when

deciding if an older patient should be treated for SDB. The

significance of the patient’s symptoms and the severity of

the SDB should be the main guides in initiating treatment

[66]. Patients with more severe SDB (RDI � 20) deserve a

trial of treatment. For those with milder levels of SDB

(RDI � 20), treatment should be considered if co-morbid

conditions are present, such as hypertension, cognitive dys-

function, or EDS. Age alone, or assumed noncompliance,

should never be a reason to withhold treatment. 

Treatment of SDB in the elderly is similar to that in

younger adults. All patients should be counseled on weight

loss and smoking cessation if indicated. For those with

positional-related SDB, i.e. with more events typically

occurring in the supine position, avoidance of this position

and attempting to sleep in the lateral decubitus position

may be somewhat effective. Long-acting sedating benzodi-

azepines should generally be avoided in the elderly with

SDB as most of these medications are respiratory depres-

sants and may actually increase the number and duration of

apneas. Alcohol, even in small amounts, can also exacerbate

SDB, and therefore, elderly patients with SDB should be

encouraged to abstain completely from its consumption.

The gold standard for treatment is continuous positive

airway pressure (CPAP), a device that provides continuous

positive pressure via the nasal passages or oral airway, cre-

ating a pneumatic splint to keep the airway open during

inspiration. If used appropriately, CPAP has been shown to

safely and effectively manage SDB at night with minimal

side effects [67].

Beneficial effects have been shown in older adults who

are able to tolerate CPAP. Guilleminault et al. [68] reported

that in older male subjects, treatment of SDB with CPAP

resulted in improved nocturia, daytime somnolence,

depression ratings, and quality of life scores. Another study

found that treatment of SDB in older adults resulted in nor-

malization of prethrombotic states, as with a reported

lengthening of prothrombin time and increased fibrinogen

levels [69]. Three months of compliant CPAP use in older

adults has been reported to improve cognition, particularly

in the areas of attention, psychomotor speed, executive

functioning, and nonverbal delayed recall [43].

In a study of demented elderly with SDB, CPAP compli-

ance was adequate, with the majority of patients using

CPAP for about 5 h a night. The only factor that was associ-

ated with poor compliance was the presence of depression –

not age, severity of dementia, or severity of SDB [70].

For those patients who have difficulty tolerating CPAP,

there are two alternative treatments that should be consid-

ered: oral appliances and surgery. Oral appliances should

generally be reserved and considered for those thinner

patients with milder levels of SDB [71]. Reported effec-

tiveness ranges from 50 to 100%. Patients with dentures are

generally not candidates for this device although newer

models can be fitted with dentures.

Surgical treatment, more popular a decade or so ago,

involves correcting the anatomic abnormalities most respon-

sible for the airway obstruction. There are several possible

procedures, the most common being uvulopalatopharyngo-

plasty which involves excision of the soft palate and uvula

[72]. It requires general anesthesia with its inherent risks

and is only successful in approximately 50% of cases, with

age �50 associated with poorer surgical outcome [73].

Surgical treatments are not often recommended in the older

adults.

For those patients who cannot tolerate CPAP or an oral

appliance and are poor surgical candidates, nocturnal oxy-

gen supplementation may be considered. However, studies

of its efficacy in the treatment of SDB are limited. In gen-

eral, it has been demonstrated that oxygen does not reduce

apneas or improve EDS as well as CPAP [74]. Studies have
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shown that when administered for one night, supplemental

oxygen does improve the nadir saturation but may worsen

respiratory acidosis associated with apneas [75]. There is

evidence that oxygen supplementation during sleep in

patients with SDB may cause a slight prolongation of the

mean obstructive apnea duration [75]. Studies showing

clinical objective improvement in SDB with the use of

chronic supplemental oxygen administration are inconclu-

sive. Patients who meet these criteria should undergo a full

attended polysomnogram with oxygen supplementation to

ensure that there is minimal increase in apnea duration and

no worsening of cardiac arrhythmias prior to being pre-

scribed oxygen for home use.

SDB in the Elderly – What Does It Mean?
There is a growing body of literature exploring SDB in

the elderly. However, there is also an ongoing debate in the

field as to whether SDB in the elderly is a distinct patho-

logic condition, different than that of middle-age adults. If

SDB in the elderly is indeed a different disorder, to what

degree does it differ? What does the presence of SDB in the

elderly mean?

Researchers are attempting to answer some of these

questions as most of the literature about SDB is based on

middle-aged male adults which may not be applicable to

the elderly (or to women of all ages). Levy et al. [40] stud-

ied a population of nearly 400 patients with suspected SDB,

with ages ranging from �20 to �85 years old, all of whom

were referred to a sleep center. The severity of SDB based

on RDI and oxygen saturation did not differ in those sub-

jects �65 years of age when compared to those subjects

�65 years of age. However, the symptomatology and

sequelae related to SDB were not reported, and therefore

the consequences of SDB, regardless of severity, may

indeed be different among the two groups of patients.

The natural history of SDB in the elderly remains rela-

tively unknown although studies are underway. Young [76]

points out that the natural history of any disease or condition

in the elderly is complicated by several factors including the

physiology of aging itself, other comorbid diseases, and dif-

ferential survival. She proposes that a distinction should be

made between age-dependent conditions, in which aging

causes the pathology, and age-related conditions, in which

the disease only occurs during a particular age period.

Whether SDB is an age-dependent or an age-related condi-

tion remains unknown. The prevalence of SDB increases

with age, and therefore SDB may be thought of as a condi-

tion that is age-dependent [4, 8–10]. If this is the case

and SDB in older adults is the same condition with the same

outcomes, then the elderly would need to be treated as

aggressively as younger adults. However, while the preva-

lence of SDB in the elderly may be age-dependent, the

severity of the SDB and its clinical significance in the eld-

erly may be age-related. For example, Bixler et al. [9]

reported that the prevalence of SDB increased in a sample of

older men but that after controlling for BMI, the severity

based on number of events and oxygen saturation actually

decreased with age. Ancoli-Israel et al. [21] showed in an

18-year follow-up study of over 400 elderly patients with

SDB that RDI did not continue to increase with age. Rather,

if the patient’s BMI remained stable, so did the RDI.

In addition, controversy exists regarding the effect of

SDB on morbidity and mortality in the elderly. Results from

clinical populations suggest the SDB in the elderly has min-

imal effect but population-based studies argue otherwise. As

discussed previously, Ancoli-Israel et al. [62] followed a

population of community-dwelling elderly for nearly 10

years and found that those elderly subjects with more severe

SDB had significantly shorter survival, dying as much as 2

years earlier, than those with mild to moderate or no SDB.

Others have reported an increased mortality as well [61]. On

the other hand, Mant et al. [63] found that an RDI �15 did

not predict death in nondemented, independent-living

elderly. He et al. [77] reported that an AHI � 20 predicted

increased mortality in those under 50 but not those over 50.

