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Preface

In 1983 the first edition of Anesthesia and Co-Existing Disease 
by Drs. Robert K. Stoelting and Stephen F. Dierdorf was pub-
lished with the stated goal “to provide a concise description 
of the pathophysiology of disease states and their medical 
management that is relevant to the care of the patient in the 
perioperative period.” Since then, five more editions have been 
published. The last two editions were published under our edi-
torial leadership.

This seventh edition of Anesthesia and Co-Existing Disease 
continues the tradition of presenting new and updated medi-
cal information to the anesthesiology community. New chap-
ters include those on sleep-disordered breathing and critical 

care medicine. The chapters on geriatric medicine and cancer 
medicine have major updates, but all chapters contain new 
information, refer to major medical society guidelines and 
recommendations that affect the practice of perioperative 
medicine, and contain many tables, figures, illustrations, and 
photographs to aid in understanding key concepts. We hope 
that our readers will continue to find this book relevant to the 
care of the patient in the perioperative period.

Roberta L. Hines, MD
Katherine E. Marschall, MD
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1

Scientific study of sleep in humans dates back only about 
a century, whereas the development of sleep medicine as a 
medical discipline dates back only about 50 years. Rapid eye 
movement (REM) sleep was first described in cats in 1957. The 
genetic mutation of narcolepsy was first described in dogs in 
1999. The clock gene mutation was first described in mice in 
2005, demonstrating that a mutation in the circadian system 
clock gene disturbed not only the sleep cycle but also energy 
balance, resulting in hyperphagia, hyperlipidemia, hypergly-
cemia, hypoinsulinemia, obesity, metabolic syndrome, and 
hepatic dysfunction. The term sleep apnea syndrome was first 

introduced in 1975. Prior to that the term Pickwickian syn-
drome was used. In 1974 one of the first cases of what would 
be considered obstructive sleep apnea (OSA) was described as 
a case of periodic nocturnal upper airway obstruction in an 
obese patient with normal control of breathing, a positional 
increase in upper airway resistance, and associated dysrhyth-
mias (bradycardia and asystole) that resolved with tracheos-
tomy, which was the treatment of choice at that time. In 1981 
the treatment of OSA was advanced by the understanding of its 
pathophysiology and by demonstrating the therapeutic efficacy 
of continuous positive airway pressure (CPAP) in a patient with 
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severe OSA who was scheduled for tracheostomy but refused 
the surgery and elected to undergo the “experimental” therapy 
with CPAP.

PHYSIOLOGY OF SLEEP

Our current understanding of the wake/sleep state maintains 
that wakefulness is accomplished by a brainstem neuronal path-
way known as the ascending reticular activating system (ARAS), 
which involves several neurotransmitters including acetylcholine, 
dopamine, norepinephrine, histamine, and 5-hydroxytrypta-
mine. Sleep is maintained by inhibition of the ARAS via a hypo-
thalamic nucleus known as the ventrolateral preoptic (VLPO) 
nucleus. This involves two neurotransmitters: γ-aminobutyric 
acid (GABA) and galanin. There is reciprocal inhibition between 
the ARAS and the VLPO nucleus. The neurotransmitter adenos-
ine promotes sleep by inhibiting cholinergic ARAS neurons and 
activating VLPO neurons. The timing and duration of sleep 
are influenced by three factors: (1) sleep homeostasis, which 
involves buildup of the inhibitory neurotransmitter adenosine 
during wakefulness, (2) circadian homeostasis, which is regu-
lated by a hypothalamic nucleus that provides GABAergic input 
to the pineal gland, and (3) environmental zeitgebers (“time-
givers”), which include light, temperature, eating, body position, 
and environmental stimulation. Light is the most important zeit-
geber. It provides input to the hypothalamus to suppress release 
of melatonin from the pineal gland, whereas darkness stimu-
lates the release of melatonin, also known as “the hormone of 
darkness.” In normal circadian rhythm, time of onset of release 
of melatonin under dim light conditions occurs about 2 hours 
before sleep onset. Temperature is another important zeitgeber. 
Falling core body temperature promotes falling to sleep, whereas 
rising body temperature promotes awakening. Caffeine inhibits 
sleep by blocking the effects of adenosine.

Sleep Stages

Electroencephalography (EEG) is an important method of 
studying wakefulness and sleep and defining sleep stages. The 
electrical activity of the brain can be categorized into three 
states: wakefulness, REM sleep, and non-REM (NREM) sleep. 
The latter can be further categorized into three stages: N1, N2, 
and N3, according to the progressive decrease in frequency and 
increase in amplitude of EEG waveforms. Muscle tone as mea-
sured by electromyography (EMG) is normal during wakeful-
ness, decreased during NREM sleep, and abolished during REM 
sleep. In terms of vegetative functions and energy expenditures, 
REM sleep matches or exceeds that in awake levels and has been 
described as a state of an active brain in a paralyzed body.

Sleep occurs in all stages of human life, including in utero, 
but sleep duration and stage proportions differ according to 
age. Sleep stages are not equally distributed during the sleep 
period. Stage N3, also known as slow wave sleep, occurs during 
the first third of the night. REM sleep periods increase in dura-
tion and intensity as sleep progresses. REM sleep is defined 
by three electrical findings: (1) on EEG: low amplitude, mixed 

frequency waves; (2) on electromyography: low or absent 
muscle tone (atonia); and (3) on electrooculogram (EOG): 
rapid eye movements. Tonic REM sleep refers to REM sleep–
associated muscle atonia. Phasic REM sleep refers, in addition 
to atonia, to phasic bursts of rapid eye movements, muscle 
twitches, sympathetic activation, and dreaming that is likely to 
be recalled upon awakening, unlike NREM dreaming, which 
is less likely to be recalled. 

Physiologic Differences Between NREM and 
REM Sleep

NREM sleep maintains homeostasis and autonomic stability 
at low energy levels—that is, with a low basic metabolic rate 
and a decreased heart rate, cardiac output, and blood pressure. 
Hormonal secretion is maintained.

REM is considered a more primitive state of sleep. It impairs 
homeostasis and disrupts autonomic stability. REM-induced 
autonomic instability manifests as irregularity in heart rate, 
cardiac output, blood pressure, and tidal volume and suppres-
sion of cardiac and respiratory chemoreceptor and barore-
ceptor reflexes. REM sleep is associated with skeletal muscle 
atonia affecting all skeletal muscles including upper airway 
dilator muscles and intercostal muscles but with significant 
sparing of the diaphragm. 

Respiratory Control During Wakefulness and 
Sleep

The brainstem respiratory control center consists of two 
groups of neurons: a dorsal respiratory group that promotes 
inspiration and a ventral respiratory group that functions 
as the respiratory pacing center. The ventral group contains 
μ-opioid receptors that inhibit respiration when they are 
activated by endogenous or exogenous opioids. The respira-
tory control center sends output to the phrenic nerve and the 
hypoglossal nerve and receives input from three areas of the 
body: (1) electrical input from the forebrain regarding sleep/
wake state, sleep stage, and voluntary control of breathing; (2) 
chemical input from peripheral and central chemoreceptors 
regarding pH, Paco2, and Pao2; and (3) input via the vagus 
nerve from mechanoreceptors in the lungs and airway. REM 
sleep decreases all three aspects of breathing control to a 
greater extent than NREM sleep.

The transition from wakefulness to sleep can be associated 
with breathing irregularity, including periodic breathing and 
sleep-onset apnea. After this transition, sleep is usually asso-
ciated with an increase in airway resistance and Paco2 (2–8 
mm Hg) and a decrease in Pao2 (3–10 mm Hg), chemosensi-
tivity, CO2 production (10%–15%), tidal volume, and minute 
ventilation. 

Effects of Aging and Disease on Sleep

Aging decreases the percentage of sleep in its slow wave por-
tion and in the REM portion and the total time in bed during 
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which one is asleep (also known as sleep efficiency). Aging 
increases the time it takes to fall asleep (also known as sleep 
latency) and the incidence of daytime napping.

Disease states can also disrupt sleep quality and quantity 
and produce vicious cycles in which sleep disruption and the 
disease state exacerbate each other until the cycle is broken 
by treating the disease or the sleep disruption or both. Both 
acute pain (including postoperative pain) and chronic pain 
disorders (e.g., fibromyalgia, chronic fatigue syndrome) also 
disrupt the quality and quantity of sleep. Clinically, fibromy-
algia and chronic fatigue syndrome manifest with insomnia, 
nonrefreshing sleep, excessive daytime sleepiness, and fatigue. 

Cardiovascular System Physiology During 
NREM and REM Sleep

NREM sleep increases vagal and baroreceptor control of 
the cardiovascular system and results in sinus dysrhythmia 
through the coupling of respiratory activity and cardiorespira-
tory centers in the brain. REM sleep–induced loss of homeo-
stasis results in irregularity and periodic surges in heart rate, 
blood pressure, and cardiac output, which can present clinical 
risk in patients with cardiopulmonary disease or those with 
underdeveloped cardiorespiratory systems, such as infants 
(which increases the risk of sudden infant death syndrome). 
Phasic REM sleep is associated with phasic increases in sympa-
thetic activity, resulting in heart rate and blood pressure surges 
without a corresponding increase in coronary blood flow. 
This can result in nocturnal angina and nocturnal myocar-
dial infarction. Tonic REM sleep is associated with increased 
parasympathetic activity, resulting in abrupt decreases in heart 
rate, including pauses, which in patients with a congenital long 
QT syndrome or Brugada syndrome can trigger multifocal 
ventricular tachycardia or even sudden unexplained nocturnal 
death. 

Cerebral Blood Flow, Spinal Cord Blood Flow, 
and Epileptogenicity During NREM and REM 
Sleep

NREM sleep is associated with a decrease in cerebral blood 
flow and spinal cord blood flow, with maintenance of auto-
regulation. REM sleep is associated with regional increases in 
cerebral blood flow and impaired autoregulation. Phasic REM 
sleep periods increase in intensity and duration toward early 
morning, with resulting early morning surges in blood pres-
sure that can lead to an increased risk of stroke in the early 
morning hours. OSA is also associated with early morning 
surges in blood pressure, increased vascular reactivity to Pco2, 
and increased intracranial pressure that can result in addi-
tional risk of early morning stroke.

NREM sleep is more epileptogenic than both wakefulness 
and REM sleep because of increased thalamocortical synap-
tic synchrony and neuronal hyperpolarization, which pro-
mote seizure propagation. REM sleep is least epileptogenic 
because of decreases in thalamocortical synaptic synchrony 

and interhemispheric neuronal connectivity and the presence 
of REM-induced muscle atonia. 

Effects of Sleep on Energy Balance and 
Metabolism

Sleep and sleep deprivation are associated with hormonal 
changes that affect energy metabolism and other endocrine 
functions. Hormonal release can be regulated by sleep homeo-
stasis, circadian rhythms, or both. There are sleep deprivation–
related postprandial increases in both insulin and glucose to 
levels greater than would occur without sleep deprivation, 
which indicates insulin resistance. This might explain the 
association between sleep deprivation and insulin resistance 
and diabetes mellitus. Sleep deprivation–related thyroid stim-
ulating hormone peak release indicates that sleep deprivation 
is a hypermetabolic state. 

Effects of Drugs on Sleep

Drugs that affect the central nervous system, autonomic ner-
vous system, or immune system may affect sleep architecture 
and cause sleep disorders. Many drugs are capable of these 
changes, and some are listed in Table 1.1. Alcohol, barbitu-
rates, benzodiazepines, nonbenzodiazepine GABA receptor 
agonists such as zolpidem, opioids, acetylcholinesterase inhib-
itors such as donepezil (which is used to treat Alzheimer’s 
disease), antiepileptic drugs, adrenergic α1-agonists such as 
prazosin, adrenergic α2-agonists such as clonidine, β-blockers 
such as propranolol, β-agonists such as albuterol, nonsteroidal 
antiinflammatory drugs, corticosteroids, pseudoephedrine, 
theophylline, diphenhydramine, tricyclic antidepressants, 
monoamine oxidase inhibitors, selective serotonin reuptake 
inhibitors, serotonin and norepinephrine reuptake inhibi-
tors, serotonin antagonist and reuptake inhibitors, dopamine 
and norepinephrine reuptake inhibitors, antimigraine drugs 
(triptans), and statins can all cause sleep disruption and sleep 
disorders. 

SPECIFIC SLEEP DISORDERS

Specific sleep disorders are disorders that manifest predomi-
nantly but not exclusively with sleep manifestations. They 
include disorders that manifest primarily as: (1) decreased 
sleep (insomnia), which is the most common type of sleep dis-
order, (2) increased sleep (hypersomnias), (3) abnormal sleep 
behavior (parasomnias), (4) disruptions of circadian rhythm, 
and (5) sleep-induced exacerbations of certain pathophysio-
logic problems such as sleep-related movement disorders and 
sleep-related breathing disorders (SRBDs).

Narcolepsy represents the loss of boundaries between the 
three distinct states of wakefulness, NREM sleep, and REM 
sleep. Parasomnias represent admixtures of wakefulness with 
either NREM sleep or REM sleep. The admixture of wakeful-
ness with NREM sleep results in NREM parasomnias that 
include confusional arousal, sleep terror, and sleep acting 
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(talking, walking, cooking, or eating). REM parasomnias 
include REM nightmares and REM sleep behavior disorder, 
which is REM sleep without the usual atonia, which allows 
physical enactment of dreams during REM sleep and can 
result in injury to self or others. 

PATHOGENESIS OF SLEEP-RELATED 
BREATHING DISORDERS

Pathogenesis of Obstructive Sleep Apnea

The hallmark of OSA is sleep-induced and arousal-relieved 
upper airway obstruction. The pathogenesis of this airway 
obstruction is not fully understood. Comorbid conditions that 
are associated with increased prevalence rates for OSA include 
hypertension, coronary artery disease, myocardial infarction, 
congestive heart failure, atrial fibrillation, stroke, type 2 dia-
betes mellitus, nonalcoholic steatohepatitis (NASH), polycys-
tic ovarian syndrome, Graves disease, hypothyroidism, and 
acromegaly. Predisposing factors include genetic inheritance, 
non-Caucasian race, upper airway narrowing, obesity, male 
gender, menopause, use of sedative drugs and alcohol, and 
cigarette smoking. Direct physiologic mechanisms involved in 
the pathogenesis of OSA include (1) anatomic and functional 
upper airway obstruction, (2) a decreased respiratory-related 

arousal response, and (3) instability of the ventilatory response 
to chemical stimuli.

Narrowing of the Upper Airway
Airway obstruction can be due to anatomic narrowing or to 
functional collapse of the airway or to both factors. The most 
common sites of upper airway obstruction are the retropala-
tal and retroglossal regions of the oropharynx. Obstruction 
can be due to bony craniofacial abnormalities or, more com-
monly, excess soft tissue, such as thick parapharyngeal fat pads 
or enlarged tonsils. Children have many reasons for anatomic 
upper airway narrowing, including the very common enlarge-
ment of tonsils and adenoids, as well as the much less common 
congenital airway anomalies. The latter include Pierre-Robin 
syndrome, Down syndrome, achondroplasia, Prader-Willi 
syndrome, Klippel-Feil syndrome, Arnold-Chiari malforma-
tion type II, maxillary hypoplasia, micrognathia, retrognathia, 
tracheomalacia, and laryngomalacia.

In adults, acromegaly, thyroid enlargement, and hypo-
thyroidism are additional causes of narrowing of the upper 
airway. Mallampati developed a clinical classification of oro-
pharyngeal capacity to predict difficult tracheal intubation, 
and this was later found useful in predicting the risk of OSA 
as well. For every 1-point increase in the Mallampati score, the 
odds ratio for OSA is increased by 2.5.

  �� Effects of Drugs on Sleep Architecture and Sleep Disorders
  
Drug Effect on REM Sleep Effect on Slow Wave Sleep Effect on Sleep Disorder

Alcohol ↓ ↑ Snoring and exacerbation of SRBD
Barbiturates ↓
Benzodiazepines ↓
Zolpidem ↑ NREM parasomnia
Opioids ↑ At high doses ↓ ↑ Hypoxia with OSA
Prazosin ↑ Resolves nightmares
Clonidine Induces nightmares
β-Blockers ↑ Daytime sleepiness,

Induce nightmares
Corticosteroids Insomnia

Bizarre dreams
Caffeine ↓
Amphetamine ↓ ↓ Bruxism
Tricyclic antidepressants ↓ ↑ Periodic limb movements, restless legs syndrome 

(RLS)
MAOIs ↓ To almost zero
SSRIs ↓ ↑ Periodic limb movements, RLS

↑ REM sleep without atonia
SNRIs ↑ Periodic limb movements, RLS

REM sleep behavior disorder
Trazodone ↑
Mirtazapine ↑ Periodic limb movements, RLS
Bupropion ↑ ↓ Periodic limb movements
Antipsychotics ↓ ↑ Periodic limb movements, RLS
Lithium ↓ ↑ Sleep walking
Statins Insomnia

Sleep disruption

��MAOIs, Monoamine oxidase inhibitors; NREM, non-REM sleep; OSA, obstructive sleep apnea; REM, rapid eye movement sleep; SNRIs, serotonin and norepinephrine 
reuptake inhibitors; SRBD, sleep-related breathing disorder; SSRIs, selective serotonin reuptake inhibitors.

TABLE 1.1
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Graves disease can cause OSA by extraluminal compres-
sion of the upper airway, and thyroid mass lesions can cause 
snoring, stridor, or sleep apnea. Toxic goiter may “burn out,” 
leading to hypothyroidism, which increases the risk of OSA 
by inducing obesity and macroglossia. Acromegaly increases 
the risk of OSA by maxillofacial skeletal changes, upper airway 
soft tissue enlargement (including tongue size), and obesity.

Functional collapse of the upper airway occurs when forces 
that can collapse the upper airway overcome the forces that 
can dilate the upper airway. Collapsing forces consist of intra-
luminal negative inspiratory pressure and extraluminal posi-
tive pressure. Dilating forces consist of pharyngeal dilating 
muscle tone and longitudinal traction on the upper airway by 
an increased lung volume, so-called tracheal tug. Excessive 
inspiratory efforts to help overcome upper airway obstruc-
tion can lead to even more upper airway collapse by gener-
ating excessive negative intraluminal pressure. The supine 
position enhances airway obstruction by increasing the 
effect of extraluminal positive pressure against the pharynx, 
which lacks any bony support. Sleep, particularly REM sleep, 
decreases muscle tone generally, including that of the upper 
airway, and decreases lung volume, which decreases the tra-
cheal tug effect. Patients with OSA have a more collapsible 
upper airway with altered neuromuscular control. Their upper 
airway muscles have inflammatory infiltrates and denervation 
changes, which might decrease their ability to dilate the airway 
during sleep.

The respiratory-related arousal response is stimulated by 
(1) hypercapnia, (2) hypoxia, (3) upper airway obstruction, 
and (4) the work of breathing, which is the most reliable stim-
ulator of arousal. 

Obesity
Obesity is a risk factor for OSA in all age groups. A 10% 
increase in body weight is associated with a 6-fold increase 
in the odds of having OSA and a 32% increase in the apnea-
hypopnea index. A 10% weight loss is associated with a 26% 
decrease in the apnea-hypopnea index. Besides affecting the 
size of subcutaneous cervical fat, obesity could be associated 
with increased amounts of fat in the tongue and larger para-
pharyngeal fat pads. 

Genetic Factors
Genes can affect the pathogenesis of OSA by influencing the 
regulation of sleep, breathing, energy metabolism, and cranio-
facial anatomy; certain alleles have been found to be associ-
ated with OSA. Heredity as a factor in OSA development is 
suggested by familial aggregation of cases of OSA. 

Pathogenesis of Central Sleep Apnea

Central sleep apnea (CSA) refers to sleep apnea that is not asso-
ciated with respiratory efforts during the apnea event. This 
absence of respiratory effort could be due to instability of neu-
ral control of respiration, weakness of respiratory muscles, or 

both. Instability of respiratory control may include increased, 
decreased, or oscillating respiratory drive.

Primary/Idiopathic Central Sleep Apnea
Primary/idiopathic CSA has an unknown cause and manifests 
as periodic breathing with a cycle length composed of apnea 
plus the subsequent hyperpnea. There is then an oscillation 
between hyperventilation and apnea. Increased chemosensi-
tivity to Pco2 predisposing to respiratory control system insta-
bility may be the underlying pathogenesis. 

Secondary Central Sleep Apnea
The most common form of secondary CSA is narcotic-
induced CSA, which is encountered in up to half of patients 
using opioids chronically. It can manifest either as periodic 
Biot’s breathing or irregular ataxic breathing. The latter is usu-
ally associated with significant hypoxia and prolonged apnea. 

Central Sleep Apnea With Cheyne-Stokes Breathing
CSA with Cheyne-Stokes breathing was the first form of a 
sleep-related breathing disorder to be described. In 1818 
John Cheyne described the periodic nature of breathing in an 
obese patient who suffered from a stroke and heart failure. He 
described the patient as:

A.B., sixty years, of a sanguine temperament, circular 
chest, and full habit of body, for years had lived a very 
sedentary life, while he indulged habitually in the luxuries 
of the table….The patient suddenly developed palpitations 
and displayed signs of severe congestive heart failure. The 
only particularity in the last period of his illness, which 
lasted eight or nine days, was in the state of respiration. 
For several days his breathing was irregular; it would 
entirely cease for a quarter of a minute, then it would 
become perceptible, though very low, then by degrees it 
became heaving and quick, and then it would gradually 
cease again. This revolution in the state of his breathing 
occupied about a minute…this symptom, as occurring in 
its highest degree, I have only seen during a few weeks pre-
vious to the death of the patient.
Congestive heart failure, stroke, and atrial fibrillation are 

the three most common conditions during which CSA with 
Cheyne-Stokes breathing is encountered. It is postulated that 
a significant decrease in ejection fraction and consequent 
increase in circulation time is at least partially responsible 
for this condition. The pathophysiology of this form of peri-
odic breathing is described in terms of its four cyclical com-
ponents: hypopnea, apnea, hypoxia, and hyperventilation 
(Fig. 1.1). 

Pathogenesis of Sleep-Related Hypoventilation 
Disorders

Sleep-related hypoventilation disorders can be primary 
or due to a comorbid illness. Primary forms are rare and 
include the obesity hypoventilation syndrome (OHS/
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Pickwickian syndrome) and central alveolar hypoventila-
tion syndrome/Ondine’s curse. Comorbid forms are more 
common, since they are usually associated with (1) com-
mon respiratory diseases, such as chronic obstructive pul-
monary disease (COPD) or the overlap syndrome (COPD 
plus OSA); (2) drug-induced respiratory depression; (3) 
neurologic disorders such as amyotrophic lateral sclerosis, 
spinal cord injury, or postpolio syndrome; (4) neuromus-
cular disorders; and (5) restrictive chest wall disorders such 
as kyphoscoliosis. The clinical features of OHS include: (1) 
marked obesity, (2) somnolence, (3) twitching, (4) cyanosis, 
(5) periodic respiration, (6) secondary polycythemia, (7) 
right ventricular hypertrophy, and (8) right ventricular fail-
ure/cor pulmonale. OHS is characterized by hypoventilation 
during wakefulness, which worsens in the supine position 
and during sleep. 

Pathogenesis of Sleep-Related Hypoxemia 
Disorder

Sleep-related hypoxemia disorder is due to exacerbation of 
diurnal hypoxemia due to cardiopulmonary disease. 

PATHOPHYSIOLOGIC CONSEQUENCES OF 
SLEEP-RELATED BREATHING DISORDERS

Pathophysiologic Consequences of Obstructive 
Sleep Apnea

Cardiovascular Consequences (Table 1.2)
The pathophysiology of OSA is the result of three immediate 
events: apnea episodes, arousals, and increased respiratory 
effort. Direct and indirect effects of these events can interact 
and produce significant acute and chronic cardiac, neurologic, 
and metabolic morbidity and mortality.

Apneic and hypopneic episodes result in hypoxia, which 
can be prolonged and severe. OSA-induced hypoxia and 
reoxygenation cycles activate redox-sensitive genes, oxida-
tive stress, inflammatory processes, the sympathetic nervous 
system, and the coagulation cascade, all of which can con-
tribute to endothelial dysfunction and ultimately to systemic 
hypertension, pulmonary hypertension, atherosclerosis, right 
and left ventricular systolic and diastolic dysfunction, coro-
nary artery disease, congestive heart failure, atrial fibrillation, 
stroke, and sudden cardiac death.

Arousal episodes lead to increased sympathetic system 
activity and decreased parasympathetic system activity, which 
results in increases in heart rate, left ventricular afterload, 
myocardial oxygen consumption, dysrhythmias, myocardial 
toxicity, and apoptosis. Arousal episodes lead to nonrestor-
ative sleep and chronic sleep deprivation, which are also asso-
ciated with increased sympathetic activity, inflammation, and 
a hypermetabolic state.

Increased inspiratory efforts can result in large swings in 
negative intrathoracic pressure, which are transmitted to the 
heart, lungs, and great vessels. The increase in transmural pres-
sure in these structures can have multiple detrimental effects.

Swedish national data found that OSA is associated with an 
increased prevalence of coronary artery disease and that treat-
ment of OSA reduces this risk. Untreated moderate to severe 
OSA is associated with an increased risk of repeat revascu-
larization after percutaneous coronary intervention, and suc-
cessful treatment of the OSA reduces this risk. OSA patients 
having coronary artery bypass surgery have an increased risk 

Depth of 
respiration

Respiratory
center excited

PCO2 of
respiratory
neurons

PCO2 of
lung blood

FIG. 1.1  Proposed underlying pathophysiology of Cheyne-Stokes 
breathing showing changing Pco2 in the pulmonary blood (red line) 
and delayed changes in the Pco2 of the fluids of the respiratory cen-
ter (blue line). (From Hall JE. Regulation of respiration. In: Hall JE, 
ed. Guyton and Hall Textbook of Medical Physiology. 13th ed. 
Philadelphia: Elsevier; 2016:539.)

  �� Cardiovascular Consequences of Obstructive Sleep Apnea
  
Immediate results Hypoxemia, hypercarbia Arousal Reduced pleural pressure
Intermediate-term clinical 

consequences
Decreased oxygen delivery
Oxidative stress
Inflammation
Hypercoagulability
Pulmonary vascular constriction

Sympathetic activation
Parasympathetic inactivation

Increased transmural pressure on 
heart and great vessels

Long-term clinical conse-
quences

Cardiac dysfunction
Endothelial dysfunction
Increased right ventricular 

afterload
Right ventricular hypertrophy

Tachycardia
Hypertension
Increased left ventricular afterload
Increased myocardial oxygen 

consumption
Myocardial toxicity
Dysrhythmias

Increased right and left ventricular 
afterload

Dysrhythmias,
Aortic dilatation
Increased lung water

TABLE 1.2
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of major adverse perioperative cardiac and cerebrovascular 
events. They also have a greater risk of significant dysrhyth-
mias and atrial fibrillation in this setting. 

Neurologic Consequences
The EEG changes of chronic sleep deprivation include overall 
slowing of the EEG, a decrease in deeper stages of sleep, and a 
compensatory increase in lighter stages of sleep. Psychomotor 
vigilance task testing demonstrates an increase in the num-
ber of lapses. OSA-induced disruption of sleep is associated 
with extensive daytime sleepiness, a decrease in cognition 
and performance (attention, memory, executive functioning), 
decreased quality of life, mood disorders, and increased rates 
of motor vehicle collisions. Caffeine consumption in OSA 
patients could be a behavioral compensatory mechanism to 
overcome their daytime sleepiness.

The mortality impact of OSA is evident in moderate to 
severe OSA. The economic impact is due to increased health-
care utilization, decreased productivity, and years of potential 
life lost. It is estimated that the yearly incidence of OSA-related 
motor vehicle accidents alone costs about $16 billion and 1400 
lost lives. Treating all drivers with OSA with positive airway 
therapy (at a cost of ≈ $3 billion a year) would save about $11 
billion and about 1000 lives. 

