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Legal Aspects of Anesthesia Care  
in America
DAVID B. WAISEL

K e y  P o i n t s

 •  The medical malpractice tort system is intended to improve patient care.
 •  Medical negligence occurs when a physician’s failure to meet the standard of care 

directly leads to a patient’s injury.
 •  A fully informed attorney is the physician’s best advocate.
 •  Physicians having their medical competence publicly questioned may feel guilt, 

failure, anger, shame, isolation, depression, fatigue, denial, and physical symptoms.
 •  A detailed, legible anesthesia record strengthens the defense against a malpractice 

suit.
 •  More than half the states have laws prohibiting the admission of apology or 

sympathy as evidence of wrongdoing.
 •  The goal of informed consent is to maximize the ability of the patient to make 

substantially autonomous informed decisions.
 •  Evidence of decision-making capacity (the ability to make a particular decision 

at a specific time) includes the ability to understand medical problems, 
proposed treatments, alternatives, options to refuse treatment, and foreseeable 
consequences of accepting or refusing proposed treatments and the ability to 
express a preference based on rational, internally consistent reasoning.

 •  The reasonable person standard of disclosure requires that the extent of the 
disclosure be based on what a reasonable person would consider material for 
choosing whether to undergo the proposed intervention.

 •  Anesthesiologists may refuse to provide care when they ethically or morally 
disagree with the procedure or if they believe the patient’s choice is too 
inappropriate or likely to result in harm.

 •  Competent patients have a virtually unlimited right to refuse life-sustaining 
medical treatment.

 •  Anesthesiologists are responsible for negligent acts made within the scope of 
defined duties by trainees and certified registered nurse anesthetists (CRNAs).

 •  Physicians have been held liable for inadequate pain control.
 •  In the end, case law does not provide clear guidance. If the information is possibly 

relevant to decision making, it is prudent to disclose, even if not absolutely legally 
required.
Statute law, case law, and regulations affect anesthesiolo-
gists (Table 11-1).1-7 Statute law is the body of prescriptive 
law created by a legislature to achieve a specific purpose. 
For example, the National Organ Transplant Act is the law 
that established the Organ Procurement and Transplan-
tation Network and authorized it to maintain a national 
registry for organ matching. State legislatures subsequently 
establish state laws governing organ procurement (see also 
Chapters 74 and 75).

When statute laws need interpretation, when they 
clash, or when no definitive statute law exists, disagree-
ments may be adjudicated by the judicial system. The 
aggregate of reported cases, known as case law or com-
mon law, is used as the basis for future court decisions. 
The results of these cases are rarely prescriptive and may 
lead to a collection of confusing, ambiguous, and even 
contradictory cases that rest on diverse rulings in differ-
ent jurisdictions. For example, a widow donated the kid-
ney of her deceased husband to a long-time friend. The 
transplant surgeon, upon receiving and examining the 
kidney, declared it unsuitable because of a renal artery 
aneurysm. The transplant surgeon then asked for the 
donor’s second kidney. By then, the donor’s second kid-
ney had been allocated to another patient. The plaintiff 
251



PART I: Introduction252
TABLE 11-1 LAWS AND REGULATIONS THAT AFFECT MEDICAL PRACTICE 

Law or Regulation Comments

Patient Protection and Affordable 
Care Act (PPACA; commonly 
known as ACA or Obamacare)1

The PPACA is a wide-ranging act that will be phased in over several years. It mandates that an 
individual carry health insurance, establishes standards and requirements for health insurance, 
launches health insurance exchanges to market policies, increases clinical preventive services, 
and restructures Medicare reimbursement. It establishes the National Prevention, Health 
Promotion and Public Health Council to develop a national preventive health strategy and the 
Patient Centered Outcome Research Institute to perform comparative effectiveness research. The 
PPACA specifically authorizes funding to advance research and treatment of pain management.

Health Insurance Portability and 
Accountability Act (HIPAA)3

HIPAA’s privacy rules protect individually identifiable health information held or transmitted in any 
form, whether electronic, paper, or oral. This includes a patient’s past, present, or future health or 
condition, provision of health care or payment for the provision of health care, and information 
that either identifies the individual or for which there is a basis to believe the individual can 
be identified through common identifiers. Privacy rules apply to health plans, to health care 
clearinghouses, and to any health provider who transmits health information. HIPPA is a complex 
law that includes many other provisions, including making insurance portable from one employer 
to another. The PPACA added requirements and increased the penalties for noncompliance.

Health Information Technology for 
Economic and Clinical Health Act 
(HITECH)2

The 2009 HITECH was instituted to develop a nationwide health information technology 
infrastructure that would improve health care quality and care coordination. HITECH established 
economic incentives tied to “meaningful use” of electronic health records.104 HITECH also 
established requirements for federal notification in the event of a breach of privacy for health 
care information, the effects of which have been seen in high-profile cases over the last few 
years, usually involving stolen laptop computers. The act also provided for patients to obtain 
an audit of all disclosures and uses of their electronic records, and it prohibited selling patients’ 
health information. Since 2010, more than 500 breaches have occurred. More than 60% 
involved theft or loss of information, typically on electronic devices such as laptop computers.2

Emergency in Medical Treatment  
and Active Labor Act (EMTALA)4,5

EMTALA governs when a patient may be refused treatment and when an unstable patient may 
be transferred from one hospital to another. More commonly stated, the purpose of EMTALA 
is to prohibit “dumping” of emergency patients onto other hospitals. Hospitals must perform 
a screening medical examination to determine whether an emergency condition exists, must 
provide stabilizing treatment if an emergency condition does exist, and may transfer the patient 
to another hospital only under certain conditions, such as the patient requests transfer, the 
patient is stable and transfer will not worsen the patient’s condition, and the receiving hospital 
has treatment capabilities unavailable at presenting hospital. The receiving hospital must accept 
the transfer, and physicians must certify that the patient can be safely transferred. EMTALA also 
requires assigned on-call physicians to respond to emergency situations.

Employment Retirement Income 
Security Act (ERISA; several 
amendments to ERISA are relevant 
to health benefits, including 
HIPAA)7

ERISA established uniform federal standards to protect private employee benefit plans. The 
U.S. Department of Labor administers and enforces ERISA, and federal courts interpret it. 
The relevance in medicine is that it regulates health benefit plans. Case law interpretation 
of ERISA affects how, where, and for what members may sue health maintenance 
organizations.

Controlled Substance Act (CSA)6 This act permits the federal government to regulate manufacture, importation, possession, and 
distribution of certain drugs to control traffic of controlled substances. This act permits the 
federal government to determine whether a drug should be a controlled substance and into 
what drug schedule it should be placed. This act does not control the medical use of these drugs.
sued, claiming that the organ procurement organization 
misappropriated the donor’s second kidney and alleging 
in part that, under conversion tort, the organ procure-
ment organization interfered with the plaintiff’s right of 
possession of personal property, in this case, the kidney 
(see also Chapters 74 and 75). On appeal, the court ruled 
for the defendant, the organ procurement organization, 
because the plaintiff had no common law right to the 
second kidney, given that a person cannot have property 
rights to a dead body.8

This chapter uses descriptions of legal cases. Readers 
should be aware that the medical facts of these cases are 
based on information presented in possibly incomplete 
or erroneous court documents.

Regulations arise from administrative authorities 
tasked with applying the law. For example, the U.S. 
Department of Health and Human Services develops the 
regulations that implement the health care insurance 
requirements stipulated by the Patient Protection and 
Affordable Care Act (PPACA).1

PROFESSIONAL LIABILITY

THE MEDICAL MALPRACTICE TORT SYSTEM

The medical malpractice system is intended to improve 
patients’ safety and compensate patients injured by neg-
ligence (see also Chapter 10). To do so, malpractice cases 
would have to influence the behaviors of individual clini-
cians and organizations appropriately but not encourage 
“defensive medicine.” Systems would have to encour-
age the communication needed to improve patient care 
systems.
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The malpractice system does not achieve these goals. 
Jury trials of medical malpractice suits do not reliably 
inform physicians, in part because of the inconsistencies 
in case law and in part because juries tend to correlate 
liability with severity of harm and not with physicians’ 
negligence. Cases are often appellate decisions that are 
decided on legal rather than medical grounds. Indeed, 
malpractice cases increase liability concerns and lead to 
more expensive and possibly riskier interventions. Nearly 
all physicians have made clinical decisions to avoid liabil-
ity, and these “defensive” decisions may contribute up to 
25% of health care costs.9,10 Data regarding the effects of 
defensive medicine are primarily self-reported, however, 
and are open to memory and response bias.

Physicians fear a mercurial malpractice system.11 Fear 
thwarts honest discussion of clinical events. More than 
60% of physicians feel the threat of malpractice litigation 
in their day-to-day practice, and more than 60% are con-
cerned that they will be involved in a malpractice case 
over the next 10 years.10 Although these concerns are sig-
nificantly out of proportion to the actual risk, heightened 
sensitivity to malpractice is likely attributable to the ten-
dency to overestimate the likelihood of rare events and to 
magnify the risks of unfamiliar, devastating, or arbitrary 
events.10

Juries may not be as pro plaintiff as physicians seem to 
think. Medical experts and juries overwhelmingly agree 
in assigning liability in cases with weak evidence of neg-
ligence.12 In cases with strong evidence of negligence, 
experts are far more likely than juries to assign liability to 
the defendants.13

Reform efforts have focused on reducing the costs of 
the medical liability system (Box 11-1).14 Caps on non-
economic damages have reduced claim payouts by 20% 
to 30%.14,15 For the most part, other reforms have had 
limited effects on costs. In other health care systems, 
administrative medical injury compensation systems 
seem to decrease cost but may increase claims.11 The 
Congressional Budget Office has suggested five reforms 
that will reduce the cost of malpractice insurance by 10% 
(Box 11-2).16

Whether financially centered reforms will minimize 
some of the harms of the medical malpractice system 
depends on whether defensive medicine is rooted in 
financial concerns or more complex motivations.17,18 
Some experts argue that successful reform requires fun-
damental change, such as safe-harbor legal protection for 
following clinical guidelines.15,17 Another possible funda-
mental change is judicial branch reform, whereby judges 
are supported by neutral medical experts, are trained in 
adjudicating medical malpractice, and will “own” the case 
from beginning to end. This reform is expected to promote 
speedier resolution through earlier, more frequent, and 
private meetings.15 The 2010 PPACA authorized grants 
for seeking new ways to resolve medical injury disputes.1

DISCLOSURE, APOLOGY, AND OFFER

The disclosure, apology, and offer approach may increase 
frank discussion about medical error, provide fair com-
pensation to patients, decrease costs, and reduce the 
stress and the harms of the current system (Table 11-2).19 
This approach rejects the traditional “deny and defend” 
response of physicians and hospitals that generates an 
adversarial relationship. It embraces disclosing freely, offer-
ing compensation for questionable care, and vigorously 
defending reasonable care. The University of Michigan 

Malpractice reforms are designed to encourage parties to settle 
legitimate claims and deter questionable suits.
  

Caps on noneconomic damages: They limit the amount 
of money that can be awarded for noneconomic (“pain and 
suffering”) losses.

Pretrial screening panels: They provide an opinion on whether 
a claim has sufficient merit to proceed to trial. This opinion may 
be advisory or binding and is a possible source of evidence.

Certificate of merit: This requires a plaintiff to present an 
affidavit certifying that a medical expert believes there is a 
reasonable and meritorious cause for the suit.

Attorney fee limit: This limits the amount of a malpractice 
award a plaintiff’s attorney may take in a contingent-fee 
arrangement.