Similarly, others have reported that the survival rate in

middle-aged patients with SDB is reduced when compared

to age- and sex-matched controls, but that this pattern was

not seen among older patients [78, 79].

Conclusion

Although not yet clearly established, there is some

pathologic level of SDB above which treatment is both

beneficial and acceptable. Therefore, clinicians need to use

their best clinical judgment in first deciding which elderly

should be treated for SDB and then how to most appropri-

ately treat them. This needs to be done on an individual,

case-by-case basis. In deciding whom to treat for SDB,

treatment should be based on the total clinical picture and

not on age.
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Abstract

Complaints of sleep disturbance are common during preg-
nancy, and there are many factors that are likely contributors.
Hormonal and biochemical changes and the physical effect of
the enlarging uterus are all probable mechanisms. Emerging evi-
dence suggests that sleep disordered breathing (SDB) is particu-
larly prevalent during pregnancy, chiefly late pregnancy, and this
may be a significant factor contributing to sleep disruption. Both
the prevalence and severity of snoring increase progressively
throughout pregnancy, with reported snoring being as high as
46% during the last trimester of pregnancy, and estimated pre-
valence of clinically significant SDB greater than 10%. Both epi-
demiological data and case reports of obstructive sleep apnoea
(OSA) suggest that SDB in pregnancy has adverse effects on
maternal health and fetal development. Upper airway flow limi-
tation, which is the characteristic pattern of SDB in women
with preeclampsia, leads to marked vascular reactivity,with asso-
ciated increments in peripheral vascular resistance and systemic
arterial blood pressure and suppression of maternal cardiac
output. Sleep-induced maternal hemodynamic compromise in
preeclampsia is associated with adverse fetal consequences.The
use of low levels of nasal continuous positive airway pressure
(nasal CPAP) during maternal sleep in preeclampsia effectively
reverses the sleep-induced maternal hemodynamic conse-
quences and may also improve fetal outcome.

The prevalence of disorders of breathing in sleep is very

high, with obstructive sleep apnoea (OSA) being among

the commonest of chronic disorders. Obstructive apnoea

has much co-morbidity, including obesity, the metabolic

syndrome and type II diabetes, hypertension, cardiac

arrhythmias and other vascular disorders. Although sleep

apnoea has been the focus of clinical practice for pulmo-

nologists, the fact that as many as 30% of general cardiol-

ogy patients and more than 50% of stroke victims may have

undiagnosed sleep apnoea underpins the need for sleep

apnoea to be diagnosed and managed by all clinicians.

Early in the understanding of sleep apnoea, the general

notion of the disorder was that it was essentially limited

to males. While it is true that many more men suffer from

snoring and sleep apnoea than women, it is equally true that

it is also a common disorder in women [1]. Although it was

clearly described in women at the beginning of the period

of wider clinical recognition of sleep apnoea in the 1980s, it

is only now appreciated that we have systematically missed

sleep-disordered breathing (SDB) in women because of our

assumption that it was exclusively a male disorder; the pro-

totype ‘model’ of a sleep apnoea patient for most clinicians

is a heavy middle-aged male snorer, with excessive sleepi-

ness. Women may have a delayed onset of snoring and sleep

apnoea, have a different symptom spectrum, and often have

a pattern of SDB involving partial upper airway obstruction

(the high upper airway resistance syndrome). The focus on

the presence of complete obstructive events in the

polysomnogram has distracted us from recognising the

importance of SDB with upper airway flow limitation and

an absence of frank obstructive events. Importantly, there is

evidence that where women have SDB they are at a higher

Randerath WJ, Sanner BM, Somers VK (eds): Sleep Apnea.
Prog Respir Res. Basel, Karger, 2006, vol 35, pp 224–237
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risk of the cardiovascular consequences. This observation

first emerged from the earliest epidemiological data of

Lugaresi et al. [2], but has recently become more evident

[3]. The hormonal changes of the menstrual cycle which

produce periodically enhanced pressor responses to the

type of blood gas changes that occur in obstructive apnoea

[4] may be one potential mechanism of this association.

A new part of the SDB spectrum in women is emerging:

The role of high upper airway resistance in sleep as a patho-

physiologic mechanism in the commonest of clinical disor-

ders of pregnancy, preeclampsia. The most important finding

in this area is not so much that there is SDB, but that given

the pathological state of the endothelial system in preeclamp-

sia, otherwise ‘mild’ upper airway flow limitation provokes a

major pathological change in the circulatory system. The

consequences of this otherwise mild SDB in preeclampsia

are not respiratory; they are squarely in the cardiovascular

domain. An important message from this new understanding

is that it is not so much the apnoea index, apnoea duration, or

even the extent of hypoxaemia, but how the system responds

to those challenges. An individual with a predisposed abnor-

mality (or risk factor), such as endothelial cell dysfunction in

the case of preeclampsia, has resultant dangerous levels of

hypertension in sleep, whereas someone not predisposed

would have minimal changes in systemic blood pressure

with a similar level of challenge.

The second part of the new understanding is that OSA in

pregnancy appears to be more common than previously

considered. In fact, more correctly, no one would consider

sleep apnoea to be an issue in pregnant women, with young

women representing the antithesis of the sleep apnoea phe-

notype, despite well-reported individual cases of obstructive

apnoea in women. Yet it is now emerging that as pregnancy

evolves, snoring becomes more prevalent. Importantly, as

obesity becomes more prevalent in young people, the likeli-

hood of a significant number of pregnant women develop-

ing clinically important SDB is increasing. Some estimates

of the potential level of this prevalence could be as high as

10% in the third trimester. A final part of this picture relates

to the methods that we use to diagnose SDB. The standard

polysomnogram mostly systematically misses the type of

problem that dominates the pattern of sleep disorders in

pregnancy. Unless some measure of upper airway flow

limitation is used, the significance of the respiratory sleep

disturbance will be missed. Even more importantly, for

preeclampsia (and pregnancy in general) the standard

polysomnogram does not measure the variables of interest.

It is only because we could measure systemic arterial

blood pressure continuously during sleep that we could

demonstrate the major pathological changes occurring

during sleep (i.e., cardiovascular and haemodynamic); the

important variables in this clinical circumstance are

cardiovascular.

The purpose of this chapter is to provide an overview of

sleep and breathing in pregnancy, and our goal is to gener-

ate ideas for new directions in research.