Metabolic Consequences
With OSA, multiple mechanisms interact to produce meta-
bolic derangements and disorders that can worsen OSA and 
produce a vicious cycle that must be broken by treating both of 
its elements. Pathophysiologic mechanisms of these metabolic 
derangements include hypoxic injury, systemic inflamma-
tion, increased sympathetic activity, alterations in hypotha-
lamic-pituitary-adrenal function, and hormonal changes. The 
metabolic derangements include insulin resistance, glucose 
intolerance, and dyslipidemia. Metabolic disorders include 
type 2 diabetes mellitus, central obesity, and metabolic syn-
drome. OSA is encountered in 50% of patients with NASH and 
in 30%–50% of patients with polycystic ovarian syndrome. 

Pathophysiologic Consequences of Central 
Sleep Apnea

Unlike OSA events, CSA respiratory events are not associated 
with increased respiratory effort and may terminate with-
out arousal. Nevertheless, they are associated with hypoxia 
that can be severe and prolonged and can be associated with 
severe sleep disruption, including difficulty in establishing or 
maintaining a refreshing sleep state. The combination of sleep 
deprivation and hypoxia results in many associated cardiovas-
cular, neurologic, and metabolic derangements. 

Pathophysiologic Consequences of Sleep-
Related Hypoventilation Disorders

About 90% of patients with OHS also have some degree of 
OSA, exacerbating their degree of hypoxia and hypercarbia. 

The major consequences of hypoxia and hypercarbia include 
pulmonary hypertension, cor pulmonale, and an increased 
risk of sudden unexplained nocturnal death. Patients with 
interstitial lung disease (e.g., interstitial pulmonary fibrosis) 
usually suffer from even more severe hypoxia and sleep dis-
ruption than those with COPD. 

PREVALENCE OF SLEEP-RELATED 
BREATHING DISORDERS

Sleep-related breathing disorders are the second most com-
mon category of sleep disorders (after insomnia disorder) and 
are the most common sleep disorders encountered in sleep 
medicine clinics. OSA accounts for about 90% of sleep-related 
breathing disorders. Snoring is more common than OSA and 
is the most common reason for referral for a sleep study.

Prevalence of Obstructive Sleep Apnea

In 2014 the American Academy of Sleep Medicine (AASM) 
estimated that OSA affects at least 25 million adults in the 
United States. The proportion of OSA patients who are not 
clinically diagnosed is estimated to be roughly 80% among men 
and 90% among women. Patients with hypertension (includ-
ing drug-resistant hypertension), type 2 diabetes mellitus, 
coronary artery disease, atrial fibrillation, permanent pace-
makers, various forms of heart block, congestive heart failure, 
a history of stroke, and those coming for bariatric surgery have 
a much greater prevalence of OSA than the general popula-
tion, and many of them are undiagnosed. 

Prevalence of Central Sleep Apnea

CSA is not common. About 50% of cases of CSA are found in 
patients with congestive heart failure. Other common comor-
bidities include chronic renal failure, stroke, multiple sclero-
sis, neuromuscular disorders, chronic opioid use, and living at 
higher altitudes. 

Prevalence of Obesity Hypoventilation 
Syndrome

OHS has an estimated prevalence of 0.15%–0.3% in the gen-
eral population, with higher rates among women than men, 
probably owing to higher rates of obesity among women than 
men. 

DIAGNOSIS OF SLEEP-RELATED 
BREATHING DISORDERS

The diagnosis of a sleep-related breathing disorder is based on 
criteria established by professional organizations, which also 
provide classifications of sleep disorders. The International 
Classification of Diseases, 10th edition (ICD-10), is devel-
oped by the World Health Organization and adopted by many 
government and billing organizations. The ICD-10 divides 
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sleep disorders into six categories: insomnias, hypersomnias, 
parasomnias, circadian rhythm sleep disorders, sleep-related 
movement disorders, and sleep-related breathing disorders. 
The latter are further divided into four categories: OSA, CSA, 
sleep-related hypoventilation disorders, and sleep-related 
hypoxemia disorder.

Polysomnography

Polysomnography (PSG) can be used to differentiate CSA 
from OSA; assess its severity; detect associated hypoventi-
lation and hypoxia; detect associated EEG, ECG, and limb 
movement events; and, when indicated, titrate positive airway 
pressure (PAP) therapy and perform follow-up assessments 
of any implemented therapy for the sleep-related breath-
ing disorder. Rules for performing and interpreting PSG are 
published in the AASM Manual for the Scoring of Sleep and 
Associated Events. The manual covers the performance and 
interpretation of polysomnographic studies and home sleep 
apnea testing. The impact of these rules extends beyond per-
forming and scoring an individual sleep study. These rules also 
affect diagnosis rates, which then affect calculations in epide-
miologic studies and the implementation of individual and 
public health therapeutic interventions.

Standard PSG consists of simultaneous recording of mul-
tiple (7–12) physiologic parameters during a full night of sleep 
in a sleep laboratory with a sleep technologist in attendance 
(Table 1.3). It should contain 6 or more hours of recordings. 
The recorded PSG study is divided into 30-second periods 
called epochs for scoring purposes. During scoring, each indi-
vidual epoch must be scored for sleep stage and any respiratory 
events such as apnea or hypopnea with or without obstruction, 
cardiac or limb events, and associated arousal. Respiratory 
events are scored if they last 10 seconds or longer (Table 1.4).

Sleep apnea testing can be done in several ways, each with 
a decreasing degree of complexity: level 1 testing is PSG; level 

2 testing is unattended PSG done at home (rarely done); level 
3 testing is home apnea testing in combination with an acti-
graph (a device that keeps track of movements as an assess-
ment of sleep state); and level 4 testing uses 1–2 channels to 
monitor pulse oximetry and airflow. Level 4 testing is inad-
equate for a diagnosis of OSA, since it lacks information about 
respiratory effort.

Overnight home oximetry is an example of a level 4 home 
sleep apnea test. Data derived from this monitoring include 
the hourly frequency of a drop in Sao2 by 3% or more and the 
T90, which is the total time spent with an oxygen saturation of 
less than 90%. 

Morphometric Models

The association of anatomic risk factors with sleep apnea has 
been used to produce morphometric models to predict the 
likelihood of OSA. One morphometric model uses the triad 
of BMI, neck circumference, and oral cavity measurements 
and has a very high sensitivity and specificity. The oral cav-
ity measurements include palatal height, maxillary intermo-
lar distance, mandibular intermolar distance, and overjet (the 
horizontal distance between the edge of the upper incisors and 
the labial surface of the lower incisors). Note that overjet is not 
the same as overbite. 

Questionnaires

Multiple tools in the form of questionnaires have been devel-
oped for screening populations for OSA. The Epworth Sleepi-
ness Scale is used to assess excessive daytime sleepiness. The 
Berlin Questionnaire has three categories assessing snoring, 
sleepiness, and risk factors. The AASM developed a 10-item 
questionnaire to detect classic symptoms of OSA, and a 6-item 
checklist to identify patients who are at high risk for OSA. The 
American Society of Anesthesiologists (ASA) created an OSA 

  �� Physiologic Functions Studied During 
Polysomnography

  
Electroencephalogram to measure and evaluate sleep stages
Electrooculogram to measure eye movements
Chin electromyogram to measure muscle tone and the presence 

of REM sleep without atonia
Limb electromyogram to detect periodic limb movements and 

restless legs syndrome
Electrocardiogram to detect dysrhythmias
Upper airway sound recording to detect snoring
Nasal and oral airflow via a thermal sensor to detect apnea
Nasal airflow via a pressure sensor to detect hypopnea and  

arousals
Thoracoabdominal inductance plethysmography to detect  

respiratory efforts
Pulse oximeter to detect oxygen saturation/desaturation
Capnography to detect hypercarbia/hypoventilation
Body position sensor to note body position effects
Video recording or sleep technologist observation to detect  

parasomnias

TABLE 1.3   �� Rules for Scoring Respiratory Events During 
Polysomnography in Adults

  
Respiratory Event Scoring Criteria

Obstructive apnea Apnea for longer than 10 seconds with a ≥ 
90% air flow reduction despite respira-
tory effort

Central apnea Apnea for longer than 10 seconds with a ≥ 
90% air flow reduction without respira-
tory effort

Hypopnea A > 30% reduction in air flow for longer 
than 10 seconds associated with a ≥ 3% 
decline in oxygen saturation OR arousal

Hypoventilation A 10-minute period with a Pco2 > 55 mm 
Hg or a ≥ 10 mm Hg increase in Pco2 to 
≥ 50 mm Hg

Periodic breathing ≥3 consecutive cycles of Cheyne-Stokes 
breathing with a cycle length ≥ 40 sec-
onds or ≥ 5 episodes of Cheyne-Stokes 
breathing in 2 hours

TABLE 1.4
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checklist with three categories: predisposing physical charac-
teristics, history of apparent airway obstruction during sleep, 
and somnolence. Chung et al. used an acronym of some of the 
clinical features and risk factors of OSA to develop the STOP-
BANG scoring model. The acronym STOP stands for Snor-
ing, Tired (daytime sleepiness), Observed apnea, and high 
blood Pressure; and the acronym BANG stands for BMI 35 
or greater, Age 50 years or older, Neck circumference 40 cm 
(17 inches) or larger, and male Gender. Ramachandran et al. 
developed the Perioperative Sleep Apnea Prediction (P-SAP) 
score based on logistic regression analysis of surgical patient 
data. It has nine elements: age, male gender, obesity, snoring, 
diabetes mellitus type 2, hypertension, thick neck, Mallampati 
class 3 or greater, and reduced thyromental distance. (These 
questionnaires are available as appendixes to this chapter in 
Expert Consult online.)

Compared to PSG, most questionnaires demonstrate a trade
off between sensitivity and specificity, with a trend toward 
decreased specificity as the questionnaire score increases or 
the severity of OSA increases. 

Criteria for the Diagnosis of Obstructive Sleep 
Apnea in Adults

Elements of the diagnosis of adult OSA include: (1) signs and 
symptoms such as extreme daytime sleepiness, fatigue, insom-
nia, snoring, subjective nocturnal respiratory disturbance, 
and observed apnea; (2) associated medical or psychiatric 
disorders such as hypertension, coronary artery disease, atrial 
fibrillation, congestive heart failure, stroke, diabetes mellitus, 
cognitive dysfunction, and mood disorders; and (3) predomi-
nantly obstructive respiratory events recorded during sleep 
center nocturnal PSG or during out-of-center sleep testing. 
The sum of apnea and hypopnea events per hour is defined as 
the apnea-hypopnea index (AHI). The sum of apnea, hypop-
nea, and arousal events is defined as the respiratory disturbance 
index (RDI).

Clinical findings of OSA in adults can be divided into three 
categories: (1) anatomic features; (2) nocturnal and diurnal 
signs and symptoms of OSA, including loud snoring, gasping, 
choking, breath-holding, breathing interruption, insomnia, 
restless sleep, nocturia, bruxism, morning headache, non-
refreshing sleep, fatigue, decreased cognitive and executive 
function, depression and irritability; and (3) commonly asso-
ciated comorbidities. 

Criteria for the Diagnosis of Central Sleep 
Apnea

Clinical findings of CSA can be divided into two categories: 
(1) nocturnal and diurnal signs and symptoms, including 
insomnia, frequent nocturnal awakenings with breath-hold-
ing, gasping or choking, mild snoring, breathing interrup-
tions reported by bed partner, nonrestorative sleep, fatigue, 
and excessive daytime sleepiness; and (2) clinical findings of 
associated comorbidities, including neuromuscular diseases, 

congestive heart failure, stroke, end-stage renal disease, and 
opioid use. PSG will show apneic periods without respiratory 
efforts. 

Criteria for the Diagnosis of Sleep-Related 
Hypoventilation Disorders

Clinical findings in patients with sleep-related hypoventilation 
disorders can be divided into three categories: (1) specific signs 
and symptoms of diseases associated with an increased likeli-
hood of a hypoventilation disorder, including neuromuscular 
diseases such as amyotrophic lateral sclerosis, postpolio syn-
drome, and facial muscle weakness in muscular dystrophy; (2) 
clinical findings due to chronic hypoxia (plethora) and hyper-
capnia; and (3) clinical findings due to systemic complications 
of chronic hypoxia and hypercapnia, including polycythemia, 
right heart failure, liver congestion, and peripheral edema. The 
BMI is typically over 30 kg/m2. PSG will demonstrate signifi-
cant increases in Pco2 during both wakefulness and sleep. 

Criterion for the Diagnosis of Sleep-Related 
Hypoxemia Disorder

The criterion for diagnosis of this disorder is 5 minutes of a 
sleep-related decrease in oxygen saturation to less than 88% 
with or without hypoventilation. 

TREATMENT OF SLEEP-RELATED 
BREATHING DISORDERS

Treatment of Obstructive Sleep Apnea

Because of its high prevalence rate and a general lack of diag-
nosis, the first step in management of OSA is detection. In cases 
of suspected obstructed sleep apnea, objective testing should 
be performed to confirm the diagnosis and assess its severity 
using PSG. Testing should be followed by patient education, 
initiation of treatment, and long-term follow-up to assess the 
effect of therapy.

Positive Airway Pressure Therapy
The PAP device is an air compressor that delivers air pres-
surized to specific levels. The device-patient interface can be 
a facemask, a nasal mask, or nasal pillows. PAP can be con-
tinuous (CPAP), bilevel (BiPAP) or autotitrating (APAP). The 
goal of PAP titration is to select the lowest airway pressure 
that would eliminate all respiratory events, including apneas, 
hypopneas, arousals, and snoring, so that the respiratory dis-
turbance index decreases to less than 5 per hour, with accept-
able oxygenation (Spo2 ≥ 90%) and an acceptable mask leak 
level. Suggested mechanisms for the efficacy of PAP therapy 
include (1) increasing the pharyngeal transmural pressure 
(pneumatic splint effect), (2) reducing pharyngeal wall thick-
ness and airway edema, (3) increasing airway tone by mecha-
noreceptor stimulation, and (4) increasing end-expiratory 
lung volume and producing a tracheal tug effect.
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CPAP consists of a single fixed PAP that is maintained 
during both inhalation and exhalation. BiPAP consists of 
two fixed airway pressures: a higher inspiratory pressure and 
a lower expiratory pressure. The transition from inspiratory 
to expiratory pressure is based on the machine’s detection of 
expiratory effort. BiPAP mode allows a lower expiratory pres-
sure than what would be required with CPAP. BiPAP is an 
alternative therapy for OSA in patients requiring high levels of 
PAP who have difficulty exhaling against a fixed pressure, or 
who develop gastric distention from swallowing air while on 
CPAP, or who have co-existing central hypoventilation.

PAP therapy can be titrated either manually or automatically. 
Manual in-laboratory, PSG-guided, full night titration of fixed 
PAP is considered the norm. APAP titration consists of a single 
variable PAP that is maintained during both inhalation and 
exhalation, with variation from breath to breath according to 
the presence or absence of apnea, hypopnea, or snoring. APAP 
is an acceptable alternative for the treatment of uncomplicated 
moderate to severe OSA that is associated with snoring. APAP 
mode may improve patient adherence and may minimize the 

average airway pressure by allowing higher PAP during periods 
of greater obstruction, such as the supine position and REM 
sleep, and lower PAP during periods of lesser obstruction.

Expiratory positive airway pressure (EPAP) devices are dis-
posable adhesive valves that direct exhaled airflow into small 
channels to increase resistance to exhalation and thereby cre-
ate a degree of expiratory positive airway pressure. 

Oral Appliance Therapy
Oral appliance therapy is considered second-tier treatment 
in the management of OSA. The most common forms of oral 
appliances for OSA treatment include mandibular advancement 
devices and tongue retaining devices. Mandibular advancement 
devices are usually custom-made devices that are fitted to the 
teeth like a mouth guard and act to advance and stabilize the 
mandible to increase upper airway capacity (Fig. 1.2). Tongue 
retaining devices advance and retain the tongue in an anterior 
position by holding it in a suction cup placed over the front 
teeth. (See video at aveotsd.com.) Mandibular advancement 
devices are more costly but have greater efficacy and patient 

A

C

B

FIG. 1.2  An oral appliance (mandibular advancement device) for use in obstructive sleep apnea. 
A, Device. B, Natural occlusion of this patient. C, Mandibular advancement device in position. Note 
the forward movement of the lower teeth/jaw with this device. (From Marcussen L, Henriksen JE, 
Thygesen T. Do mandibular advancement devices influence patients’ snoring and obstructive sleep 
apnea? A cone-beam computed tomography analysis of the upper airway volume. J Oral Maxil-
lofacial Surg. 2015;73:1816-1826.)
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compliance. Oral appliance therapy is indicated for the treat-
ment of snoring, mild to moderate OSA, and selected cases of 
moderate to severe OSA, such as that due predominantly to the 
supine position or to a disproportionally large tongue relative to 
oral cavity capacity. This modality has been shown to be effec-
tive in reducing sleep interruption, daytime sleepiness, neuro-
cognitive impairment, and cardiovascular complications. Side 
effects include excessive salivation, temporomandibular joint 
discomfort, and long-term occlusion changes.

Hypoglossal nerve stimulation uses a nerve stimula-
tor that is implanted in the chest and has electronic sensing 
leads implanted between the internal and external intercostal 
muscles in the fourth intercostal space. These sensors detect 
breathing and signal the device to stimulate the hypoglos-
sal nerve during inhalation, which results in enlargement of 
upper airway capacity. The system is turned on by the patient 
before going to sleep and turned off upon awakening. 

Surgical Therapy
Surgical treatment of the airway in the form of tracheostomy 
is the oldest form of therapy for OSA and has a very high rate 
of efficacy. However, its invasiveness is its major deterrent. In 
adults, in whom anatomic causes of OSA are relatively uncom-
mon, airway surgery treatment for OSA is considered third-
tier therapy. These surgical procedures target soft tissue and 
bony tissue to enlarge airway capacity at the levels of the nose, 
palate, and/or tongue base and include maxillomandibular 
advancement, laser-assisted uvulopalatoplasty, uvulopalato-
pharyngoplasty, and palatal implants.

Bariatric surgery aims to restrict caloric intake or absorp-
tion or both. Bariatric surgery can be the sole therapy or an 
adjunctive treatment to PAP therapy in patients with morbid 
obesity associated with OSA or OHS. Screening for OSA should 
be performed in all patients undergoing bariatric surgery. 

Medical Therapy
Adjunctive medical therapy for OSA can be used in combina-
tion with any of the other forms of OSA therapy: PAP, oral 
appliances, or surgery. These adjuncts include diet, exercise, 
positional therapy, avoidance of alcohol and sedatives before 
sleep, supplemental oxygen, and pharmacologic therapy, such 
as with a stimulant drug like modafinil (Provigil). Positional 
therapy consists of devices that discourage or prevent the 
patient from sleeping in the supine position.

Comorbid conditions should be treated. Thyroid disorders 
should be treated surgically, medically, or both as indicated. 
Acromegaly should be treated surgically, medically, or both 
as indicated. Bromocriptine and somatostatin therapy can 
reduce the apnea-hypopnea index in patients with acromeg-
aly by 50%–75%. However, continued PAP therapy is usually 
required owing to persistent skeletal changes. 

Treatment of Central Sleep Apnea

In CSA related to congestive heart failure, first-tier therapy con-
sists of CPAP therapy and nocturnal oxygen supplementation. 

This can be augmented with BiPAP or drug therapy with 
acetazolamide and theophylline after medical optimization 
of congestive heart failure. Therapies for CSA associated with 
end-stage renal disease include CPAP, supplemental oxygen, 
use of bicarbonate during dialysis, and nocturnal dialysis. 

Treatment of Sleep-Related Hypoventilation 
Disorders

Treatment of sleep-related hypoventilation disorders should 
enhance airway patency and ventilation, which is best achieved 
using noninvasive positive pressure ventilation (NIPPV) in one 
of three modes: (1) spontaneous mode, in which the patient 
cycles the device from inspiratory PAP to expiratory PAP; 
(2) spontaneous timed mode, in which a backup rate delivers 
PAP for a set inspiratory time if the patient does not trigger 
the device within a set period of time; and (3) timed mode, in 
which both the inspiratory time and respiratory rate are fixed. 
NIPPV is recommended for the treatment of hypoventilation 
due to any sleep-related breathing disorder. 

PERIOPERATIVE CONSIDERATIONS 
IN PATIENTS WITH SLEEP-RELATED 
BREATHING DISORDERS

Management of sleep-related breathing disorders are a topic of 
special interest within the specialties of anesthesiology and sleep 
medicine. In 2011 this combined interest by the two specialties 
resulted in the establishment of the Society of Anesthesia and 
Sleep Medicine (SASM), which is an international society with 
a stated mission “to advance standards of care for clinical prob-
lems shared by Anesthesiology and Sleep Medicine, including 
perioperative management of sleep disordered breathing, and 
to promote interdisciplinary communication, education and 
research in matters common to anesthesia and sleep.”

The prevalence of OSA among surgical patients is higher 
than the overall prevalence of 2%–4% in the general popula-
tion. The perioperative period can exacerbate sleep-related 
breathing disorders because of (1) sleep deprivation due to 
anxiety, pain, alterations in circadian rhythms, and nursing 
interventions; (2) REM sleep rebound, which worsens OSA; 
and (3) the suppressant effects of anesthetics, sedatives, and 
analgesics on airway patency, respiratory drive, and arousal. 
The effect of sleep-disordered breathing on perioperative out-
comes has been the subject of many observational studies and 
systematic reviews, with conflicting findings based on study 
population, examined outcomes, and study design. The evi-
dence is, however, mostly negative. 

PRACTICE GUIDELINES FOR 
PERIOPERATIVE MANAGEMENT OF 
PATIENTS WITH OBSTRUCTIVE SLEEP 
APNEA

The AASM, the ASA, and the Society for Ambulatory Anes-
thesia (SAMBA) have provided practice parameters for the 
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perioperative management of OSA patients. Algorithms for 
the perioperative management of OSA patients have also been 
developed by individual groups.

In 2003 the AASM published a statement for the peri-
operative management of OSA in which it indicated that 
the literature is insufficient to develop standards-of-prac-
tice recommendations, and that the statement was based 
on a consensus of clinical experience and published peer-
reviewed medical evidence that, unfortunately, was scanty 
and of limited quality. The statement provided an introduc-
tion about OSA and listed the most common factors that 
contribute to increased perioperative risk in OSA patients, 
including: (1) increased risk of upper airway obstruction 
and respiratory depression due to effects of sedative, anes-
thetic, and narcotic medications; (2) decreased functional 
residual capacity (FRC) and decreased oxygen reserve due 
to obesity; and (3) the cardiopulmonary effects of OSA. 
It described the symptoms and signs of OSA, as well as a 
description of CPAP therapy, and provided a questionnaire 
and checklist for preoperative recognition of patients who 
are at high risk for OSA. The AASM also detailed recom-
mendations for intraoperative and postoperative patient 
care, including transfer of care.

In 2006 the ASA developed comprehensive practice guide-
lines for the perioperative management of OSA patients and 
updated them in 2014. These guidelines provide a checklist 
for preoperative identification and assessment of OSA and 
detailed recommendations covering the areas of preopera-
tive evaluation, considerations for inpatient versus outpatient 
surgery, preoperative preparation, intraoperative manage-
ment, postoperative management, and criteria for discharge to 
unmonitored settings.

In 2012, SAMBA produced a consensus statement on 
preoperative selection of adult patients with OSA scheduled 
for ambulatory surgery, which concluded that patients with 
known OSA might be considered for ambulatory surgery 
if they were medically optimized and could use their CPAP 
postoperatively. Patients with presumed OSA could be consid-
ered for ambulatory surgery if they could be managed with 
nonopioid analgesia perioperatively.

The elements of the practice parameters for perioperative 
care of patients with OSA are noted in Table 1.5. 

PERIOPERATIVE OPIOID-INDUCED 
RESPIRATORY DEPRESSION

The Anesthesia Patient Safety Foundation (APSF) made peri-
operative opioid-induced respiratory depression a top priority 
in 2006. In 2011 it held its second conference on this sub-
ject and focused on monitoring for this entity. The executive 
summary of this conference recommended that “all patients 
receiving postoperative opioid analgesia should have periodic 
assessment of level of consciousness and continuous monitor-
ing of oxygenation by pulse oximetry,” and if supplemental 
oxygen is provided, “continuous monitoring of ventilation by 
capnography (PETCO2) or an equivalent method.”

In 2009 the ASA provided “Practice Guidelines for the Pre-
vention, Detection, and Management of Respiratory Depres-
sion Associated with Neuraxial Opioid Administration.” These 
were updated in 2016. Like the APSF, the ASA recommended 
that all patients receiving neuraxial opioids be monitored for 
adequacy of ventilation, oxygenation, and level of consciousness, 
with increased monitoring for patients with high-risk condi-
tions, including unstable medical conditions, obesity, OSA, 
concomitant administration of opioid analgesics or hypnotics 
by other routes, and extremes of age. They also recommended 
administering supplemental oxygen to patients with an altered 
level of consciousness, respiratory depression, or hypoxemia, 
and having resuscitative measures available as needed, includ-
ing narcotic reversal drugs and NIPPV. 

KEY POINTS

	•	� Electroencephalography (EEG) is an important method of 
studying wakefulness and sleep and defining sleep stages. 
The electrical activity of the brain can be categorized into 
three states: wakefulness, rapid eye movement (REM) 
sleep, and non-REM (NREM) sleep. The latter can be fur-
ther categorized into three stages: N1, N2, and N3, accord-
ing to the progressive decrease in frequency and increase in 
amplitude of EEG waveforms. Muscle tone as measured by 
electromyography is normal during wakefulness, decreased 
during NREM sleep, and abolished during REM sleep.

	•	� NREM sleep maintains homeostasis and autonomic stabil-
ity at low energy levels—that is, with a low basic metabolic 
rate and a decreased heart rate, cardiac output, and blood 
pressure. Hormonal secretion is maintained.

	•	� REM sleep impairs homeostasis and disrupts autonomic 
stability. REM-induced autonomic instability manifests as 
irregularity in the heart rate, cardiac output, blood pressure 
and tidal volume, and suppression of cardiac and respira-
tory chemoreceptor and baroreceptor reflexes. REM sleep 
is associated with skeletal muscle atonia affecting all skel-
etal muscles, including upper airway dilator muscles and 
intercostal muscles, but with significant sparing of the 
diaphragm.

	•	� Specific sleep disorders are disorders that manifest pre-
dominantly but not exclusively with sleep manifestations. 
They include disorders that manifest primarily as: (1) 
decreased sleep (insomnia), which is the most common 
type of sleep disorder, (2) increased sleep (hypersomnias), 
(3) abnormal sleep behavior (parasomnias), (4) disruptions 
of circadian rhythm, and (5) sleep-induced exacerbations 
of certain pathophysiologic problems such as sleep-related 
movement disorders and sleep-related breathing disorders.

	•	� The hallmark of obstructive sleep apnea (OSA) is sleep-
induced and arousal-relieved upper airway obstruction.

	•	� Functional collapse of the upper airway occurs when forces 
that can collapse the upper airway overcome the forces that 
can dilate the upper airway. Collapsing forces consist of 
intraluminal negative inspiratory pressure and extralumi-
nal positive pressure. Dilating forces consist of pharyngeal 



Chapter  1  Sleep-Related Breathing Disorders 13

dilating muscle tone and longitudinal traction on the upper 
airway by an increased lung volume, so-called tracheal tug.

	•	� Central sleep apnea refers to sleep apnea that is not associ-
ated with respiratory efforts during the apnea event. This 
absence of respiratory effort could be due to instability of 
neural control of respiration, weakness of respiratory mus-
cles, or both. Instability of respiratory control may include 
increased, decreased, or oscillating respiratory drive.