Joint-and-several liability reform: This reform limits the 
financial liability of each defendant to the percentage fault that 
the jury allocates to that defendant. If the jury determines that 
a specific party is 20% responsible for the outcome, then that 
specific party is liable for only 20% of the award, even if other 
parties cannot pay their share.

Collateral-source offset: This requires that other reimburse-
ments related to the injury must be deducted from the award 
the defendant must pay.

Periodic payment: Awards may be paid over time rather than 
in one sum.

Schedule of noneconomic damages: This reform guides 
financial awards by categorizing the extent of “pain and suffer-
ing” by the severity of injury. This compensation schedule may 
be advisory or binding.

Administrative compensation systems or “health courts”: 
These alternative processes for resolution of malpractice claims 
often involve specialized judges, decision and damages guide-
lines, and neutral experts.

BOX 11-1 Traditional Malpractice Reforms

From Mello MM, Kachalia A, Goodell S: Medical malpractice: April 2011 update, Synth 
Proj Res Synth Rep 21(Suppl 1), 2011.

 1.  A cap of $250,000 on awards for noneconomic damages
 2.  A cap on awards for punitive damages of $500,000 or two 

times the award for economic damages, whichever is greater
 3.  Modification of the “collateral source” rule to allow evidence 

of income from such sources as health and life insurance, 
workers’ compensation, and automobile insurance to be 
introduced at trials or to require that such income be  
subtracted from awards decided by juries

 4.  A statute of limitations—1 year for adults and 3 years for 
children—from the date of discovery of an injury

 5.  Replacement of joint-and-several liability with a fair-share rule, 
under which a defendant in a lawsuit would be liable only for 
the percentage of the final award that was equal to his or her 
share of responsibility for the injury

BOX 11-2 Congressional Budget Office 
Recommendations to Reduce the Cost of 
Malpractice Insurance by 10%

From Elmendorf DW: Letter to Hon. Bruce L. Braley, Dec 29, 2009. <http://www.cbo.gov/
ftpdocs/108xx/doc10872/12-29-Tort_Reform-Braley.pdf/> (Accessed 27.09.13.)

http://www.cbo.gov/ftpdocs/108xx/doc10872/12-29-Tort_Reform-Braley.pdf/
http://www.cbo.gov/ftpdocs/108xx/doc10872/12-29-Tort_Reform-Braley.pdf/
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Health System, an early adopter of this approach, reported 
a resultant reduction in number of claims, settlement 
amounts, and defense costs.20

The disclosure, apology, and offer approach has legal, 
cultural, and logistic barriers. It likely fails in systems of 
asymmetric risk. For example, in some states, charitable 
corporations such as hospitals have limited tort liability, 
which means that in the short run, the practice of offering 
compensation may increase their costs.19 To be successful, 
the disclosure, apology, and offer approach must be prac-
ticed by all the hospitals and physicians within a health 
care system. Otherwise, ill-aligned values and strategies 
will bring chaos, followed by the death knell.

The current system endorses name-based reporting to 
various state and national authorities. Because most sys-
tems require settlements to be reported, physicians may 
be tainted even if the injury was unrelated to their actions. 
To be sure, this concern in part reflects an extremely out-
of-proportion view of how malpractice reports affect cre-
dentialing or licensing. Addressing these concerns will 
require both a change in reporting requirements and a 
willingness of institutions to accept responsibility for 
system-level events.

Attorneys may impede adoption of the disclosure, 
apology, and offer approach. Plaintiff attorneys may 
believe that the tort system best protects the patient’s 
interest. Defense attorneys may be concerned that this 
approach is not in the individual client’s interest.

MEDICAL MALPRACTICE

The most common cause of medical malpractice is medi-
cal negligence (Table 11-3). Negligence is a breach of a duty 
that is the proximate cause of a harm.21 Medical negligence 

TABLE 11-2 DISCLOSURE, APOLOGY, AND OFFER 

Objective Action of Hospital or Insurer

Increase 
transparency, 
reduce adversarial 
relationships

1. Disclose adverse outcomes of care
2. Build a system to support disclosure
3. Apologize
4. Explain results of investigation and 

changes to be implemented
Improve patients’ 

safety
1. Implement systems to encourage 

sufficient clinician candor to address 
patients’ safety

2. Implement systems in a timely 
manner to avoid recurrence

Avoid lawsuits, 
reduce liability 
costs, and 
improve access 
to compensation 
of families and 
patients

1. Distinguish between injuries from 
medical negligence and those from 
disease or as a result of high-risk 
medical care

2. Offer financial compensation when 
care was unreasonable without the 
patient’s needing to initiate a lawsuit

3. Defend “vigorously” when care was 
reasonable

Data from Bell SK, Smulowitz PB, Woodward AC, et al: Disclosure, apology, 
and offer programs: stakeholders’ views of barriers to and strategies for 
broad implementation. Milbank Q 90:682-705, 2012; and Boothman RC, 
Imhoff SJ, Campbell DA Jr: Nurturing a culture of patient safety and achiev-
ing lower malpractice risk through disclosure: lessons learned and future 
directions. Front Health Serv Manage 28:13-28, 2012.
occurs when a physician’s failure (breach) to meet the 
standard of care (duty) directly leads (proximate cause) 
to a patient’s injury (harm). Proximate cause should be 
tightly coupled and requires proof of cause-in-fact and 
foreseeability. Cause-in-fact, often known as the “but 
for” test, means that without the negligent act, the harm 
would not have occurred. The classic definition is that 
the act was indispensable in causing harm. Some jurisdic-
tions have expanded the “but for” rule to include actions 
that substantially contribute to the harm. Foreseeability 
suggests that injuries must be of the type that would be 
anticipated by a reasonable practitioner. For example, an 
unrecognized esophageal intubation would have been 
prevented “but for” the anesthesiologist’s forgoing end-
tidal carbon dioxide monitoring because the reasonable 
anesthesiologist would foresee that this breach of stan-
dard of care could lead to an unrecognized esophageal 
intubation. A harm must have occurred for which the 
individual needs to be compensated. Awards may be 
given for noneconomic losses, for the economic costs of 
repairing the damage, and for loss of income. Statute of 
limitations defines the amount of time in which a plain-
tiff can bring an action; it is governed by state law and 
typically begins upon the occurrence or discovery of the 
allegedly negligent act or of the harm.

Medical negligence may be adjudged as criminal medical 
negligence if it deviates greatly from the standard of care, 
whether unknowingly (criminal negligence) or knowingly 
(criminal recklessness).22 Criminal medical negligence 
is rarely prosecuted, but characteristics of these cases 
include failing to modify care based on past similar expe-
riences, hiding errors, and practicing in a way that appears 

TABLE 11-3 CAUSES OF ACTION MOST RELEVANT 
TO ANESTHESIOLOGISTS

Type Description

Medical negligence Breach of a duty of a standard of care 
with resulting harm

Wrongful death A wrongful death is one that occurs 
earlier than it would have otherwise; 
if negligence causes death, survivors 
may sue for damages

Lack of informed 
consent

Obligation to provide information 
material to a reasonable person

Abandonment Obligation to provide continuity 
of care once physician assumes 
responsibility for the patient

Vicarious liability Obligation for reasonable oversight 
of those persons working for the 
physician

Loss of chance of 
recovery or survival

The patient must show that the chance 
of recovery was likely but for the 
action of the physician

Battery Touching a person without their 
express or implied consent; no need 
for the plaintiff to prove harm in 
battery cases

Assault The attempt to touch another person; 
no need to prove actual harm

From White C, Rosoff AJ, LeBlang TR: Informed consent to medical and surgi-
cal treatment. In Sanbar AA, Firestone MH, Fiscina S, et al, editors: Legal 
medicine, ed 7. Philadelphia, 2007, Mosby, pp 337-343.
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to favor financial and personal gains over patient care. For 
example, an anesthesiologist was prosecuted (but eventu-
ally acquitted) for reckless manslaughter when, after more 
than five documented episodes of falling asleep during 
anesthesia, he fell asleep during a case in which the child 
died. He was convicted of criminal medical negligence, 
although that conviction was eventually overturned 
because the prosecutors had not brought the criminal 
medical negligence charge within legal time limits.23

THE PROCESS OF BEING SUED

Some lawsuits may begin “informally” by a request from 
a potential plaintiff’s attorney to review records or to 
discuss a case. An attorney should be consulted before 
engaging in these actions to ensure that proper procedure 
is followed. Lawsuits officially begin with a document 
called a Summons and Complaint, which is a notification 
to respond to allegations by the plaintiff.

Following initiation of the suit, the process of discovery 
begins through an exchange of documents and a deposi-
tion. The purpose of the deposition is for the other side of a 
legal action to obtain information or clarification otherwise 
unavailable, particularly about the reasoning underlying 
actions.24 At the deposition, oral testimony is taken under 
oath, is transcribed, and may be used as evidence in trial. 
Experts, consultants, clinicians, witnesses to the event, or 
defendants may be deposed. Some conversations are privi-
leged and may not be discovered by the plaintiff. These 
include discussions with attorneys, risk management per-
sonnel, insurance company representatives, a spouse, per-
sonal clinicians (including psychotherapists), and clergy. 
Conversations with close friends are discoverable.

Before the deposition, the physician should inform the 
attorney about his or her relationship with the plaintiffs 
and any problems that may have occurred. The physi-
cian should educate the attorney about complex medical 
components of the case and expected weaknesses. A fully 
informed attorney is the best advocate.

In addition to the defendant, the defendant’s attorney, 
the plaintiff’s attorney, and the court reporter, the plain-
tiff may also be present at the deposition. After the court 
reporter administers the oath, the plaintiff’s attorney will 
ask standard questions, including education, licensing, 
and certification. The defendant’s attorney will intercede 
as appropriate. The same questions may be asked several 
times over. One goal of a plaintiff’s attorney is to develop 
a casual atmosphere to lower the guard of the defendant 
before asking the more relevant questions. A defendant is 
best served by not speculating about factual matters that 
may be found on the medical records, answering only 
the questions asked, and asking for clarification if unclear 
about the meaning of a question.

MALPRACTICE DEFENSE

Physicians having their medical competence publicly 
questioned may feel guilt, failure, anger, shame, isolation, 
depression, fatigue, denial, and physical symptoms.25 If 
the suit is based on what the physician believes was a 
medical error, these feelings are intensified. After a medi-
cal error or a “near-miss,” many physicians demonstrate 
symptoms similar to posttraumatic stress disorder.26 Per-
haps most damning to future practice is self-doubt to the 
extent that practice is affected.27 Lawsuits recrudesce qui-
escent insecure feelings related to the event. It is impor-
tant to be forthright about these feelings and to manage 
them, if for no other reason than to be able to participate 
fully and positively in the legal defense.

Defendants often rebut the claims that the standard 
of care was not met and that the alleged failure to meet 
the standard of care was a proximate cause to harm. To 
help support these arguments, expert witnesses, medical 
texts, journal articles, practice guidelines, and anesthesia 
records are often used.

Expert witnesses explain the relevant science and offer 
professional opinions about the standard of care and cau-
sation.28 Although courts commonly accept the expertise 
of most expert witnesses, courts and juries do use qualifica-
tions to modulate the weight they give the testimony. An 
expert witness can support the idea that a different expla-
nation or approach, especially one that other physicians 
would support, may meet a sufficient standard of care. 
The obligations of expert witnesses include that “…expert 
testimony by anesthesiologists should be readily avail-
able, objective and unbiased. To limit uninformed and 
possibly misleading testimony, experts should be quali-
fied for their role and should follow a clear and consis-
tent set of ethical guidelines” (Box 11-3).29 The American 
Society of Anesthesiologists (ASA) has an Expert Witness 

ExpErt WitnEss Qualifications

 1.  The physician (expert witness) should have a current, valid, 
and unrestricted license to practice medicine.

 2.  The physician should be board certified in anesthesiology or 
hold an equivalent specialist qualification.

 3.  The physician should have been actively involved in the clini-
cal practice of anesthesiology at the time of the event and 
should have relevant clinical experience and knowledge in the 
clinical practice areas that are the subject of the proceeding.