Changes in Sleep Architecture during Pregnancy

Normal pregnancy has a major impact on sleep architec-

ture. These changes stem predominantly from biochemical

and hormonal changes during the first and second

trimesters of pregnancy; however, physical changes associ-

ated with the developing fetus predominate in the last

trimester of pregnancy. While a number of studies have

investigated sleep in pregnancy, most have concentrated on

late pregnancy. Data from those in which sleep was investi-

gated early in pregnancy indicate that total sleep time is sig-

nificantly increased during the first trimester of pregnancy

[5, 6]. Nonetheless, the overriding impact of pregnancy on

maternal sleep throughout gestation is to generally reduce

sleep quality and quantity. The second and third trimesters

of pregnancy are associated with significant decreases in

sleep quantity and quality when compared with the non-

pregnant state [5–11]. There are a number of factors during

pregnancy that determine these changes. Progesterone con-

centration rises sharply from the moment of implantation,

produced predominantly by placental tissue. Changes in

progesterone appear to override other hormonal changes

during the first trimester of pregnancy, with its soporific

properties predominating [12]. Progesterone metabolites

appear to act as agonists on the gamma amino butyric acid

subtype A receptor [13], thereby mimicking many of the

effects that benzodiazepines have on sleep architecture,

including decreased sleep latency, increased sleep time,

marginally decreased time spent in REM sleep and increased

REM sleep latency, increased power in the 11–16 Hz frequ-

ency range (the sleep spindle frequency range) and decrea-

sed power in the low frequency range (�7 Hz). Oestrogen

also undoubtedly plays a role in altering sleep architecture

during pregnancy, predominantly by its inhibitory effect on

REM sleep [14].

While the first trimester of pregnancy is associated with

an increase in TST, on objective measures, the remainder of

pregnancy tends to be associated with a reduction in sleep

efficiency and TST [5, 6, 10, 11], although women tend to

perceive that they spend more time sleeping [7]. Most stud-

ies agree that SWS is reduced during pregnancy, particu-

larly late pregnancy [6, 11, 15].
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Thus, while progesterone appears to dominate the

impact of sleep on pregnancy during the first trimester of

pregnancy, increasing the TST and decreasing the relative

amount of SWS, the changes in sleep architecture that are

associated with the latter half of pregnancy tend to be dom-

inated by other factors. The decrease in percentage of SWS

during the latter half of pregnancy may be attributed to

increased progesterone concentration, while the decreased

sleep efficiency may be due predominantly to the physical

discomfort that is associated with pregnancy; factors

including nocturia, fetal movement, uterine contractions,

gastroesophageal reflux and backaches all contribute to

physical discomfort and thereby, sleep disruption, during

the latter stages of pregnancy. Although prolactin, a slow

wave sleep stimulant, is increased during pregnancy, this

has little impact on SWS during pregnancy for two reasons;

primarily, both oestrogen and progesterone effectively

block prolactin receptors, thereby reducing the activity

of circulating prolactin. Additionally, the predominant

form of prolactin prior to delivery is the glycosylated form 

(g-prolactin), which is less biologically active [16], and

therefore has little impact on SWS. It should be noted that

no study has adequately addressed the issue of upper airway

flow limitation as a cause of disturbed sleep in late preg-

nancy, so it is possible, concurrent with the increase in snor-

ing, that there is an increase in respiratory-induced arousals

in late pregnancy.

Restless legs syndrome (RLS) is an important factor

associated with sleep disruption in pregnancy. The preva-

lence of RLS during pregnancy increases in association

with increasing gestational age, from between 0 to 10%

prior to pregnancy to 15% during the second trimester, and

further, to between 23 and 27% during the third trimester

[17, 18]. The increased prevalence of RLS during preg-

nancy is almost certainly related to altered haematology

and blood biochemistry, including reduced mean corpuscu-

lar volume and haemoglobin [18] and reduced serum folate

and ferritin concentrations [17]. Once again, there are no

studies seeking a potential link between respiratory sleep

disturbance and myoclonus, both of which are known to

develop in parallel in other subject groups.

While biochemical factors play an important role in

determining sleep patterns, of equal importance to sleep

initiation and maintenance during pregnancy are the physi-

cal changes that are associated with pregnancy. The enlarg-

ing uterus has many effects on maternal anatomical and

physiological function. Nocturia is an important factor

causing sleep disruption; increased urinary frequency is

related to compression of the urinary bladder by the gravid

uterus. Although fetal sleep patterns tend to correlate well

with maternal sleep patterns, thereby reducing the number

of large movements that are associated with periods of

wakefulness in the fetus, maternal sleep is still often

markedly disrupted by fetal movements during the second

and third trimesters of pregnancy. The fetus begins uncoor-

dinated movements at approximately the 16th week of

pregnancy, and these movements become steadily more

coordinated and larger as the pregnancy progresses. Fetal

movements tend to be clustered towards the latter stages of

maternal sleep, and there is some evidence to suggest that

fetal and maternal REM sleep states coincide [19]. This is

of significance to maternal sleep as fetal REM sleep

induces movements that may be associated with maternal

sleep disturbance. Aside from the importance of sleep and

its disorders in pregnancy, this is an important observation

as it adds further evidence to the hypothesis that the circa-

dian sleep rhythm is entrained to maternal rhythms from

early in fetal life.

While sleep disruption is commonplace in pregnancy,

normal circadian sleep and hormonal rhythms are main-

tained during pregnancy [20]. Actigraphy during late

pregnancy has demonstrated maintenance of relatively con-

solidated nocturnal sleep with some daytime napping noted

[15]. It is notable that maternal cortisol concentration (as

indicated by salivary cortisol measurements) is markedly

augmented in pregnancy, averaging approximately twice

non-pregnant levels [21]; however, the normal circadian

pattern is preserved, with nadirs typically occurring around

midnight and persistence of early morning peaks [22].

While placental growth hormone concentration is increased

in the maternal circulation during pregnancy, secretion of

human growth hormone (HGH) from the maternal pituitary

is suppressed throughout pregnancy [23]. Little is known

about the circadian and/or ultradian patterns of pituitary

HGH during pregnancy, although studies in sheep suggest

that peaks in maternal pituitary secretion of growth hor-

mone occur from 21:00 to 01:00, which is similar to the

pattern in non-pregnant ewes [24].

The circadian rhythmicity of serum melatonin concen-

trations appears to be unaltered by pregnancy, although

there is some evidence that the relative levels when com-

pared to serum cortisol concentrations may be altered in

association with poor sleep in pregnancy [25].

Although many of the normal hormonal secretory pat-

terns that are associated with sleep are maintained during

pregnancy, there are also a number of hormones that do not

maintain this normal circadian secretory pattern. Notably,

maternal pituitary secretion of the hormone prolactin

shows a pulsatile secretory pattern that is dissimilar to the

normal circadian rhythm of prolactin secretion noted to



occur in normal non-pregnant subjects [22], suggesting an

absence of a relationship between maternal slow wave sleep

and pituitary secretion of prolactin.

Sleep-Related Symptoms in Pregnancy

While insomnia and excessive daytime sleepiness

(EDS) occur commonly in pregnancy, The International

Classification of Sleep Disorders suggest that both of these

conditions be recognised as sleep disorders and term them

‘pregnancy-associated sleep disorders’ [26].