	•	� Apneic and hypopneic episodes result in hypoxia, which 
can be prolonged and severe. OSA-induced hypoxia and 

reoxygenation cycles activate redox-sensitive genes, oxi-
dative stress, inflammatory processes, the sympathetic 
nervous system, and the coagulation cascade, all of which 
can contribute to endothelial dysfunction and ultimately 
to systemic hypertension, pulmonary hypertension, ath-
erosclerosis, right and left ventricular systolic and diastolic 
dysfunction, coronary artery disease, congestive heart fail-
ure, atrial fibrillation, stroke, and sudden cardiac death.

	•	� Polysomnography can be used to differentiate CSA from 
OSA, assess its severity, detect associated hypoventilation 

  �� Perioperative Management of the Patient With Obstructive Sleep Apnea
  
Potential Sources of Perioperative Risk Perioperative Risk Mitigation

Lack of institutional protocol for periopera-
tive management of sleep apnea patients

Develop and implement institutional protocol for perioperative management of sleep apnea 
patients.

Patients with a known diagnosis of obstruc-
tive sleep apnea (OSA)

Know sleep study results.
Know the therapy being used: oral appliance, positive airway pressure (PAP) with settings 

(mode, pressure level, supplemental oxygen if any).
Consult sleep medicine specialist as needed.

Patients without a diagnosis of OSA Use a screening tool to determine the likelihood of OSA: AASM questionnaire, ASA checklist, 
Berlin questionnaire, or STOP-BANG questionnaire.

Inpatient versus outpatient surgery Decisions based on institutional protocol containing factors related to: (1) patient, (2) proce-
dure, (3) facility, and (4) postdischarge setting

Preoperative lack of optimization of therapy 
for OSA

Consult sleep medicine specialist to optimize therapy.

Preoperative sedative-induced airway com-
promise or respiratory depression

Use preoperative sedation only in a monitored setting.

Intraoperative sedative/opioid/anesthetic-
induced upper airway compromise or 
respiratory depression during monitored 
anesthesia care (MAC)

Whenever possible, use topical, local, or regional anesthesia with minimal to no sedation.
Continuous monitoring of ventilation adequacy
Use of the patient’s OSA therapy device during MAC with sedation
Consider general anesthesia with a secured airway vs. deep sedation with an unsecured 

airway.
At risk for oxygen desaturation Elevate head of bed to facilitate spontaneous ventilation/oxygenation.

Preoxygenate sufficiently.
Maintain oxygen insufflation by nasal cannula during endotracheal intubation.

Possible difficult mask ventilation or endo-
tracheal intubation

Apply ASA Difficult Airway Algorithm, including the use of laryngeal mask airway, videolaryn-
goscope, fiberoptic bronchoscope, and transtracheal jet ventilation as indicated.

Optimize head/neck position for mask ventilation and endotracheal intubation.
Potential difficulty with noninvasive blood 

pressure monitoring and/or increased risk 
for cardiovascular complications

Consider intraarterial catheter for blood pressure monitoring and blood sampling for arterial 
blood gases.

Postextubation airway obstruction in the op-
erating room or postanesthesia care unit 
with associated risk of negative pressure 
pulmonary edema

Elevate the head of the bed.
Extubate only after patient clearly meets objective extubation criteria.
Maintain readiness for reintubation with the same device used during induction and expect 

that the difficulty of intubation will be greater than previously.
At risk for postoperative oxygen desaturation Supplemental oxygen therapy

Consider nasal airway.
Consider PAP therapy (this can be initiated de novo in the postoperative setting).

Communication failure during transfer of 
care

Identify the patient’s diagnosis of sleep apnea and its therapy.
Alert staff about expected problems and their management.

Perioperative opioid-related respiratory 
depression due to opioids administered 
by neuraxial route, intravenous route with 
bolus injection, or via intravenous patient-
controlled analgesia (IV-PCA)

Supplemental oxygen as needed
Continuous electronic monitoring of oxygenation and ventilation
Maintain patient’s OSA therapy whenever possible; use home settings as a guide.
Avoid background mode with IV-PCA.
Consider opioid-sparing analgesic techniques (e.g., transcutaneous electrical nerve stimula-

tion), and use nonopioid analgesics (e.g., NSAIDs, acetaminophen, tramadol, ketamine, 
gabapentin) whenever possible.

Postdischarge opioid-induced respiratory 
depression and/or exacerbation of OSA

Ensure companionship and a safe home environment for high-risk patients.
Consult sleep medicine specialist to optimize sleep apnea therapy if needed.

��ASA, American Society of Anesthesiologists; NSAIDs, Nonsteroidal antiinflammatory drugs.

TABLE 1.5
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and hypoxia, detect associated EEG, ECG, and limb move-
ment events, and, when indicated, titrate positive airway 
pressure (PAP) therapy and perform follow-up assessment 
of any implemented therapy for the sleep-related breathing 
disorder.

	•	� Because of its high prevalence rate and a general lack of 
diagnosis, the first step in management of OSA is detection.

	•	� Suggested mechanisms for the efficacy of continuous PAP 
therapy include (1) increasing the pharyngeal transmural 
pressure (pneumatic splint effect), (2) reducing pharyngeal 
wall thickness and airway edema, (3) increasing airway 
tone by mechanoreceptor stimulation, and (4) increasing 
end-expiratory lung volume and producing a tracheal tug 
effect.

	•	� The perioperative period can exacerbate sleep-related 
breathing disorders because of (1) sleep deprivation due to 
anxiety, pain, alterations in circadian rhythms, and nurs-
ing interventions; (2) REM sleep rebound, which worsens 
OSA; and (3) the suppressant effects of anesthetics, seda-
tives, and analgesics on airway patency, respiratory drive, 
and arousal.

	•	� To avoid opioid-induced respiratory depression, all patients 
receiving opioids, including neuraxial opioids, should 
be monitored for adequacy of ventilation, oxygenation, 
and level of consciousness, with increased monitoring 
for patients with high-risk conditions, including unstable 
medical conditions, obesity, OSA, concomitant administra-
tion of opioid analgesics or hypnotics by other routes, and 
extremes of age.
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Epworth Sleepiness Scale (ESS)

The ESS was developed in 1990 at Epworth Hospital in Mel-
bourne, Australia, by Dr. Murray W. Johns to assess excessive 
daytime sleepiness (EDS). It has 8 questions, scored from 0–3 
for each, to assess the likelihood of falling asleep in common 
daytime activities. 

THE ESS

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 haven’t done some 
of these things recently, try to work out how they would have 
affected you. Use the following scale to choose the most appro-
priate number for each situation.
Scale:
0 = would never doze
1 = slight chance of dozing
2 = moderate chance of dozing
3 = high chance of dozing

Situation:
	1.	� Sitting and reading
	2.	� Watching TV
	3.	� Sitting inactive in a public place (e.g., a theater or a meeting)
	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.	� Sitting and talking to someone
	7.	� Sitting quietly after a lunch without alcohol
	8.	� In a car while stopped for a few minutes in traffic 

INTERPRETING ESS SCORES

ESS score = 6 is the population norm.
ESS score ≥ 10 is considered abnormal and indicative of exces-

sive daytime sleepiness.
ESS score ≥ 16 is commonly reported in patients with narcolepsy.
ESS score = 24 is considered a contraindication to operating a 

motor vehicle because it indicates a high chance of dozing 
in a car while stopped for a few minutes in traffic. 

APPENDIX

1.1

From Johns MW. A new method for measuring daytime sleepiness: 
the Epworth sleepiness scale. Sleep. 1991;14:540-545.
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The BQ was developed in 1996 at the Conference on Sleep in 
Primary Care in Berlin, Germany. It has 3 categories assess-
ing snoring, sleepiness, and risk factors. A category is scored 
positive if it had ≥2 positive answers and the BQ is considered 
indicative of high risk for OSA if it has ≥2 positive categories.

Netzer et al. found that being high-risk according to the BQ 
group predicted an RDI ≥ 5 with a sensitivity of 0.86, a speci-
ficity of 0.77, a positive predictive value of 0.89, and a likeli-
hood ratio of 3.79.

Berlin Questionnaire (BQ)

Height _____ m; Weight _____ kg; Age _____; Male/Female 

CATEGORY 1. SNORING AND APNEA

Category 1 has 5 questions, with positive answers to each 
question being as follows:
	1.	 Do you snore?

Yes
	2.	 If you snore, your snoring is:

Louder than talking or can be heard in adjacent room
	3.	 How often do you snore?

≥3–4 times a week
	4.	 Has your snoring ever bothered other people?

Yes
	5.	� Has anyone noticed that you stop breathing during your 

sleep?
≥3–4 times a week 

CATEGORY 2. DAYTIME SLEEPINESS

Category 2 has 4 questions, with positive answers to each 
question being as follows:
	6.	 How often do you feel tired or fatigued after your sleep?

≥3–4 times a week
	7.	� During your waking time, do you feel tired, fatigued, or not 

up to par?
≥3–4 times a week

	8.	� Have you ever nodded off or fallen asleep while driving a 
vehicle?
Yes

	9.	 If yes, how often does this occur?
≥3–4 times a week 

CATEGORY 3. RISK FACTORS

Category 3 has 3 questions, with positive answers to each 
question being as follows:
	10.	 Do you have high blood pressure?

Yes
	11.	 Is your BMI > 30 or your neck collar size > 17 inches?

Yes
	12.	 Do you have a very small jaw or large overbite?

Yes 

Berlin Questionnaire (BQ)

APPENDIX

1.2

From Netzer NC, Stoohs RA, Netzer CM, et al. Using the Berlin 
Questionnaire to identify patients at risk for the sleep apnea syn-
drome. Ann Intern Med. 1999;131(7):485-491.
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American Academy of Sleep 
Medicine Questionnaire for 
Exploring Obstructive Sleep Apnea

APPENDIX

1.3

(YES/NO QUESTIONS)

	 1.	� People tell me that I snore.
	 2.	� I wake up at night with a feeling of shortness of breath or 

choking.
	 3.	� People tell me that I gasp, choke, or snort while I am 

sleeping.
	 4.	� People tell me that I stop breathing while I am sleeping.
	 5.	� I awake feeling almost as or more tired than when I went 

to bed.
	 6.	� I often awake with a headache.
	 7.	� I often have difficulty breathing through my nose.
	 8.	� I fight sleepiness during the day.
	 9.	� I fall asleep when I relax before or after dinner.
	10.	� Friends, colleagues or family comment on my sleepiness. 

HIGH RISK FOR OBSTRUCTIVE SLEEP 
APNEA CHARACTERISTICS

	1.	� Male
	2.	� BMI > 25 kg/m2

	3.	� Neck circumference (>17 inches in men, >16 inches in 
women)

	4.	� Habitual snoring/gasping noted by bed partner
	5.	� Daytime sleepiness
	6.	� Hypertension 

LOW RISK FOR OBSTRUCTIVE SLEEP 
APNEA CHARACTERISTICS

	1.	� No snoring
	2.	� Premenopausal
	3.	� Thin 

From Meoli AL, Rosen CL, Kristo D et al. Clinical Practice Review 
Committee, American Academy of Sleep Medicine. Upper air-
way management of the adult patient with obstructive sleep 
apnea in the perioperative period—avoiding complications. Sleep. 
2003;26:1060-1065.
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ASA Checklist: Identification and 
Assessment of Obstructive Sleep 
Apnea in Adults

APPENDIX

1.4

From Gross JB, Bachenberg KL, Benumof JL, et al. American Society 
of Anesthesiologists Task Force on Perioperative Management. Prac-
tice guidelines for the perioperative management of patients with 
obstructive sleep apnea: a report by the American Society of Anes-
thesiologists Task Force on Perioperative Management of Patients 
With Obstructive Sleep Apnea. Anesthesiology. 2006;104:1081-1093.

CATEGORY 1: PREDISPOSING PHYSICAL 
CHARACTERISTICS

	a.	� BMI ≥ 35 kg/m2

	b.	� Neck circumference > 43 cm/17 inches (men) or 40 cm/16 
inches (women)

	c.	� Craniofacial abnormalities affecting the airway
	d.	� Anatomic nasal obstruction
	e.	� Tonsils nearly touching or touching the midline 

CATEGORY 2: HISTORY OF APPPARENT 
AIRWAY OBSTRUCTION DURING SLEEP

Two or more of the following are present (if patient lives alone 
or sleep is not observed by another person, then only one of 
the following need be present):
	a.	� Snoring (loud enough to be heard through a closed door)
	b.	� Frequent snoring
	c.	� Observed pauses in breathing during sleep
	d.	� Awakens from sleep with choking sensation
	e.	� Frequent arousals from sleep 

CATEGORY 3: SOMNOLENCE

One or more of the following are present:
	a.	� Frequent somnolence or fatigue despite adequate “sleep”
	b.	� Falls asleep easily in a nonstimulating environment (e.g., 

watching TV, reading, riding in or driving a car) despite 
adequate “sleep” 

SCORING

If two or more items in category 1 are positive, category 1 is 
positive.

If two or more items in category 2 are positive, category 2 is 
positive.

If one or more items in category 3 are positive, category 3 is 
positive.

High risk of obstructive sleep apnea: two or more categories 
scored as positive

Low risk of obstructive sleep apnea: only one or no category 
scored as positive 
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Obstructive Sleep Apnea (OSA) 
Screening Tools

APPENDIX 

1.5

STOP QUESTIONNAIRE (4 YES-OR-NO 
QUESTIONS)

	1.	� Snoring: Do you snore loudly (loud enough to be heard 
through closed doors)?

	2.	� Tired: Do you often feel tired, fatigued, or sleepy during the 
daytime?

	3.	� Observed: Has anyone observed you stop breathing during 
your sleep?

	4.	� Blood Pressure: Do you have or are you being treated for 
high blood pressure?

High risk of OSA: Yes to 2 or more questions
Low risk of OSA: Yes to fewer than 2 questions 

STOP-BANG SCORING MODEL (8 YES-
OR-NO QUESTIONS)

	1.	� Snoring: Do you snore loudly (loud enough to be heard 
through closed doors)?

	2.	� Tired: Do you often feel tired, fatigued, or sleepy during the 
daytime?

	3.	� Observed: Has anyone observed you stop breathing during 
your sleep?

	4.	� Blood Pressure: Do you have or are you being treated for 
high blood pressure?

	5.	� BMI: BMI more than 35 kg/m2?
	6.	� Age: older than 50 years?
	7.	� Neck circumference: >40 cm (17 inches)?
	8.	� Gender: male?
High risk of OSA: Yes to 3 or more questions
Low risk of OSA: Yes to fewer than 3 questions

Source: Chung F, Yegneswaran B, Liao P, et al. STOP questionnaire: 
a tool to screen patients for obstructive sleep apnea. Anesthesiology. 
2008;108:812-821.
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Anesthesiologists commonly deal with patients with lung dis-
eases and know that such patients are at an increased risk of 
perioperative pulmonary complications. �ere is increasing 
awareness of how these complications contribute to overall 
morbidity, mortality, and increased hospital length of stay. 
Perioperative pulmonary complications can also play an 
important role in determining long-term mortality a�er sur-
gery. Modi�cation of disease severity and patient optimization 
prior to surgery can signi�cantly decrease the incidence of 
these complications.

Obstructive respiratory diseases can be divided into the 
following groups for discussion of their in�uence on anes-
thetic management: (1) acute upper respiratory tract infec-
tion (URI), (2) asthma, (3) chronic obstructive pulmonary 

disease (COPD), and (4) a miscellaneous group of respiratory 
disorders.

ACUTE UPPER RESPIRATORY TRACT 
INFECTION

Every year approximately 25 million patients visit their doc-
tors because of a URI. �e �common cold� syndrome results 
in about 20 million days of absence from work and 22 million 
days of absence from school, so it is likely there will be a popu-
lation of patients scheduled for elective surgery who have an 
active URI.

Infectious (viral or bacterial) nasopharyngitis accounts for 
about 95% of all URIs, with the most common responsible 
viral pathogens being rhinovirus, coronavirus, in�uenza virus, 
parain�uenza virus, and respiratory syncytial virus (RSV). 
Noninfectious nasopharyngitis can be allergic or vasomotor 
in origin.

Signs and Symptoms

Most common symptoms of acute URI include nonproduc-
tive cough, sneezing, and rhinorrhea. A history of seasonal 
allergies may indicate an allergic cause of these symptoms 
rather than an infectious cause. Symptoms caused by bacte-
rial infections will usually present with more serious signs and 
symptoms such as fever, purulent nasal discharge, productive 
cough, and malaise. Such patients may be tachypneic, wheez-
ing, or have a toxic appearance.�

Diagnosis

Diagnosis is usually based on clinical signs and symptoms. 
Viral cultures and laboratory tests lack sensitivity, are time and 
cost consuming, and therefore impractical in a busy clinical 
setting.�

Management of Anesthesia

Most studies regarding the e�ects of URI on postoperative 
pulmonary complications have involved pediatric patients.  
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It is well known that children with a URI are at much higher 
risk of adverse events such as transient hypoxemia and laryn-
gospasm if they are anesthetized while su�ering a URI. How-
ever, there are limited data about the adult population in this 
regard. �ere is evidence to show an increased incidence of 
respiratory complications in pediatric patients with a his-
tory of copious secretions, prematurity, parental smoking, 
nasal congestion, reactive airway disease, endotracheal intu-
bation, and in those undergoing airway surgery. �ose with 
clear systemic signs of infection such as fever, purulent rhini-
tis, productive cough, and rhonchi who are undergoing elec-
tive surgery (particularly airway surgery) are at considerable 
risk of perioperative adverse events. Consultation with the 
surgeon regarding the urgency of the surgery is necessary. A 
patient who has had a URI for days or weeks and is in stable or 
improving condition can be safely managed without postpon-
ing surgery. If surgery is to be delayed, patients should not be 
rescheduled for about 6 weeks, since it may take that long for 
airway hyperreactivity to resolve. �e economic and practical 
aspects of canceling surgery should also be taken into consid-
eration before a decision is made to postpone surgery.

Viral infections, particularly during the infectious phase, can 
cause morphologic and functional changes in the respiratory 
epithelium. �e relationship between epithelial damage, viral 
infection, airway reactivity, and anesthesia remains unclear. 
Tracheal mucociliary �ow and pulmonary bactericidal activity 
can be decreased by general anesthesia. It is possible that posi-
tive pressure ventilation could help spread infection from the 
upper to the lower respiratory tract. �e immune response of 
the body is altered by surgery and anesthesia. A reduction in 
B-lymphocyte numbers, T-lymphocyte responsiveness, and 
antibody production may be associated with anesthesia, but the 
clinical signi�cance of this remains to be elucidated.

�e anesthetic management of a patient with a URI should 
include adequate hydration, reducing secretions, and limiting 
manipulation of a potentially sensitive airway. Nebulized or 
topical local anesthetic applied to the vocal cords may reduce 
upper airway sensitivity. Use of a laryngeal mask airway 
(LMA) rather than an endotracheal (ET) tube may also reduce 
the risk of laryngospasm.

Adverse respiratory events in patients with URIs include 
bronchospasm, laryngospasm, airway obstruction, postintu-
bation croup, desaturation, and atelectasis. Intraoperative and 
immediate postoperative hypoxemia are common and amena-
ble to treatment with supplemental oxygen. Long-term com-
plications have not been demonstrated.�

ASTHMA

Asthma is one of the most common chronic medical condi-
tions in the world and currently a�ects approximately 300 
million people globally. �e prevalence of asthma has been 
rising in developing countries, and this has been attributed to 
increased urbanization and atmospheric pollution.

Asthma is a disease of reversible air�ow obstruction char-
acterized by bronchial hyperreactivity, bronchoconstriction, 

and chronic airway in�ammation. Development of asthma is 
multifactorial and includes genetic and environmental causes. 
It seems likely that various genes contribute to development of 
asthma and also determine the severity of asthma in an individ-
ual. A family history of asthma, maternal smoking during preg-
nancy, viral infections (especially with rhinovirus and infantile 
RSV), and limited exposure to highly infectious environments 
as a child (i.e., farms, daycare centers, and pets) all contribute 
to the development of asthma. A list of some stimuli that can 
provoke an episode of asthma are summarized in Table 2.1.

�e pathophysiology of asthma is a speci�c chronic in�am-
mation of the mucosa of the lower airways. Activation of 
the in�ammatory cascade leads to in�ltration of the airway 
mucosa with eosinophils, neutrophils, mast cells, T cells, B 
cells, and leukotrienes. �is results in airway edema, particu-
larly in the bronchi. �ere is thickening of the basement mem-
brane and the airway wall may be thickened and edematous. 
�e in�ammatory mediators implicated in asthma include his-
tamine, prostaglandin D2 and leukotrienes. Typically there are 
simultaneous areas of in�ammation and repair in the airways.

Signs and Symptoms

Asthma is an episodic disease with acute exacerbations inter-
spersed with symptom-free periods. Most attacks are short lived, 
lasting minutes to hours, and clinically the person recovers com-
pletely a�er an attack. However, there can be a phase in which a 
patient experiences some degree of airway obstruction daily. �is 
phase can be mild, with or without superimposed severe episodes, 
or much more serious, with signi�cant obstruction persisting for 
days or weeks. Status asthmaticus is de�ned as life-threatening 
bronchospasm that persists despite treatment. When the history 
is elicited from someone with asthma, attention should be paid 
to factors such as previous intubation or admission to the inten-
sive care unit (ICU), two or more hospitalizations for asthma in 
the past year, and the presence of signi�cant co-existing diseases. 
Clinical manifestations of asthma include wheezing, productive 
or nonproductive cough, dyspnea, chest discomfort or tightness 
that may lead to air hunger, and eosinophilia.�

Diagnosis

�e diagnosis of asthma depends on both symptoms and signs 
and objective measurements of airway obstruction. Asthma 
is diagnosed when a patient reports symptoms of wheez-
ing, chest tightness, or shortness of breath and demonstrates 

  �� Stimuli Provoking Symptoms of Asthma
  
Allergens
Pharmacologic agents: aspirin, �-antagonists, some nonsteroidal 

antiinflammatory drugs, sulfiting agents
Infections: respiratory viruses
Exercise: attacks typically follow exertion rather than occurring 

during it
Emotional stress: endorphins and vagal mediation

TABLE 2.1
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air�ow obstruction on pulmonary function testing that is at 
least partially reversible with bronchodilators. Asthma sever-
ity depends on the clinical symptoms, the results of pulmonary 
function testing, and medication usage (Tables 2.2 and 2.3).

Pulmonary Function Testing
Forced expiratory volume in 1 second (FEV1); forced expi-
ratory �ow, midexpiratory phase (FEF25%�75% [also called 
maximum midexpiratory �ow rate]); and peak expiratory �ow 
rate (PEFR) are direct measures of the severity of expiratory 
air�ow obstruction (Fig. 2.1). �ese measurements provide 
objective data that can be used to assess the severity and moni-
tor the course of an exacerbation of asthma. �e typical asth-
matic patient who comes to the hospital for treatment has an 
FEV1 that is less than 35% of normal. Flow-volume loops show 
characteristic downward scooping of the expiratory limb of 
the loop. Flow-volume loops in which the inhaled or exhaled 
portion of the loop is �at help distinguish wheezing caused 
by airway obstruction (i.e., due to a foreign body, tracheal 
stenosis, or mediastinal tumor) from asthma (Figs. 2.2 and 
2.3). During moderate or severe asthmatic attacks, the func-
tional residual capacity (FRC) may increase substantially, but 
total lung capacity (TLC) usually remains within the normal 

  �� Most Clinically Useful Spirometric Tests of 
Lung Function

  
Forced expiratory volume in 1 sec (FEV1): The volume of air that 

can be forcefully exhaled in 1 sec. Values between 80% and 
120% of the predicted value are considered normal.

Forced vital capacity (FVC): The volume of air that can be 
exhaled with maximum effort after a deep inhalation. Normal 
values are � 3.7 L in females and � 4.8 L in males.

Ratio of FEV1 to FVC: This ratio in healthy adults is 75%–80%.
Forced expiratory flow at 25%–75% of vital capacity (FEF25%–

75%): A measurement of airflow through the midpoint of a forced 
exhalation.

Maximum voluntary ventilation (MVV): The maximum amount 
of air that can be inhaled and exhaled within 1 min. For patient 
comfort, the volume is measured over a 15-sec time period and 
results are extrapolated to obtain a value for 1 min expressed 
as liters per minute. Average values for males and females are 
140–180 and 80–120 L/min, respectively.

Diffusing capacity (DLCO): The volume of a substance (carbon 
monoxide [CO]) transferred across the alveoli into blood per 
minute per unit of alveolar partial pressure. CO is rapidly taken 
up by hemoglobin. Its transfer is therefore limited mainly by 
diffusion. A single breath of 0.3% CO and 10% helium is held 
for 20 sec. Expired partial pressure of CO is measured. Normal 
value is 17–25 mL/min/mm Hg.

TABLE 2.2

  �� Classification of Asthma Severity in Youths Older Than 12 Years and in Adults
  

Components of
Severity

Classification of Asthma Severity
(Youths ��12 years of age and adults)

Intermittent 

Symptoms

Interference with
normal activity

Lung function

Nighttime
awakenings

Short-acting
�2-agonist use
for symptom
control (not 

prevention of EIB)

Risk

��2 days/week

��2 days/week

��2x/month ��1x/week but
not nightly

�2/year0–2/yearExacerbations
(consider

frequency and
severity)

Frequency and severity may fluctuate over time
for patients in any severity category

Relative annual risk of exacerbations may be related to FEV1.

�2 days/week
but not daily Daily

None

• Normal FEV1
  between
  exacerbations
• FEV1 ��80%
  predicted

• FEV1 ��80%
  predicted

• FEV1 ��60%
  predicted

• FEV1 ��60% but
  ��80% predicted

• FEV1 :FVC
  normal

• FEV1 :FVC
  normal

• FEV1 :FVC
  reduced 5%

• FEV1 :FVC
  reduced ��5%

Minor limitation Some limitation Extremely
limited

Several times
per day

Often
7x/week3–4x/month

��2 days/week
but not daily Daily Throughout

the day

Impairment

Normal FEV1:FVC:

  8–19 yr  85%
20–39 yr  80%
40–59 yr  75%
60–80 yr  70%

Mild Moderate Severe

Persistent

From National Asthma Education and Prevention Program. Expert Panel Report 3: Guidelines for the Diagnosis and Management of Asthma (EPR3). Bethesda, MD: 
National Heart, Lung, and Blood Institute; 2007.

TABLE 2.3
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range. Di�using capacity for carbon monoxide is not changed. 
Bronchodilator responsiveness provides supporting evidence 
if asthma is suspected on clinical grounds. In patients with 
expiratory air�ow obstruction, an increase in air�ow a�er 
inhalation of a bronchodilator suggests asthma. Abnormalities 

in pulmonary function test (PFT) results may persist for sev-
eral days a�er an acute asthmatic attack despite the absence 
of symptoms. Since asthma is an episodic illness, its diagnosis 
may be suspected even if PFT results are normal.�

Arterial Blood Gas Analysis
Mild asthma is usually accompanied by a normal Pa�2 and 
Pa��2. Tachypnea and hyperventilation observed during an acute 
asthmatic attack do not re�ect arterial hypoxemia but rather 
neural re�exes in the lungs. Hypocarbia and respiratory alkalo-
sis are the most common arterial blood gas �ndings in the pres-
ence of asthma. As the severity of expiratory air�ow obstruction 
increases, the associated ventilation/perfusion mismatching may 
result in a Pa�2 of less than 60 mm Hg while breathing room air. 
�e Pa��2 is likely to increase when the FEV1 is less than 25% of 
the predicted value. Fatigue of the skeletal muscles necessary for 
breathing may contribute to the development of hypercarbia.�

Chest Radiography and Electrocardiography
A chest radiograph in a patient with mild or moderate asthma 
even during an asthma exacerbation is o�en normal. Patients with 
severe asthma may demonstrate hyperin�ation and hilar vascular 
congestion due to mucus plugging and pulmonary hypertension. 
Chest x-rays can be helpful in determining the cause of an asthma 
exacerbation and in ruling out other causes of wheezing. �e 
electrocardiogram (ECG) may show evidence of right ventricular 
strain or ventricular irritability during an asthmatic attack.