ExpErt WitnEss Ethical GuidElinEs

 1.  The physician’s review of the medical facts should be truthful, 
thorough, and impartial. The physician should not exclude 
any relevant information to create a view favoring either the 
plaintiff or the defendant.

 2.  The physician’s testimony should reflect scientific evidence 
and accepted practice standards prevalent at the time of the 
event in question.

 3.  The physician should make a clear distinction between medi-
cal malpractice and adverse outcomes not necessarily related 
to negligent practice.

 4.  The physician should make every effort to assess whether 
the alleged substandard practice was causally related to the 
adverse outcome.

 5.  The physician’s fee for expert testimony should relate to the 
time spent and in no circumstances should be contingent 
upon outcome of the claim.

 6.  The physician should be willing to submit such testimony for 
review.

BOX 11-3 Guidelines for Expert Witness 
Qualifications and Testimony

From American Society of Anesthesiologists: Guidelines for expert witness qualifications 
and testimony. <https://www.asahq.org/For-Members/Standards-Guidelines-and-
Statements.aspx>. Amended 16.10.13.

https://www.asahq.org/For-Members/Standards-Guidelines-and-Statements.aspx
https://www.asahq.org/For-Members/Standards-Guidelines-and-Statements.aspx
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Testimony Review Program,30,31 through which an ASA 
member may file a complaint about the expert testimony 
of another member. The ASA reserves the right to cen-
sure, suspend, or expel members who violate these ethical 
guidelines, with concomitant reporting to the National 
Practitioner Data Bank.

Practice guidelines are increasingly used as evidence of 
a standard of care.32 Although authors of practice guide-
lines routinely state that guidelines are not intended to 
set a standard of care, it is highly likely that juries will 
be strongly influenced by them. Some authors have even 
proposed that practice guidelines should replace expert 
opinion.32

A detailed anesthesia record often strengthens the 
defense against a malpractice suit. A goal of documenta-
tion should be that uninvolved anesthesiologists should 
be able to understand interventions, the reasons for inter-
ventions, and the outcomes of interventions. Precise docu-
mentation and written explanations of thought processes 
lead to better understanding, which is important because 
malpractice claims often result from a failure or delay in 
diagnosing problems. For example, when using a nerve 
stimulator to administer regional anesthesia, an anesthe-
siologist may want to document the length and type of 
needle used, the nerve stimulator type and settings, the 
number of attempts, the strength and location of mus-
cle contractions, whether paresthesia occurred, and how 
the paresthesia was managed.33 Alternatively, consider 
the effect of documentation on the fairly routine event 
of decreased urine output. Assume that a patient had no 
urine output over a certain period in a previously func-
tioning bladder catheter. The anesthesiologist treated the 
decreased urine output by the intravenous administration 
of crystalloid. The record would ideally indicate “zero” 
under urine output and indicate a bolus of fluid under 
fluid administration. Assume, then, that 30 minutes after 
the crystalloid administration, the patient still had no 
urine output. At this point, it would be reasonable for the 
anesthesiologist to write a note on the anesthesia record 
that discussed the decreased urine output, the initial 
interpretation and treatment of the decreased urine out-
put, the results of that treatment, and the current inter-
pretation (including differential diagnoses) and planned 
treatment of the decreased urine output. The anesthesia 
record should contain certain information (Box 11-4).30,31

Countersuits such as abuse of process, malicious prose-
cution, and defamation have been consistently rejected by 
the courts.34 From a public policy perspective, the courts 
may be concerned that abuse of process countersuits that 
may limit the ability for plaintiffs to seek redress.
 I.  Preanesthesia evaluation
 a.  Patient interview
 i. Patient and procedure identification
 ii.  Medical history (medication, allergies, family history of 

anesthesia problems, pertinent review of systems)
 iii.  Anesthetic history
 iv.  Nil per os status
 b.  Appropriate physical examination (including vital signs, 

documentation of airway status, and pertinent negatives)
 c.  Review of objective diagnostic data (e.g., laboratory, electro-

cardiogram, radiographs) and medical records.
 d.  Assignment of ASA physical status
 e.  Medical consultations
 f.  Formulation of the anesthetic plan, and discussion of the 

risks, benefits, and indications
 g.  If appropriate, explanations of what may be considered 

atypical choices of the anesthesiologist or the patient
 h.  Documentation of appropriate informed consent
 i.  Appropriate premedication and prophylactic antibiotic 

administrations
 II.  Intraoperative or procedural anesthesia (time-based record of 

events)
 a.  Immediate review before initiation of anesthetic procedures
 i.  Patient reevaluation
 ii.  Check of equipment, drugs, and gas supply
 b.  Monitoring of the patient vital signs, oxygenation, and venti-

lation data and the use of any nonroutine monitors
 c.  Doses of drugs and agents used, times and routes of admin-

istration, and any adverse reactions.
 d.  The type and amounts of intravenous fluids used, including 

blood and blood products, and times of administration
 e.  Estimated blood loss and urine output
 f.  The technique(s) used and patient position(s).

 g.  Intravenous/intravascular lines and airway devices that are 
inserted including technique for insertion, and location

 h.  Unusual or unexpected events during the administration of 
anesthesia, including explanations of the recognition, treat-
ment, and outcome of the event

 i.  The status of the patient at the conclusion of anesthesia
 III.  Postanesthesia evaluation
 a.  Evaluation and documentation by a practitioner who is quali-

fied to administer anesthesia consistent with hospital policies 
and state licensure

 b.  Patient evaluation on admission and discharge from the 
postanesthesia care unit

 c.  A time-based record of vital signs and level of consciousness
 d.  A time-based record of drugs administered, their dosage, and 

route of administration
 e.  Type and amounts of intravenous fluids administered, includ-

ing blood and blood products
 f.  Any unusual events including postanesthesia or postproce-

dural complications
 g.  Medical interventions
 h.  Postanesthesia visit
 i.  Must be completed within 48 hours from when the 

patient is moved from the designated recovery area
 ii.  Must occur for surgery involving general anesthesia, 

regional anesthesia, or monitored anesthesia care
 iii.  Elements of a postanesthesia evaluation
 (1)  Respiratory function
 (2)  Cardiovascular function
 (3)  Mental status
 (4)  Temperature
 (5)  Pain
 (6)  Nausea and vomiting
 (7)  Postoperative hydration

BOX 11-4 Guidelines for Documentation

Data from American Society of Anesthesiologists: Documentation of anesthesia care. Amended 16.10.13 and Merchant R, Chartrand D, Dain S, et al: Guidelines to the practice of 
anesthesia, revised edition 2013. Can J Anaesth 60:60-84, 2013.

ASA, American Society of Anesthesiologists.
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APOLOGY AND DISCLOSURE BY  
THE INDIVIDUAL

Although often inappropriately conflated, an apology, an 
expression of regret or sorrow, is distinct from a disclo-
sure, which is a revelation about what happened. Apolo-
gies and disclosures may occur at the same time.

More than half the states have laws prohibiting the 
admission of apology or sympathy as evidence of wrong-
doing.25,35 Most apology laws permit the sympathetic 
statement “I am sorry this happened,” but they do not 
protect sympathetic statements that include explana-
tions (“I am sorry I made a mistake.”). Fewer states have 
disclosure laws, which typically require notification of 
untoward events. Laws that require disclosure and protect 
sympathetic statements but do not protect explanations 
can lead to odd discussions, which may be perceived by 
patients as insincere.35

Some recommendations suggest apologizing for the 
effect on the patient but without admitting fault. Some-
times this approach may make sense, for example, if a 
previously acceptable antibiotic caused a rash. Not to 
take responsibility may seem stilted, however, such as 
when an anesthesiologist errantly administers an antibi-
otic to a patient who has a clearly documented allergy to 
that medication. In the name of good relationships with 
patients, apologies should not be limited to events that 
may result in a suit. For example, consider a 6-year-old girl 
who is wildly screaming and thrashing upon entering the 
operating room. Following a discussion with the father, 
who is present, a decision is made to hold her down and 
apply the mask. A follow-up discussion with the family 
may include not only an apology for the induction (“I am 
sorry that was so unpleasant for Becky and you.”) but also 
an acknowledgment that the induction did not produce 
the desired reaction (“That is not our goal for induction. 
We would like it to be smoother.” and “Going without 
sedation turned out to be a mistake.”), as well as a recom-
mendation for the future (“In the future, I would give oral 
sedation before going to the operating room.”). Although 
this approach technically seems to admit wrongdoing, it 
is simply acknowledging what happened and educating 
the family for the future.

Although I believe that it is better to apologize, con-
cerns exist about apologizing. The action for the physician, 
particularly if the apology is not readily accepted, may 
be painful. An apology may also embolden an otherwise 
unsure plaintiff,36 and it may be construed as admission of 
error in court.

Whether one should admit fault for something that 
more likely may be medically negligent is more compli-
cated. Consider, for example, repeated attempts to place 
an epidural needle in a patient who is anesthetized and has 
previously undergone back surgery. The anesthesiologist 
tries repeatedly without success and without incorporat-
ing other methods such as fluoroscopy. The patient awak-
ens with a nerve injury consistent with wayward insertion 
of an epidural needle. Some experts would suggest that 
although it is acceptable to express sympathy for the pain 
and discomfort (“I am sorry for your discomfort.”), it would 
be legally harmful to acknowledge fault and a desire to do 
it differently (“I am sorry about your injury. In retrospect, 
although I am not sure what happened, I suspect that it 
was the result of the needle placement. I should have used 
direct imaging of the back such as fluoroscopy.”) Another 
opinion suggests that the second apology with the dis-
closure is better because it explains what happened, why 
it happened, and how it may be prevented in the future. 
Although this disclosure and apology approach admits 
culpability, it discloses only information that would be 
eventually discovered. I would suggest that the potential 
advantages gained by a genuine apology, delivered prop-
erly and under the appropriate circumstances, outweigh 
the potential harms of admitting culpability.

Full disclosure makes sense. From a wholly practical 
point of view, the patient will eventually learn what was 
withheld and will wonder, probably with animosity, why 
such information was not disclosed. Apology and disclosure 
for a potentially negligent event should be performed 
with thoughtful planning and support, and it is best 
practice to include in the discussion an expert in apology 
and disclosure. Disclosure may have three components. 
Upon realization of the problem, the goal is to give as 
much information as known, but not to speculate about 
what is not known, particularly about fault. Physicians 
should clarify the medical implications of the event, any 
necessary treatment or follow-up, and who will function 
as a contact for the patient regarding the event. The hos-
pital’s apology and disclosure expert often coordinates 
communication and follow-up. The next step should be 
to conduct a thorough investigation, with an eye toward 
minimizing problems in the future. Finally, the patient 
should be informed about what the investigation found, 
including the cause of the event and how such events will 
be prevented in the future.

LEGAL ASPECTS OF INFORMED CONSENT

Until the 1950s, physicians routinely obtained assent, the 
general agreement of the patient to have a procedure. The 
1957 legal case Salgo v Trustees of Leland Stanford Hospital 
codified the modern concept of informed consent.37 The 
judge clarified the difference between informed consent 
and assent by declaring, “A physician violates his duty 
to his patient and subjects himself to liability if he with-
holds any facts which are necessary to form [the] basis 
of an intelligent consent by the patient to a proposed 
treatment.…”37

The goal of informed consent is to maximize the ability 
of the patient to make substantially autonomous informed 
decisions. The modifier “substantially” is used because it is 
unreasonable to expect a patient to be fully informed. The 
more appropriate goal of substantially informed consent 
acknowledges that consent may be sufficiently autono-
mous even if not completely informed. Modern informed 
consent has seven components.