Insomnia
Complaints of disturbed sleep are common in preg-

nancy. The many factors described above lead to a large

proportion of women complaining of broken sleep and

insomnia. Clearly, adherence to the standard sleep hygiene

recommendations is an important basic management

approach, but the major reality of an enlarging gravid

uterus and its mechanical effects, uterine contractions and

hormonally mediated sleep disruptions will have an impact

in the majority of women. The sensible approach is to sup-

port the woman in living with this natural phenomenon

without the request or need for drugs. There are a number

of medications that are considered safe for use in preg-

nancy (in pregnancy category A, indicating that a large

number of pregnant women have taken the medication

without increasing the frequency of malformations of

harmful effects on the fetus), including diphenhydramine

hydrochloride, doxylamine succinate, chloral hydrate; none

of the benzodiazepine agonists that are commonly used as

sleep aids are recommended for use during pregnancy [27].

Daytime Sleepiness
The complaint of daytime sleepiness during pregnancy

is common. While approximately a third of non-pregnant

women report daytime sleepiness of varying degrees, a

study of a large cohort of women during the 6th month of

pregnancy report daytime sleepiness [28]. The reasons for

increased daytime sleepiness during pregnancy are varied,

but include increased sleep disruption stemming from uri-

nary frequency and RLS, and also from the neurological

impact of progesterone, which is soporific [13]. It is also

important to consider the probability that some of this

excess sleepiness may be the result of unrecognised SDB.

Notably, there is a paucity of objective data on daytime

sleepiness in pregnancy. Given the potential fetal risks, the

use of stimulants should be avoided. There are no clear guide-

lines for the management of severe, abnormal sleepiness in

pregnancy, including where it precedes the pregnancy, as in

the case of narcolepsy. Discontinuation of stimulant use in

this situation is advisable. Although newer stimulants are

promising in terms of side effects in the non-pregnant

patient, there are currently no data available regarding fetal

safety.

Respiratory Changes and Their Association with
Sleep in Pregnancy

It is now widely held that the incidence of snoring is

increased during pregnancy [28–30, 79–81]. The incidence

of the full spectrum of sleep breathing disorders is, how-

ever, less clear. During the late 80s and early 90s, most

researchers suggested that pregnancy, and the associated

high progesterone concentrations were effective protection

against SDB, and indeed, progesterone was trialled as a

treatment for SDB, but proved ineffective at substantially

reducing the respiratory disturbance index, although it did

improve oxygenation in patients with obesity hypoventila-

tion syndrome [31]. Most now suggest that pregnancy may

be an independent risk factor for SDB [32–35]. This has

been unsubstantiated to date by robust data sets. Small clin-

ical data sets to date of women predisposed to SDB are cer-

tainly highly suggestive of exacerbation or precipitation of

this disease during pregnancy [36].

The maternal respiratory system undergoes marked

changes throughout pregnancy. From the moment of con-

ception, increasing circulating progesterone concentrations

incrementally increase ventilatory drive. The respiratory

centre in the ventrolateral medulla, which is bathed in cere-

brospinal fluid, is extraordinarily sensitive to fluctuations in

hydrogen ion concentration (H�). It has long been known

that progesterone is a powerful respiratory stimulant, and

that increased circulating progesterone concentrations fur-

ther increase sensitivity to (H�) [37]. However, for proges-

terone to be an effective respiratory stimulant, prior

exposure of the brainstem to oestrogen and consequent

development of progesterone receptors is required. In the

absence of prior exposure to oestrogen, progesterone has

little impact on centrally mediated respiratory drive [38].

As a consequence of upregulation of ventilatory drive

during pregnancy, increased minute ventilation, decreased

arterial pCO2 (30–32 Torr) and relative respiratory alkalo-

sis at rest (pH 7.44) persist throughout pregnancy [39]. This

has a number of effects that have the potential to impact

upon sleep and ventilatory control. Primarily, with increas-

ing ventilatory drive, diaphragmatic efforts become rela-

tively enhanced – leading to increasingly negative upper
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airway pressures. The state of maternal sleep, particularly

maternal REM sleep, is associated with reduced upper air-

way muscle tone; this leads to an increased propensity for

collapse of the upper airway as the walls of the upper air-

way, and subsequent upper airway induced hypoventilation.

Furthermore, increased pH and respiratory alkalosis lead to

increased respiratory instability at sleep onset [40] as there

is an increased gradient between apnoeic threshold during

wakefulness and that during sleep when compared with the

normal non-pregnant state. This may induce increased res-

piratory instability during the transition from sleep to wake-

fulness and during the lighter stages of NREM sleep. We

have recently identified a greater prevalence of respiratory

instability during maternal sleep, as evidenced by a greater

number of centrally mediated respiratory events as preg-

nancy progresses in a small number of subjects studied

sequentially [unpubl. data], suggesting increased instability

as pregnancy advances.

Changes in maternal blood biochemistry also mediate

changes in the affinity of haemoglobin for oxygen molecules.

Relative alkalosis is associated with a shift in the oxyhaemo-

globin desaturation curve to the right [41]. The physiological

outcome of this is for the maternal haemoglobin to have a

lower binding capacity for oxygen molecules. In practi-

cal terms, this means that for any given level of maternal arte-

rial oxygen partial pressure (pO2) the saturation of the

haemoglobin is lower. This is advantageous for the develop-

ing fetus as the available oxygen is relatively less tightly

bound to maternal haemoglobin and therefore more readily

available to the growing fetus. This also allows for improved

maternal peripheral oxygenation, although it does have the

disadvantage that uptake of oxygen molecules from the

maternal pulmonary capillary system is marginally impaired.

While this effect is offset during late pregnancy by an increase

in maternal arterial oxygen partial pressure (PaO2) during

wakefulness (increasing to approximately 99 Torr) [42], this

protection is lost during sleep so that mean PaO2 during sleep

in pregnancy is reduced to approximately 90 Torr. These data

are substantiated by a study in the early 90s during which

arterial oxyhaemoglobin saturation was significantly reduced

during sleep in pregnant women when compared with the

same women during the postpartum period [11]. However,

this needs to be viewed in relationship to the increased cardiac

output (see below) that occurs in pregnancy, so that the over-

all tissue oxygen delivery is likely to be increased.

In addition to the generation of greater negative upper

airway pressures as a result of increased circulating proges-

terone concentrations, the calibre of the upper airway,

particularly the oropharyngeal airway, is also reduced in

pregnancy [43, 81]. This stems from a combination of

increased circulating progesterone and oestrogen. Under

normal circumstances, progesterone in combination with

oestrogen partially disrupts the integrity of the vascular

endothelial layer, leading to leakage of fluid from the intra-

to the extravascular space [44] – resulting in oedema. The

internal lumen of the upper airway during pregnancy is thus

subject to narrowing as a result of accumulation of fluid in

the extravascular space. Additionally, oestrogen is a potent

vascular dilator and often induces vasomotor rhinitis during

pregnancy [45]. Rhinitis narrows the nasal airway and

thereby induces more negative upper airway pressures dur-

ing inspiration, increasing the propensity for upper airway

collapse (fig. 1).