�e di�erential diagnosis of asthma includes viral tracheo-
bronchitis, sarcoidosis, rheumatoid arthritis with bronchiol-
itis, extrinsic compression (thoracic aneurysm, mediastinal 
neoplasm) or intrinsic compression (epiglottitis, croup) of the 
upper airway, vocal cord dysfunction, tracheal stenosis, chronic 
bronchitis, COPD, and foreign body aspiration. Upper airway 
obstruction produces a characteristic �ow-volume loop (see  
Fig. 2.3A). A history of recent trauma, surgery, or tracheal 
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FIG. 2.1  Spirographic changes of a healthy subject (A) and a patient in bronchospasm (B). The 
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FIG. 2.2  Flow-volume curves in different conditions: obstructive 
disease, O; extraparenchymal restrictive disease with limitation in 
inspiration and expiration, R(E); and parenchymal restrictive disease, 
R(P). Forced expiration is plotted for all conditions; forced inspira-
tion is shown only for the normal curve. By convention, lung volume 
increases to the left on the abscissa. The arrow alongside the normal 
curve indicates the direction of expiration from total lung capacity 
(TLC) to residual volume (RV). (Adapted from Weinberger SE. Distur-
bances of respiratory function. In: Fauci B, Braunwald E, Isselbacher 
KJ, et al., eds. Harrison’s Principles of Internal Medicine. 14th ed. 
New York: McGraw-Hill; 1998.)
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intubation may be present in patients with upper airway 
obstruction mimicking asthma. Congestive heart failure and 
pulmonary embolism may also cause dyspnea and wheezing.�

Treatment

Historically, treatment of asthma has been directed at prevent-
ing and controlling bronchospasm with bronchodilator drugs. 
However, recognition of the consistent presence of airway 
in�ammation in patients with asthma has resulted in some 
changes in the pharmacologic therapy of asthma. �ere is now 
an emphasis on preventing and controlling bronchial in�am-
mation as well as treating bronchospasm. Asthma treatments 
can be classi�ed by their role in asthma management and by 
the timing of their e�ects (i.e., immediate relief or long-term 
therapy) (Tables 2.4 and 2.5).

Serial determination of PFTs can be useful for monitor-
ing the response to treatment. When the FEV1 improves to 
about 50% of normal, patients usually have minimal or no 
symptoms.

Status Asthmaticus
Status asthmaticus is de�ned as bronchospasm that does not 
resolve despite treatment and is considered life threatening. Emer-
gency treatment of status asthmaticus consists of intermittent or 
continuous administration of �2-agonists. �2-Agonists inhaled 
via a metered-dose inhaler can be administered every 15�20 min-
utes for several doses without signi�cant adverse hemodynamic 
e�ects, although patients may experience unpleasant sensations 
resulting from adrenergic overstimulation. Continuous admin-
istration of �2-agonists by nebulizer may be more e�ective for 
delivery of these drugs to relieve airway spasm. Intravenous (IV) 
corticosteroids are administered early in treatment, because it 
takes several hours for their e�ect to appear. �e corticosteroids 
most commonly selected are hydrocortisone and methylpred-
nisolone. Supplemental oxygen is administered to help maintain 
arterial oxygen saturation above 90%. Other drugs used in more 
intractable cases include magnesium and oral leukotriene inhibi-
tors. Studies on the use of IV magnesium sulfate indicate that it 
may signi�cantly improve lung function and reduce the rate of 
hospital admission in children. �e National Asthma Education 
and Prevention Program Expert Panel always has the most recent 
evidence-based guidelines for treatment of asthma on their web-
site (http://www.nhlbi.nih.gov/about/org/naepp/).

Measurements of lung function can be very helpful in 
assessing the severity of status asthmaticus and the response 
to treatment. Patients whose FEV1 or PEFR is decreased to 
25% of normal or less are at risk of developing of hypercarbia 
and respiratory failure. �e presence of hypercarbia (de�ned 
as a Pa��2 > 50 mm Hg) despite aggressive antiin�ammatory 
and bronchodilator therapy is a sign of respiratory fatigue that 
requires tracheal intubation and mechanical ventilation. �e 
pattern of mechanical ventilation can be particularly impor-
tant in the patient with status asthmaticus. �e expiratory 
phase must be prolonged to allow for complete exhalation and 
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  �� Short-Acting Bronchodilators Used for 
Immediate Relief of Asthma

  
Drug Action Adverse Effects

Albuterol 
(Proventil)

Levalbuterol 
(Xopenex)

�2-Agonist: stimulates �2 
receptors in  
tracheobronchial tree

Tachycardia
Tremors
Dysrhythmias
Hypokalemia

Metaproterenol
Pirbuterol 

(Maxair)

TABLE 2.4
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to prevent self-generated or intrinsic positive end-expiratory 
pressure (auto-PEEP). To prevent barotrauma, some recom-
mend a degree of permissive hypercarbia. When the FEV1 or 
PEFR improves to 50% of normal or higher, patients usually 
have minimal or no symptoms, and at this point the frequency 
and intensity of bronchodilator therapy can be decreased and 
weaning from mechanical ventilation can ensue.

When status asthmaticus is resistant to therapy, it is likely 
that the expiratory air�ow obstruction is caused predominantly 
by airway edema and intraluminal secretions. Indeed, some 
patients with status asthmaticus are at risk of asphyxia due to 
mucus plugging of the airways. In rare circumstances when 
life-threatening status asthmaticus persists despite aggressive 
pharmacologic therapy, it may be necessary to consider general 
anesthesia to produce bronchodilation. Iso�urane and sevo�u-
rane are e�ective bronchodilators in this situation. Treatment of 
status asthmaticus is summarized in Table 2.6.�

Management of Anesthesia

�e occurrence of �severe� bronchospasm has been reported 
in 0.2%�4.2% of all procedures involving general anesthesia 
performed in asthmatic patients. Factors that are more likely 
to predict the occurrence of severe bronchospasm include the 
type of surgery (risk is higher with upper abdominal surgery 
and oncologic surgery) and the proximity of the most recent 
asthmatic attack to the date of surgery.

Several mechanisms could explain the contribution of gen-
eral anesthesia to increased airway resistance. Among these 
are depression of the cough re�ex, impairment of mucociliary 
function, reduction of palatopharyngeal muscle tone, depres-
sion of diaphragmatic function, and an increase in the amount 
of �uid in the airway wall. In addition, airway stimulation by 
endotracheal intubation, parasympathetic nervous system 
activation, and/or release of neurotransmitters of pain such as 
substance P and neurokinins may also play a role.

  �� Drugs Used for Long-Term Treatment of Asthma
  
Class Drug Action Adverse Effects

Inhaled corticosteroids Beclomethasone
Budesonide
(Pulmicort)
Ciclesonide
Flunisolide
Fluticasone
(Flovent)
Mometasone
Triamcinolone

Decrease airway inflammation
Reduce airway hyperresponsiveness

Dysphonia
Myopathy of laryngeal muscles
Oropharyngeal candidiasis

Long-acting bronchodilators Arformoterol
(Brovana)
Formoterol
Salmeterol

�2-Agonist: stimulates �2-receptors in 
tracheobronchial tree

Therapy with just long-acting 
bronchodilators can cause 
airway inflammation and 
an increased incidence of 
asthma exacerbations.

Should not be used except with 
an inhaled corticosteroid

Combined inhaled  
corticosteroids + long-acting 
bronchodilators

Budesonide + formoterol
(Symbicort)
Fluticasone + salmeterol
(Advair)

Combination of long-acting bronchodilator 
and inhaled corticosteroid

Leukotriene modifiers Montelukast
(Singulair)
Zafirlukast
(Accolate)
Zileuton
(Zyflo)

Reduce synthesis of leukotrienes by  
inhibiting 5-lipoxygenase enzyme

Minimal

Anti-IgE monoclonal antibody Omalizumab
(Xolair)

Decreases IgE release by inhibiting binding 
of IgE to mast cells and basophils

Injection site reaction
Arthralgia
Sinusitis
Pharyngitis
Headache

Methylxanthines Theophylline
Aminophylline

Increase cAMP by inhibiting  
phosphodiesterase, block adenosine 
receptors, release endogenous  
catecholamines

Disrupted sleep cycle
Nervousness
Nausea/vomiting, anorexia
Headache
Dysrhythmias

Mast cell stabilizer Cromolyn Inhibit mediator release from mast cells, 
membrane stabilization

Cough
Throat irritation

cAMP, Cyclic adenosine monophosphate; IgE, immunoglobulin E.

TABLE 2.5
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Preoperative evaluation of patients with asthma requires 
an assessment of disease severity, the e�ectiveness of current 
pharmacologic management, and the potential need for addi-
tional therapy before surgery. �e goal of preoperative evalua-
tion is to formulate an anesthetic plan that prevents or blunts 
expiratory air�ow obstruction.

Preoperative evaluation begins with a history to elicit the 
severity and characteristics of the patient�s asthma (Table 
2.7). On physical examination the general appearance of 
the patient and any use of accessory muscles of respiration 
should be noted. Auscultation of the chest to detect wheez-
ing or crepitations is important. Blood eosinophil counts 
o�en parallel the degree of airway in�ammation, and airway 
hyperreactivity provides an indirect assessment of the cur-
rent status of the disease. PFTs (especially FEV1) performed 
before and a�er bronchodilator therapy may be indicated in 
patients scheduled for major surgery. A reduction in FEV1 or 
forced vital capacity (FVC) to less than 70% of predicted, as 
well as an FEV1:FVC ratio that is less than 65% of predicted, is 
usually considered a risk factor for perioperative respiratory 
complications.

Chest physiotherapy, antibiotic therapy, and bronchodila-
tor therapy during the preoperative period can o�en improve 
reversible components of asthma. Measurement of arterial 
blood gases is indicated if there is any question about the ade-
quacy of ventilation or oxygenation.

Antiin�ammatory and bronchodilator therapy should be 
continued until the time of anesthesia induction. If the patient 
is currently on or has been treated with high doses of systemic 
corticosteroids within the past 6 months, supplementation 
with �stress dose� hydrocortisone or methylprednisolone is 
indicated. However, hypothalamic-pituitary-adrenal suppres-
sion is very unlikely if only inhaled corticosteroids are used for 
asthma treatment. In selected patients a preoperative course 
of oral corticosteroids may be useful to improve overall lung 
function. Patients should be free of wheezing and have a PEFR 
of either greater than 80% of predicted or at the patient�s per-
sonal best value before surgery.

During induction and maintenance of anesthesia in asth-
matic patients, airway re�exes must be suppressed to avoid 
bronchoconstriction in response to mechanical stimulation 
of these hyperreactive airways. Stimuli that do not ordinarily 
evoke airway responses can precipitate life-threatening bron-
choconstriction in patients with asthma.

Because it avoids instrumentation of the airway and tra-
cheal intubation, regional anesthesia is an attractive option 
when the operative site is suitable. Concerns that high sensory 
levels of anesthesia will lead to sympathetic blockade and con-
sequent bronchospasm are unfounded.

When general anesthesia is selected, induction of anesthe-
sia is most o�en accomplished with an IV induction drug. Pro-
pofol is o�en used for induction in a hemodynamically stable 
asthmatic patient. It produces smooth muscle relaxation and 
contributes to decreased airway resistance. Ketamine is a pre-
ferred induction drug in a hemodynamically unstable patient 
with asthma.

A�er general anesthesia is induced, the lungs are o�en 
ventilated for a time with a gas mixture containing a volatile 
anesthetic. �e goal is to establish a depth of anesthesia that 
depresses hyperreactive airway re�exes su�ciently to permit 
tracheal intubation without precipitating bronchospasm. �e 
lesser pungency of sevo�urane (compared with iso�urane 
and des�urane) may decrease the likelihood of coughing 
during this time. An alternative method to suppress airway 
re�exes before intubation is IV or intratracheal injection of 
lidocaine (1�1.5 mg/kg) several minutes before endotracheal 
intubation.

Opioids should also be administered to suppress the cough 
re�ex and to achieve deep anesthesia. However, prolongation 
of opioid e�ects can cause postoperative respiratory depres-
sion. Remifentanil may be particularly useful because it is 
an ultra�short-acting opioid and does not accumulate. Most 
opioids have some histamine-releasing e�ects, but fentanyl 
and analogous drugs can be used safely in asthmatic patients. 
Administration of opioids prior to intubation can help prevent 
increased airway resistance, but muscle rigidity caused by an 
opioid could decrease lung compliance and impair ventilation. 

  �� Treatment of Status Asthmaticus
  
Supplemental oxygen to maintain SaO2 > 90%
�2-Agonists by metered-dose inhaler every 15–20 min or by con-

tinuous nebulizer administration
Intravenous corticosteroids (hydrocortisone or methylpredniso-

lone)
Intravenous fluids to maintain euvolemia
Empirical broad-spectrum antibiotics
Anticholinergic (ipratropium) by inhalation
Intravenous magnesium sulfate
Tracheal intubation and mechanical ventilation (when PaCO2 > 50 

mm Hg)
Sedation and paralysis
Mechanical ventilation parameters:
 H igh gas flows permit short inspiration times and longer expira-

tion times.
  Expiration time must be prolonged to avoid air trapping and 

“auto-PEEP.”
  Permissive hypercarbia if needed to avoid barotrauma
General anesthesia with a volatile anesthetic to produce broncho-

dilation
Extracorporeal membrane oxygenation (ECMO) as a last resort

TABLE 2.6

  �� Characteristics of Asthma to Be Evaluated 
Preoperatively

  
Age at onset
Triggering events
Hospitalization for asthma
  Frequency of emergency department visits
  Need for intubation and mechanical ventilation
Allergies
Cough
Sputum characteristics
Current medications
Anesthetic history

TABLE 2.7
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Opioid-induced muscle rigidity can be decreased by the com-
bined use of IV anesthetics and neuromuscular blocking drugs.

Insertion of an LMA is less likely to result in bronchocon-
striction than insertion of an ET tube. �erefore use of an LMA 
is o�en a better method of airway management in asthmatic 
patients who are not at increased risk of re�ux or aspiration. 
During maintenance of general anesthesia, it may be di�cult to 
di�erentiate light anesthesia from bronchospasm as the cause of 
a decrease in pulmonary compliance. Administration of a neu-
romuscular blocker will relieve the ventilatory di�culty result-
ing from light anesthesia but has no e�ect on bronchospasm.

Intraoperatively the desired level of arterial oxygenation 
and carbon dioxide removal is typically provided via mechani-
cal ventilation. In asthmatic patients, su�cient time must be 
provided for exhalation to prevent air trapping. Humidi�ca-
tion and warming of inspired gases may be especially useful in 
patients with exercise-induced asthma in whom bronchospasm 
may be due to transmucosal loss of heat. Adequate adminis-
tration of �uids during the perioperative period is important 
for maintaining adequate hydration and ensuring that airway 
secretions are less viscous and can be removed easily. Skeletal 
muscle relaxation is usually provided with nondepolarizing 
muscle relaxants. Neuromuscular blockers with limited ability 
to evoke the release of histamine should be selected.

�eoretically, antagonism of neuromuscular blockade with 
anticholinesterase drugs could precipitate bronchospasm due 
to stimulation of postganglionic cholinergic receptors in air-
way smooth muscle. However, such bronchospasm does not 
predictably occur a�er administration of anticholinesterase 
drugs, probably because of the protective bronchodilating 
e�ects provided by the simultaneous administration of anti-
cholinergic drugs.

At the conclusion of surgery, it may be prudent to remove 
the ET tube while anesthesia is still su�cient to suppress hyper-
reactive airway re�exes, a technique referred to as deep extuba-
tion. When it is deemed unwise to extubate the trachea before 
the patient is fully awake, suppressing airway re�exes and/or 
the risk of bronchospasm by administration of IV lidocaine or 
treatment with inhaled bronchodilators should be considered.

During surgery, bronchospasm may be due to light anes-
thesia rather than asthma itself (Table 2.8). Signs may include 
high peak airway pressure, upsloping of the end-tidal carbon 
dioxide (ETCO2) waveform, wheezing, and desaturation. 
Treatment of intraoperative bronchospasm and wheezing will 
depend on its cause. Deepening anesthesia with either vola-
tile agents or IV injections of propofol and administration of 
a rapid-acting �2-agonist such as albuterol via the ET tube are 
common �rst steps. If bronchospasm continues despite these 
initial therapies, other drugs (e.g., IV corticosteroids, epineph-
rine, magnesium) may be necessary.

Emergency surgery in the asthmatic patient introduces a con-
�ict between protection of the airway in someone at risk of aspi-
ration and the possibility of triggering signi�cant bronchospasm. 
In addition, there may not be su�cient time to optimize bron-
chodilator therapy prior to surgery. Regional anesthesia may be 
a good option in this situation if the site of surgery is suitable.�

CHRONIC OBSTRUCTIVE PULMONARY 
DISEASE

COPD is a disease of progressive loss of alveolar tissue and 
progressive air�ow obstruction that is not reversible. Pulmo-
nary elastic recoil is lost as a result of bronchiolar and alveolar 
destruction, o�en from inhaling toxic chemicals such as are 
contained in cigarette smoke. �e World Health Organization 
(WHO) predicts that by 2030 COPD will be the third leading 
cause of death worldwide. Risk factors for developing COPD 
include (1) cigarette smoking, (2) occupational exposure to 
dust and chemicals, especially in coal mining, gold mining, 
and the textile industry, (3) indoor and outdoor pollution, (4) 
recurrent childhood respiratory infections, and (5) low birth 
weight. �1-Antitrypsin de�ciency is an inherited disorder 
associated with premature development of COPD. Patients 
with COPD pose a challenge to the anesthesiologist because 
intraoperative and postoperative pulmonary complications 
are more common in this patient population, and the presence 
of COPD is associated with an increased length of hospital 
stay and mortality.

COPD causes (1) pathologic deterioration in elasticity or 
�recoil� within the lung parenchyma, which normally main-
tains the airways in an open position; (2) pathologic changes 
that decrease the rigidity of the bronchiolar wall and thus pre-
dispose them to collapse during exhalation; (3) an increase 
in gas �ow velocity in narrowed bronchioli, which lowers 
the pressure inside the bronchioli and further favors airway 
collapse; (4) active bronchospasm and obstruction resulting 
from increased pulmonary secretions; and (5) destruction of 
lung parenchyma, enlargement of air sacs, and development 
of emphysema.

Signs and Symptoms

Signs and symptoms of COPD vary with disease severity but 
usually include dyspnea on exertion or at rest, chronic cough, 
and chronic sputum production. COPD exacerbations are 
periods of worsening symptoms as a result of an acute worsen-
ing in air�ow obstruction. As expiratory air�ow obstruction 

  �� Differential Diagnosis of Intraoperative 
Bronchospasm and Wheezing

  
Mechanical obstruction of endotracheal tube
  Kinking
 S ecretions
  Overinflation of tracheal tube cuff
Inadequate depth of anesthesia
  Active expiratory efforts
  Decreased functional residual capacity
Endobronchial intubation
Pulmonary aspiration
Pulmonary edema
Pulmonary embolus
Pneumothorax
Acute asthmatic attack

TABLE 2.8
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increases in severity, tachypnea and a prolonged expiratory 
time are evident. Breath sounds are likely to be decreased, and 
expiratory wheezes are common.�

Diagnosis

Patients with COPD will usually report symptoms like dys-
pnea and chronic cough as well as a history of exposure to 
risk factors. However, COPD cannot be de�nitively diagnosed 
without spirometry.

Pulmonary Function Tests
Results of PFTs in COPD reveal a decrease in the FEV1:FVC 
ratio and an even greater decrease in the FEF between 25% 
and 75% of vital capacity (FEF25%�75%). An FEV1:FVC less 
than 70% of predicted that is not reversible with bronchodi-
lators con�rms the diagnosis. Other spirometric �ndings of 

COPD include an increased FRC and TLC (Fig. 2.4). Slow-
ing of expiratory air�ow and gas trapping behind prematurely 
closed airways are responsible for the increase in residual vol-
ume (RV). �e pathophysiologic �advantage� of an increased 
RV and FRC in patients with COPD is related to an enlarged 
airway diameter and increased elastic recoil for exhalation. 
�e cost is the greater work of breathing at the higher lung 
volumes.

�e Global Initiative for Chronic Obstructive Lung Dis-
ease (GOLD) works with healthcare professionals and public 
health o�cials around the world to raise awareness of COPD 
and to improve prevention and treatment of this lung dis-
ease. GOLD was launched in 1997 in collaboration with the 
National Heart, Lung, and Blood Institute of the US National 
Institutes of Health and the WHO. GOLD developed a clas-
si�cation/severity grading system that is now widely used by 
physicians around the world (Table 2.9).�

Chest Radiography
Radiographic abnormalities may be minimal even in the pres-
ence of severe COPD. Hyperlucency due to arterial vascular 
de�ciency in the lung periphery and hyperin�ation (�attening 
of the diaphragm with loss of its normal domed appearance 
and a very vertical cardiac silhouette) suggest the diagnosis of 
emphysema. If bullae are present, the diagnosis of emphysema 
is certain. However, only a small percentage of patients with 
emphysema have bullae.�

Computed Tomography
CT is a much more sensitive test compared to simple chest 
radiography at diagnosing COPD. However, it is not used rou-
tinely for this purpose. It is used to screen for lung cancer and 
to evaluate the lungs prior to lung surgery. Findings indicative 
of COPD include bronchial wall thickening, alveolar septal 
destruction, and airspace enlargement.�

Arterial Blood Gases
Arterial blood gas measurements o�en remain relatively nor-
mal until COPD is severe. �e Pa�2 does not usually decrease 
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FIG. 2.4  Lung volumes in COPD compared with normal values. In 
the presence of obstructive lung disease, the vital capacity (VC) is 
normal to decreased, the residual volume (RV) and functional resid-
ual capacity (FRC) are increased, the total lung capacity (TLC) is nor-
mal to increased, and the RV:TLC ratio is increased. ERV, Expiratory 
reserve volume; IC, inspiratory capacity; VT, tidal volume.

  �� GOLD Spirometric Criteria for COPD Severity (Based on Postbronchodilator FEV1 Measurement)
  
Stage Characteristics

0: At risk Normal spirometric findings
Chronic symptoms (cough, sputum production)

I: Mild COPD FEV1:FVC < 70%
FEV1 � 80% predicted, with or without chronic symptoms (cough, sputum production)

II: Moderate COPD FEV1:FVC < 70%
50% � FEV1 < 80% predicted, with or without chronic symptoms (cough, sputum production)

III: Severe COPD FEV1:FVC < 70%
30% � FEV1 < 50% predicted, with or without chronic symptoms (cough, sputum production)

IV: Very severe COPD FEV1:FVC < 70%
FEV1 < 30% predicted or FEV1 < 50% predicted plus chronic respiratory failure  

(i.e., PaO2 < 60 mm Hg and/or PCO2 > 50 mm Hg)

Adapted from Global Initiative for Chronic Obstructive Lung Disease. Global strategy for the diagnosis, management and prevention of COPD: update 2010. 
http://www.goldcopd.com.
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until the FEV1 is less than 50% of predicted, and the Pa��2 
may not increase until the FEV1 is even lower.�

Treatment

Treatment of COPD is designed to relieve symptoms and to 
slow the progression of the disease.

Smoking cessation and long-term oxygen administration 
are the two important therapeutic interventions that can alter 
the natural history of COPD. Smoking cessation should be 
the �rst step in treating COPD. �is intervention signi�cantly 
decreases disease progression and lowers mortality by 18%. 
Smoking cessation causes the symptoms of chronic bronchitis 
to diminish or entirely disappear, and it eliminates the acceler-
ated loss of lung function observed in those who continue to 
smoke.

Long-term oxygen administration (home oxygen ther-
apy) is recommended if the Pa�2 is less than 55 mm Hg, the 
hematocrit is above 55%, or there is evidence of cor pulmo-
nale. �e goal of supplemental oxygen administration is to 
achieve a Pa�2 greater than 60 mm Hg. �is goal can usually 
be accomplished by delivering oxygen through a nasal cannula 
at 2 L/min. �e �ow rate of oxygen can be titrated as needed 
according to arterial blood gas or pulse oximetry measure-
ments. Relief of arterial hypoxemia with supplemental oxygen 
administration is more e�ective than any known drug therapy 
in decreasing pulmonary vascular resistance and pulmonary 
hypertension and in preventing erythrocytosis.

Drug treatment of COPD may include long-acting �2-
agonists, inhaled corticosteroids, and long-acting anticholin-
ergic drugs, o�en in combination (Table 2.10). �is therapy 
not only improves FEV1 and dyspnea but also reduces the 
number of exacerbations of COPD by up to 25%. Other phar-
macologic treatments include vaccinations against in�uenza 
and pneumococcus, and diuretics in patients with cor pul-
monale and right-sided heart failure with peripheral edema. 
During periods of exacerbation, antibiotics, systemic cortico-
steroids, and theophylline may become necessary additional 
treatments (Table 2.11). Exacerbations of COPD may be due 
to viral or bacterial infection of the upper respiratory tract 
or may be noninfective, so antibiotic treatment is not always 
warranted. Diuretic-induced chloride depletion may pro-
duce a hypochloremic metabolic alkalosis that depresses the 

ventilatory drive and may aggravate chronic carbon dioxide 
retention. Physical training programs can increase the exercise 
capacity of patients with COPD despite the absence of detect-
able e�ects on PFTs. However, prompt deconditioning occurs 
when the exercise program is discontinued.

Lung Volume Reduction Surgery
In selected patients with severe COPD who are not responding 
to maximal medical therapy and who have regions of overdis-
tended, poorly functioning lung tissue, lung volume reduc-
tion surgery may be considered. Surgical removal of these 
overdistended areas allows the more normal areas of lung to 
expand and improves not only lung function but also quality of 
life. Lung volume reduction surgery is performed via either a 
median sternotomy or a video-assisted thoracoscopic surgery 
(VATS) approach. �e proposed mechanisms for improvement 
in lung function a�er this surgery include (1) an increase in 
elastic recoil, which increases expiratory air�ow; (2) a decrease 
in the degree of hyperin�ation, which results in improved 
diaphragmatic and chest wall mechanics; and (3) a decrease 
in the inhomogeneity of regional ventilation and perfusion, 
which results in improved alveolar gas exchange and increased 
e�ectiveness of ventilation. Research is currently underway to 
examine nonsurgical approaches for achieving bene�ts similar 
to those provided by lung volume reduction surgery.

Management of anesthesia for lung volume reduction 
surgery includes use of a double-lumen endobronchial tube 
to permit lung separation, avoidance of nitrous oxide, and 
avoidance of excessive positive airway pressure. Monitoring 
of central venous pressure as a guide to �uid management is 
unreliable in this situation.�

Management of Anesthesia

A complete history should be taken and geared toward inves-
tigating the causes, course, and severity of the COPD. �e 
smoking history, current medications (including any recent 
use of systemic corticosteroids), exercise tolerance, frequency 
of exacerbations and the timing of the most recent exacer-
bation, and the need for hospitalization are all important 
pieces of information. �e requirement for noninvasive posi-
tive pressure ventilation (NIPPV) or mechanical ventilation 
is another key piece of information. Because smoking and 
COPD are associated with a number of comorbidities, patients 
should also be questioned regarding the presence and severity 
of concomitant diseases such as diabetes mellitus, hyperten-
sion, peripheral vascular disease, ischemic heart disease, heart 

  �� Treatment of Patients With COPD
  
Smoking cessation
Annual vaccination against influenza
Vaccination against pneumococcus
Inhaled long-acting bronchodilators
Inhaled corticosteroids
Inhaled long-acting anticholinergic drugs
Home oxygen therapy if PaO2 < 55 mm Hg, hematocrit > 55%, or 

there is evidence of cor pulmonale
Diuretics if evidence of right heart failure with peripheral edema
Lung volume reduction surgery
Lung transplantation

TABLE 2.10   �� Treatment of Patients With a COPD 
Exacerbation

  
Supplemental oxygen ± noninvasive positive pressure ventilation 

or mechanical ventilation
Increased dose and frequency of bronchodilator therapy
Systemic corticosteroids
Antibiotics

TABLE 2.11
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failure, cardiac dysrhythmias, and lung cancer. Long-acting 
bronchodilators, anticholinergics, and inhaled corticosteroids 
should be continued until the morning of surgery. Patients 
coming for elective surgery should be optimized prior to sur-
gery to decrease morbidity and mortality a�er surgery.