COMPONENTS OF INFORMED CONSENT

Decision-Making Capacity
Decision-making capacity is defined as the ability to make 
a particular decision at a specific time. Evidence of 
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decision-making capacity includes the ability to under-
stand medical problems, proposed treatments, alternatives, 
options to refuse treatment, foreseeable consequences of 
accepting or refusing proposed treatments and the abil-
ity to express a preference based on rational, internally 
consistent reasoning. Decision-making capacity is distinct 
from the legal concept of competency. Courts determine 
competency and often make a global determination of 
competency, thus declaring that a person is either com-
petent or incompetent for all matters. Adults are pre-
sumed to be legally competent unless declared otherwise 
by a court. In contrast, anesthesiologists are responsible 
for assessing decision-making capacity and can make this 
determination only in specific situations.

Anesthesiologists should permit patients to make deci-
sions to the extent of their abilities. For most patients, 
decision-making capacity is not in question. However, 
anesthesiologists must actively evaluate the decision-
making capacity for patients whose decision-making 
capacity has been temporarily altered, who do not have 
legal decision-making authority, or who have preexist-
ing limitations in decision-making capacity. Consider the 
patient who has received pain medication before giving 
informed consent. The level of impairment varies depend-
ing on the medication, the tolerance of the patient to the 
medication, and the decision to be made. Indeed, some 
patients, such as parturients, may have improved decision-
making capacity when pain is decreased. To determine 
whether a patient has decision-making capacity for a 
specific decision, anesthesiologists need to balance the 
medication given and its expected effects with the abil-
ity of the patient to show evidence of rational reason-
ing and understanding. When a patient has temporarily 
lost decision-making capacity, such as when the patient 
is anesthetized, anesthesiologists should not implement 
nonemergency care until after the patient regains deci-
sion-making capacity and gives consent. However, in 
emergencies, anesthesiologists should proceed without 
obtaining informed consent, based on the presumption 
that patients want life-sustaining treatment unless they 
have declared otherwise.38

Voluntariness
Physicians should perform procedures only on compe-
tent patients who participate willingly. Anesthesiologists 
compromise voluntariness through manipulation and 
coercion. Manipulation involves the deliberate distortion 
or omission of information in an attempt to induce the 
patient to accept a treatment, such as downplaying or 
omitting information to influence a patient to make a 
specific decision. Coercion involves the use of a credible 
threat to ensure complicity.

Anesthesiologists also hinder voluntariness when they 
physically restrain or sedate patients who have sufficient 
decision-making capacity. Competent patients have the 
legal and moral right to refuse treatment even in life-
threatening emergency situations. It is often difficult 
for physicians to accept that a patient wishes to make 
what a physician perceives to be a foolish decision. Shine 
v Vega illustrates the complexity of these situations.39 
In 1990, Shine, a competent adult, went to the hospi-
tal and received oxygen and an unspecified medication 
for an asthma attack. Vega, the emergency department 
attending physician, thought that the patient was very 
ill and recommended endotracheal intubation. Shine 
stated her long-standing refusal of endotracheal intuba-
tion (confirmed contemporaneously by her sister and 
father) and continued to receive oxygen by mask. Later, 
Shine’s sister came into her room in the emergency 
department and noted that Shine was breathing more 
easily but was arguing with the staff. Shortly thereafter, 
Shine and her sister attempted to leave but were forcibly 
detained by a physician and security. Shine was placed 
in four-point restraints, and Vega, choosing to disregard 
Shine’s objection, intubated the patient’s trachea. On 
appeal, the Massachusetts Supreme Court stated that the 
competent patient has a right to refuse potentially life-
sustaining treatment, even if her decision is considered 
unwise.

Another issue of voluntariness is when the interests 
of a woman and her fetus differ (see also Chapter 77). 
When a woman refuses a recommended diagnostic or 
therapeutic procedure, such as cesarean delivery for 
fetal indications, physicians may choose to respect the 
patient’s autonomy and not proceed, to encourage the 
woman to seek health care elsewhere, or to seek judi-
cial involvement. Before seeking judicial involvement, 
physicians should consider the social, physical, and psy-
chological harms of violating individual liberty and the 
fallibility and limitations of medical knowledge. Physi-
cians may want to seek judicial involvement only when 
they are highly confident that the recommended treat-
ment will substantially reduce harm to the fetus, that 
the risks to the woman are relatively small, and that no 
comparably effective less-intrusive option exists.40 Par-
ticularly relevant to anesthesiologists is the American 
College of Obstetricians and Gynecologists position on 
forced interventions: “Even the strongest evidence for 
fetal benefit would not be sufficient ethically to ever 
override a pregnant woman’s decision to forgo fetal 
treatment.”40

Disclosure
The goal of disclosure is to provide information relevant 
to the decision maker and the decision to be made. 
Skilled disclosure builds trust, helps patients make good 
decisions, and is a fundamental component of the obliga-
tion to respect a patient’s autonomy.

Established in 1972, the reasonable person standard 
requires that the extent of the disclosure be based on what 
a reasonable person would consider material for choos-
ing whether to undergo the proposed intervention.41,42 
Informed consent discussions should routinely include 
the specific risks and benefits of reasonable anesthetic 
options and monitoring techniques, as well as the pres-
ence and use of a fallback plan.38 Anesthesiologists may 
want to inform patients of common but less severe risks, 
such as postoperative nausea and vomiting, and uncom-
mon risks of more long-term significance, such as brain 
injury and death. If appropriate, the patient should be 
informed of the quality of the data, such as whether the 
information has questionable certainty. Anesthesiologists 
should also inform the patient whether an individual 
or an anesthesia care team will be providing anesthesia 
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services, and, if a team, the names and specific roles of 
the team members. To maintain good relations, patients 
should be told about other practical matters, such as the 
likely sequence of events upon arrival to the surgical 
unit, who will be with them at the various stages, what to 
expect for postoperative pain management, and realistic 
time estimates.

In general, courts have not actively required disclosure 
of professional experience, personal health matters, and 
disciplinary history, except when relevant to a patient’s 
decision making.43

Lack of disclosure about experience is often not admit-
ted into evidence in part because the experience of a phy-
sician is not a risk inherit to the procedure.44 In case law, 
however, these matters are decided on the specific mer-
its of the case. Therefore, it may be prudent to inform 
patients if the individual clinician or “system” is inexperi-
enced in a particular situation. A dentist was found liable 
when she failed to disclose that she was using equipment 
novel to her.45 The court ruled that a reasonable person 
would desire this information and could expect it to 
be offered unsolicited. In another case, the court inter-
preted the hospital environment (decreased staffing on 
the weekend) and other available opportunities (a nearby 
hospital with greater experience in a complex surgery) 
as relevant within the legal definition of disclosure and 
informed consent.46

Courts have at times expanded the duty of disclosure 
to include personal issues, such as alcohol abuse, prior 
license suspension, and a directly relevant medical prob-
lem.47 Other courts have considered such data to be in 
the domain of hospital credentialing and not a relevant 
part of disclosures.48 Courts have ruled that doctors do 
not need to disclose the chance of negligence.49 Whether 
a clinician’s history of success with a procedure must be 
disclosed depends on the particular situation.50

Exceptions to the obligation to disclose material infor-
mation include patients who choose not to be informed,51 
emergencies in which a valid informed consent cannot 
be obtained, and situations of therapeutic privilege. Phy-
sicians employ therapeutic privilege when they choose 
to withhold information because they believe disclosure 
would cause the patient to become “so ill or emotion-
ally distraught on disclosure as to foreclose a rational 
decision, or complicate or hinder treatment, or perhaps 
even pose psychological damage to the patient.”52 Thera-
peutic privilege has a narrow scope and should be used 
prudently. Simply because information is undesirable or 
upsetting to the patient does not mean that such infor-
mation should be withheld. For example, it may be rea-
sonable to invoke therapeutic privilege when discussing 
the risk of death with a patient who is acutely having a 
myocardial infarction; it would not be reasonable to do 
the same when discussing the risk of death with the par-
ents of an infant.

Recommendation
Anesthesiologists should offer an opinion about which 
options are preferable and the advantages and disadvan-
tages of each option. By explaining the value judgments 
and the quality of data supporting their opinions, anes-
thesiologists allow the patient not only to receive the 
benefit of their expertise but also to understand the rea-
sons for the recommendations. Patients can then decide 
for themselves which choices best fit their priorities.

Understanding
Patients need to understand the risks and benefits of the 
proposed procedures, the recommendations made, and 
the reasons those recommendations were made. It is diffi-
cult to determine whether a patient fully understands the 
informed consent discussion, and, indeed, many patients 
may not. Pain and distress do not seem to compromise 
the ability to recall risks and do not preclude obtaining a 
legally sufficient informed consent.

Decision
After considering the information and the anesthesiolo-
gist’s recommendation, the patient chooses an anesthetic 
technique. Patients vary in their preferences for partici-
pation in decision making, and anesthesiologists should 
be sensitive to these preferences. The desire to participate 
in the decision-making process may be a function of the 
individual, extent of illness, gender, age, and level of 
education. Anesthesiologists should attempt to tailor the 
extent of the patient’s and the physician’s decision mak-
ing to the patient and the situation.51

When a patient refuses an anesthesiologist’s rec-
ommendation or requests a technique that the anes-
thesiologist believes is inappropriate, the focus of the 
conversation moves from informed consent to informed 
refusal. Informed refusal requirements are similar to 
informed consent requirements in that the patient 
should be substantially well versed about the risks, bene-
fits, and alternatives before declining. However, although 
it may be reasonable to permit a patient who agrees with 
a recommended or acceptable procedure to refuse exten-
sive information (especially if the likelihood of harm is 
low), it is more difficult to honor a patient’s preference 
to receive limited information when that patient desires 
a suboptimal approach.53 The anesthesiologist may wish 
to provide additional information about the choice to be 
sure that the patient has all possible information. If, in 
fact, the patient chooses without sufficient information, 
the anesthesiologist has not fulfilled the obligation of 
informed refusal. Of course, a patient still may refuse to 
hear information. In either case, when a patient chooses 
a technique that the anesthesiologist believes is inappro-
priate, anesthesiologists are not obligated to provide care 
in nonemergency situations.

Autonomous Authorization
The informed consent process concludes with the 
patient’s intentionally authorizing the anesthesiologist 
to perform a specific procedure. This authorization is the 
expression of the patient’s self-determination and is the 
basis of informed consent.

DOCUMENTATION OF INFORMED 
CONSENT

Informed consent for anesthesia may be documented on 
the surgical consent form, by a handwritten note, or by 
a separate anesthesia consent form (see also Chapter 38). 
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The use of a surgical consent form is suboptimal because 
surgeons cannot capably discuss the risks of anesthesia, 
and therefore it is unclear what is being documented. 
Both handwritten notes and anesthesia consent forms 
may be acceptable. Handwritten notes detail specific dis-
cussions with patients. Writing a note for each patient, 
however, may be impractical and time consuming, and 
it may miss key aspects of informed consent. Anesthe-
sia consent forms may act as a prompt for anesthesiolo-
gists to discuss key aspects of informed consent. Space 
for handwritten notes on the consent form will permit 
additional details to be documented. Having the patient 
sign the handwritten consent or the consent form gives 
an indication that some form of communication took 
place. However, because consent forms by themselves do 
not fulfill the legal requirement of informed consent, an 
informed consent discussion must still occur.