Relaxin is a central hormone of pregnancy; it is pro-

duced by the corpus luteum and secreted in a continuous

fashion throughout pregnancy. Its first identification was as

a substance that promotes ligament relaxation and soften-

ing of the cervix in preparation for delivery [46]. Relaxin

has a large number of diverse physiological roles  [reviewed

in 47] undoubtedly many of which have not yet been identi-

fied, and others that are not completely understood. With

reference to sleep, and particularly the upper airway in

sleep, relaxin is responsible for relaxation of soft tissue

throughout the body, including the upper airway. Of inter-

est, too, are the insulin-like properties that may promote

insulin resistance and gestational diabetes mellitus, a disor-

der of pregnancy that may be linked with sleep.

Pulmonary mechanics are markedly altered during preg-

nancy. While changes in parameters including reductions in

functional residual capacity and expiratory reserve volume

and increases in the alveolar-arterial oxygen difference

occur as a result of the gravid uterus impinging into the pul-

monary space, a number of other respiratory dynamics are

altered as a result of biochemical changes that are associated

with pregnancy. Reduced resting lung volume [48] and

hypocapnia [49] are both associated with increased airway

resistance; however, total pulmonary resistance is decreased

by 50% during pregnancy [49]. Of these changes, probably

the most important in terms of SDB and the impact on

maternal oxygenation is the reduction in expiratory reserve

volume, as this may be associated with accelerated oxygen

loss in the event of either centrally mediated or obstructive

hypoventilation that may be induced by sleep.

Snoring and SDB in Pregnancy

Although the biochemical and physiological changes

that are associated with pregnancy are likely to promote

SDB, our current knowledge of the range of SDB during
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pregnancy is still minimal. While there is agreement that

the prevalence of snoring is increased in pregnancy, the true

occurrence is somewhat unclear. The largest systematic

study of snoring in pregnancy that also included an objec-

tive measure of SDB [28] documented a sharp increase in

snoring from 4% of the cohort prior to pregnancy to 12%;

the increase in snoring during pregnancy is confirmed by a

number of other questionnaire-based studies that report

similar rates of snoring in the pregnant population,

although the absolute magnitude is somewhat variable,

ranging from 14 [30] to 23% [29]. While these studies con-

firm an increase in snoring during pregnancy, there are few

studies that have systematically investigated the occurrence

of SDB in pregnancy using objective physiological record-

ings; with the exception of studies of obesity in pregnancy

[50] and preeclampsia [51] the few studies that have been

conducted systematically tend to have focused on normal

pregnancy [11, 42, 52]. Conversely, there are a number of

case reports in which pregnancy is suggested to be respon-

sible for precipitation or exacerbation of pre-existing SDB

[32, 35, 53, 54]. A recent study from our laboratory, which

investigated SDB during late pregnancy and then again fol-

lowing delivery, demonstrated marked improvement or

complete resolution of SDB within 6 months postpartum in

a group of women who had moderate to severe OSA during

late pregnancy [36]. Notably, these patients were otherwise

normal, having presented to their respective physicians

with complaints of EDS. We have also consistently demon-

strated the presence of SDB during pregnancy in women

with preeclampsia [51]. However, it is important to note

that the characteristic abnormality is upper airway flow

limitation in the absence of complete obstructive apnoeas.

Given the currently available data and assessing the mul-

titude of factors that may contribute to SDB, it is likely that

the prevalence of SDB is higher during pregnancy than in

non-pregnant women. Considering that the estimated preva-

lence of sleep apnoea (as indicated by an apnoea/hypopnoea

index of greater than 5 per hour of sleep) in women of child-

bearing age is in the order of 6.5–8.5% of the population [1],

it is likely that the prevalence of SDB in pregnancy, particu-

larly late pregnancy, exceeds 10%. A number of studies sup-

port this estimate [79–81].

Cardiovascular Function in Pregnancy

Pregnancy is associated with a range of haemodynamic

and cardiovascular changes that have the potential to impact

on the way that the maternal system reacts to sleep and sleep

disorders. The maternal vasculature is adjusted such that in

normal pregnancy, it allows for relatively high flow and low

resistance when compared with the non-pregnant vascular
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system. Similarly, the placenta, under normal conditions

allows a high flow rate and offers remarkably low resist-

ances to impede blood flow.

Following implantation of the embryo, the maternal car-

diovascular system undergoes substantial adjustments that

continue throughout the pregnancy. The first notable change

in maternal cardiovascular and haemodynamic control is

peripheral vasodilatation; the predominant factor responsible

for initiating and maintaining pregnancy-induced vasodilata-

tion is increments in circulating oestrogen concentrations,

which is a marked vasodilator through both endothelium-

mediated vascular relaxation  [reviewed in 55], and through

other cellular mechanisms [reviewed in 56]. Relaxin is also

a vasodilator that contributes to the reduction in peripheral

vascular tone during pregnancy [47]. Although peripheral

vascular tone is reduced during pregnancy, the normal circa-

dian rhythm is maintained, with a reduction in peripheral

vascular tone that is specifically associated with sleep [57].

The mechanism of reduced peripheral vascular tone during

sleep in pregnancy is undoubtedly similar to that in the non-

pregnant subject, i.e. a relative shift in autonomic tone from

sympathetic to parasympathetic predominance; this sleep-

induced reduction in peripheral vascular tone is reversed in

preeclampsia such that sleep is associated with increments

in peripheral vascular tone [57].

Intravascular volume increases markedly during preg-

nancy, which is attributable predominantly to an increase in

plasma volume. Little is known about the circadian rhyth-

micity of intravascular volume in pregnancy, but studies of

cardiac output and stroke volume from our laboratory [57]

would lead us to suggest that in normal pregnancy it

remains relatively stable during sleep. While maternal car-

diac output is reduced marginally during sleep in normal

pregnancy, this is attributable predominantly to reductions

in heart rate, while stroke volume changes little, suggesting

that venous return does not change substantially during

sleep in pregnancy, which would lead to the conclusion that

intravascular volume also remains relatively stable during

the shift from wakefulness to sleep in normal pregnancy.

One of the most important maternal cardiovascular adjust-

ments for the fetus is the increase in maternal cardiac output.