�e value of routine preoperative pulmonary function 
testing remains controversial. �e results of PFTs and arte-
rial blood gas analysis can be useful for predicting pulmonary 
function a�er lung resection, but they do not reliably predict 
the likelihood of postoperative pulmonary complications 
a�er nonthoracic surgery. Clinical �ndings (smoking, di�use 
wheezing, productive cough) are more predictive of pulmo-
nary complications than spirometric test results. Patients with 
COPD undergoing peripheral surgery do not require preop-
erative pulmonary function testing. If doubt exists, simple spi-
rometry with measurement of only the FEV1 can be su�cient 
to assess the severity of the lung disease.

Even patients de�ned as high risk by spirometry (FEV1 < 
70% of predicted, FEV1:FVC ratio < 65%) or arterial blood gas 
analysis (Pa��2 > 45 mm Hg) can undergo surgery, including 
lung resection, with an acceptable risk of postoperative pul-
monary complications. PFTs should be viewed as a manage-
ment tool to optimize preoperative pulmonary function but 
not as a means to predict risk. Indications for a preoperative 
pulmonary evaluation (which may include consultation with a 
pulmonologist and/or performance of PFTs) typically include 
(1) hypoxemia on room air or the need for home oxygen ther-
apy without a known cause, (2) a bicarbonate concentration 
of more than 33 mEq/L or P��2 of more than 50 mm Hg in a 
patient whose pulmonary disease has not been previously eval-
uated, (3) a history of respiratory failure resulting from a prob-
lem that still exists, (4) severe shortness of breath attributed to 
respiratory disease, (5) planned pneumonectomy, (6) di�culty 
in assessing pulmonary function by clinical signs, (7) the need 
to distinguish among potential causes of signi�cant respiratory 
compromise, (8) the need to determine the response to bron-
chodilators, and (9) suspected pulmonary hypertension.

Right ventricular function should be carefully assessed by 
clinical examination and echocardiography in patients with 
advanced pulmonary disease.

Ventilatory function is quanti�ed under static conditions 
by measuring lung volumes and under dynamic conditions by 
measuring �ow rates. With this assessment, expiratory �ow 
rates can be plotted against lung volumes to produce �ow-vol-
ume curves. When �ow rates during inspiration are added to 
these curves, �ow-volume loops are obtained. �e �ow rate is 
zero at TLC before the start of expiration. Once forced expira-
tion begins, the peak �ow rate is achieved rapidly, and the �ow 
rate then falls in a linear fashion as the lung volume decreases 
to RV. During maximal inspiration from RV to TLC, the inspi-
ratory �ow is most rapid at the midpoint of inspiration, so that 
the inspiratory curve is U-shaped.

In patients with COPD there is a decrease in the expiratory 
�ow rate at any given lung volume. �e expiratory curve is 
concave upward due to uniform emptying of the airways. �e 
RV is increased because of air trapping (see Fig. 2.2).

�e major risk factors for the development of postopera-
tive pulmonary complications are shown in Table 2.12. Obe-
sity and mild to moderate asthma have not been shown to be 
independent risk factors. An algorithm for reducing pulmo-
nary complications in patients undergoing noncardiothoracic 
surgery is shown in Fig. 2.5.

Risk Reduction Strategies
Strategies to decrease the incidence of postoperative pulmo-
nary complications include preoperative, intraoperative, and 
postoperative interventions (Table 2.13).

Smoking Cessation
Approximately 20% of American adults smoke, of whom 
5%�10% will annually undergo general anesthesia and/or 
surgery. �ese times of exposure to general anesthesia and/or 
surgery o�er a window of opportunity for a smoking cessation 
intervention by a healthcare provider or other individual. �is 
person can be the surgeon, anesthesiologist, nurse, or even a 
member of an active patient group or community group, who 
should encourage the patient to stop smoking at least tempo-
rarily before surgery or preferably permanently. �e inter-
vention can be carried out in the surgical clinic or anesthetic 
preadmission testing clinic, via phone calls by nurses or health-
care workers, or in a letter indicating the risks of postoperative 
complications caused by smoking. Recent evidence shows that 
the earlier the intervention before surgery, the more e�ective 
it is in reducing postoperative complications and maintain-
ing cigarette abstinence. Cigarette smoking is the single most 
important risk factor for the development of COPD and death 
caused by lung disease. �e e�ects of smoking on di�erent 
organ systems are described in Table 2.14. Smoking cessation 
is strongly encouraged by the US Public Health Service. It 
recommends systematically identifying all tobacco users who 

  �� Major Risk Factors for Development of 
Postoperative Pulmonary Complications

  
PATIENT RELATED
Age > 60 yr
American Society of Anesthesiologists class higher than II
Congestive heart failure
Preexisting pulmonary disease (chronic obstructive pulmonary 

disease)
Cigarette smoking

PROCEDURE RELATED
Emergency surgery
Abdominal or thoracic surgery, head and neck surgery, neurosur-

gery, vascular/aortic aneurysm surgery
Prolonged duration of anesthesia (>2.5 h)
General anesthesia

TEST PREDICTORS
Albumin level of < 3.5 g/dL

Adapted from Smetana GW, Lawrence VA, Cornell JE. Preoperative pulmonary risk 
stratification for noncardiothoracic surgery. A systematic review for the American 
College of Physicians. Ann Intern Med. 2006;144:581-595.
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come in contact with the healthcare system to urge and help 
them to quit smoking. �e American Society of Anesthesiolo-
gists also has a Stop Smoking Initiative and provides resources 
to help practitioners encourage smoking cessation. �e maxi-
mum bene�t of smoking cessation is not usually seen unless 
smoking is stopped more than 8 weeks prior to surgery.

Among smokers, predictive factors for the development of 
pulmonary complications include a lower di�using capacity 

than predicted and a smoking history of more than 60 pack-
years. �ose who have smoked more than 60 pack-years have 
double the risk of any pulmonary complication and triple the 
risk of pneumonia compared with those who have smoked less 
than 60 pack-years. Smoking cessation causes the symptoms 
of chronic bronchitis to diminish or disappear and eliminates 
the accelerated loss of lung function observed in those who 
continue to smoke.

E�ects of Smoking Cessation.  �e adverse e�ects of car-
bon monoxide on oxygen-carrying capacity and of nicotine 
on the cardiovascular system are short lived. �e elimination 
half-life of carbon monoxide is approximately 4�6 hours when 
breathing room air. Within 12 hours a�er cessation of smok-
ing, the Pa�2 at which hemoglobin is 50% saturated with oxy-
gen (P50) increases from 22.9 to 26.4 mm Hg, and the plasma 
levels of carboxyhemoglobin decrease from 6.5% to about 1%. 
Carbon monoxide may have negative inotropic e�ects. De-
spite the favorable e�ects on plasma carboxyhemoglobin con-
centration, short-term abstinence from cigarettes has not been 
proven to decrease the incidence of postoperative pulmonary 
complications. �e sympathomimetic e�ects of nicotine on 
the heart are transient, lasting only 20�30 minutes.�

Intermediate to Long-Term E�ects.  Cigarette smoking 
causes mucus hypersecretion, impairment of mucociliary 
transport, and narrowing of small airways. In contrast to the 
rapid favorable e�ects of short-term abstinence from smoking 
on carboxyhemoglobin concentrations, improved ciliary and 
small airway function and decreased sputum production oc-
cur slowly over weeks a�er smoking cessation. Cigarette smok-
ing may interfere with normal immune responses and could 
interfere with the ability of smokers to respond to pulmonary 
infection following anesthesia and surgery. A decrease in post-
operative pulmonary complications resulting from smoking 
cessation is thought to be related to the physiologic improve-
ment in ciliary action, macrophage activity, and small airway 
function, as well as a decrease in sputum production. How-

Patient coming for
noncardiothoracic

surgery

Evaluate for:
Patient risk factors

Procedural risk factors
Lab-related factors (albumin < 3.5 g/dL)

Optimize condition as indicated:
Smoking cessation

Bronchodilators
Antibiotics

Postoperative procedures:
Deep-breathing exercises, incentive spirometry,

selective nasogastric tube, postoperative pain control

FIG. 2.5  Algorithm for decreasing pulmonary complications in 
patients undergoing noncardiothoracic surgery. (Adapted from Qas-
eem A, Snow V, Fitterman N, et al. Risk assessment for and strate-
gies to reduce perioperative pulmonary complications for patients 
undergoing noncardiothoracic surgery: a guideline from the Ameri-
can College of Physicians. Ann Intern Med. 2006;144:575-580.)

  �� Strategies to Decrease Incidence of 
Postoperative Pulmonary Complications

  
PREOPERATIVE
Encourage cessation of smoking for at least 6 weeks.
Treat evidence of expiratory airflow obstruction.
Treat respiratory infection with antibiotics.
Initiate patient education regarding lung volume expansion ma-

neuvers.

INTRAOPERATIVE
Use minimally invasive surgery (endoscopic) techniques when 

possible.
Consider regional anesthesia.
Avoid surgical procedures likely to last longer than 3 hours.

POSTOPERATIVE
Institute lung volume expansion maneuvers (voluntary deep 

breathing, incentive spirometry, continuous positive airway 
pressure).

Maximize analgesia (neuraxial opioids, intercostal nerve blocks, 
patient-controlled analgesia).

Adapted from Smetana GW. Preoperative pulmonary evaluation. N Engl J Med. 
1999;340:937-944. Copyright 1999 Massachusetts Medical Society.

TABLE 2.13

  �� Effects of Smoking on Different Organ 
Systems

  
CARDIAC EFFECTS OF SMOKING
Smoking is a risk factor for development of cardiovascular dis-

ease.
Carbon monoxide decreases oxygen delivery and increases myo-

cardial work.
Smoking releases catecholamines and causes coronary vasocon-

striction.
Smoking decreases exercise capacity.

RESPIRATORY EFFECTS OF SMOKING
Smoking is the major risk factor for development of chronic pul-

monary disease.
Smoking decreases mucociliary activity.
Smoking results in hyperreactive airways.
Smoking decreases pulmonary immune function.

OTHER ORGAN SYSTEM EFFECTS
Smoking impairs wound healing.

TABLE 2.14
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ever, these changes take weeks to months to occur. Return of 
normal immune function requires at least 6 weeks of absti-
nence from smoking. Some components of cigarette smoke 
stimulate hepatic enzymes. As with immune responses, it may 
take 6 weeks or longer for hepatic enzyme activity to return to 
normal following cessation of smoking.

�e optimal timing of smoking cessation before surgery to 
reduce postoperative pulmonary complications is uncertain, 
but most data suggest that it is around 6�8 weeks. Smokers 
scheduled for surgery in less than 4 weeks should be advised 
to quit and should be o�ered e�ective interventions, includ-
ing behavioral support and pharmacotherapy, to help achieve 
this goal. Despite the clear advantages of long-term smoking 
cessation, there can be disadvantages to smoking cessation in 
the immediate preoperative period. �ese include an increase 
in sputum production, patient fear of the inability to handle 
stress, nicotine withdrawal, and symptoms including irritabil-
ity, restlessness, sleep disturbances, and depression.

Countless methods have been devised to aid in smoking 
cessation. Most involve some form of counseling and pharma-
cotherapy. Nicotine replacement therapy, with various deliv-
ery systems including patches, inhalers, nasal sprays, lozenges, 
and gum, is generally well tolerated. �e major side e�ect is 
local irritation at the site of drug delivery. �e atypical anti-
depressant bupropion in a sustained-release formulation can 
also aid in smoking cessation. �e drug is typically started 1�2 
weeks before smoking is stopped.�

Nutritional Status
Poor nutritional status with a low serum albumin level (<3.5 
mg/dL) is a powerful predictor of postoperative pulmonary 
complications in COPD patients. Malnutrition can increase 
the risk of prolonged postoperative air leaks a�er lung surgery.�

Regional Anesthesia
Regional anesthesia is preferred over general anesthesia in 
patients with COPD; this technique can decrease the risk of 
laryngospasm, bronchospasm, barotrauma, and hypoxemia 
associated with positive pressure ventilation and endotracheal 
intubation. Regional anesthesia is suitable for operations that 
do not invade the peritoneum and for surgical procedures 
performed on the extremities. Lower intraabdominal sur-
gery can also be performed using a regional technique. Gen-
eral anesthesia is the usual choice for upper abdominal and 
intrathoracic surgery. Some studies in patients with COPD 
suggest that there is a higher incidence of postoperative respi-
ratory failure in patients who undergo general anesthesia, but 
whether this re�ects the nature and complexity of the surgery 
and/or the operative site, or the selection of anesthetic drugs 
or technique is unclear.

Regional anesthesia via peripheral nerve blockade carries 
a low risk of pulmonary complications. However, an intersca-
lene block typically causes ipsilateral phrenic nerve palsy and 
should be avoided in patients with severe COPD. Regional 
anesthesia is a useful choice in patients with COPD only if 
large doses of sedative and anxiolytic drugs will not be needed. 

It must be appreciated that COPD patients can be extremely 
sensitive to the ventilatory depressant e�ects of sedative drugs. 
Elderly patients may be especially susceptible. O�en small 
doses of a benzodiazepine such as midazolam can be admin-
istered without producing undesirable degrees of ventilatory 
depression. Use of regional anesthetic techniques that produce 
sensory anesthesia above T6 is not recommended, because 
such high blocks can impair the ventilatory functions requir-
ing active exhalation; this a�ects parameters such as expira-
tory reserve volume, PEFR, and maximum minute ventilation. 
Clinically this is manifested as an inadequate cough.�

General Anesthesia
General anesthesia is o�en accomplished with volatile anes-
thetics. Volatile anesthetics are useful because of the ability 
of these drugs (especially des�urane and sevo�urane) to be 
rapidly eliminated. Residual ventilatory depression during the 
early postoperative period is thereby minimized. Volatile anes-
thetics are also known to cause bronchodilation and have been 
used to treat bronchospasm in status asthmaticus. Des�urane, 
however, may cause irritation of the bronchi and increased 
airway resistance, so there may be an advantage to choosing 
a less irritating vapor such as sevo�urane for induction and 
emergence in cases of severe airway reactivity. Emergence 
from anesthesia with inhalational agents can be prolonged 
signi�cantly, especially in patients with signi�cant airway 
obstruction, because air trapping also traps the inhalational 
drugs as they try to �ood out of the various body compart-
ments into the lungs. An alternative is total IV anesthesia with 
propofol. A short-acting analgesic such as remifentanil can be 
used to relieve the irritation of the ET tube su�ciently that the 
required level of propofol can be diminished considerably and 
the attendant risk of hypotension reduced.

Nitrous oxide should be used with great caution owing to 
the possibility of enlargement or rupture of bullae, resulting 
in development of a tension pneumothorax. Another poten-
tial disadvantage of nitrous oxide is the limitation on inspired 
oxygen concentration it imposes. It is important to remember 
that inhaled anesthetics may attenuate regional hypoxic pul-
monary vasoconstriction and produce more intrapulmonary 
shunting. Increasing the fraction of inspired oxygen (F��2) 
may be necessary to o�set this loss of hypoxic pulmonary 
vasoconstriction.

Opioids may be less useful than inhaled anesthetics for 
maintenance of anesthesia in patients with COPD, because 
they can be associated with prolonged ventilatory depres-
sion as a result of their slow rate of metabolism or elimina-
tion. Even the duration of ventilatory depression produced by 
drugs such as thiopental and midazolam may be prolonged in 
patients with COPD compared to healthy individuals.

An ET tube bypasses most of the natural airway humidi�-
cation system, so humidi�cation of inspired gases and use of 
low gas �ows are needed to keep airway secretions moist.

Patients with COPD are at increased risk of lung injury 
during mechanical ventilation in the perioperative period. 
�e goals of mechanical ventilation must be to avoid dynamic 
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hyperin�ation of the lungs and prevent development of auto-
PEEP. Most studies show low tidal volumes (6�8 mL/kg), peak 
airway pressures less than 30 cm H2O, and F��2 titrated to 
keep Sp�2 greater than 90% result in lower levels of in�amma-
tory markers in bronchoalveolar lavage �uid of mechanically 
ventilated patients. Patients with moderate to severe COPD 
can have cystic air spaces in the lungs that carry a risk of rup-
ture once positive pressure ventilation is instituted. In patients 
with COPD who become hemodynamically unstable during 
mechanical ventilation, the di�erential diagnosis must include 
tension pneumothorax and bronchopleural �stula.

�e phenomenon of air trapping, also called auto PEEP, 
intrinsic PEEP, or dynamic hyperin�ation, occurs when posi-
tive pressure ventilation is applied and insu�cient expiratory 
time is allowed. �is contributes to increased intrathoracic 
pressure, impedes venous return, and transmits the elevated 
intrathoracic pressure to the pulmonary artery. An increase 
in pulmonary vascular resistance can lead to right ventricular 
strain. Hyperin�ated lungs may exert direct pressure on the 
heart, limiting its ability to expand fully during diastole even 
with adequate preload. Shi� of the ventricular septum and 
ventricular interdependence due to the shared pericardium 
may cause a distended right ventricle to impinge on �lling of 
the le� ventricle.

Air trapping can be detected during mechanical ventilation 
intraoperatively by the following methods:
	1.	� Capnography shows that the carbon dioxide concentra-

tion does not plateau but is still upsloping at the time of the 
next breath. �is indicates that there is still admixture of air 
from dead space reducing the ETCO2.

	2.	� Direct measurement of �ow may be displayed graphically 
by the ventilator, showing that the expiratory �ow has not 
reached baseline (zero) before initiation of the next breath.

	3.	� Direct measurement of the resulting PEEP can be per-
formed using more advanced ventilators that are capable of 
an expiratory hold.
Air trapping can cause serious hemodynamic instability 

by increasing intrathoracic pressure and decreasing preload. 
Treatment includes decreasing respiratory rate and increasing 
expiratory time and, if immediate intervention is needed, dis-
connecting the patient from the ventilator to allow for com-
plete exhalation.

Much like patients with asthma, patients with COPD are 
prone to bronchospasm. Bronchospasm is o�en due to air-
way manipulation during induction and/or to light anesthesia 
during maintenance. Treatments include deepening anesthe-
sia with either a volatile anesthetic or propofol, delivering a 
short-acting bronchodilator through the ET tube, suctioning 
secretions, and administration of IV corticosteroids and/or 
epinephrine if initial management options fail.

Although traditionally most anesthesiologists have used 
high inspired oxygen concentrations in the perioperative set-
ting, a number of studies have questioned this practice. Oxy-
gen can be split in tissues to produce reactive oxygen species 
(ROS), which can have a deleterious e�ect on nuclear and 
cell membranes. Surgery, anesthesia, and patient positioning 

predispose to airway closure and atelectasis. �e time from 
airway occlusion to atelectasis is dependent on the composi-
tion of the alveolar gas and is faster in lung units containing 
100% oxygen compared to those containing air.

�e hazard of pulmonary barotrauma in the presence of 
bullae should be appreciated, particularly when high positive 
airway pressures are required to provide adequate ventilation. 
If spontaneous breathing is permitted during anesthesia in 
patients with COPD, it should be appreciated that the ven-
tilatory depression produced by volatile anesthetics may be 
greater in these patients than in individuals without COPD.�

Postoperative
Prevention of postoperative pulmonary complications is based 
on maintaining adequate lung volumes, especially FRC, and 
facilitating an e�ective cough. Identi�cation of the FRC as the 
most important lung volume during the postoperative period 
provides a speci�c goal for therapy.

Lung Expansion Maneuvers
Lung expansion maneuvers (deep breathing exercises, 
incentive spirometry, chest physiotherapy, positive pressure 
breathing techniques) are of proven bene�t in preventing post-
operative pulmonary complications in patients at high risk. 
�ese techniques decrease the risk of atelectasis by increasing 
lung volumes. All regimens seem to be e�cacious in decreas-
ing the frequency of postoperative pulmonary complications 
compared with no therapy. Incentive spirometry is simple and 
inexpensive and provides objective goals for and monitoring 
of patient performance. Patients are given a particular inspired 
volume as a goal to achieve and hold. �is provides sustained 
lung in�ation, which is important for reexpanding collapsed 
alveoli. �e major disadvantage of incentive spirometry is the 
need for patient cooperation to accomplish the treatment. 
Providing education in lung expansion maneuvers before sur-
gery decreases the incidence of pulmonary complications to a 
greater degree than beginning education a�er surgery.

Continuous positive airway pressure (CPAP) is reserved 
for the prevention of postoperative pulmonary complications 
in patients who are not able to perform deep-breathing exer-
cises or incentive spirometry. Nasal positive airway pressure 
can also minimize the expected decrease in lung volumes a�er 
surgery.

Postoperative neuraxial analgesia with opioids may permit 
early tracheal extubation. �e sympathetic blockade, mus-
cle weakness, and loss of proprioception that are produced 
by local anesthetics are not produced by neuraxial opioids. 
�erefore early ambulation is possible. Ambulation serves 
to increase FRC and improve oxygenation, presumably by 
improving ventilation/perfusion matching. Neuraxial opioids 
may be especially useful a�er intrathoracic and upper abdom-
inal surgery. Breakthrough pain may require treatment with 
systemic opioids. Sedation may accompany neuraxial opi-
oid administration, and delayed respiratory depression can 
be seen especially when poorly lipid-soluble opioids such as 
morphine are used.



CHapter  2  OBStructive ReSpiratorY DiSeaSeS 29

Neuraxial analgesia has been proven to decrease the 
incidence of postoperative pneumonia when compared to 
parenteral opioids. Postoperative neuraxial analgesia is rec-
ommended a�er high-risk thoracic, abdominal, and major 
vascular surgery. Intermittent or continuous intercostal nerve 
or paravertebral nerve blocks may be alternatives if neuraxial 
analgesia is contraindicated or technically di�cult.

Continued mechanical ventilation during the immediate 
postoperative period may be necessary in patients with severe 
COPD who have undergone major abdominal or intrathoracic 
surgery. Patients with preoperative FEV1:FVC ratios of less 
than 0.5 or with a preoperative Pa��2 of more than 50 mm Hg 
are likely to need a period of postoperative mechanical venti-
lation. If the Pa��2 has been increased for a long period, it is 
important not to correct the hypercarbia too quickly because 
this will result in a signi�cant metabolic alkalosis that can be 
associated with cardiac dysrhythmias and central nervous sys-
tem irritability and even seizures.

When continued mechanical ventilation is necessary, F��2 
and ventilator settings should be adjusted to keep the Sp�2 
around 90% and the Pa��2 in a range that maintains the arte-
rial pH at 7.35�7.45. Reduction of the respiratory rate or the 
I:E ratio allows more time for exhalation and thus reduces the 
likelihood of air trapping. However, this may also lower the 
tidal volume and minute ventilation and exacerbate hypercap-
nia, hypoxia, and acidosis. Pulmonary vascular resistance may 
then increase and can lead to right ventricular strain. Elec-
trolyte shi�s resulting from acidemia can cause cardiac dys-
rhythmias in patients with COPD or asthma. Extubation of 
the high-risk patient to CPAP or bilevel positive airway pres-
sure (BiPAP) may reduce the air trapping and work of breath-
ing. However, use of positive airway pressure in the setting of 
an unprotected airway raises concern about insu�ation of the 
stomach and the risk of vomiting and aspiration. Treatment 
with sympathomimetic bronchodilators such as albuterol and 
inhaled anticholinergics such as ipratropium may improve air-
�ow if a reactive component of air trapping is present.

Patients with severe COPD and a tenuous postextubation 
respiratory status may respond to a trial of BiPAP, which can 
lower the respiratory rate, decrease the work of breathing, and 
decrease the need for reintubation.

Early mobilization postoperatively can decrease pulmo-
nary complications by promoting deeper breathing, lung 
expansion, and cough.�

LESS COMMON CAUSES OF EXPIRATORY 
AIRFLOW OBSTRUCTION

Bronchiectasis

Bronchiectasis is associated with irreversible airway dilation 
in patients with either focal or di�use lung involvement by this 
disease. Despite the availability of antibiotics, bronchiectasis is 
an important cause of chronic productive cough with purulent 
sputum and accounts for a signi�cant number of cases of mas-
sive hemoptysis.

Pathophysiology
Bronchiectasis is characterized by localized irreversible dilata-
tion of bronchi caused by destructive in�ammatory processes 
involving the bronchial wall. For example, bacterial or myco-
bacterial infections can cause in�ammation and destruction 
of medium-sized airways that can eventually lead to airway 
collapse, air�ow obstruction, and an inability to clear secre-
tions. �e most important consequence of bronchiectatic 
destruction of airways is an increased susceptibility to recur-
rent or persistent bacterial infection, which re�ects impaired 
mucociliary activity and pooling of mucus in dilated airways. 
Once bacterial superinfection is established, it is nearly impos-
sible to eradicate, and daily expectoration of purulent sputum 
persists.�

Diagnosis
�e history of a chronic cough productive of purulent sputum 
is highly suggestive of bronchiectasis. Patients may also com-
plain of hemoptysis, dyspnea, wheezing, and pleuritic chest 
pain. Clubbing of the �ngers occurs in most patients with 
signi�cant bronchiectasis and is a valuable diagnostic clue, 
especially since this change is not characteristic of COPD. Pul-
monary function changes vary considerably and range from 
no change to alterations characteristic of COPD or restrictive 
lung disease. CT provides excellent images of bronchiectatic 
airways and can be used to con�rm the presence and extent of 
the disease. It will usually show dilated bronchi much larger in 
diameter than their adjacent blood vessels.�

Treatment
Bronchiectasis is treated with antibiotics and chest physiother-
apy. Other treatments include yearly immunization against 
in�uenza, bronchodilators, systemic corticosteroids, and oxy-
gen therapy. Results of periodic sputum cultures guide anti-
biotic selection. Pseudomonas is the most common organism 
cultured. Massive hemoptysis, de�ned as hemoptysis of more 
than 200 mL over a 24-hour period, may require surgical 
resection of the involved lung segment or selective bronchial 
arterial embolization. Chest physiotherapy with chest percus-
sion and vibration can aid bronchopulmonary drainage. Sur-
gical resection has played a declining role in the management 
of bronchiectasis in the modern antibiotic era and is consid-
ered only in the rare instance in which severe symptoms per-
sist or recurrent complications occur.�

Management of Anesthesia
Much like patients with other types of obstructive airway dis-
ease, a detailed history should be elicited from the patient, 
including severity of disease, frequency of exacerbations, 
and the date of the most recent exacerbation. Home medi-
cations should be continued until the morning of surgery. 
Elective procedures should be delayed if there are signs of 
active pulmonary infection with respiratory compromise or 
systemic involvement. During general anesthesia, the patient 
may need to be suctioned frequently through the ET tube to 
manage secretions. If the patient is undergoing surgery for 
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management of an empyema or hemoptysis, a double-lumen 
endobronchial tube must be used to prevent spillage of puru-
lent sputum into normal areas of the lungs. Nasal endotracheal 
intubation should be avoided because of the high rate of con-
current chronic sinusitis in these patients.�

Cystic Fibrosis

Cystic �brosis (CF) is an autosomal recessive disorder. It 
a�ects an estimated 30,000 persons in the United States.