THEORIES OF SUIT IN INFORMED CONSENT

Negligence relating to the informed consent process may 
occur if the anesthesiologist provides a disclosure that 
is insufficient to allow a patient to make an informed 
decision and an injury subsequently occurs, even if the 
injury was foreseeable and took place in the absence of a 
treatment error.38 To determine whether sufficient infor-
mation was given, the courts look for materiality and 
causation. Materiality assesses whether the information 
given met the standard of care. If the disclosure did not 
meet the standard of care, then it may be considered a 
breach of duty. Causation then assesses whether sharing 
the omitted information would have caused the patient 
to choose a different option.38 Most jurisdictions use the 
objective standard, which bases causation on whether a 
hypothetic reasonable person would have used the addi-
tional information to make a different decision. Some 
jurisdictions use the subjective standard, which is contin-
gent on whether the specific patient involved would have 
made a different decision. A few jurisdictions combine the 
two standards by heeding the objective standard while 
considering factors specific to the patient and situation. 
Courts also consider how the information was given. 
The informed consent discussion should occur in a set-
ting conducive to decision making, and it should give the 
patient a chance to ask questions and consider answers.

The disclosure process is not intended to be armor 
against medical malpractice liability if an adverse event 
happens. Informing a patient about a risk does not 
eliminate liability for its occurrence. Liability is based on 
negligence theory and depends mainly on whether the 
standard of care was met and whether the failure to meet 
the standard of care was a proximate cause of injury.

REFUSING TO PROVIDE CARE

Anesthesiologists may refuse to provide care when they 
ethically or morally disagree with the procedure or situa-
tion, such as elective termination of pregnancy. Although 
physicians have an obligation to provide care altruisti-
cally, this requisite does not always oblige physicians to  
subjugate their morals. Furthermore, society and medicine 
have a fundamental interest in preserving the moral 
fabric of individual physicians. Anesthesiologists should 
perform care that violates their conscience and possibly 
weakens their moral constitution only in critical, pre-
sumably life-or-death, circumstances. More practically, 
an anesthesiologist who ethically or morally disagrees 
with a patient’s choice will have difficulty in providing 
the care requested. In a nonemergency situation, such an 
anesthesiologist should withdraw from patient care. The 
anesthesiologist may then be obligated to make a reason-
able effort to find a competent and willing replacement.

Physicians may also ethically refuse to provide care 
if they believe the patient’s choice is too inappropriate 
or is likely to result in harm. Determining that an anes-
thetic choice is inappropriate is difficult and should not 
be invoked lightly or out of convenience. The patient’s 
choice and the resultant risks must be sufficiently extreme 
that they, say, elicit a similar response from at least sev-
eral other anesthesiologists. In addition, anesthesiologists 
may refuse to provide care if they do not feel qualified to 
provide the needed care.

LEGAL ASPECTS OF END-OF-LIFE CARE

Acknowledgment of patients’ rights to refuse life-sustain-
ing treatment began in the midtwentieth century with 
the rise of civil liberties, individual rights, and respect 
for the importance of self-determination (see Chapters 
75 and 101). In 1974, the American Medical Association 
asserted the following: “The purpose of cardiopulmonary 
resuscitation is the prevention of sudden unexpected 
death. Cardiopulmonary resuscitation is not indicated in 
cases of terminal irreversible illness where death is not 
unexpected.”54 Policies acknowledging the need to per-
mit patients to limit resuscitation during terminal illness 
were prominently published several years later.

Progression of the rights of the individual to refuse 
potentially life-sustaining care may be seen through case 
law. The 1976 case of Karen Ann Quinlan first established 
the right to refuse potentially life-sustaining care. In 
Quinlan,55 the courts upheld the legality of disconnect-
ing the ventilator from a patient thought to be ventila-
tor dependent and in a permanent vegetative state.55 The 
court based this decision on the general constitutional 
right to privacy. In addition, the court determined that a 
surrogate had the right to decline medical treatment for 
an incompetent patient if the surrogate concluded that 
the patient would have preferred limited care. Quinlan’s 
father thus discontinued his daughter’s mechanical ven-
tilation. Quinlan lived for nearly a decade, sustained by 
nasogastric feeding.

The right of a competent person to refuse potentially 
life-sustaining care was established in the 1984 case of 
Bartling v Superior Court.56 Bartling was a competent adult 
patient with an incurable disease who for 6 months 
received medical therapy against his clear wishes. After 
a pneumothorax from a needle biopsy, Bartling became 
ventilator dependent. He subsequently received a trache-
otomy to facilitate weaning attempts. During this ordeal, 
Bartling made clear his desire not to receive continued 
therapy, and at one point he declared: “While I have no 
wish to die, I find intolerable the living conditions forced 
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upon me by.…”56 Although Bartling died before his case 
could be adjudicated, the appellate court issued an opin-
ion based on the constitutional right of privacy that sup-
ported the right of a competent patient to refuse medical 
treatment.

The 1990 case of Cruzan v Director, Missouri Depart-
ment of Health concerned a young woman involved in an 
automobile accident that left her incapable of expressing 
a preference.57 Several years before the accident, Cruzan 
had expressed to a friend in a somewhat serious conversa-
tion a desire not to live in a state of diminished capacity. 
In seeking to withdraw potentially life-sustaining treat-
ment, the Cruzan family used this conversation as evi-
dence that Cruzan would have wanted therapy stopped. 
The Supreme Court of Missouri held that Cruzan’s infor-
mal statements did not meet Missouri’s evidentiary stan-
dard of “clear and convincing evidence” of a patient’s 
wish to terminate potentially life-sustaining care and 
thus mandated continuation of treatment. The case was 
appealed to the U.S. Supreme Court.58 Unlike Quinlan and 
Bartling, the Supreme Court grounded the right of a com-
petent patient to refuse treatment in the liberty interest 
of the Fourteenth Amendment, which states, “No State 
shall make or enforce any law which shall abridge the 
privileges or immunities of citizens of the United States; 
nor shall any State deprive any person of life, liberty or 
property....” The decision also upheld the rights of states 
to determine the standards for the level of certainty 
required, thus permitting Missouri to use the “clear and 
convincing evidence” standard.

Competent patients have a virtually unlimited right to 
refuse potentially life-sustaining medical treatment.59 For 
the incompetent patient, three hierarchical levels of judg-
ment direct the decision-making process for end-of-life 
care. The once-competent patient’s previously expressed 
preferences for end-of-life care should be followed as best 
as possible. When the patient’s declared preferences are 
not known, substituted judgment, which is the use of the 
surrogate’s intimate knowledge of the patient’s attitudes 
and beliefs to determine what the patient would have 
chosen, may be used to direct care. Although these are 
two distinct categories, both levels require the surrogate 
to know the patient sufficiently to choose or interpret 
the patient’s preferences appropriately. These standards 
put significant burdens on decision makers who may 
have legitimate doubts about the appropriateness of their 
decisions. When a surrogate has to make decisions for a 
patient who has never been competent, such as a young 
child or a mentally disabled adult, substituted judgment 
is impossible, and the surrogate must rely on the best 
interest standard. The best interest standard requires the 
surrogate to make decisions based on the surrogate’s view 
of what is best for the patient.

ADVANCE CARE PLANNING

Advance care planning permits a patient to declare prefer-
ences for medical treatment if he or she becomes incapac-
itated. Advance directives are designed to minimize the 
likelihood of undesired overtreatment and undertreat-
ment. Partially as a result of Cruzan, the Patient Self-Deter-
mination Act (PSDA) was introduced in 1991 to increase 
the use of advance directives.60 The PSDA requires health 
care institutions, such as hospitals, nursing homes, and 
hospice programs, to notify individuals about their rights 
regarding advance directives. Three types of advance 
directives are living wills, health care proxies (also 
known as durable power of attorney for health care deci-
sions), and physician orders for life-sustaining treatment 
(POLST). Living wills allow patients to declare the extent 
of desirable interventions, but they may not be able 
directly to address the subtle differences that character-
ize clinical situations. The difficulty of applying living 
wills to clinical situations led some patients to prefer the 
greater flexibility provided by the health care proxy, in 
which the surrogate decision maker can consider the spe-
cific details when making clinical decisions. Health care 
proxies permit patients to designate surrogate decision 
makers (including those who are not family members) to 
make decisions for them should they become unable to 
make such decisions for themselves. If the patient does 
not assign surrogacy, most jurisdictions have a hierarchy 
for assigning surrogacy, but this approach often excludes 
domestic partners and other individuals the patient 
would prefer to be the decision makers.61

Surrogacy is not always effective, particularly for 
patients who do not make their preferences clearly 
known to the surrogate before losing their decision-
making capacity.62 Given the strengths and weaknesses 
of each approach, the best option may be preparation 
of a designated proxy with some written form of pref-
erences, which can then be followed by a POLST when 
appropriate.

POLST (sometimes known as MOLST or COLST with 
“medical” or “clinical” replacing “physician” or some-
times with the name of the state as the first word) sup-
plements advance directives by focusing on advance 
planning for the seriously ill. Similar to other advance 
directives, POLST forms present options regarding car-
diopulmonary resuscitation, medical interventions, and 
artificial nutrition. Traditional advance directives require 
frequent reinterpretation and must be reestablished in 
every treatment venue. In contrast, POLST is a medi-
cal order signed by a physician, and it remains in force 
whether the patient is at home, in the hospital, or at a 
long-term care facility. POLST is designed to increase the 
likelihood of compliance with the patient’s wishes for 
life-sustaining treatment. This may be particularly impor-
tant in areas that require specific authorization to refuse 
artificial nutrition.63

Advance care planning is an ongoing process. Com-
petent patients may obviously modify their previously 
declared preferences. Demented patients, who previously 
made an informed choice to limit certain therapy, may 
express an interest in receiving that therapy.64 If patients 
have evidence of decision-making capacity, such as being 
able to provide internally coherent reasoning, their 
wishes to receive therapy should be honored. However, 
the process of resolving this situation in a patient without 
decision-making capacity and with almost no likelihood 
of regaining decision-making capacity is more complex. 
In this situation, it is better to base judgment on therapy 
from multiple sources, including significant others, the 
type of documentation, and the best interests standard.
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EFUSAL OF CARDIOPULMONARY 
ESUSCITATION

he right of a patient to reject unwanted therapy in the 
perating room is well accepted (see also Chapter 108). 
efore the patient proceeds to the operating room, peri-
perative do-not-resuscitate orders should be reevaluated 
n light of the surgical procedures, the anesthetic options, 
nd the patient’s overall goals. Anesthesiologists are then 
repared to clarify and document the desired resuscita-
ion status in the operating room, often by using the 
oal-directed approach.65 The process of obtaining and 
ocumenting perioperative refusal of resuscitation should 
omply with hospital policy and jurisdictional law. Writ-
en documentation may include the patient’s diagnosis 
nd prognosis, the characteristics of perioperative resus-
itation, likely outcomes, and the patient’s reasoning. If a 
urrogate is making the decision, the record should note 
he surrogate’s relationship with the patient and the basis 
f the surrogate’s decision.

Refusal of resuscitation in an emergency situation 
ithout time to clarify a patient’s wishes is inherently 
ifferent. The traditional bias of providing treatment in 
he absence of a clear decision not to treat still holds for 
he anesthesiologist in the emergency situation. The situ-
tion can always be clarified later, and the patient can be 
ithdrawn from the ventilator if it is determined that the 
atient would have preferred not to receive the interven-
ions. In short, the “inconvenience” of a short period of 

echanical ventilation is worth the opportunity to ascer-
ain the patient’s desires correctly.