Cardiac output begins to increase from the first trimester of

pregnancy, with a 22% increase by the 8th week of pregnancy,

and continues to increase until approximately the 36th week

of pregnancy, at which time it reaches a maximum of 40%

above pre-pregnancy levels. Increments in cardiac output dur-

ing pregnancy occur as a result of the combination of

increased stroke volume (which dominates) and increased

heart rate. There have been few studies of the association

between sleep and cardiac output in pregnancy, although we

have recently shown small decrements that are associated

with sleep, particularly NREM sleep in normal pregnancy

[57]. The marginal reduction in cardiac output that is associ-

ated with sleep in normal pregnancy occurs as a result of the

combination of reduced heart rate, which is associated with a

sleep-related shift in autonomic tone to the predominance of

parasympathetic activity, and a marginal reduction in stroke

volume. It is important to note the marked decrease in cardiac

output that can occur when the pregnant subject assumes the

supine position, occurring as a result of partial occlusion of

the vena cava and resultant reduction in venous return from

the lower body. Although most pregnant women are aware

that the supine posture is not an ideal position, the supine

posture is occasionally assumed during sleep. For example,

approximately 8% of the total sleep time was spent in the

supine posture in a group of 10 women with OSA during

pregnancy [36]. Given the potentially lethal combination of

apnoea-induced hypoxaemia and reduced cardiac output, this

mechanism, occurring during maternal sleep may be a possi-

ble cause of late fetal death.

The combination of increased cardiac output and

decreased total peripheral resistance in pregnancy results in

a marginal reduction in maternal blood pressure under nor-

mal circumstances. While there is a reduction in maternal

blood pressure that is associated with pregnancy, the nor-

mal circadian blood pressure rhythm is maintained in nor-

mal pregnancy; thus maternal blood pressure may reach

nadirs as low as 80/40 mm Hg (systolic/diastolic blood

pressure) during the sleep period.

Pathophysiology of Cardiorespiratory
Adjustments during Sleep in Preeclampsia

In contrast to normal pregnancy, in hypertensive disor-

ders of pregnancy, the circadian blood pressure rhythm is

flattened or reversed such that nocturnal blood pressure is

as high or higher than daytime blood pressure values [58]

(fig. 2). Thus, nocturnal blood pressure in women with

preeclampsia may reach peaks as high as 180–200 systolic

and 90–110 diastolic [51, 58]. There is evidence from epi-

demiological studies that maternal SDB interacts with the

maternal cardiovascular system to increase the risk of

hypertensive diseases of pregnancy, including essential

hypertension and preeclampsia [29].

We have demonstrated that episodes of maternal hyperten-

sion during sleep are specifically associated with episodes of

upper airway dysfunction in women with preeclampsia.

Furthermore, incremental increases in blood pressure asso-

ciated with maternal sleep in preeclampsia can be reduced
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or reversed with the use of nocturnal nasal continuous posi-

tive airway pressure (CPAP) treatment, titrated to control

sleep-induced upper airway dysfunction [51].

Preeclampsia is predominantly a disease of the maternal

vascular endothelium; its origins are from the first trimester

of pregnancy with abnormally shallow invasion of placental

trophoblasts into the maternal endometrium [reviewed in

59]. This leads to abnormal flow characteristics within

the placental vessels such that the normal circumstance of

high flow, low resistance to blood flow is reversed, with

decreased flow and increased placental vascular resistance

[60]. As a result an inflammatory process is set into place

whereby the placenta produces large quantities of inflam-

matory mediators that have effects throughout the maternal

circulation. The vascular endothelium, which is particularly

responsive to these inflammatory mediators, then becomes

highly susceptible to pressor-inducing stimuli, mediating

peripheral vascular constriction, while also sustaining dam-

age resulting in an increased loss of intravascular fluid into

the interstitial space [61]. These processes lead to hyperten-

sion, oedema and end organ damage. The clinical effects of

preeclampsia, though initiated at the time of implantation,

do not become apparent until the third trimester of preg-

nancy. At this time, the dominant clinical picture is one of

hypertension associated with proteinuria (evidence of renal

damage), oedema both peripherally and in the central nerv-

ous system and other widespread inflammatory processes.

However, abnormal vascular endothelial function can be

identified early in the second trimester, prior to the occur-

rence of clinical symptoms.

We have recently shown that upper airway dysfunction

during sleep is common in preeclampsia [51], and the patho-

logical processes that are involved in preeclampsia may be

exacerbated as a result of a cascade of events triggered by

obstructed breathing during sleep. Importantly, the degree of

upper airway dysfunction found in pre-eclamptic patients

would be regarded as clinically insignificant in other

patients. We rarely observed apnoeic events that would meet

current criteria to be defined as apnoeas or hypopnoeas in

this group, and oxyhaemoglobin desaturation was also

uncommon. However, this apparently minor degree of upper

airway flow limitation markedly increases blood pressure

during sleep. In association with this marked degree of

hypertension that is associated with sleep in preeclampsia,

there is also substantial peripheral vasoconstriction, and also

marked reductions in maternal cardiac output [57] (fig. 3).

Our findings of upper airway dysfunction in preeclampsia

have recently been confirmed by others [82].

In contrast to normal pregnancy, preeclamptic pregnancy

is associated with reduced intravascular volume, which is

almost certainly potentiated during sleep. We have demon-

strated reduced stroke volume that is specifically associated

with sleep in women with preeclampsia; restricted venous

return resulting from reduced intravascular volume may be

implicated in the aetiology of reduced stroke volume both

during sleep, and during wakefulness, in women with

preeclampsia. The underlying endothelial cell abnormality

with leakage of intravascular fluid into the interstitial space

is the predominant mechanism. One additional mechanism

that may contribute to reductions in intravascular volume in

preeclampsia may be increased upper airway resistance during

sleep. As already discussed, increased upper airway resist-

ance during sleep is common in women with preeclampsia.

From studies in male apnoeic subjects, it is well known that

increasingly negative intrathoracic pressures are associated

with increased release of atrial natriuretic peptide (ANP)

[62]; ANP is a potent diuretic hormone and may contribute

substantially to intravascular depletion in women with pre-

eclampsia. Studies have demonstrated elevated blood levels

of ANP in women with preeclampsia [63].

That the proximate cause for the rise in blood pressure

in sleep is the mild upper airway obstruction was clearly

demonstrated by the ease with which low levels of nasal

CPAP, titrated to reverse the upper airway flow limitation,

inhibited the sleep-linked rise of arterial blood pressure

[51]. It is of major significance that the rise in blood pres-

sure in these subjects is not the result of apnoea-induced

oxyhaemoglobin desaturation, the process most favoured

as the mediator of the vascular consequences of sleep

apnoea. Although nasal CPAP might have some unidentified
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beneficial therapeutic effects, we have proposed that the

way in which it treats the sleep-induced hypertensive

episodes is by preventing otherwise minor increments in

arterial CO2 associated with the upper airway flow limita-

tion. Hypercapnia is a well-documented source of centrally

mediated vasoconstriction. It is notable that few studies

have attempted to evaluate the potential role of hypercapnia

on cellular mechanisms that might be involved in the

adverse outcomes of sleep apnoea. However, hypercapnia

has potent effects on pathways that lead to free radical pro-

duction and has been implicated as an amplifier of oxida-

tive inflammatory lung disease [64]. Arterial CO2 levels are

not routinely measured as part of the polysomnogram and

potentially represent yet another ‘blind’ spot in our under-

standing of the pathophysiology of SDB.