Pathophysiology
�e cause of CF is a mutation in a single gene on chromo-
some 7 that encodes the cystic �brosis transmembrane con-
ductance regulator (CFTR). �is regulator should produce a 
protein that helps salt and water move in and out of cells. �e 
dysfunctional regulator blocks this movement and results in 
the production of an abnormally thick mucus outside of epi-
thelial cells. Decreased chloride transport is accompanied by 
decreased transport of sodium and water, which results in 
dehydrated viscous secretions that are associated with lumi-
nal obstruction, as well as destruction and scarring of various 
glands and tissues. �is causes damage to the lungs (bron-
chiectasis, COPD, sinusitis), pancreas (diabetes mellitus), 
liver (cirrhosis), gastrointestinal tract (meconium ileus), and 
reproductive organs (azoospermia). �e primary cause of 
morbidity and mortality in patients with CF is chronic pul-
monary infection.�

Diagnosis
�e presence of a sweat chloride concentration greater than 
70 mEq/L plus the characteristic clinical manifestations 
(cough, chronic purulent sputum production, exertional 
dyspnea) or family history of the disease con�rms the diag-
nosis of CF. DNA analysis can identify the more than 90% of 
patients having the CFTR mutation. Chronic pansinusitis is 
almost universal. �e presence of normal sinuses on radio-
graphic examination is strong evidence that CF is not pres-
ent. Malabsorption with a response to pancreatic enzyme 
treatment is evidence of the exocrine insu�ciency associated 
with CF. Obstructive azoospermia con�rmed by testicular 
biopsy is also strong evidence of CF. Bronchoalveolar lavage 
typically shows a high percentage of neutrophils, which is a 
sign of airway in�ammation. COPD is present in virtually 
all adult patients with CF and follows a relentless downhill 
course.�

Treatment
Treatment of CF is similar to that for bronchiectasis and is 
directed toward alleviation of symptoms (mobilization and 
clearance of lower airway secretions and treatment of pulmo-
nary infection), correction of organ dysfunction (pancreatic 
enzyme replacement), nutrition, and prevention of intestinal 
obstruction. Gene therapy is currently being investigated as 
a treatment for CF. �is involves insertion of a normal CFTR 
gene into lung cells of CF patients.

Clearance of Airway Secretions
�e abnormal viscoelastic properties of the sputum in patients 
with CF lead to sputum retention resulting in airway obstruc-
tion. �e principal nonpharmacologic approach to enhancing 
clearance of pulmonary secretions is chest physiotherapy with 
postural drainage. High-frequency chest compression with an 
in�atable vest and airway oscillation with a �utter valve are 
alternative methods of physiotherapy that are less time con-
suming and do not require trained personnel.�

Bronchodilator Therapy
Bronchial reactivity to histamine and other provocative stimuli 
is greater in patients with CF than in individuals without the 
disease. Bronchodilator therapy can be considered if patients 
are known to have a response to inhaled bronchodilators. A 
response is de�ned as an increase of 10% or more in FEV1 a�er 
bronchodilator administration.�

Reduction in Viscoelasticity of Sputum
�e abnormal viscosity of airway secretions is due primarily 
to the presence of neutrophils and their degradation products. 
DNA released from neutrophils forms long �brils that con-
tribute to the viscosity of the sputum. Recombinant human 
deoxyribonuclease I (dornase alfa [Pulmozyme]) can cleave 
this DNA and increase the clearance of sputum.�

Antibiotic Therapy
Patients with CF have periodic exacerbations of pulmonary 
infection that are recognized primarily by an increase in symp-
toms and in sputum production. Antibiotic therapy is based 
on identi�cation and susceptibility testing of bacteria isolated 
from the sputum. In patients in whom cultures yield no patho-
gens, bronchoscopy to remove lower airway secretions may be 
indicated. Many patients with CF are given long-term main-
tenance antibiotic therapy in the hope of suppressing chronic 
infection and development of bronchiectasis.�

Management of Anesthesia
Management of anesthesia in patients with CF follows the 
same principles as outlined for patients with COPD and bron-
chiectasis. Elective surgical procedures should be delayed 
until optimal pulmonary function can be ensured by control-
ling bronchial infection and facilitating removal of airway 
secretions. Vitamin K treatment may be necessary if hepatic 
function is poor or if absorption of fat-soluble vitamins from 
the gastrointestinal tract is impaired. Maintenance of anesthe-
sia with volatile anesthetics permits the use of high inspired 
concentrations of oxygen, decreases airway resistance by 
decreasing bronchial smooth muscle tone, and decreases the 
responsiveness of hyperreactive airways. Humidi�cation of 
inspired gases, hydration, and avoidance of anticholinergic 
drugs are important to maintain secretions in a less viscous 
state. Frequent tracheal suctioning may be necessary. Patients 
should regain their full airway re�exes and ventilatory abili-
ties before extubation to decrease risk of aspiration. Postop-
erative pain control is extremely important to allow for deep 
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breathing, coughing, and early ambulation so that pulmonary 
complications such as pneumonia, hypoxia, and atelectasis 
can be prevented.�

Primary Ciliary Dyskinesia

Primary ciliary dyskinesia is characterized by congenital 
impairment of ciliary activity in respiratory tract epithelial 
cells and sperm tails (spermatozoa are alive but immobile). 
As a result of impaired ciliary activity in the respiratory tract, 
chronic sinusitis, recurrent respiratory infections, and bron-
chiectasis develop. Not only is there infertility in males, but fer-
tility is decreased in females, since oviducts also have ciliated 
epithelium. �e triad of chronic sinusitis, bronchiectasis, and 
situs inversus is known as Kartagener�s syndrome. It is specu-
lated that the normal asymmetrical positioning of body organs 
is dependent on normal ciliary function of the embryonic 
epithelium. In the absence of normal ciliary function, place-
ment of organs to the le� or the right is random. As expected, 
approximately half of patients with congenitally nonfunction-
ing cilia manifest situs inversus. However, isolated dextrocar-
dia is almost always associated with congenital heart disease.

Preoperative preparation is directed at treating active pul-
monary infection and determining whether any signi�cant 
organ inversion is present. Regional anesthesia is preferable to 
general anesthesia in these patients to help decrease postop-
erative pulmonary complications. In the presence of dextro-
cardia, it is necessary to reverse the position of the ECG leads 
to permit their accurate interpretation. Inversion of the great 
vessels is a reason to select the le� internal jugular vein for 
central venous cannulation. Uterine displacement in parturi-
ent women is logically to the right in these patients. Should 
a double-lumen endobronchial tube be considered, it is nec-
essary to appreciate the altered anatomy introduced by pul-
monary inversion. In view of the high incidence of sinusitis, 
nasopharyngeal airways should be avoided.�

Bronchiolitis Obliterans

Bronchiolitis obliterans is a disease of the small airways and 
alveoli occurring in childhood as a result of infection with 
RSV. It is a rare cause of COPD in adults. However, this pro-
cess may accompany viral pneumonia, collagen vascular 
disease (especially rheumatoid arthritis), and inhalation of 
nitrogen dioxide (silo �ller�s disease), or it may be a sequela 
of gra�-versus-host disease a�er bone marrow transplantation 
or lung transplantation. It causes airway and alveolar destruc-
tion, resulting in air�ow obstruction. Bronchiolitis obliterans 
with organizing pneumonia (BOOP) is a clinical entity that 
shares certain features of interstitial lung disease and bronchi-
olitis obliterans. Treatment of bronchiolitis obliterans is usually 
ine�ective, although corticosteroids may be administered in an 
attempt to suppress in�ammation involving the bronchioles. 
BOOP, however, does respond well to corticosteroid therapy. 
Symptomatic improvement may also accompany the use of 
bronchodilators.�

Tracheal Stenosis

Tracheal stenosis typically develops a�er prolonged intubation 
of the trachea either with an ET tube or a tracheostomy tube. 
Tracheal mucosal ischemia that may progress to destruction of 
cartilaginous rings and subsequent circumferential constrict-
ing scar formation is minimized by the use of high-volume, 
low-pressure cu�s on tracheal tubes. Infection and hypoten-
sion may also contribute to events that culminate in tracheal 
stenosis.

Diagnosis
Tracheal stenosis becomes symptomatic when the lumen of 
the adult trachea is decreased to less than 5 mm in diameter. 
Symptoms may not develop until several weeks a�er tracheal 
extubation. Dyspnea is prominent even at rest. �ese patients 
must use accessory muscles of respiration during all phases 
of the breathing cycle and must breathe slowly. PEFRs are 
decreased. Stridor is usually audible. Flow-volume loops typi-
cally display �attened inspiratory and expiratory curves char-
acteristic of a �xed airway obstruction. (see Fig. 2.3A). CT of 
the trachea will demonstrate tracheal narrowing.�

Management of Anesthesia
Tracheal dilation can be used as a temporizing measure to 
treat tracheal stenosis in some patients. �is can be done 
bronchoscopically using balloon dilators or surgical dilators 
or laser resection of the tissue at the stenotic site. A tracheo-
bronchial stent could also be inserted as either a temporary 
or longer-term solution to this problem. �e most successful 
treatment is surgical tracheal resection and reconstruction 
with primary reanastomosis. �is produces excellent long-
term results. For this procedure, translaryngeal endotracheal 
intubation is accomplished. A�er surgical exposure, the distal 
normal trachea is opened and a sterile cu�ed tube is inserted 
and attached to the anesthetic circuit. Maintenance of anesthe-
sia with volatile anesthetics is useful for ensuring a maximum 
inspired concentration of oxygen. High-frequency ventilation 
can be helpful in selected patients. Anesthesia for tracheal 
resection may be facilitated by the addition of helium to the 
inspired gases. �is decreases the density of the gas mixture 
and may improve �ow through the area of tracheal narrowing.�

KEY POINTS

	�	� Surgical patients with preexisting respiratory disease are at 
increased risk of respiratory complications both during and 
a�er surgery.

	�	� �e anesthetic management of a patient with a recent upper 
respiratory tract infection (URI) should focus on reduc-
ing secretions and limiting manipulation of a potentially 
hyperresponsive airway.

	�	� If a patient with a URI appears toxic, elective surgery should 
be delayed.

	�	� Asthma treatment is classi�ed into immediate and long-
term therapy. Immediate therapy for bronchospasm 
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consists mainly of short-acting �-adrenergic agonists, 
whereas long-term relief includes long-acting �-agonists, 
inhaled corticosteroids, leukotriene modi�ers, and/or 
monoclonal antibodies.

	�	� In asthmatic patients the goal during induction and mainte-
nance of anesthesia is to depress airway re�exes su�ciently 
to avoid bronchoconstriction in response to mechanical 
stimulation of the airway.

	�	� In COPD, smoking cessation and long-term oxygen ther-
apy are the only two interventions that may decrease dis-
ease progression and mortality. Drug therapies including 
inhaled �-adrenergic agonists, inhaled corticosteroids, and 
anticholinergic drugs are managed with a goal of decreas-
ing exacerbation frequency.

	�	� Pulmonary function tests (PFTs) have limited value in pre-
dicting the likelihood of postoperative pulmonary compli-
cations, and the results of PFTs in isolation should not be 
used to deny a patient access to surgery/anesthesia.

	�	� Regional anesthesia, if indicated, is preferred over general 
anesthesia in patients with COPD, because this technique 
may decrease complications such as bronchospasm, baro-
trauma, and the need for positive pressure ventilation.

	�	� COPD patients receiving general anesthesia should be ven-
tilated at slow respiratory rates to allow su�cient time for 
full exhalation to occur. �is minimizes the risk of air trap-
ping and auto-PEEP.

	�	� Prophylaxis against the development of postoperative pul-
monary complications is based on restoring diminished 
lung volumes, especially functional residual capacity, and 
facilitating production of an e�ective cough to remove air-
way secretions.

	�	� Intraoperative bronchospasm due to obstructive lung dis-
ease should be treated by deepening the anesthetic, admin-
istering bronchodilators (including �-adrenergic agonists, 
corticosteroids, and epinephrine), and suctioning secre-
tions as needed.
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Key Points

Patients with restrictive lung disease present unique chal-
lenges in intraoperative management and postoperative care. 
Certain types of surgery, such as cardiac, thoracic, vascular, 
and trauma surgery, have a signi�cant incidence of periop-
erative respiratory compromise in this patient population. 
Restrictive lung disease is associated with high perioperative 
morbidity and mortality. Although a number of conditions 
can cause restrictive lung disease, all share some common 
characteristics, and they di�er from obstructive lung disease 
in several key features. Restrictive lung diseases are charac-
terized by a decrease in all lung volumes, especially total lung 
capacity (TLC), a decrease in lung compliance, and preserva-
tion of expiratory �ow rates (Fig. 3.1).

Restrictive lung diseases a�ect both lung expansion and 
lung compliance (� V/� P). �e hallmark of restrictive lung 
disease is an inability to increase lung volume in proportion 
to an increase in pressure in the alveoli. �ese disorders can 
result from connective tissue diseases, environmental fac-
tors and other conditions that lead to pulmonary �brosis, 
any conditions that increase alveolar or interstitial �uid, and 
any conditions that limit appropriate excursion of the chest/
diaphragm during breathing. �ese conditions lead to a 
reduction in available surface area for gas di�usion, leading 
to ventilation/perfusion mismatching and hypoxia. Intrin-
sic or extrinsic pathologies can a�ect the ability of the lung 
to expand. As the elasticity of the lungs worsens, patients 
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become symptomatic owing to hypoxia, inability to clear lung 
secretions, and hypoventilation. �is leads to restrictive lung 
disease manifested by a reduced forced expiratory volume in 
the �rst second (FEV1) and forced vital capacity (FVC), with a 
normal or increased FEV1/FVC ratio and a reduced di�using 
capacity for carbon monoxide (D���). However, the principal 
feature of these diseases is a decrease in TLC (Fig. 3.2).

TLC is used to classify restrictive lung disease as mild, mod-
erate, or severe. Mild disease is indicated by a TLC that is 65%�
80% of the predicted value, moderate by a TLC that is 50%�65% 
of the predicted value, and severe by a TLC that is less than 50% 
of the predicted value. Restrictive lung disease can be further 
classi�ed according to its causes as indicated in Table 3.1.

ACUTE INTRINSIC RESTRICTIVE LUNG 
DISEASE (ALVEOLAR AND INTERSTITIAL 
PULMONARY EDEMA)

Pulmonary Edema

Pulmonary edema is due to leakage of intravascular �uid into 
the interstitium of the lungs and eventually into the alveoli. 
Acute pulmonary edema can be caused by increased capillary 
pressure (hydrostatic or cardiogenic pulmonary edema) or by 
increased capillary permeability. Pulmonary edema typically 
appears as bilateral symmetrical perihilar opacities on chest 
radiography. �is �butter�y� �uid pattern is more commonly 
seen with increased capillary pressure than with increased 
capillary permeability. �e presence of air bronchograms 
suggests increased-permeability pulmonary edema. Cardio-
genic pulmonary edema is characterized by marked dyspnea, 
tachypnea, and signs of sympathetic nervous system activa-
tion (hypertension, tachycardia, diaphoresis) that is o�en 
more pronounced than that seen in patients with increased-
permeability pulmonary edema. Pulmonary edema caused 
by increased capillary permeability is characterized by a high 
concentration of protein and secretory products in the edema 
�uid. Di�use alveolar damage is typically present with the 
increased-permeability pulmonary edema associated with 
acute respiratory distress syndrome (ARDS).�

Aspiration

Aspirated acidic gastric �uid is rapidly distributed throughout 
the lungs and produces destruction of surfactant-producing 
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FIG. 3.1  Flow-volume curves in different conditions: obstructive 
disease, O; extraparenchymal restrictive disease with limitation in 
inspiration and expiration, R(E); and parenchymal restrictive disease, 
R(P). Forced expiration is plotted for all conditions; forced inspira-
tion is shown only for the normal curve. By convention, lung volume 
increases to the left on the abscissa. The arrow alongside the normal 
curve indicates the direction of expiration from total lung capacity 
(TLC) to residual volume (RV). (Adapted from Weinberger SE. Distur-
bances of respiratory function. In: Fauci B, Braunwald E, Isselbacher 
KJ, et al., eds. Harrison’s Principles of Internal Medicine.  14th ed. 
New York: McGraw-Hill; 1998.)
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cells and damage to the pulmonary capillary endothelium. As a 
result, there is atelectasis and leakage of intravascular �uid into 
the lungs, producing capillary permeability pulmonary edema. 
�e clinical picture is similar to that of ARDS. Arterial hypox-
emia is present. �ere may also be tachypnea, bronchospasm, 
and acute pulmonary hypertension. Chest radiography may not 
demonstrate evidence of aspiration pneumonitis for 6�12 hours 
a�er the event. Evidence of aspiration, when it does appear, is 
most likely to be in the superior segment of the right lower lobe 
if the patient aspirated while in the supine position.

Measurement of gastric �uid pH is useful, since it re�ects 
the pH of the aspirated �uid. Measurement of tracheal aspirate 
pH is of no value because the aspirated gastric �uid is rapidly 
diluted by airway secretions. �e aspirated gastric �uid is also 
rapidly redistributed to peripheral lung regions, so lung lavage 
is not useful unless there has been aspiration of particulate 
material.

Aspiration pneumonitis is best treated by delivery of 
supplemental oxygen and positive end-expiratory pressure 
(PEEP). Bronchodilation may be needed to relieve bron-
chospasm. �ere is no evidence that prophylactic antibiotics 
decrease the incidence of pulmonary infection or alter out-
come. Corticosteroid treatment of aspiration pneumonitis 
remains controversial.�

Neurogenic Pulmonary Edema

Neurogenic pulmonary edema develops in a small propor-
tion of patients experiencing acute brain injury. Typically 
this form of pulmonary edema occurs minutes to hours a�er 
central nervous system (CNS) injury and may manifest dur-
ing the perioperative period. �ere is a massive outpouring 
of sympathetic impulses from the injured CNS that results in 
generalized vasoconstriction and a shi� of blood volume into 
the pulmonary circulation. Presumably the increased pulmo-
nary capillary pressure from this acute translocation of blood 
volume leads to transudation of �uid into the interstitium and 
alveoli. Pulmonary hypertension and hypervolemia can also 
injure blood vessels in the lungs.

�e association of pulmonary edema with a recent CNS 
injury should suggest the diagnosis of neurogenic pulmonary 
edema. �e principal entity in the di�erential diagnosis is aspi-
ration pneumonitis. Unlike neurogenic pulmonary edema, 
chemical pneumonitis resulting from aspiration frequently 
persists longer and is o�en complicated by bacterial infection.�

Drug-Induced Pulmonary Edema

Acute noncardiogenic pulmonary edema can occur a�er 
administration of a number of drugs, but especially opioids 
(heroin) and cocaine. High-permeability pulmonary edema is 
suggested by the high protein concentration in the pulmonary 
edema �uid in this situation. Cocaine can also cause pulmo-
nary vasoconstriction, acute myocardial ischemia, and myo-
cardial infarction. �ere is no evidence that administration 
of naloxone speeds resolution of opioid-induced pulmonary 
edema. Treatment of patients who develop drug-induced pul-
monary edema is supportive and may include tracheal intuba-
tion for airway protection and mechanical ventilation.�

High-Altitude Pulmonary Edema

High-altitude pulmonary edema may occur at heights rang-
ing from 2500�5000 meters and is in�uenced by the rate of 
ascent to that altitude. �e onset of symptoms is o�en gradual 
but typically occurs within 48�72 hours at high altitude. Ful-
minant pulmonary edema may be preceded by the less severe 
symptoms of acute mountain sickness. �e cause of this high-
permeability pulmonary edema is presumed to be hypoxic 
pulmonary vasoconstriction, which increases pulmonary vas-
cular pressure. Treatment includes administration of oxygen 
and prompt descent from the high altitude. Inhalation of nitric 
oxide may improve oxygenation.�

  �� Causes of Restrictive Lung Disease
  

ACUTE INTRINSIC RESTRICTIVE LUNG DISEASE (PULMO -
NARY EDEMA)
Acute respiratory distress syndrome
Aspiration
Neurogenic problems
Opioid overdose
High altitude
Reexpansion of collapsed lung
Upper airway obstruction (negative pressure)
Congestive heart failure

CHRONIC INTRINSIC RESTRICTIVE LUNG DISEASE (INTER -
STITIAL LUNG DISEASE)
Sarcoidosis
Hypersensitivity pneumonitis
Eosinophilic granuloma
Alveolar proteinosis
Lymphangioleiomyomatosis
Drug-induced pulmonary �brosis

DISORDERS OF THE CHEST WALL, PLEURA, AND MEDIASTI -
NUM
Deformities of the costovertebral skeletal structures
  Kyphoscoliosis
  Ankylosing spondylitis
Deformities of the sternum
Flail chest
Pleural effusion
Pneumothorax
Mediastinal mass
Pneumomediastinum
Neuromuscular disorders
  Spinal cord transection
 G uillain-BarrØ syndrome
  Disorders of neuromuscular transmission
  Muscular dystrophies

OTHER
Obesity
Ascites
Pregnancy

TABLE 3.1
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Reexpansion Pulmonary Edema

Rapid expansion of a collapsed lung may lead to pulmonary 
edema in that lung. �e risk of reexpansion pulmonary edema 
a�er relief of a pneumothorax or pleural e�usion is related 
to the amount of air or liquid that was present in the pleural 
space (>1 liter increases the risk), the duration of collapse (>24 
hours increases the risk), and the rapidity of reexpansion. �e 
high protein concentration in this edema �uid suggests that 
enhanced capillary membrane permeability is important in 
the development of this form of pulmonary edema. Treatment 
of reexpansion pulmonary edema is supportive.�

Negative Pressure Pulmonary Edema

Negative pressure pulmonary edema follows relief of acute 
upper airway obstruction. It is also called postobstructive pul-
monary edema. It can be caused by postextubation laryngo-
spasm, epiglottitis, tumors, obesity, hiccups, or obstructive 
sleep apnea in spontaneously breathing patients. Spontaneous 
ventilation is necessary to create the marked negative pres-
sure that causes this problem. �e time to onset of pulmo-
nary edema a�er relief of airway obstruction ranges from a 
few minutes to as long as 2�3 hours. Tachypnea, cough, and 
failure to maintain oxygen saturation above 95% are common 
presenting signs and may be confused with pulmonary aspira-
tion or pulmonary embolism. It is possible that many cases of 
postoperative oxygen desaturation are due to some degree of 
unrecognized negative pressure pulmonary edema.

�e pathogenesis of negative pressure pulmonary edema is 
related to the development of high negative intrapleural pres-
sure by vigorous inspiratory e�orts against an obstructed upper 
airway. �is high negative intrapleural pressure decreases the 
interstitial hydrostatic pressure, increases venous return, and 
increases le� ventricular a�erload. In addition, such negative 
pressure leads to intense sympathetic nervous system activa-
tion, hypertension, and central displacement of blood volume. 
Together these factors produce acute pulmonary edema by 
increasing the transcapillary pressure gradient.

Maintenance of a patent upper airway and administra-
tion of supplemental oxygen are usually su�cient treatment, 
since this form of pulmonary edema is typically self-limited. 
Mechanical ventilation may occasionally be needed for a brief 
period. Hemodynamic monitoring reveals normal right and 
le� ventricular function. Central venous pressure and pulmo-
nary artery occlusion pressure are also normal. Radiographic 
evidence of this form of pulmonary edema resolves within 
12�24 hours.�

Management of Anesthesia in Patients With 
Pulmonary Edema

Elective surgery should be delayed in patients with pulmonary 
edema, and every e�ort must be made to optimize cardiore-
spiratory function prior to surgery. Large pleural e�usions 
may need to be drained. Persistent hypoxemia may require 
mechanical ventilation and PEEP. Hemodynamic monitoring 

may be useful in both the assessment and treatment of pulmo-
nary edema.

Patients with pulmonary edema are critically ill. Intraop-
erative management should be a continuation of critical care 
management and include a plan for intraoperative ventilator 
management. �e best way to ventilate patients with acute 
respiratory failure due to acute pulmonary edema has not 
been determined. However, because the pathophysiology is 
similar to that of acute lung injury and because there is the 
risk of hemodynamic compromise and barotrauma with the 
use of large tidal volumes and high airway pressures, it is rea-
sonable to ventilate with low tidal volumes (e.g., 6 mL/kg) with 
a ventilatory rate of 14�18 breaths per minute while attempt-
ing to keep the end-inspiratory plateau pressure at less than 30 
cm H2O. Typical anesthesia ventilators may not be adequate 
for patients with severe pulmonary edema, and more sophis-
ticated intensive care unit (ICU) ventilators may be needed. 
Patients with restrictive lung disease typically have rapid, shal-
low breathing. Tachypnea is likely during the weaning pro-
cess and should not be used as the sole criterion for delaying 
extubation if gas exchange and results of other assessments are 
satisfactory.�

ACUTE RESPIRATORY FAILURE

Overview

Respiratory failure is the inability to provide adequate arte-
rial oxygenation and/or elimination of carbon dioxide. It 
has a myriad of causes. Acute respiratory failure is consid-
ered to be present when the Pa�2 is below 60 mm Hg despite 
oxygen supplementation and in the absence of a right-to-
le� intracardiac shunt. In the presence of acute respiratory 
failure, Pa��2 can be increased, unchanged, or decreased 
depending on the relationship of alveolar ventilation to 
metabolic production of carbon dioxide. A Pa��2 above 
50 mm Hg in the absence of respiratory compensation for 
metabolic alkalosis is consistent with the diagnosis of acute 
respiratory failure.

Acute respiratory failure is distinguished from chronic respi-
ratory failure based on the relationship of Pa��2 to arterial 
pH (pHa). Acute respiratory failure is typically accompanied 
by abrupt increases in Pa��2 and corresponding decreases 
in pHa. With chronic respiratory failure, the pHa is usually 
between 7.35 and 7.45 despite an increased Pa��2. �is nor-
mal pHa re�ects renal compensation for chronic respiratory 
acidosis via renal tubular reabsorption of bicarbonate.

Respiratory failure is o�en accompanied by a decrease 
in functional residual capacity (FRC) and lung compliance. 
Increased pulmonary vascular resistance and pulmonary 
hypertension are likely to develop if respiratory failure per-
sists. ARDS is a condition that falls within the spectrum of 
acute respiratory failure.

Treatment of acute respiratory failure is directed at initi-
ating specific therapies that support oxygenation and ven-
tilation. The three principal goals in the management of 
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acute respiratory failure are: (1) a patent upper airway, (2) 
correction of hypoxemia, and (3) removal of excess carbon 
dioxide.�

Mechanical Support of Ventilation

Supplemental oxygen can be provided to spontaneously 
breathing patients via nasal cannula, Venturi mask, nonre-
breathing mask, or T-piece. �ese devices seldom provide 
inspired oxygen concentrations higher than 50% and therefore 
are of value only in correcting hypoxemia resulting from mild 
to moderate ventilation/perfusion mismatching. When these 
methods of oxygen delivery fail to maintain the Pa�2 above 60 
mm Hg, continuous positive airway pressure (CPAP) by face 
mask can be initiated. CPAP may increase lung volumes by 
opening collapsed alveoli and decreasing right-to-le� intra-
pulmonary shunting. A disadvantage of CPAP by face mask is 
that the tight mask �t required may increase the risk of pulmo-
nary aspiration should the patient vomit. Maintenance of the 
Pa�2 above 60 mm Hg is adequate because hemoglobin satura-
tion with oxygen is over 90% at this level. In some patients it 
may be necessary to perform tracheal intubation and institute 
mechanical ventilation to maintain acceptable oxygenation 
and ventilation. Typical devices that provide positive pres-
sure ventilation include volume-cycled and pressure-cycled 
ventilators.

Volume-Cycled Ventilation
Volume-cycled ventilation provides a �xed tidal volume, and 
in�ation pressure is the dependent variable. A pressure limit 
can be set, and when in�ation pressure exceeds this value, a 
pressure relief valve prevents further gas �ow. �is valve pre-
vents the development of dangerously high peak airway and 
alveolar pressures and warns that a change in pulmonary com-
pliance has occurred. Large increases in peak airway pressure 
may re�ect worsening pulmonary edema, development of a 
pneumothorax, kinking of the tracheal tube, or the presence 
of mucus plugs in the tracheal tube or large airways. Tidal 
volume is maintained despite small changes in peak airway 
pressure. A disadvantage of volume-cycled ventilation is the 
inability to compensate for leaks in the delivery system. �e 
primary modalities of ventilation using volume-cycled ven-
tilation are assist-control ventilation (AC) and synchronized 
intermittent mandatory ventilation (SIMV) (Fig. 3.3).