HE DEMAND FOR LIFE-SUSTAINING 
HERAPIES

atients or families may demand therapies that clinicians 
elieve are inadvisable because of burden to the patient, 
ost, or uncertain benefit. When these cases become irrec-
ncilable, the cases may go to court, often not to deter-
ine what therapy should be given but to determine who 

hould be the decision maker for a noncompetent person. 
or example, Helga Wanglie was an 86-year-old patient in 
 persistent vegetative state who was receiving mechani-
al ventilation. The medical center believed that further 
herapy was inadvisable for Mrs. Wanglie and wanted to 
ithdraw mechanical ventilation. When Mr. Wanglie 

efused the medical center’s request to stop mechanical 
entilation, the medical center sought appointment of 
n independent guardian to supplant Mr. Wanglie as her 
uardian. The Court declared that Mr. Wanglie was best 
ble to be Mrs. Wanglie’s surrogate.66,67

In the 1995 case of Gilgunn,68 a jury supported a uni-
ateral refusal of potentially life-sustaining care. Catherine 
ilgunn had multiple medical problems and severe brain 
amage, and she was in a coma. Her daughter Joan, rep-
esenting the family, requested that everything be done. 
he Optimum Care Committee of the hospital agreed with 
he physicians that providing cardiopulmonary resuscita-
ion was not a genuine therapeutic option. The legal divi-
ion approved the do-not-resuscitate order because they 
elieved that the physicians were acting in the patient’s 
est interest. Gilgunn was disconnected from ventilator 
support and died a few days later. The jury supported the 
actions of the physician and hospital to impose a unilat-
eral do-not-resuscitate order. There was no appeal.

Physicians and hospitals have been very successful in 
defending lawsuits about unilateral refusal of potentially 
life-sustaining care.69,70 Nonetheless, unilateral physi-
cians’ declarations are insufficiently respectful of patients’ 
autonomy. Evidence indicates that negotiation nearly 
always resolves these problems without the need to resort 
to unilateral action. However, being able to resolve dif-
ferences of opinions about applying treatments with low 
likelihoods of success is important. Policies for resolution 
based on a procedural approach, in which the process for 
resolving conflict is described, are more practical. Good 
policies are public, reflect the moral values of the commu-
nity, and include processes for identifying stake holders, 
for initiating and conducting the policy, for commenc-
ing appellate mechanisms, and for determining relevant 
information.71

In a different approach, the Texas Advance Directives 
Act permits physicians to unilaterally withhold or with-
draw treatments they regard as “futile,” provided the 
physicians follow certain guidelines, including obtaining 
the agreement of the hospital ethics committee.72 Other 
states are considering this approach.73 On the other end of 
the spectrum, some jurisdictions have passed laws requir-
ing treatment against the clinician’s wishes until the 
patient can be transferred to a willing clinician or hospi-
tal or until judicial review.74,75 Another approach is seen 
in the Consent and Capacity Board in Ontario, Canada. 
This is an independent, government-based tribunal for 
resolution of consent and capacity issues. Although most 
cases involve involuntary commitment to a psychiatric 
facility, this board has been involved in cases regarding 
end-of-life care. Other areas are exploring this approach.

PHYSICIAN-ASSISTED SUICIDE

Physician-assisted suicide is the act by a physician of pre-
scribing lethal quantities of medication for self-adminis-
tration by the patient (see also Chapter 10). In the United 
States, courts have held that no constitutional right to 
physician-assisted suicide exists.76,77 The courts have fol-
lowed common ethical opinion in drawing a distinction 
between the positive right to demand an action (e.g., 
physician-assisted suicide) and the more powerful nega-
tive right to be free of bodily invasion. Although no con-
stitutional right to assisted suicide exists, individual states 
may choose to legalize or prohibit this act.78 In 1997, the 
State of Oregon legalized the Oregon Death With Dignity 
Act, which permitted terminally ill patients to receive 
prescriptions in lethal quantities for the purpose of self-
administration. This law does not permit any other forms 
of physician-related aid-in-dying, such as having another 
person administer the medication. From 1998 through 
2011, prescriptions were written for 935 patients, and 
596 patients used them. The most common diseases in 
patients who chose to ingest a lethal dose of medica-
tion were malignant neoplasms (81% of patients), amy-
otrophic lateral sclerosis (7% of patients), and chronic 
lower respiratory tract diseases (4% of patients).79 The 
number of prescriptions written and used annually has 
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slowly and steadily increased since 1998.79 The financial 
and educational status of patients does not seem to play a 
role in the request for physician-assisted suicide.

OTHER LEGAL ASPECTS OF 
ANESTHESIOLOGY

CARE OF THE JEHOVAH’S WITNESS

Jehovah’s Witnesses interpret Biblical scripture to pro-
hibit taking in blood because it holds the “life force,” 
and anyone who partakes of it shall be “cut off” from 
eternal life after death.80 Jehovah’s Witnesses have dif-
ferent interpretations about the prohibition of blood 
transfusions, and anesthesiologists must actively clarify 
what the patient considers acceptable (see also Chapter 
63). Documenting acceptable interventions crystallizes 
the patient’s desires and provides legal documentation 
for the anesthesiologist. Anesthesiologists must be certain 
that they are capable of fulfilling the patient’s requests; 
otherwise, they should not agree to provide anesthesia. 
Indeed, the anesthesiologist and surgeon should provide 
nonemergency care to the patient only if all parties can 
agree on the approach to blood management.

Case law strongly supports the right of the adult 
patient to refuse blood products. One case illustrates a dif-
ferent consideration in the care of Jehovah’s Witnesses. 
Mary Stinemetz, a practicing Jehovah’s Witness, refused 
to have a liver transplant in Kansas because she wanted 
to go to Nebraska to receive a “bloodless transplant.” An 
appeals court ruled that the state had violated her consti-
tutional right when they denied Medicaid coverage for 
the out-of-state transplant.81

LAW REGARDING PEDIATRIC PATIENTS

For the most part, parents or other surrogate decision 
makers of children make health care decisions for minors 
(in general, children <18 years of age) (see also Chapters 
92 and 93). However, the participation of children should 
increase as they grow older, and it depends on both the 
patient’s maturity and the consequences of the decision. 
Informed assent acknowledges that although most pedi-
atric patients cannot legally consent to medical care, they 
should share in decision making to the extent that their 
development permits.

Some minors are permitted to consent for themselves.82 
Emancipated minors are patients less than 18 years old 
who have been given the global right to make their own 
health care decisions. This status varies by state but is gen-
erally awarded to patients who are married, parents, in 
the military, and economically independent, and it may 
include patients who are pregnant. The mature minor doc-
trine holds that minors who have decision-making capac-
ity are legally and ethically capable of giving informed 
consent in specific situations as determined by a court. 
Although particulars vary, the mature minor doctrine 
in general requires patients to be at least 14 years old, 
and it tends to permit decisions of lesser risk. The courts 
will balance the maturity and decision-making capacity 
of the minor with the risks associated with honoring the 
minor’s wish. As minors near the age of majority, the like-
lihood increases that the court will support the right of 
minors to determine therapy. For example, in a case in 
2007 that seemed be on the margin, a judge ruled that a 
14-year-old practicing Jehovah’s Witness would be per-
mitted to refuse transfusion therapy during treatment for 
a type of cancer that had a 70% 5-year survival rate. The 
patient subsequently died.83

Even though pediatric patients who are pregnant may 
be considered emancipated, many states require some 
form of parental involvement such as parental consent 
or notification before an elective abortion in an adoles-
cent (see also Chapter 77). If a state requires parental 
involvement, the ability of the minor to circumvent this 
regulation by seeking relief from a judge, known as judi-
cial bypass, must be available. Requirements and enforce-
ment of statutes vary from state to state. The need for 
parental involvement in minors who have abortions is 
not always legally straightforward, and it may be best 
to consult with hospital counsel in determining such 
issues.84,85

Parents and medical personnel may disagree about 
what is in the best interest of the child. Based on the legal 
doctrine of parens patriae, which is the government’s obli-
gation to protect the interests of incompetent patients, 
parents are not permitted to make decisions that repre-
sent grossly inappropriate overtreatment or undertreat-
ment.86,87 One way to decide what is in the best interest 
of the child is to define what choices fall outside of the 
range of acceptable decision making. The extent to which 
one intervenes between a patient and the surrogate’s deci-
sion depends primarily on how harmful the decision is to 
the patient. Criteria to make this determination include 
the amount of harm to the child by the intervention or 
its absence, the likelihood of success, and the overall risk-
to-benefit ratio.87 Charging a parent with not acting in 
the child’s best interests has significant social, fiscal, and 
familial ramifications. If, however, after exhausting other 
options the anesthesiologist believes the parent has cho-
sen unacceptable treatment, the anesthesiologist should 
report the situation to proper child welfare authorities for 
possible legal action.

Anesthesiologists caring for a child of a Jehovah’s Wit-
ness should inform the patient and family that attempts 
will be made to limit the need for transfusion therapy and 
to abide by their transfusion preferences, but that in a 
life-threatening situation the anesthesiologist will seek a 
court order authorizing the administration of potentially 
life-sustaining blood. When the likelihood of requiring 
blood is high or the local judiciary is not that familiar 
with case law for Jehovah’s Witnesses, the anesthesi-
ologist may choose to obtain the court order before the 
operation. In crisis situations in which no court order 
exists, anesthesiologists should initiate emergency trans-
fusion therapy before obtaining a court order. As a child 
becomes older, the courts become less likely to intervene, 
and they often grant the emerging adolescent more deci-
sion-making latitude. In elective procedures that may be 
safely delayed, the patient and family may also consider 
postponing the procedure until the child is of sufficient 
age and maturity to decide about transfusion therapy (see 
also Chapter 61).
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SUPERVISION AND PROFESSIONAL 
ASSOCIATIONS

Attending physicians may be sued because of residents’ 
actions. The question of what is considered acceptable 
resident supervision is affected by local policies and 
national guidelines, but again, in any individual case, 
a jury often determines the standard of care. Specific 
guidelines about what trainees are permitted and not 
permitted to do may provide some protection for the 
attending physician if the trainee deviates from these 
guidelines (see also Chapter 9). In addition, residents 
are being named in lawsuits with increasing frequency. 
As a general rule, a resident is held to the same stan-
dard of care as a practicing attending physician in that 
specialty.88

Under the doctrine of respondeat superior and the 
theory of vicarious liability, anesthesiologists are respon-
sible for negligent acts made within the scope of 
defined duties by certified registered nurse anesthetists 
(CRNAs).89 The fundamental issue of vicarious liability is 
whether the anesthesiologist is controlling the activities 
of the CRNA. Although the question of vicarious liability 
may depend on who remunerates the CRNA, this tends 
to be an ineffective defense because in these situations 
anesthesiologists tend to have full authority to direct 
CRNAs medically. The scope of defined duties and the 
determination whether adequate supervision occurred 
are affected by societal expectations, medical customs, 
history, practice, manuals, agreements, actions, expert 
analysis, and written documentation, but they are ulti-
mately determined by a jury in any individual case. For 
example, in one case, a CRNA did not promptly summon 
the anesthesiologist for help in managing fatal postop-
erative laryngospasm and bronchospasm.90 The anesthe-
siologist was found vicariously liable for negligence, in 
part because of the lack of clear understanding between 
the professional group and the CRNA about when the 
anesthesiologist should be called.

Many controlling authorities (e.g., state statutes or hos-
pital bylaws) require physicians to participate in certain 
aspects of anesthesia care when they supervise CRNAs. It 
is also the responsibility of the professional association to 
set forth the expectations in a manner that is consistent 
with law and regulations. Accepting a standard below 
the medical community’s published standards (e.g., ASA 
guidelines) risks liability.