Although the reasons for the development of upper air-

way flow limitation in preeclampsia are unknown, recent

findings suggest that the upper airway in preeclampsia

becomes particularly vulnerable because of the develop-

ment of oedema and narrowing of the internal lumen [43].

The changes that occur lead to a long segment of narrowing

of the upper airway, and in part explain the nature of the

flow limitation, which is characterised by relatively slow

oscillations in flow during inspiration, in contrast to the

30–50 Hz that characterises palatal snoring. This also prob-

ably accounts for the fact that the form of upper airway

flow limitation in preeclampsia may not be associated with

loud audible snoring, a major reason why the prevalence of

upper airway dysfunction during sleep in preeclampsia may

be underestimated in questionnaire studies that enquire

about audible snoring.

Our current hypothesis is that partial obstruction during

sleep is associated with a marginal relative hypercapnia.

Increased arterial, and subsequently CSF, pCO2 stimulates

the ventrolateral medulla to increase peripheral sympa-

thetic activity. While under normal circumstances the

system can adequately cope with these changes, in pre-

eclampsia the damaged endothelium is hyper-responsive

to this otherwise insignificant pressor stimulus, leading to

exacerbation of peripheral vasoconstriction. Reversal of

this sequence of events with the use of nasal CPAP leads to

suppression of the marked hypertensive episodes that are

associated with sleep in preeclampsia [51]. However, it is

possible that direct effects of CO2/pH changes on vascular

endothelial function contribute to the sleep-linked pressor

response in preeclampsia.
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Preeclampsia also appears to have a striking impact on

maternal sleep architecture, with marked increments in

amount of slow wave sleep evident during the nocturnal

sleep period [51]. The pathophysiology leading to these

changes is likely a combination of increased circulating

inflammatory mediators, especially TNF-�, which are

associated with augmentation of SWS [65], and increased

intracranial pressure associated with cerebral oedema,

which is also associated with pathological high voltage low

frequency EEG activity [66]. There is a great need for fur-

ther investigation in this area.

Maternal Sleep and the Initiation of Labour

While we have thus far considered the impact of

pregnancy on sleep, the interaction of sleep and labour is

another important area, and may provide considerable

insight into both the normal physiology of sleep, and also

the interactions of maternal physiology and labour.

Although the notion that maternal sleep is important for

normal fetal development is a ‘received truth’, there is very

little data to support or illuminate the issue. However, there

are a number of outstanding studies that do provide strong

support for this general notion. Clearly, maternal fetal inter-

action is basic to normal pregnancy, and issues such as

maternal nutrition and maternal health are critical to nor-

mal fetal development and the delivery of a normal healthy

infant. In turn, normal sleep is known to be critical to

development, and to be important to normal health.

Important physiological-sleep links such as the cou-

pling of growth hormone secretion to SWS, and the likely

feed forward role of sleep in growth and development pro-

vide strong evidence for a key role of sleep itself in overall

development and well-being. Sleep as the conduit through

which major physiological events during development

occur is underpinned in the research that indicates the

onset of puberty is first heralded by an increase in sleep

and in particular SWS in adolescence [67], and by the

marked increase in secretion of pituitary sex hormone trig-

gered by SWS (or at least co-ordinated by SWS) prior to

the physical changes that characterise sexual maturity. It is

therefore not a great leap of understanding to propose that

maternal sleep in pregnancy has an important role in fetal

development; however, there is a paucity of data linking

maternal sleep-wake behaviour with fetal development.

Undoubtedly, a key reason for this is that it is very hard to

study. Thus, most of our understanding comes from animal

studies, particularly the sheep model. Sterman [19] per-

formed an early study of human fetal movements and their

association with maternal state in 1967. This pioneering

work showed a diurnal linkage between increasing num-

bers of fetal movements (which are highly indicative of

fetal correlates of REM sleep) and maternal REM sleep.

We have recently undertaken a series of studies on a cohort

of 21 normal pregnant women in the last trimester of preg-

nancy and have also demonstrated a strong link between

maternal REM sleep and increased fetal movements

[unpubl. data].

It is unclear whether the links between maternal and

fetal behaviour involve a direct role of sleep itself, or an

indirect role, such as may be mediated through maternal

hormonal systems, or whether it is simply a result of syn-

chronisation of the fetal and maternal circadian clocks. The

fetus is known to have a functioning central circadian clock

in the suprachiasmatic nucleus by the 30th week of preg-

nancy [68], so it is not unreasonable to suggest that some

form of synchronisation of maternal and fetal sleep rhythms

occurs. Our recognition and understanding of this area is

rudimentary at best, but given the now well-known critical

role that sleep plays in development after birth, there is a

high probability that similar links exist between maternal

sleep and fetal development that remain to be revealed. One

well-documented link between maternal and fetal behav-

ioural states is mediated through maternal food intake, and

in particular carbohydrate load. There is a marked increase

in fetal movements following maternal feeding, and it is

possible that such a mechanism is the dominant source of

maternal fetal synchronisation.

One remarkable observation suggests that both maternal

and fetal sleep have an important role in timing the onset

and progression of labour. In the primate, labour is initiated

during nocturnal hours. In a primate model, the pattern of

uterine contraction shifts from regular ‘contractures’

(equivalent to Braxton-Hicks contractions) to ‘contrac-

tions’, which are characterised by shorter, more intense

myometrial muscular forces, over a 5- to 7-day period, sig-

nalling the onset of fully established labour. This shift in the

type and intensity of contractions was specifically linked to

maternal sleep in this model [69]. The initiation of labour is

triggered by the fetal release of cortisol in the sheep, and by

androgens in other mammalian species. Clearly our under-

standing of this area is cursory, but it is possible that a better

understanding might provide important clinical outcomes

in determining the timing of delivery and may provide

important clues as to the causes and management of post-

maturity.

The association between maternal sleep and labour is

further evidenced by a study in which poor maternal sleep

(both disrupted maternal sleep and short duration of maternal
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sleep) during late pregnancy is associated with longer

labour times and substantial increases in the rate of cae-

sarean delivery [20].

Finally, in reviewing maternal sleep and its association

with labour, the study of Driver and Shapiro [10] provides

some insight into the interaction between the two. They per-

formed a longitudinal study of sleep architecture from early

pregnancy until the postpartum period and coincidentally

found a marked increase in SWS that was specifically asso-

ciated with the onset of labour in one subject. The signifi-

cance of this is unclear, however, it may reflect either the

release of factors during sleep that are involved in the initia-

tion of labour, or alternatively, may reflect the labour-

induced release of substances that coincidentally have an

impact on sleep architecture. One of these may be prolactin,

the secretion of which is increased during labour [70].