Assist-Control Ventilation
In the control mode, a preset respiratory rate ensures that a 
patient receives a predetermined number of mechanically 
delivered breaths even if there are no inspiratory e�orts. In 
the assist mode, however, if the patient can create some nega-
tive airway pressure, a breath at the preset tidal volume will be 
delivered.�

Synchronized Intermittent Mandatory Ventilation
�e SIMV technique allows patients to breathe spontaneously 
at any rate and tidal volume while a de�ned minute ventilation 

is provided by the ventilator. �e gas delivery circuit is modi-
�ed to provide su�cient gas �ow for spontaneous breathing 
and permit periodic mandatory breaths that are synchronous 
with the patient�s inspiratory e�orts. �eoretical advantages of 
SIMV compared to assist-control ventilation include contin-
ued use of respiratory muscles, lower mean airway and mean 
intrathoracic pressure, prevention of respiratory alkalosis, and 
improved patient-ventilator coordination.�

Pressure-Cycled Ventilation
Pressure-cycled ventilation (PCV) provides gas �ow to the 
lungs until a preset airway pressure is reached. Tidal volume is 
the dependent variable and varies with changes in lung com-
pliance and airway resistance.�

30

20

10

0

30

20

10

0

30

20

10

0

30

20

10

0

30

20

10

0

Controlled ventilation

Assisted/controlled ventilation

Assisted ventilation

Controlled ventilation with
positive end-expiratory pressure (PEEP)

Synchronized intermittent
mandatory ventilation (SIMV)

Spontaneous breath

Time

Mandatory breath

A
irw

ay
 p

re
ss

ur
e 

(c
m

 H
2O

)

FIG. 3.3  Tidal volume and airway pressures produced by various 
modes of ventilation delivered through an endotracheal tube. Arrows 
indicate initiation of a spontaneous breath by the patient, who trig-
gers the ventilator to deliver a mechanically assisted breath.
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Management of Patients Receiving Mechanical Support of 
Ventilation
Critically ill patients who require mechanical ventilation 
may bene�t from continuous infusion of sedative drugs to 
treat anxiety and agitation and to facilitate coordination with 
ventilator-delivered breaths. Inadequate sedation or agitation 
can lead to life-threatening problems such as self-extubation, 
acute deterioration in gas exchange, and barotrauma. �e need 
for neuromuscular blockade can be reduced by the optimum 
use of sedation. However, when acceptable sedation without 
hemodynamic compromise cannot be achieved, it may be nec-
essary to produce skeletal muscle paralysis to ensure appropri-
ate ventilation and oxygenation.

Sedation
Benzodiazepines, propofol, and opioids are the drugs most 
commonly administered to decrease anxiety, produce amne-
sia, increase patient comfort, and provide analgesia during 
mechanical ventilation. Continuous infusion of drugs rather 
than intermittent injection provides a more constant and desir-
able level of sedation. Daily interruption of sedative infusions 
to allow the patient to �awaken� may facilitate evaluation of 
mental status and ultimately shorten the period of mechani-
cal ventilation. Continuous infusion of propofol is uniquely 
attractive for this purpose because the brief context-sensitive 
half-time of this drug is not in�uenced by the duration of the 
infusion, and rapid awakening is predictable. Prompt recovery 
from the e�ects of a remifentanil infusion is also not a�ected 
by the duration of the drug infusion.�

Muscle Relaxants
When sedation is inadequate or hypotension accompa-
nies the administration of drugs used for sedation, the use 
of nondepolarizing neuromuscular blocking drugs to pro-
duce skeletal muscle relaxation may be necessary to permit 
optimal mechanical ventilation. �e dependence of certain 
of these drugs on renal clearance should be considered. It 
is better to use intermittent rather than continuous skeletal 
muscle paralysis to allow periodic assessment of the adequacy 
of sedation and the need for ongoing paralysis. Monitoring 
of neuromuscular blockade and titration of muscle relaxant 
doses so that two twitch responses remain in the train-of-four 
is prudent. Acute quadriplegic myopathy, also known as the 
acute myopathy of intensive care, is associated with prolonged 
drug-induced skeletal muscle paralysis in mechanically ven-
tilated patients.�

Complications of Mechanical Ventilation
Infection
In mechanically ventilated patients with acute respiratory 
failure, tracheal intubation is the single most important pre-
disposing factor for development of nosocomial pneumonia 
(ventilator-associated pneumonia). �e major pathogenic 
mechanism is microaspiration of contaminated secretions 
around the tracheal tube cu�. Diagnosis of pneumonia in the 
presence of acute respiratory failure may be di�cult, since 

fever and pulmonary in�ltrates may already be present in 
association with the cause of the acute respiratory failure.

Nosocomial sinusitis is strongly related to the presence of a 
nasotracheal tube. Treatment of nosocomial sinusitis includes 
administration of antibiotics, replacement of nasal tubes with 
oral tubes, and use of decongestants and head elevation to 
facilitate sinus drainage.�

Barotrauma
Barotrauma may present as subcutaneous emphysema, pneu-
momediastinum, pulmonary interstitial emphysema, pneu-
moperitoneum, pneumopericardium, arterial gas embolism, 
or tension pneumothorax. �ese examples of extraalveolar air 
almost always re�ect dissection or passage of air from over-
distended and ruptured alveoli. Infection increases the risk 
of barotrauma, presumably by weakening pulmonary tissue. 
Tension pneumothorax is the most common life-threatening 
manifestation of ventilator-induced barotrauma. Hypoten-
sion, worsening hypoxemia, and increased airway pressure 
suggest the presence of a tension pneumothorax.�

Atelectasis
Atelectasis is a common cause of hypoxemia that develops 
during mechanical ventilation. Migration of the tracheal tube 
into the le� or right main bronchus or development of mucus 
plugs should be considered when abrupt worsening of oxy-
genation occurs in the absence of hypotension. Arterial hypox-
emia resulting from atelectasis is not responsive to an increase 
in F��2. Other causes of sudden hypoxemia in mechanically 
ventilated patients include tension pneumothorax and pulmo-
nary embolism, but in contrast to atelectasis, these are usually 
accompanied by hypotension. Bronchoscopy may be necessary 
to remove mucus plugs responsible for persistent atelectasis.�

Monitoring of Treatment

Monitoring the progress of treatment of acute respiratory fail-
ure includes evaluation of pulmonary gas exchange (arterial 
and venous blood gases, pHa) and cardiac function (cardiac 
output, cardiac �lling pressures, intrapulmonary shunt).

Adequacy of oxygen exchange across alveolar-capillary 
membranes is re�ected by the Pa�2. �e e�cacy of this 
exchange is paralleled by the di�erence between the calculated 
alveolar P�2 (P��2) and the measured Pa�2. Calculation of 
P��2 � Pa�2 is useful for evaluating the gas-exchange function 
of the lungs and for distinguishing among the various causes 
of arterial hypoxemia (Table 3.2).

Signi�cant desaturation of arterial blood occurs only 
when the Pa�2 is less than 60 mm Hg. Ventilation/perfusion 
mismatching, right-to-le� intrapulmonary shunting, and 
hypoventilation are the principal causes of arterial hypox-
emia. Increasing the inspired oxygen concentration is likely to 
improve Pa�2 in all of these conditions, with the exception of 
a signi�cant right-to-le� intrapulmonary shunt.

Compensatory responses to arterial hypoxemia vary. As a 
general rule these responses are stimulated by an acute decrease 
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in Pa�2 below 60 mm Hg. Compensatory responses are also 
present in chronic hypoxemia when the Pa�2 is less than 50 mm 
Hg. �ese responses to arterial hypoxemia include (1) carotid 
body�induced increase in alveolar ventilation, (2) regional pul-
monary artery vasoconstriction (hypoxic pulmonary vasocon-
striction) to divert pulmonary blood �ow away from hypoxic 
alveoli, and (3) increased sympathetic nervous system activity 
to enhance tissue oxygen delivery by increasing cardiac output. 
With chronic hypoxemia there is also an increase in red blood 
cell mass to improve the oxygen-carrying capacity of the blood.

�e adequacy of alveolar ventilation relative to the meta-
bolic production of carbon dioxide is re�ected by the Pa��2 
(Table 3.3). �e e�cacy of carbon dioxide transfer across 
alveolar capillary membranes is re�ected by the dead space�
to�tidal volume ratio: VD/VT. �is ratio indicates areas in the 
lungs that receive adequate ventilation but inadequate or no 
pulmonary blood �ow. Ventilation to these alveoli is described 
as �wasted ventilation� or dead-space ventilation. Normally the 
VD/VT is less than 0.3, but it may increase to 0.6 or more when 
there is an increase in dead-space ventilation. An increased 
VD/VT occurs in the presence of acute respiratory failure, a 
decrease in cardiac output, and pulmonary embolism.

Hypercarbia is de�ned as a Pa��2 above 45 mm Hg. Permis-
sive hypercapnia is the strategy of allowing Pa��2 to increase to 
up to 55 mm Hg or more in spontaneously breathing patients 
to avoid or delay the need for tracheal intubation and mechan-
ical ventilation. Symptoms and signs of hypercarbia depend 
on the rate of increase and the ultimate level of Pa��2. Acute 
increases in Pa��2 are associated with increased cerebral blood 
�ow and increased intracranial pressure. Extreme increases in 
Pa��2 to over 80 mm Hg result in CNS depression.

Mixed Venous Partial Pressure of Oxygen
�e mixed venous partial pressure of oxygen (Pv�2) and the 
arterial-venous oxygen content di�erence (Ca�2 � Cv�2) 
re�ect the overall adequacy of the oxygen transport system 

(cardiac output) relative to tissue oxygen extraction. For 
example, a decrease in cardiac output that occurs in the pres-
ence of unchanged tissue oxygen consumption causes Pv�2 to 
decrease and Ca�2 � Cv�2 to increase. �ese changes re�ect 
the continued extraction of the same amount of oxygen by the 
tissues during a time of decreased tissue blood �ow. A Pv�2 
below 30 mm Hg or a Ca�2 � Cv�2 above 6 mL/dL indicates 
the need to increase cardiac output to facilitate tissue oxygen-
ation. A pulmonary artery catheter permits sampling of mixed 
venous blood, measurement of Pv�2, and calculation of Cv�2.�

Arterial pH
Measurement of pHa is necessary to detect acidemia or alka-
lemia. Metabolic acidosis predictably accompanies arterial 
hypoxemia and inadequate delivery of oxygen to tissues. Aci-
demia caused by respiratory or metabolic derangements is 
associated with dysrhythmias and pulmonary hypertension.

Alkalemia is o�en associated with mechanical hyper-
ventilation and diuretic use, which lead to loss of chloride 
and potassium ions. �e incidence of dysrhythmias may be 
increased by respiratory alkalosis. �e presence of alkalemia 
in patients recovering from acute respiratory failure can delay 
or prevent successful weaning from mechanical ventilation 
because of the compensatory hypoventilation that will occur 
in an e�ort to correct the pH disturbance.�

Intrapulmonary Shunt
Right-to-le� intrapulmonary shunting occurs when there 
is perfusion of alveoli that are not ventilated. �e net e�ect 
is a decrease in Pa�2, re�ecting dilution of oxygen in blood 
exposed to ventilated alveoli with blood containing little oxy-
gen coming from unventilated alveoli. Calculation of the shunt 
fraction provides a reliable assessment of ventilation/perfu-
sion matching and serves as a useful estimate of the response 
to various therapeutic interventions during treatment of acute 
respiratory failure.

  �� Mechanisms of Arterial Hypoxemia
  

Mechanism PaO2 PaCO2 PAO2 � PaO2

Response to 
Supplemental Oxygen

Low inspired oxygen concentration (altitude) Decreased Normal to decreased Normal Improved
Hypoventilation (drug overdose) Decreased Increased Normal Improved
Ventilation/perfusion mismatching (COPD, pneumonia) Decreased Normal to decreased Increased Improved
Right-to-left intrapulmonary shunt (pulmonary edema) Decreased Normal to decreased Increased Poor to none
Diffusion impairment (pulmonary �brosis) Decreased Normal to decreased Increased Improved

TABLE 3.2

  �� Mechanisms of Hypercarbia
  
Mechanism PaCO2 VD/VT PAO2 � PaO2

Drug overdose Increased Normal Normal
Restrictive lung disease (kyphoscoliosis) Increased Normal to increased Normal to increased
Chronic obstructive pulmonary disease Increased Increased Increased
Neuromuscular disease Increased Normal to increased Normal to increased

TABLE 3.3
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A physiologic shunt normally comprises 2%�5% of cardiac 
output. �is degree of right-to-le� intrapulmonary shunting 
re�ects the passage of pulmonary arterial blood directly to the 
le� side of the circulation through the bronchial and thebesian 
veins. It should be appreciated that determination of the shunt 
fraction in a patient breathing less than 100% oxygen re�ects 
the contribution of ventilation/perfusion mismatching as well 
as right-to-le� intrapulmonary shunting. Calculation of the 
shunt fraction from measurements obtained when the patient 
breathes 100% oxygen eliminates the contribution of ventila-
tion/perfusion mismatching.�

Weaning From the Ventilator
Mechanical ventilatory support is withdrawn when a patient 
can maintain oxygenation and carbon dioxide elimination 
without assistance. When determining whether the patient 
can be safely weaned from mechanical ventilation and will 
tolerate extubation, important considerations include that 
the patient is alert and cooperative and is able to tolerate a 
trial of spontaneous ventilation without excessive tachypnea, 
tachycardia, or respiratory distress. Some of the guidelines 
that have been proposed for indicating the feasibility of dis-
continuing mechanical ventilation include (1) vital capacity of 
more than 15 mL/kg, (2) alveolar-arterial oxygen di�erence 
of less than 350 cm H2O while breathing 100% oxygen, (3) 
Pa�2 of more than 60 mm Hg with an F��2 of less than 0.5, 
(4) negative inspiratory pressure of more than �20 cm H2O, 
(5) normal pHa, (6) respiratory rate lower than 20 breaths per 
minute, and (7) VD/VT of less than 0.6. Breathing at rapid rates 
with low tidal volumes usually signi�es an inability to toler-
ate extubation. Ultimately the decision to attempt withdrawal 
of mechanical ventilation is individualized and considers not 
only pulmonary function but also the presence of co-existing 
medical problems.

When a patient is ready for a trial of withdrawal from 
mechanical support of ventilation, three options may be con-
sidered: (1) synchronized intermittent mandatory ventilation, 
which allows spontaneous breathing amid progressively fewer 
mandatory breaths per minute until the patient is breathing 
unassisted; (2) intermittent trials of total removal of mechani-
cal support and breathing through a T-piece; and (3) use of 
decreasing levels of pressure-support ventilation. Overall, cor-
recting the underlying condition responsible for the need for 
mechanical ventilation is more important for successful extu-
bation than the particular weaning method. Deterioration in 
oxygenation a�er withdrawal of mechanical ventilation may 
re�ect progressive alveolar collapse, which can be respon-
sive to treatment with CPAP or noninvasive positive pressure 
ventilation (NIPPV) rather than reinstitution of mechanical 
ventilation.

Several things may interfere with successful withdrawal 
from mechanical ventilation and extubation. Excessive work-
load on the respiratory muscles imposed by hyperin�ation, 
copious secretions, bronchospasm, increased lung water, or 
increased carbon dioxide production from fever or parenteral 
nutrition greatly decreases the likelihood of successful tracheal 

extubation. Use of noninvasive ventilation (NIV) as a bridge to 
discontinuation of mechanical ventilation may be considered. 
�is involves early extubation with immediate application of a 
form of NIV. �is method of weaning may be associated with a 
decreased incidence of nosocomial pneumonia, a shorter ICU 
stay, and a reduction in mortality. However, NIV may impair 
the ability to clear airway secretions if the patient does not 
have a good cough, and there may be inadequate minute ven-
tilation. Careful patient selection is required if this modality is 
being considered.�

Tracheal Extubation
Tracheal extubation should be considered when patients tol-
erate 30 minutes of spontaneous breathing with CPAP of 5 
cm H2O without deterioration in arterial blood gas concen-
trations, mental status, or cardiac function. �e Pa�2 should 
remain above 60 mm Hg with an F��2 less than 0.5. Likewise 
the Pa��2 should remain below 50 mm Hg, and the pHa should 
remain above 7.30. Additional criteria for tracheal extubation 
include the need for less than 5 cm H2O PEEP, spontaneous 
breathing rates lower than 20 breaths per minute, and a vital 
capacity above 15 mL/kg. Patients should be alert, with active 
laryngeal re�exes and the ability to generate an e�ective cough 
and clear secretions. Protective glottic closure function may 
be impaired following tracheal extubation, which results in an 
increased risk of aspiration.�

Oxygen Supplementation
Oxygen supplementation is o�en needed a�er tracheal extu-
bation. �is need re�ects the persistence of ventilation/per-
fusion mismatching. Weaning from supplemental oxygen is 
accomplished by gradually decreasing the inspired concen-
tration of oxygen, as guided by measurements of Pa�2 and/or 
monitoring of oxygen saturation by pulse oximetry.�

ACUTE RESPIRATORY DISTRESS 
SYNDROME

Adult ARDS is caused by in�ammatory injury to the lung and 
is manifested clinically as acute hypoxemic respiratory failure. 
Events that can cause direct or indirect lung injury and lead 
to ARDS are listed in Table 3.4. Sepsis is associated with the 
highest risk of progression to ARDS. Rapid-onset respiratory 
failure accompanied by refractory arterial hypoxemia, with 
radiographic �ndings indistinguishable from cardiogenic pul-
monary edema, are the hallmarks of ARDS. Proin�ammatory 
cytokines lead to the increased alveolar capillary membrane 
permeability and alveolar edema seen in this condition. �e 
acute phase of ARDS usually resolves completely but in some 
patients may progress to �brosing alveolitis with persistent 
arterial hypoxemia and decreased pulmonary compliance.

Diagnosis

�e previous de�nition of ARDS came from the American-
European Consensus Conference of 1994, but this has now 
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been supplanted by the Berlin de�nition of ARDS, which is 
the result of the work of a task force empowered by critical 
care societies from several countries (Table 3.5). �e focus of 
the new de�nition is on oxygenation, timing of disease onset, 
and imaging results. �e term acute lung injury is no longer 
used. Instead, ARDS is now classi�ed as mild (200 mm Hg 
< Pa�2/F��2 �  300 mm Hg), moderate (100 mm Hg < Pa�2/
F��2 �  200 mm Hg) or severe (Pa�2/F��2 �  100 mm Hg). �e 
calculation of the Pa�2/F��2 ratio must now be calculated with 
CPAP or PEEP of at least 5 cm H2O.

Pulmonary artery occlusion pressure is no longer a part of 
the de�nition of ARDS. Bilateral �ndings on chest radiogra-
phy in at least three lung quadrants not explained by pleural 
e�usion or atelectasis are seen. Echocardiography helps rule 
out a cardiogenic cause of pulmonary edema.

Pulmonary hypertension can be due to pulmonary 
artery vasoconstriction and obliteration of portions of the 
pulmonary capillary bed and when severe can cause acute 
right-sided heart failure. Death from ARDS is most often a 
result of sepsis or multiple organ failure rather than respi-
ratory failure, although some deaths are directly related to 
lung injury.�

Clinical Management

Management of a patient with ARDS is mainly supportive. 
Supportive care consists of mechanical ventilation, antibiotics, 
stress ulcer prophylaxis, venous thromboembolism prophy-
laxis, and early enteral feeding (Table 3.6).

�e best form of mechanical ventilation in patients with 
ARDS has been a topic of great debate. Two schools of thought 
exist: one believes in protective ventilation and the other 
believes in open lung ventilation. In addition to lung overdis-
tention, cyclic opening and closing of small airways and alveo-
lar units during tidal mechanical ventilation can lead to a form 
of lung injury called atelectrauma. Several trials have exam-
ined the e�ects of open lung ventilation and protective lung 
ventilation in limiting atelectrauma.

Overin�ation of the lungs is deleterious because it appears 
to be the main mechanism of ventilator-induced lung injury. 
Limiting end-inspiratory lung stretch to minimize mortality 
in ARDS patients has been evaluated, and a mortality bene�t 
of 22% was noted in patients ventilated with �low� (6 mL/kg) 
tidal volumes compared to higher lung volumes. �is mortal-
ity bene�t did not appear to have any relationship to baseline 
lung compliance or to the underlying factor responsible for the 
development of ARDS. It was noted that in�ammatory media-
tor concentrations, especially those of interleukin (IL)-6, were 
lower in the survival group.

Other studies addressed the potential superiority of an 
open lung ventilation approach in which PEEP was titrated 
to the highest value possible while keeping plateau pressure 
below 28�30 cm H2O. Patients treated according to the open 
lung approach had signi�cantly more ventilator-free days and 
organ failure�free days, but in-hospital mortality, 28-day mor-
tality, and 60-day mortality were not improved.

Prone positioning and extracorporeal membrane oxygen-
ation (ECMO) have been proposed as therapies for the life-
threatening refractory hypoxemia in patients with severe 
ARDS. Both of these strategies have demonstrated improve-
ment in oxygenation.

Prone positioning exploits gravity and repositioning of the 
heart in the thorax to recruit lung units and improve venti-
lation/perfusion matching. It appears that prone position 

  �� Clinical Disorders Associated With Acute 
Respiratory Distress Syndrome

  

DIRECT LUNG INJURY
Pneumonia
Aspiration of gastric contents
Pulmonary contusion
Fat emboli
Near drowning
Inhalational injury
Reperfusion injury

INDIRECT LUNG INJURY
Sepsis
Trauma associated with shock
Multiple blood transfusions
Cardiopulmonary bypass
Drug overdose
Acute pancreatitis

TABLE 3.4

  �� The Berlin Definition of Acute Respiratory 
Distress Syndrome

  
Lung injury of acute onset with 1 week of an apparent clinical 

insult and with progression of pulmonary symptoms
Bilateral opacities on lung imaging not explainable by other lung 

pathology
Respiratory failure not explained by heart failure or volume over-

load
Decreased arterial PaO2/FIO2 ratio:
  Mild ARDS: ratio is 201�300
  Moderate ARDS: ratio is 101�200
  Severe ARDS: ratio is <101

From the ARDS De�nition Task Force. Acute respiratory distress syndrome: the 
Berlin de�nition. JAMA. 2012;307:2526-2533.

TABLE 3.5

  �� Treatment of Acute Respiratory Distress 
Syndrome

  
Oxygen supplementation
Tracheal intubation
Mechanical ventilation
Positive end-expiratory pressure
Optimization of intravascular �uid volume
Diuretic therapy
Inotropic support
Glucocorticoid therapy (?)
Removal of secretions
Control of infection
Nutritional support
Administration of inhaled � 2-adrenergic agonists

TABLE 3.6
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ventilation is bene�cial in selected patients with severe ARDS, 
as indicated by an improvement in oxygenation as well as a 
mortality bene�t.

Extracorporeal lung support (ECLS) techniques like 
ECMO can be considered in patients with severe hypoxemic 
and/or hypercapnic respiratory failure as a possible rescue 
therapy. �e aim of this strategy is to rest the lungs until the 
severe hypoxemia and respiratory acidosis have resolved. �e 
bene�ts and timing of venovenous ECMO in ARDS remains 
controversial.

Additional supportive therapies are crucial in the manage-
ment of ARDS. Optimal �uid management, neuromuscular 
blockade, inhaled nitric oxide, prostacyclin (PGI2) administra-
tion, recruitment maneuvers, surfactant replacement therapy, 
glucocorticoids, and ketoconazole have all been implicated in 
improved outcomes in ARDS.

A positive �uid balance is an independent risk factor for 
mortality in critically ill patients. Conservative �uid therapy 
is essential in managing pulmonary issues. Hypervolemia 
can lead to increased vascular permeability in already dam-
aged lung tissue. Fluid-restrictive therapy has been associated 
with more mechanical ventilation�free days and a shorter ICU 
length of stay but no di�erence in 60-day mortality.

Use of neuromuscular blockers has been associated with 
less barotrauma and less secretion of both pulmonary and 
systemic proin�ammatory mediators. However, given the 
potential adverse e�ect of these medications in terms of caus-
ing ICU-acquired myopathy, their use should be limited to 
severely hypoxemic patients for as brief a period as possible.

Inhaled nitric oxide (NO) has been proposed to treat 
refractory hypoxemia, owing to its vasodilatory e�ects on 
vascular smooth muscle. It can help improve ventilation/per-
fusion matching and decrease pulmonary vascular resistance 
and pulmonary artery pressure. Several studies have noted a 
transient improvement in oxygenation but no reduction in 
mortality.�

CHRONIC INTRINSIC RESTRICTIVE LUNG 
DISEASE (INTERSTITIAL LUNG DISEASE)

Pulmonary Fibrosis

Interstitial lung disease is characterized by changes in the 
intrinsic properties of the lungs and is most o�en caused by 
pulmonary �brosis. �is produces a chronic restrictive form 
of lung disease. Pulmonary hypertension and cor pulmonale 
develop as progressive pulmonary �brosis results in the loss of 
pulmonary vasculature. Dyspnea is prominent, and breathing 
is rapid and shallow.�

Sarcoidosis

Sarcoidosis is a systemic granulomatous disorder that involves 
many tissues but has a predilection for intrathoracic lymph 
nodes and the lungs. Many patients have no symptoms at the 
time of presentation, and the disease is o�en identi�ed only 

because of abnormal �ndings on chest radiography. Some 
patients may have respiratory symptoms such as dyspnea and 
cough. Ocular sarcoidosis may produce uveitis; myocardial 
sarcoidosis may produce conduction defects and dysrhyth-
mias. �e most common form of neurologic involvement 
in sarcoidosis is unilateral facial nerve palsy. Endobronchial 
sarcoid is common. Laryngeal sarcoidosis occurs in up to 5% 
of patients and may interfere with the passage of adult-size 
tracheal tubes. Cor pulmonale may develop. Hypercalcemia 
occurs in fewer than 10% of patients but is a classic manifesta-
tion of sarcoidosis.

Mediastinoscopy may be necessary to provide lymph node 
tissue for the diagnosis of sarcoidosis. Angiotensin-convert-
ing enzyme activity is increased in patients with sarcoidosis 
and is presumably due to production of this enzyme by cells 
within the granuloma. However, this increase in angiotensin-
converting enzyme activity does not have useful diagnostic 
or prognostic signi�cance. Corticosteroids are administered 
to suppress the manifestations of sarcoidosis and to treat the 
hypercalcemia.�

Hypersensitivity Pneumonitis

Hypersensitivity pneumonitis is characterized by di�use 
interstitial granulomatous reactions in the lungs a�er inha-
lation of dust containing fungi, spores, and animal or plant 
material. Signs and symptoms of hypersensitivity pneumo-
nitis include the onset of dyspnea and cough 4�6 hours a�er 
inhalation of the antigens. �is is followed by leukocytosis, 
eosinophilia, and o�en arterial hypoxemia. Chest radiogra-
phy shows multiple pulmonary in�ltrates. Repeated episodes 
of hypersensitivity pneumonitis may lead to pulmonary 
�brosis.�

Eosinophilic Granuloma

Pulmonary �brosis accompanies the disease process known 
as eosinophilic granuloma (histiocytosis X). No treatment has 
been shown to be bene�cial for this disease.�

Alveolar Proteinosis

Pulmonary alveolar proteinosis is a disease of unknown eti-
ology characterized by deposition of lipid-rich proteinaceous 
material in the alveoli. Dyspnea and arterial hypoxemia are 
the clinical manifestations. �is process may occur indepen-
dently or in association with chemotherapy, AIDS, or inha-
lation of mineral dusts. Although spontaneous remission 
may occur, treatment of severe cases requires whole-lung 
lavage to remove the alveolar material and improve macro-
phage function. Lung lavage in patients with hypoxemia may 
temporarily decrease the level of oxygenation further. Air-
way management during anesthesia for lung lavage includes 
placement of a double-lumen endobronchial tube to facili-
tate lavage of each lung separately and optimize oxygenation 
during the procedure.�
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Lymphangioleiomyomatosis

Lymphangioleiomyomatosis is proliferation of smooth muscle 
in airways, lymphatics, and blood vessels that occurs in women 
of reproductive age. Pulmonary function tests show restric-
tive and obstructive lung disease with a decrease in di�using 
capacity. Lymphangioleiomyomatosis presents clinically as 
progressive dyspnea, hemoptysis, recurrent pneumothorax, 
and pleural e�usions. Nearly all lymphangioleiomyomatosis 
cells express progesterone receptors. Progesterone or tamox-
ifen can be used for treatment, but there is still progressive 
deterioration in pulmonary function, and most patients die 
within 10 years of the onset of symptoms.�

Management of Anesthesia in Patients With 
Chronic Interstitial Lung Disease

Patients usually have dyspnea and nonproductive cough. Cor 
pulmonale may be present. Coarse breath sounds with crepi-
tations can be heard. A chest radiograph may show a ground 
glass or nodular pattern. Arterial blood gas analysis reveals 
hypoxemia with normocarbia. Pulmonary function tests 
show restrictive ventilatory defects, and the di�using capacity 
is decreased. A vital capacity of less than 15 mL/kg indicates 
severe pulmonary dysfunction. Infection should be treated, 
secretions cleared, and smoking stopped preoperatively.