Federal regulations for accreditation of hospital and 
ambulatory surgery facilities require that a CRNA must 
be supervised by the physician performing the proce-
dure or by an immediately available anesthesiologist.91,92 
State governors may opt out of this supervision require-
ment if they deem doing so to be in the best interests of 
their citizens. For the opt-out approach to have practical 
consequences, however, state laws must also not require 
supervision. Pending appeals, 17 states have opted out of 
the federal rule requiring physician supervision. Health 
care facilities within states that have opted out may still 
require supervision.

Anesthesiology professional associations may be held 
libel if they do not ensure that members are competent 
and that appropriate policies are followed.93 Many 
agreements between professional associations and hos-
pitals require service that complies with governmental 
and professional standards.93 Obligations of profes-
sional associations may extend to letters of reference. 
For instance, an anesthesiologist was terminated with 
cause secondary to abuse of meperidine (Demerol).94 
When the anesthesiologist went to a locum tenens 
company, letters of reference from shareholders of the 
previous professional association did not mention the 
abuse or that the anesthesiologist was fired with cause. 
Subsequent negligent care by this anesthesiologist 
caused severe brain damage to a patient. The court held 
the previous professional association liable for part of 
the financial award.

Professional associations are responsible for address-
ing impairment of physicians. An impaired physician is 
one who is unable to perform professional or personal 
responsibilities. Physicians impaired through alcohol 
and other addictive disorders are considered to have 
chronic medical illnesses. The Americans with Disability 
Act, written in 1990 and amended significantly in 2008, 
forbids discrimination against individuals who are in 
recovery.95 Treatment records of impaired physicians are 
confidential.

LEGAL ISSUES IN PAIN MANAGEMENT

Inadequate pain management is a health problem (see 
also Chapters 64 and 98). Part of the problem may 
stem from the tension inherent in unclear regulations, 
regulatory scrutiny, and criminal investigation and 
prosecution by state medical boards and drug enforce-
ment agencies.96,97 For example, the Drug Enforcement 
Administration’s ability to monitor prescriptions for 
controlled substances electronically gives this agency 
access to physicians’ prescription histories. Physicians 
are concerned that knowledge of prescribing practices, 
divorced from patient-specific context, will lead to 
misunderstandings and possible investigations. Phy-
sicians’ concern about being investigated may affect 
the doses, quantities, number of refills, or even type of 
drug used in the care of patients with chronic pain.97 
The Drug Enforcement Agency suggested that this issue 
should have no effect and emphasized that only 0.06% 
of all physicians had investigations initiated, 0.05% 
of all physicians had actions taken against them, and 
0.01% of all physicians were arrested.98,99 However, 
0.06% may be fallaciously low because that percent-
age is out of all practicing physicians. A more relevant 
percentage would be based on a population comprising 
only physicians who prescribe narcotics for pain con-
trol and thus are at risk for investigation. Many of the 
physicians investigated did have actions taken against 
them.

The Gonzales v Oregon decision should comfort physi-
cians because it limits the effects of the Drug Enforcement 
Agency on physicians.100 Gonzales v Oregon prohibited 
the U.S. Attorney General from forbidding physicians in 
Oregon to prescribe schedule 2 drugs for terminally ill 
patients to use to commit suicide. The point of the case 
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TABLE 11-4 DATA BANKS 

Data Bank Purpose Information Who Can Query

National Practitioner Data Bank 
(NDPB)105

“To restrict the ability of 
incompetent physicians to move 
from State to State without 
disclosure or discovery of the 
physician’s previous damaging or 
incompetent performance”105

Medical malpractice payments
Adverse actions: licensing, 

clinical privileges, professional 
society, Medicare and 
Medicaid exclusions and 
U.S. Drug Enforcement 
Administration actions

Hospitals
Health care entities with 

review process
Professional societies
State licensing boards
Plaintiffs and their attorneys
Self-query

Healthcare Integrity and 
Protection Data Bank 
(HIPDB)106

To stop fraud and abuse in health 
insurance and health care delivery 
and to promote quality care

Licensing and certification
Civil judgments
Criminal convictions
Exclusions from federal or state 

health programs

Government agencies
Health plans
Self-query
Researchers

Federation of State Medical 
Boards (FSMB)107

“[P]romoting excellence in medical 
practice, licensure, and regulation 
as the national resource and voice 
on behalf of state medical boards 
in their protection of the public”

Recording of actions by state 
medical boards against 
physicians

Medical boards
Public
is that the U.S. Congress can set national drug prescrib-
ing rules through the Controlled Substances Act (CSA), 
but Congress cannot affect the ability of states to set 
medical practice standards. Although several reasons 
existed, the primary reason was that the CSA does not 
regulate the practice of medicine. The practice of medi-
cine is regulated by the state.

Physicians have been held liable for inadequate pain 
control. For example, an 85-year-old man was admitted 
to a medical center for 5 days in 1998 before his death 
several days later.101 He received inadequate pain control 
during his hospital stay. Although a medical malpractice 
suit was dismissed and the state medical board did not 
pursue any action against the physician, the family won 
a civil suit against the physician under the California’s 
Elder Abuse and Adult Civil Protection Act.

ELECTRONIC MEDIA

Physicians may violate privacy while “blogging” or oth-
erwise discussing clinical practice on various forms of 
social media. Using electronic media while providing 
patient care is a distraction and increases liability because 
the times and extent of electronic media use can be pre-
cisely defined. Even if no event occurs during that time, 
it sets the tone for the quality of care that increases the 
likelihood of a successful lawsuit. It was reported that in 
one settled case, a surgeon made numerous personal cell 
phone calls during an operation that resulted in perma-
nent harm to the patient.102

Heightened societal awareness of poorly timed elec-
tronic media use (e.g., while driving) has increased 
patients’ concerns about use during patient care. A 
2010 survey of perfusionists found that more than 50% 
had texted or used a cell phone during cardiopulmo-
nary bypass, and more than 20% had accessed email.103 
One of the problems is the routine and unthink-
ing nature with which we consult electronic media. 
Many institutions are implementing policies defining 
appropriate use of electronic media, to increase aware-
ness of the problem, clarify expectations, and provide 
legal protection.

ELECTRONIC RECORDS

The 2009 Health Information Technology for Economic 
and Clinical Health Act (HITECH)2 authorized a nation-
wide technology infrastructure to improve health care 
quality and care coordination. It established economic 
incentives tied to “meaningful use” of electronic health 
records.104 HITECH also required federal notification for 
breaches of privacy of health care information. Since 
2010, more than 500 breaches have occurred. More than 
60% involved theft or loss of information, typically on 
electronic devices such as laptop computer.2 To improve 
transparency, patients may obtain an audit of the use of 
their electronic records.

DATA BANKS

Federal data banks are designed to improve health 
care by tracking performance and by flagging suspect 
health care practitioners and entities (Table 11-4).105-

107 By way of context, from 2001 to 2011, the National 
Practitioner Data Bank recorded 134,862 malpractice 
payments and 58,285 adverse actions. Reports of mal-
practice payments have steadily decreased from nearly 
16,000 in 2001 to approximately 8500 in 2011. Adverse 
actions have remained consistent during this period. 
Adverse actions include clinical privilege actions and 
society membership actions.99 Concerns about adverse 
actions prompted proposal of a bill “to prohibit health 
care entities from reporting certain professional review 
actions against health care professionals before adequate 
notice and hearing procedures are afforded to such 
professionals.…”108

Complete references available online at expertconsult.com.
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Anesthesia Business Models
NEAL H. COHEN • LARS I. ERIKSSON

K e y  P o i n t s

 •  Anesthesia practices have evolved over the past decade, in part due to changes 
in the roles anesthesiologists play in the management of both inpatients and 
outpatients and in part due to dramatic changes in the relationship between 
anesthesia practices, other providers, and health care systems.

 •  At the same time, models of health care and the clinical scope of practice for 
anesthesiologists have expanded dramatically. As a result, anesthesia practices 
have had to respond to the changing health care environment, gain new skills, 
and tailor their practices to ensure continued success.

 •  To retain a meaningful role in perioperative care, pain management, and critical 
care medicine, anesthesia practices must expand their clinical perspective and in 
doing so document clinical and economic value to patients, health systems, and 
payers.

 •  To ensure the long-term future of the practice, anesthesiologists must deliver 
care that is safe, of high quality, and efficient and provide metrics to document 
outcomes of care. Public reporting of outcomes associated with all aspects of care 
is now expected, particularly in the United States.

 •  Anesthesia business practices also have to be revised to address the changing 
needs of patients, other providers, and health care systems to maintain a 
meaningful role in health care delivery.

 •  Anesthesia practices have adopted a variety of business models to address the 
needs of the local environment, the relationship between the anesthesiologists 
and the community, and the roles played by anesthesiologists in perioperative 
management.

 •  At the same time, particularly in the United States, consolidation of anesthesia 
practices through acquisition and other business relationships has created large 
national and regional practices that contract with health care systems to provide 
clinical care and practice management services. In some cases, these large groups 
include other specialists, such as hospitalists, emergency department physicians, 
and interdisciplinary critical care providers. This multispecialty model allows the 
groups to coordinate care and offer broad services to hospitals and health systems.

 •  While there is no single business model that is appropriate for every anesthesia 
practice, the key components of any model must ensure a collaborative business 
relationship and financial support from the health systems.

 •  For academic programs, the traditional business model that relies on clinical 
income to support the other missions, including education and research is no 
longer viable. Alternative sources of revenue are required to ensure the scientific 
underpinnings of the specialty while partnering with the clinical enterprise to 
optimize patient care.
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This chapter provides an overview of the essential busi-
ness, management, and staffing models utilized in anes-
thesia practices in a variety of settings, including urban 
and rural practices and community-based and academic 
programs. While no single model is appropriate for every 
practice setting, whatever approach is used must not only 
address the financial viability of the practice but must also 
ensure that the anesthesiologists are valued and collabor-
ative partners with other providers and the health system 
and that they ensure the delivery of safe, high-quality, 
and efficient care. At the same time, while this discus-
sion identifies some of the current approaches to practice 
management, it is important to acknowledge the dynamic 
health care environment, both internationally and in 
the United States. Anesthesiologists have been leaders in 
patient safety and quality and have expanded their roles 
to include preoperative management, extended postop-
erative care, intensive care medicine, pain medicine, and 
in some countries sleep medicine and palliative care. In 
addition, a number of new opportunities have presented 
themselves as a result of changes in the delivery systems 
and the role of other providers in perioperative care. 
Implementing some of these new practice opportunities 
in perioperative management, such as the perioperative 
surgical home and other initiatives, will require con-
siderable creativity and flexibility. The traditional busi-
ness models no longer apply. New approaches to clinical 
care, staffing, and compensation must be implemented 
to achieve the goals of both patients and health systems. 
While some of these new opportunities are briefly dis-
cussed in this chapter, they are more comprehensively 
described in Chapter 3. This discussion will identify some 
of the critical business practices and ways to optimize 
the financial performance of anesthesia departments in 
the changing health care environment. Although the 
financial support for education and research is beyond 
the scope of this chapter, the discussion here will identify 
some ways in which the business models may need to 
be modified to address the needs of the academic depart-
ments and ensure the future scientific foundation for the 
specialty.

It is essential that each practice build a business model 
that is financially viable and supports clinical needs within 
the health care system. At the same time, however, busi-
ness practices and staffing models must be designed to 
optimize delivery of high-quality, safe care to the patient 
populations being served. Each practice must determine 
the model that most effectively and efficiently ensures 
the availability of well-trained anesthesia providers to its 
population. In addition, anesthesia providers across the 
spectrum of subspecialties, critical care anesthesiolo gists, 
and pain medicine physicians are required to sup port 
the needs of the health system or facility in which the 
practice works. The expanding role for anesthesiolo gists 
in preoperative management, pain medicine, criti cal care 
medicine, and ambulatory care provides new opportuni-
ties and requires different approaches to prac tice manage-
ment (see Chapter 1).