While this review has to this point focused on mat-

ernal sleep and its impact on maternal physiology and

pathophysiology, we have not yet considered the impact that

maternal sleep has on fetal outcome. In reviewing the impact

of pregnancy on maternal sleep, the impact of maternal sleep

in both normal and abnormal pregnancy on the developing

fetus must be considered.

The Interaction of Maternal and Fetal Sleep 
and Breathing

The fetus has a functional circadian rhythm generator

early in gestation but the mother generates most of the timing

cues. This area is reviewed in [71]. Maternal feeding plays an

important role in entraining the fetal rest/activity cycle.

However, there are number of interesting observations that

suggest that maternal and fetal sleep states interact.

The fetus develops a period cycle of rest/activity, states

which broadly equate to NREM and REM sleep states, and

this cycle is well established by the third trimester, with a

periodicity of about 40 min during the earlier half of preg-

nancy, and 60 min near term. Barcroft and Barron [72] were

first to show that the fetus could make breathing move-

ments. The latter were easy to elicit by cutaneous stimulation

early in fetal development; breathing movements became

harder to provoke later in gestation, which they attributed to

the development of a powerful central inhibition. Subse-

quently, Dawes et al. [73] found that fetal breathing occurred

regularly throughout gestation. They also identified three

sleep states in the fetal lamb; quiet (or inactive) sleep that

occurred for 55% of the time, ‘active’ sleep (REM sleep)

characterised by movements, REMs, and a characteristic

electrocorticography that lasted about 40% of time. The

third state they defined as ‘apparently’ awake lasted only

5% of the recording time. Fetal breathing movements were

almost entirely confined to the periods of REM sleep.

It is likely that the phenomenon of REM state-linked fetal

breathing movements is representative of the way in which

the brain plays a critical role in overall development; inter-

nally generated neural activity, in the case of fetal breathing,

is playing a driving role in the development of the overall res-

piratory system. This centrally generated activity likely

drives the development of the medullary automatic control

centres, neural programs, neurochemical patterning, neural

paths, respiratory muscles and lung growth.

Remarkably, maternal breathing disturbances, such as

sleep apnoea, are powerful inhibitors of fetal breathing move-

ments [unpubl. data] and fetal body movements (fig. 3, 4),

which is, likely, indicative of its impact on fetal REM sleep.

Thus, SDB in the pregnant woman in turn induces a distur-

bance of fetal sleep-wake patterning and inhibition of the nor-

mal breathing patterning; maternal SDB induces fetal SDB.

Suppression of fetal breathing movements in the compro-

mised fetus was demonstrated many years ago. In this inter-

esting study increased maternal inspired oxygen to a level of

50% led to a large increase in fetal breathing movements

where there was intrauterine growth retardation (IUGR), but

had no effect on the breathing of the normal fetus [74].

Although a number of explanations were discussed, including

the possibility of an increased fetal carbon dioxide level, the

likely explanation was an improvement in fetal oxygenation,

and removal of the powerful pontine suppression of fetal

movements and breathing movements that hypoxemia

induces. These old results are consistent with our new find-

ings of the effects of maternal CPAP in preeclampsia, and

suggest that sleep breathing disorders, and sleep-induced car-

diovascular compromises should be routinely investigated in

pregnancies with IUGR.

Maternal SDB is also associated with IUGR [29]. Under

normal circumstances the interaction of sleep and the car-

diovascular system in pregnancy is favourable to fetal

growth and development. The circadian blood pressure pro-

file is retained, with further reductions in total peripheral

resistance [57], allowing the maintenance of low resistance,

high flow through the placental vasculature. However, in

pregnancy that is associated with SDB, the fetus may

become markedly compromised. An early study of fetal

behaviour during maternal apnoeic episodes has estab-

lished a marked impact on fetal physiology, with episodes

of marked bradycardia, which is highly indicative of fetal

distress [75]. We have recently shown a significant correla-

tion between maternal cardiac output specifically during

the maternal sleep period and fetal birth weight in women
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with coexisting preeclampsia and SDB [57], leading us to

suggest that altered maternal haemodynamics during sleep

have a marked impact on fetal outcome. Further epidemio-

logical evidence to suggest a marked interaction between

maternal SDB and fetal compromise is provided by a study

of 502 singleton pregnancies in which fetal growth restric-

tion and reduced Apgar scores were found to be signifi-

cantly associated with maternal SDB as assessed by a

questionnaire [29].

The finding that maternal sleep apnoea, and SDB in

preeclampsia are likely causes of IUGR brings about another

potentially interesting link. Barker [76] proposed that many

adult diseases had their origins in the fetus and infant and in

particular provide evidence that fetal growth retardation is a

risk factor for subsequent adult obesity and vascular disease.

This hypothesis has been the subject of extensive recent

research and cannot be reviewed adequately here. However,

IUGR is indeed a risk factor for the development of the

metabolic syndrome [77]. Given the now established link

between sleep apnoea and the metabolic syndrome, the

remarkable further link is that snoring and sleep apnoea in

pregnancy may play a role in the development of the meta-

bolic syndrome, and in parallel sleep apnoea in later life by

causing fetal growth retardation.

Sleep in the Postnatal Period

Most studies of sleep in the postnatal period suggest that

marked sleep disruption occurs, predominantly as a result of

the need to tend to the infant; this is magnified in new moth-

ers [5]. However, while wake after sleep onset is magnified

in new mothers, in those that are breastfeeding, there

appears to be a marked physiological increase in the amount

of time spent in SWS [10, 78], which is not reflected in

mothers who do not breastfeed their infants [78]. The

increase in SWS during the postnatal period in breastfeed-

ing mothers is almost certainly associated with incre-

ments in circulating prolactin concentrations. This is an area

of potentially fruitful research. As noted above, if sleep

apnoea is present in later pregnancy, it mostly improves after

delivery, although the long-term outcome of pregnancy-

induced sleep apnoea, and the high upper airway resistance

pattern of sleep breathing disorder in preeclampsia are

unknown. It is probable that these subjects will develop

SDB in later life.

In conclusion, the period of pregnancy and the postpar-

tum period are both times of extensive fluctuation in sleep

physiology. Maternal sleep is a time of particular vulnera-

bility for both the mother and fetus, as well as an important
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time during which marked physiological changes may

occur. SDB is part of preeclampsia and may play an impor-

tant role in causing IUGR. OSA occurs in pregnancy, and is

also a potentially reversible cause of IUGR and possibly

unexpected late fetal death. This is going to be a more sig-

nificant problem as the prevalence of obesity in young

women increases, and the estimates of the extent on sleep

apnoea could place it as high as 10% of pregnancies. The

major impact of SDB in pregnancy is through its effects on

the cardiovascular system. The current methods of diagnos-

ing SDB are inadequate for evaluating pregnant patients, as

they do not measure the relevant physiological variables.

Our knowledge of this area to date is cursory and much

more study in the area needs to be undertaken before we

can have a clearer understanding of the role of maternal

sleep in both normal and abnormal pregnancy.
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