Patients with interstitial lung disease tolerate apneic periods 
very poorly because of their small FRC and low oxygen stores. 
General anesthesia, the supine position, and controlled venti-
lation all contribute to further decreases in FRC. Alterations 
in FRC and the risk of hypoxia continue into the postoperative 
period. Uptake of inhaled anesthetics is faster in these patients 
because of the small FRC. Peak airway pressures should be 
kept as low as possible to minimize the risk of barotrauma.�

CHRONIC EXTRINSIC RESTRICTIVE LUNG 
DISEASE

Thoracic Extrapulmonary Causes

Chronic extrinsic restrictive lung disease is o�en due to disor-
ders of the thoracic cage (chest wall) that interfere with lung 
expansion. Deformities of the sternum, ribs, vertebrae, and 
costovertebral structures include conditions such as ankylos-
ing spondylitis, �ail chest, scoliosis, and kyphosis. �e lungs 
are compressed and lung volumes are reduced. �e work of 
breathing is increased because of the abnormal mechanical 
properties of the chest and the increased airway resistance that 
results from decreased lung volumes. Any thoracic deformity 
may cause compression of the pulmonary vasculature and lead 
to right ventricular dysfunction. Recurrent pulmonary infec-
tion resulting from a poor cough is common.

�e two basic types of costovertebral skeletal deformity 
are scoliosis (lateral curvature with rotation of the vertebral 
column) and kyphosis (anterior �exion of the vertebral col-
umn). �ey may present in combination as kyphoscoliosis, 
which leads to severe restrictive impairment of lung function. 

Kyphoscoliosis may be idiopathic, due to a neuromuscular dis-
order, or associated with congenital vertebral malformations.

Idiopathic kyphoscoliosis accounts for 80% of cases. �is 
commonly begins during late childhood or early adolescence 
and may progress in severity during the years of rapid skele-
tal growth. Patients with neuromuscular disorders producing 
kyphoscoliosis have more respiratory compromise than those 
with idiopathic kyphoscoliosis. �is deformity of the spine 
results in a decrease in ventilatory capacity of the lung and an 
increase in the work of breathing. �e deformity also leads to a 
raised hemidiaphragm on the side of the concavity. �e sever-
ity of this disorder is usually measured by the degree of spinal 
curvature (Cobb angle). �e greater the Cobb angle, the greater 
the respiratory compromise. Mild to moderate kyphoscoliosis 
(scoliotic angle < 60 degrees) is associated with minimal to 
mild restrictive ventilatory defects. A Cobb angle of more than 
70 degrees puts the patient at increased risk of respiratory dys-
function. Dyspnea may occur during exercise, but as the skel-
etal deformity worsens the vital capacity declines and dyspnea 
becomes a common complaint even with moderate exertion. 
Severe deformities (scoliotic angle > 100 degrees) can lead to 
chronic alveolar hypoventilation, hypoxemia, secondary eryth-
rocytosis, pulmonary hypertension, and cor pulmonale. Respi-
ratory failure is most likely in patients with kyphoscoliosis 
associated with a vital capacity of less than 45% of the predicted 
value and a scoliotic angle of more than 100 degrees.

Compression of underlying lung tissue results in an 
increased alveolar-arterial oxygen di�erence. It is important 
to note that during the nonphasic period of REM sleep, these 
patients are at increased risk of hypoventilation. Nocturnal 
hypoventilation may sometimes be the presenting feature of 
this condition. NIV strategies can be used to help manage this 
problem. Indications for NIV in these patients include symp-
toms suggestive of nocturnal hypoventilation, signs of cor pul-
monale, nocturnal oxygen desaturation, or an elevated daytime 
Pa��2. Perioperatively, patients with severe kyphoscoliosis are 
at increased risk of developing pneumonia and hypoventila-
tion when exposed to CNS depressant drugs. Supplemental 
oxygen therapy augmented by nocturnal ventilatory support 
may be needed.

Pectus excavatum, also called funnel chest or concave chest, 
is a chest wall deformity in which the body of the sternum, 
mostly the lower end, is curved inward. �is deformity can 
restrict chest expansion and reduce vital capacity. In most 
patients with pectus excavatum, there are no signi�cant func-
tional limitations. Lung volumes and cardiovascular func-
tion are preserved. Surgical correction is indicated when the 
sternal deformity is accompanied by evidence of pulmonary 
restriction or cardiovascular dysfunction.

Pectus carinatum, also called pigeon chest, is a deformity 
of the sternum characterized by outward protuberance of the 
sternum and ribs. �e etiology is unknown, though it does run 
in families. �is is usually a condition of cosmetic concern, but 
some children do have respiratory symptoms or asthma.

Multiple rib fractures, especially when they occur in a par-
allel vertical orientation, can produce a �ail chest characterized 
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by paradoxical inward movement of the unstable portion of 
the thoracic cage while the remainder of the thoracic cage 
moves outward during inspiration. At least three or more 
anteriorly or posteriorly fractured ribs must be present to have 
a �ail chest. �e �ail portion of the chest moves outward dur-
ing exhalation. A �ail chest results in pain, increased work of 
breathing, inability to cough and clear secretions, and splint-
ing of the injured hemithorax, with resulting atelectasis and 
delayed healing. �ere is also underlying lung contusion that 
results in low compliance and FRC. Flail chest can also result 
from dehiscence of a median sternotomy. Tidal volumes are 
diminished because the region of the lung associated with 
the chest wall abnormality paradoxically increases its volume 
during exhalation and de�ates during inspiration. �e result 
is progressive hypoxemia and alveolar hypoventilation and 
increased work of breathing. Treatment of a �ail chest includes 
positive pressure ventilation until a de�nitive stabilization 
procedure can be carried out.

Pleural disorders include conditions such as trapped lung 
syndrome, pleural e�usion, empyema, and pneumothorax. 
�e pleura is a thin membrane that covers the entire surface of 
the lung, inner rib cage, diaphragm, and mediastinum. �ere 
are two pleural membranes: the visceral pleura, which covers 
the lungs, and the parietal pleura, which underlies the rib cage, 
diaphragm, and mediastinum.

Pleural e�usion refers to accumulation of �uid in the pleu-
ral space. Diagnosis can be made with chest radiography, 
computed tomography (CT) scan of the chest, or bedside 
ultrasonography. Chest radiography will reveal blunting of the 
costophrenic angle and a characteristic homogeneous opac-
ity that forms a concave meniscus with the chest wall. Appar-
ent elevation or changes in the contour of the diaphragm may 
signify a subpulmonic e�usion. However, chest radiography 
is not a very sensitive tool for diagnosis of pleural e�usion, 
since there must be at least 250 mL of e�usion before it can 
be detected by this method. �e sensitivity and speci�city of 
ultrasound for diagnosing pleural e�usion is much better and 
approaches 100% in experienced hands. �is methodology 
can also reveal septae within the e�usion and can distinguish 
between transudates and exudates.

Various types of �uid may accumulate in the pleural space, 
including blood (hemothorax), pus (empyema), lipids (chy-
lothorax), and serous liquid (hydrothorax). Diagnosis of the 
cause of pleural e�usion is possible by analysis of pleural �uid 
a�er a thoracentesis. �e distinction between transudate and 
exudate points to potential diagnoses and the need for further 
evaluation. Bloody pleural e�usion is common in patients with 
malignant disease, trauma, or pulmonary infarction. Surgical 
treatment is usually required for an e�usion that cannot be 
drained by needle/small catheter thoracentesis. Pleurodesis, 
decortication, pleuroperitoneal shunts, and closure of dia-
phragmatic defects are some of the surgical options for treat-
ing recurrent e�usions.

Pneumothorax is the presence of gas in the pleural space 
caused by disruption of either the parietal pleura (from an 
external penetrating injury) or visceral pleura (from a tear 

or rupture in the lung parenchyma). �e visceral pleura usu-
ally separates from the parietal pleura, and the air can be seen 
between the visceral pleural lining and the rib cage. When the 
gas originates from the lung itself, the rupture may occur in 
the absence of known lung disease (spontaneous pneumotho-
rax) or as a result of some known parenchymal lung pathology 
(secondary pneumothorax).

Idiopathic spontaneous pneumothorax occurs most o�en in 
tall, thin men aged 20�40 years and is due to rupture of apical 
subpleural blebs. Smoking cigarettes increases the risk of spon-
taneous pneumothorax 20-fold. Most episodes of spontane-
ous pneumothorax occur while patients are at rest. Exercise or 
airline travel does not increase the likelihood of spontaneous 
pneumothorax. Women with subpleural and diaphragmatic 
endometriosis can have rupture of these nodules at the time of 
menstruation, causing a pneumothorax. �is particular kind 
of pneumothorax is termed catamenial pneumothorax.

Underlying lung diseases associated with secondary pneu-
mothorax include emphysema, cystic �brosis, and lung 
abscess. As the air that is trapped in the thoracic cavity contin-
ues to expand, it leads to an increase in intrathoracic pressure 
and can cause compromise of cardiac function (i.e., tension 
pneumothorax).

Tension pneumothorax is a medical emergency and devel-
ops when gas enters the pleural space during inspiration and 
is prevented from escaping during exhalation. �e result is a 
progressive increase in the amount and pressure/tension in the 
trapped air (Fig. 3.4). Patients are usually in respiratory dis-
tress, with an increased respiratory rate, shortness of breath, 
hypoxia, and pleuritic chest pain. �e trachea may be deviated 
to the side away from the pneumothorax. Auscultation reveals 
decreased/absent breath sounds on the side of the pneumo-
thorax, with hyperresonance on percussion. Vital signs show 
tachycardia and hypotension. If the patient is being mechani-
cally ventilated, increased airway pressures and decreased 
tidal volumes can be observed. Tension pneumothorax occurs 
in fewer than 2% of patients experiencing idiopathic sponta-
neous pneumothorax but can occur with rib fractures, inser-
tion of central lines, and barotrauma in patients undergoing 
mechanical ventilation. More than 30% of the pneumothora-
ces that develop in patients on mechanical ventilation are ten-
sion pneumothoraces. Dyspnea, hypoxemia, and hypotension 
may be severe. Immediate evacuation of gas through a needle 
or a small-bore catheter placed into the second anterior inter-
costal space can be life saving.

Treatment of a symptomatic pneumothorax requires evac-
uation of air from the pleural space by aspiration through a 
needle or small-bore catheter or placement of a chest tube. 
Aspiration of a pneumothorax followed by catheter removal is 
successful in most patients with a small to moderate-sized pri-
mary spontaneous pneumothorax. When the pneumothorax 
is small (<15% of the volume of the hemithorax) and symp-
toms are absent, observation may su�ce.

When a pneumothorax occurs during anesthesia, imme-
diate discontinuation of nitrous oxide and administration of 
100% oxygen must commence. If the patient has a tension 
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pneumothorax, needle/catheter decompression must be per-
formed, followed by chest tube placement. Oxygen supple-
mentation accelerates reabsorption of air from the pleural 
space.

Pneumomediastinum may follow a tear in the esophagus 
or tracheobronchial tree or alveolar rupture, although it most 
o�en occurs without a known cause. Spontaneous pneumo-
mediastinum has been observed a�er recreational cocaine use. 
Symptoms of retrosternal chest pain and dyspnea are typically 
abrupt in onset and usually follow an exaggerated breathing 
e�ort, such as a cough, emesis, or Valsalva maneuver. Subcu-
taneous emphysema may be extensive in the neck, arms, abdo-
men, and scrotum. Gas in the mediastinum may decompress 
into the pleural space, leading to pneumothorax. �e diagnosis 
of pneumomediastinum is established by chest radiography. 
Spontaneous pneumomediastinum resolves without speci�c 
therapy. When pneumomediastinum is a result of organ rup-
ture, surgical drainage and repair may be necessary.

Pleural �brosis may follow hemothorax, empyema, or surgi-
cal pleurodesis for the treatment of recurrent pneumothorax. 
Despite obliteration of the pleural space, functional restric-
tive lung abnormalities remain but are usually minor. Surgi-
cal decortication to remove thick �brous pleura is considered 
only if the restrictive lung disease is very symptomatic.

Acute mediastinitis usually results from bacterial contami-
nation a�er esophageal perforation. Symptoms include chest 
pain and fever. It is treated with broad-spectrum antibiotics 
and surgical drainage.

�e anterior mediastinal compartment is anterior to the 
pericardium and includes lymphatic tissue, the thymus, and 
potentially the thyroid (Fig. 3.5). Mediastinal masses most com-
monly found in the anterior mediastinum are thymomas, germ 
cell tumors, lymphomas, intrathoracic thyroid tissue, and para-
thyroid lesions. �ymomas comprise 20% of mediastinal neo-
plasms in adults and are the most common primary anterior 
mediastinal neoplasms in this patient population. Symptoms 
due to myasthenia gravis a�ect one third of patients with thy-
momas. Middle mediastinal lesions include tracheal masses, 
bronchogenic and pericardial cysts, enlarged lymph nodes, and 
proximal aortic disease (i.e., aneurysm or dissection). Poste-
rior mediastinal masses include neurogenic tumors and cysts, 
meningocele, lymphoma, descending aortic aneurysm, and 
esophageal disorders such as diverticula and neoplasms.

Patients with systemic lymphoma o�en have involvement 
of the mediastinum, and 5%�10% of patients with lymphoma 
have primary mediastinal lesions at clinical presentation. 
Mediastinal cysts can arise in the pericardium, bronchi, 
esophagus, stomach, thymus, and thoracic duct, and although 
benign, they can produce compressive symptoms. Lung cancer 
can manifest with mediastinal adenopathy, a sign of advanced-
stage disease. In the evaluation of mediastinal widening, 
contrast-enhanced CT can distinguish between vascular struc-
tures, so� tissues, and calci�cations. Large mediastinal tumors 
may be associated with progressive airway obstruction, loss of 
lung volumes, pulmonary artery and/or cardiac compression, 
and superior vena cava obstruction.
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FIG. 3.4  Changes in pressure and volume on chest x-ray. A, Lungs and mediastinum under nor-
mal conditions of pressure and volume. The heart and airway are near the midline. The minor 
�ssure is in normal position. The right diaphragm is usually slightly higher than the left because of 
the larger size of the liver relative to the spleen. B, Increased pressure results in mediastinal shift 
and tracheal deviation to the opposite side. In the case of a right-sided tension pneumothorax, 
the right hemidiaphragm may be displaced in a caudad direction and may be lower than the left 
hemidiaphragm�the reverse of their normal positions. In addition, in any tension pneumothorax the 
costophrenic angle may be extremely deep on the abnormal side owing to a hyperin�ated pleural 
space�the �deep sulcus sign.� (From Broder JS. Diagnostic Imaging for the Emergency Physi -
cian. Philadelphia: Saunders; 2011.)
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Treatment of a mediastinal mass depends on the underly-
ing pathology. Many require surgical resection, radiation, che-
motherapy, or careful surveillance over time.

Anesthetic management of patients with mediastinal masses 
can present signi�cant challenges. Preoperative evaluation of 
such patients includes measurement of a �ow-volume loop, 
chest imaging studies, and clinical evaluation for evidence 
of tracheobronchial compression. �e size of the mediastinal 
mass and the degree of tracheal compression can be estab-
lished by CT scan, and this study is also a useful predictor of 
whether airway di�culties during anesthesia are likely. Flex-
ible �beroptic bronchoscopy under topical anesthesia can be 
a useful tool for evaluating the degree of airway obstruction. 
Unfortunately the severity of preoperative pulmonary symp-
toms has no relationship to the degree of respiratory compro-
mise that can be encountered during anesthesia. Indeed, a 
number of asymptomatic patients have developed severe air-
way obstruction during anesthesia. Preoperative radiation of a 
malignant mediastinal mass to decrease its size should be con-
sidered whenever possible. A local anesthetic technique is best 
for symptomatic patients requiring a diagnostic tissue biopsy. 
During anesthesia, the tumor may increase in size because of 
venous engorgement, and its position may shi� somewhat. 
As a result, it can compress the airway, vena cava, pulmonary 
artery, or atria and create life-threatening hypoxemia, hypo-
tension, or even cardiac arrest.

�e method of induction of anesthesia and tracheal intu-
bation in the presence of mediastinal tumors depends on the 
preoperative assessment of the airway. Visible external edema 
associated with superior vena cava syndrome is likely to be 
accompanied by similar edema inside the mouth and hypo-
pharynx. If edema resulting from caval obstruction is severe, 
it may be necessary to establish intravenous access in the legs 
rather than in the arms. Invasive blood pressure monitoring 
should be established. Symptomatic patients may need to be 
in the sitting position to breathe adequately. If so, anesthetic 
induction should proceed in the sitting position until the air-
way has been secured. Topical anesthesia of the airway, with 
or without light sedation, can be used to facilitate �beroptic 
laryngoscopy. If severe airway obstruction occurs, it can be 
alleviated by placing the patient in the lateral or prone posi-
tion. Spontaneous ventilation throughout surgery is recom-
mended whenever possible. Worsening of superior vena cava 
syndrome may occur as a result of excessive �uid adminis-
tration. Diuretics may decrease the tumor volume, but the 
reduction in preload in these patients with already compro-
mised venous return can result in signi�cant hypotension. 
Surgical bleeding is o�en more than expected because of the 
increased central venous pressure. Postoperatively, tumor 
swelling as a result of partial resection or biopsy may increase 
symptoms of airway obstruction and require reintubation of 
the trachea.

Bronchogenic cysts are �uid- or air-�lled cysts arising from 
the primitive foregut that are lined with respiratory epithe-
lium. �ey are typically located in the mediastinum or lung 
parenchyma. �ese cysts may be asymptomatic, the focus of 
recurrent pulmonary infection, or the cause of life-threaten-
ing airway obstruction. Cysts located in the mediastinum are 
more likely to be �lled with �uid than air and are usually not 
in direct communication with the airways. �ese masses cause 
symptoms of airway compression as they grow. Surgical exci-
sion may be necessary.

�eoretical concerns in patients with bronchogenic cysts 
include hazards related to nitrous oxide administration and 
the use of positive pressure ventilation. Nitrous oxide can 
di�use into air-�lled bronchogenic cysts and cause their 
expansion, with associated life-threatening respiratory or car-
diovascular compromise. Institution of positive pressure ven-
tilation in patients with cysts that extrinsically compress the 
tracheobronchial tree may have a ball-valve e�ect resulting in 
air trapping. Despite these concerns, clinical experience con-
�rms that nitrous oxide and positive pressure ventilation are 
o�en safely used in patients with bronchogenic cysts.�

Extrathoracic Causes

Neuromuscular disorders that interfere with the transfer of 
CNS input to the skeletal muscles necessary for inspiration and 
exhalation can result in restrictive lung disease. �ese abnor-
malities of the spinal cord, peripheral nerves, neuromuscular 
junction, or skeletal muscles may result in restrictive pulmo-
nary defects characterized by an inability to generate normal 
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FIG. 3.5  Anatomic location of the mediastinal compartments in 
the three-compartment model. (This model has no speci�c superior 
compartment.) (From Liu W, Deslauriers J. Mediastinal divisions and 
compartments. Thorac Surg Clin.  2011;21:183-190.)
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inspiratory and expiratory respiratory pressures. In contrast to 
mechanical disorders of the thoracic cage, in which an e�ective 
cough is typically preserved, the expiratory muscle weakness 
characteristic of neuromuscular disorders prevents generation 
of a su�cient expiratory air�ow velocity to provide a force-
ful cough. Acute respiratory failure is likely when pneumo-
nia occurs (caused by retained secretions resulting from this 
ine�ective cough) or central or respiratory depressant drugs 
are administered. Patients with neuromuscular disorders are 
dependent to some degree on their state of wakefulness to 
maintain adequate ventilation. During sleep, hypoxemia and 
hypercapnia may develop and contribute to the development 
of cor pulmonale. Vital capacity is an important indicator of 
the total impact of a neuromuscular disease on ventilation.

Breathing is maintained solely or predominantly by the 
diaphragm in quadriplegic patients with spinal cord injury 
at or below C4. Higher levels of injury result in diaphrag-
matic paralysis. Because the diaphragm is active only during 
inspiration, coughing, which requires activity by the muscles 
involved in exhalation including those of the abdominal wall, 
is almost totally absent. Normally, intercostal muscles are 
required to stabilize the upper rib cage against inward collapse 
when negative intrathoracic pressure is produced by descent 
of the diaphragm. With diaphragmatic breathing there is a 
paradoxical inward motion of the upper thorax during inspira-
tion. �is results in a diminished tidal volume. When quad-
riplegic patients are in the upright position, the weight of the 
abdominal contents pulls on the diaphragm and the absence 
of abdominal muscle tone results in less e�cient function of 
the diaphragm. Abdominal binders can serve to replace lost 
abdominal muscle tone and may be useful whenever tidal 
volume decreases signi�cantly in the upright position. Quad-
riplegic patients have mild degrees of bronchial constriction 
caused by parasympathetic tone that is unopposed by sym-
pathetic activity from the spinal cord. Use of anticholinergic 
bronchodilating drugs can reverse this abnormality. Respi-
ratory failure rarely occurs in quadriplegic patients in the 
absence of complications such as pneumonia.

Respiratory insu�ciency that requires mechanical ventila-
tion occurs in 20%�25% of patients with Guillain-BarrØ syn-
drome. Ventilatory support is needed on average for 2 months. 
A small number of patients have persistent skeletal muscle 
weakness and are susceptible to recurring episodes of respira-
tory failure in association with pulmonary infection.

Myasthenia gravis is the most common disease a�ecting 
neuromuscular transmission that may result in respiratory 
failure. Patients with myasthenia gravis are resistant to succi-
nylcholine and sensitive to nondepolarizing muscle relaxants. 
Myasthenic syndrome (Eaton-Lambert syndrome) may be 
confused with myasthenia gravis. Prolonged skeletal muscle 
paralysis or weakness may occur following administration of 
nondepolarizing neuromuscular blocking drugs.

Patients with Duchenne muscular dystrophy, myotonic dys-
trophy, and other forms of muscular dystrophy are predis-
posed to pulmonary complications and respiratory failure. 
Chronic alveolar hypoventilation caused by inspiratory muscle 

weakness may develop. Expiratory muscle weakness impairs 
cough. Weakness of the swallowing muscles may lead to pul-
monary aspiration of gastric contents. As with all neuromus-
cular syndromes, CNS depressant drugs should be avoided 
or administered in minimal dosages. Nocturnal ventilation 
with noninvasive techniques such as nasal intermittent posi-
tive pressure or external negative pressure ventilation may be 
useful.

In the absence of complications, neuromuscular disorders 
rarely progress to the point of hypercapnic respiratory failure 
unless diaphragmatic weakness or paralysis is present. �us 
quadriplegic patients who have preserved phrenic nerve func-
tion are unlikely to develop respiratory failure in the absence 
of pneumonia or administration of CNS depressants. In the 
supine position, patients with diaphragmatic paralysis may 
develop a ventilatory pattern similar to that seen with a �ail 
chest. In the upright posture, these patients experience a sig-
ni�cant increase in vital capacity and improved oxygenation 
and ventilation. Most cases of unilateral diaphragmatic paral-
ysis are a result of neoplastic invasion of the phrenic nerve. 
In the absence of associated pleuropulmonary disease, most 
adult patients with unilateral diaphragmatic paralysis remain 
asymptomatic, and this defect is detected as an incidental 
�nding on chest radiography. In contrast, infants are more 
dependent on bilateral diaphragmatic function for adequate 
respiratory function. In symptomatic infants and adults, plica-
tion of the hemidiaphragm may be necessary to prevent �ail 
motion of the thoracic cage.

Transient diaphragmatic dysfunction may occur a�er 
abdominal surgery. Lung volumes are decreased, the alveolar-
arterial oxygen di�erence increases, and the respiratory rate 
increases. �ese changes may be a result of irritation of the 
diaphragm, which causes re�ex inhibition of phrenic nerve 
activity. As a result of this postoperative diaphragmatic dys-
function, atelectasis and arterial hypoxemia may occur. Incen-
tive spirometry may alleviate these abnormalities.

Obesity is an increase in body mass index (BMI) and is 
associated with decreases in FEV1, FVC, FRC, and expira-
tory reserve volume (ERV). With a BMI over 40 kg/m2 there 
is also a decrease in residual volume (RV) and TLC. With 
extreme clinical obesity, FRC may exceed closing volume and 
approach RV. Central obesity is associated with worse lung 
function and respiratory symptoms. An increased waist-to-
hip ratio and/or abdominal girth has a good correlation with 
impaired lung function. Buildup of adipose tissue in the 
anterior abdominal wall and viscera hinders diaphragmatic 
movement, diminishes basal lung expansion during inspira-
tion, and causes closure of peripheral lung units. �is leads to 
ventilation/perfusion abnormalities and arterial hypoxemia, 
which results in respiratory compromise, especially during 
sleep and in the perioperative period. Adipose cells release 
adipocytokines that play a part in the systemic in�ammation 
triggered by obesity-related hypoxemia and obesity-related 
respiratory disorders such as obstructive sleep apnea, obesity 
hypoventilation syndrome, and chronic obstructive pulmo-
nary disease.
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Changes associated with pregnancy can lead to restrictive 
lung physiology in several ways. �e thorax undergoes struc-
tural changes, with the subcostal angle of the rib cage and 
the circumference of the lower chest wall increasing and the 
diaphragm moving cranially. Increased levels of the hormone 
relaxin cause stretching of the lower rib cage ligaments. �e 
subcostal angle widens from 68 to 103 degrees (Fig. 3.6). �e 
anteroposterior diameter and transverse diameter of the chest 
wall increases by approximately 2 cm, leading to an increase 
in the circumference of the rib cage. �ese changes peak at the 

37th week of pregnancy. Chest wall con�guration normalizes 
about 6 months postpartum, except for the subcostal angle, 
which remains wider by about 20%. �e enlarging uterus 
pushes the diaphragm up by about 4 cm.

Static lung function stays the same in pregnancy, except 
for a decrease in FRC and its components ERV and RV. �is 
reduction in FRC is expected secondary to the elevation of the 
diaphragm, downward pull of the abdomen, and the changes 
in chest wall compliance. FRC typically decreases by 15%�
20% or 200�300 mL. Intrinsic lung compliance is una�ected 

68.5°

4cm

2cm

5-7cm

Uterus
(37 weeks)

103.5°

FIG. 3.6  Chest wall changes that occur during pregnancy. The subcostal angle increases, as does 
the anterior-posterior and transverse diameter of the chest wall and the chest wall circumference. 
These changes compensate for the 4-cm elevation of the diaphragm so that total lung capacity is 
not severely reduced. (From Hegewald MJ, Crapo RO. Respiratory physiology in pregnancy. Clin 
Chest Med.  2011;32:1-13.)
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