Some of the business practices described in this chap-
ter apply to every practice setting whereas others are 
appropriate for select practices, such as in large urban 
or academic settings, or both. In addition, although this 
chapter defines some of the current business models, the 
dynamic health care environment mandates flexibility 
and entre preneurship to take advantage of new technolo-
gies, such as telemedicine, and to manage the evolving 
needs of an increasingly complex patient pop ulation. 
Some new opportunities related to the periop erative sur-
gical home (PSH) and other initiatives beyond traditional 
perioperative management by anesthesiolo gists will also 
have an effect on the business models for anesthe sia prac-
tices. Although these opportunities are discussed briefly 
in this chapter, they are more comprehensively described 
in Chapter 3.

PRACTICE MODELS

GENERAL MODELS OF ANESTHESIA 
PRACTICE

The models of anesthesia practice vary considerably 
within the United States and throughout the world. This 
variability is true for practices in all settings, including 
private practice, military medi cine, and government-
supported hospitals (e.g., Veterans Administration and 
city-county hospitals). In those coun tries with primarily 
publicly supported health care systems, physi cians are 
often employed by the government directly or through a 
government-supported health authority, and care is pro-
vided within public hospitals, including military institu-
tions. In some countries, there is a parallel private health 
care system and physicians may work outside the gov-
ernment system, providing care in the private sector, often 
while also spending the majority of the clinical time in 
the public sector, “moonlighting” in the private institu-
tions to supplement income. In these parallel structures, 
the anesthesiolo gists and other physician practices are 
salaried within the government system and bill person-
ally for care provided to patients in the private system. 
For many of these practice options, the business models 
are relatively straightforward. The government or health 
authority compensates the anesthesia providers based 
either on an annual budget or contract or on the basis of 
some assessment of work units. Compensation for care 
delivered outside of the public sector is often self-paid on 
a fee-for-service basis because in many cases there are lim-
ited health insurance options for patients receiving care 
in the private sector. Recently, in many countries, private 
insurance options have become more common, though 
the payment for services varies considerably based on the 
insurance options, costs, and other considerations.

In the rapidly changing health care environment 
throughout the world, anesthesia practices are evolving 
and iden tifying new ways of caring for patients in the 
operating room and other inpatient and ambulatory set-
tings. While many of these changes are now being imple-
mented within the United States, many of the models of 
care being evaluated in the United States are based on 
delivery and financing models used in other countries. 
The changes in the financing of health care, payment 
models for anesthesia services, and the expanding role 
of anesthesia services outside of the tradi tional operating 
room environment require new models of practice and 
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new skills to ensure that the practice is financially viable 
and that patient care is optimized.

EUROPEAN BUSINESS MODELS

The business models for anesthesia practices in Europe 
provide interesting examples of the differences in health 
systems and their impact on anesthesiologists throughout 
the world. There are various models of practice through-
out the continent. These models are largely dependent 
on the distribution of governmental health care systems 
or private practices within each country. For example, 
in France more than 60% of anesthesia services are pro-
vided by private practice, whereas in Scandinavia and the 
United Kingdom more than 90% is provided within gov-
ernmental health care systems.

In Germany and Sweden, payment for perioperative 
care is typically based on disease-related groups, that is, 
a single payment for all in-hospital care costs related to a 
specific disorder or surgical or diagnostic procedure. This 
payment includes costs for anesthesia and postoperative 
care. The disease-related group payment is made to the 
primary care provider (e.g., gastric surgery department for 
a bariatric surgery procedure) and is followed by internal 
cost allocation, which can be made in several ways. As a 
result, the business models used for internal cost alloca-
tion to anesthesia departments varies between countries 
and can vary within a country.

In Germany, one third of anesthesia departments 
receive internal cost allocation payments based on a 
median national anesthesia cost estimation that is related 
to each specific disease-related group. The remaining 
two thirds of anesthesia departments in Germany gener-
ate their internal reimbursement based on a combined 
flat rate payment that includes payment for case load 
and time—that is, a combined formula with a flat rate 
for preanesthesia and postanesthesia visits, staffing, and 
maintenance, with additional payment for cases that are 
complex and that require intraoperative and postopera-
tive time. While each of these payment distribution mod-
els is unique to the environment in which they have been 
implemented, they provide some important lessons, par-
ticularly to practices in the United States which are likely 
to have an increasing proportion of payments for clinical 
services be bundled.

In the United Kingdom, more than 90% of anesthesia 
departments are primarily funded through the National 
Health Service. Each department is provided an annual 
budget for staffing and maintenance of the department’s 
infrastructure, whereas surgery departments receive addi-
tional funds to cover surgical services, including drugs, 
operating room equipment, and postoperative care. To 
the extent that the anesthesiologists broaden their clini-
cal role to optimize perioperative management, they may 
(or may not) be successful in generating additional pay-
ment for these expanded services. Similar models are used 
in other countries that have national health programs, 
though some countries have a parallel private system with 
a different, usually a fee-for-service model of payment.

In France, government-based anesthesia services are 
reimbursed based on cost estimates made jointly by the 
Ministry of Health and associations of physicians. These 
estimates are based on a flat rate that pays for basic anes-
thesia services, with provisions for additional payment 
for more complex procedures and patients with comor-
bidities of certain risk factors (e.g., at the extremes of age).

UNITED STATES BUSINESS MODELS

In the rapidly changing health care environment of the 
United States, anesthesia practices are evolving and iden-
tifying new ways of caring for patients in the operating 
room and other inpatient and ambulatory settings. While 
many of the changes are being implemented in practices 
within the United States, many of these models have 
accounted for lessons learned from business and clinical 
models in other countries. At the same time, particularly 
in the United States, changes in the financing of health 
care and payment models for anesthesia services and the 
expanding role of anesthesia services outside of the tradi-
tional operating room environment require new models 
of practice and new skills to ensure that the practice is 
financially viable and that patient care is optimized.

The United States has a wide variety of business mod-
els for the practice of anesthesia in both community and 
academic practices, each developed in large part based on 
the source(s) of funding, how the funding is distributed, 
and the requirements that must be met to receive these 
funds. Academic practices have generally been more inte-
grated with the health system, either through a faculty 
practice plan (in many cases an independent corpora-
tion) or through an employment model. In these mod-
els, income from patient care is often the largest source 
of funding, though many departments also receive funds 
from research grants and contracts and, in rare cases some 
financial support for the educational initiatives (payment 
for residency program direction, course directors, etc.). 
While these other sources of revenue are critically impor-
tant to academic departments, much of the funding to 
support the academic missions has traditionally come 
from patient care. As clinical demands have increased, 
academic faculty have less time to pursue research and 
educational activities, limiting the ability to generate 
other sources of support. At the same time, the clinical 
income has not kept pace with the increasing financial 
pressures on the academic departments, requiring aca-
demic practices to identify new business models and new 
relationships with the health systems to fulfill their aca-
demic potential.

Similarly, the business models required to support 
community practices are also undergoing dramatic 
changes. The historical practice model for anesthesiology 
was often a loosely affiliated group of anes thesiologists 
who shared clinical coverage for patients undergoing 
anesthesia in a hospital setting, including providing call 
coverage. The primary roles fulfilled by the anesthesia 
practice in this “informal” model included scheduling 
of anesthesia providers. In most other respects, each 
anesthesiologist was relatively autono mous, although in 
some cases billing was centralized for all providers either 
within the group structure or out sourced to a billing 
company familiar with anesthesia billing requirements. 
In some of these models of prac tice, anesthesiolo-
gists worked with individual surgeons, rather than as a 
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coordinated group of providers. Although this approach 
worked well for the individual anesthesia provider 
and the surgeon, scheduling and coordination became 
increasingly complex, particularly when care was pro-
vided in more than one facility.

Over the past 2-3 decades, the relationship with hos-
pitals and health systems and the changing health care 
environment has necessitated that practices become 
more integrated group practices. While in some cases 
there remain individual or small group practices pro-
viding care in physician offices or ambulatory surgery 
centers, most practices have evolved and become more 
sophisticated in the business aspects of anesthesiology in 
order to compete successfully and to ensure the financial 
viability of the practice. A number of “group” models of 
practice have been created; with the current challenges in 
health care financing and the mandate to document and 
publicly report clinical outcomes, the practices have had 
to develop or acquire additional skills to remain success-
ful both clinically and financially. As a result, while in 
some select situations the “independent” anesthesiologist 
model is still viable, for the most part group practices that 
share both clinical responsibilities and business practices 
now dominate the specialty. The model has evolved to 
include formally incorporated partnerships and corpora-
tions to coordinate anesthesia care, manage the business 
practices and optimize contractual relationships with 
payors.

Many other factors have contributed to the changes 
in and coordination of business practices for anesthesia 
groups. First, the clinical capabilities and skill sets have 
expanded considerably, requiring each group to ensure 
that among the members of the group, the clinical needs 
of a diverse population can be met. As a result, recruit-
ment and retention of anesthesia providers has taken on 
greater significance. Second, most health systems prefer 
to either employ physicians or contract  with a single 
anesthesia group (i.e., rather than individu als) to provide 
the needed services. In order to be competitive under this 
model, the group must have sound business capabilities 
and negotiating skills. Most groups have also expanded 
the scope of services beyond scheduling, billing and col-
lection to include benefit management (e.g., retirement 
plans), and malpractice insurance and increasingly other 
services to support members of the group. At the same 
time, the consolidation of hospitals into health sys tems 
and the need for sophisticated clinical and business sys-
tems to support the anesthesia practice have led either 
to the acquisition of many “hospital-based” anesthesia 
practices by regional or national anesthesia groups or to 
their integration into multispecialty practices within a 
community or region. The pace of acquisition of anesthe-
sia practices into these systems has accelerated over the 
past 3 to 5 years. According to some estimates, as many 
as 31 anesthesia and pain practices were acquired mostly 
by national or regional anesthesia provider groups in the 
United States in 2013.1

While the consolidation is changing the landscape of 
anesthesia practices, there are other pressures that are 
having major implications on the future of anesthesiol-
ogy practices, both within the United States and inter-
nationally. Most significant have been the dramatic 
changes in the clinical practice of anesthesiology and the 
scope of anesthesia services (see Chapter 1). Because of 
these changes—a focus on evidence-based clinical prac-
tice and the development of clinical guidelines, proto-
cols and practice parameters2,3 (also see Chapter 6), new 
drugs, improved monitoring capabilities, and better pre-
operative assessment and management—a more diverse 
and in many cases complex patient population is now 
receiving anesthesia services. The practice of anesthesi-
ology has expanded to include preoperative assessment 
and preparation of patients with chronic medical prob-
lems, acute and chronic pain management, critical care 
medicine, perioperative care and management services, 
and other clinical and administrative roles (see Chapter 1).  
These changes have had a major effect on the business 
models for anesthesia practices and the scope of services 
provided by anesthesiologists. The business models and 
scope of activities required of each practice is determined 
in large part on the relationship between the practice and 
the environment within which it provides care. In most 
cases, however, to maintain a consistent standard of care, 
to provide ongoing documentation of clinical compe-
tence, and to monitor outcomes of care, a group must 
have a strong management structure and analytic skills to 
document its value to the health system.

STAFFING MODELS

PHYSICIAN ONLY PRACTICES

In most parts of the world, anesthesiology is provided by 
physicians with specialty training in anesthesiology and, 
in some cases subspecialty training. In some locations 
in the United States, physician anesthesia practices pre-
dominate, particularly on the West coast. In this model of 
care, anesthesiologists provide care in the operating room 
and, now, commonly in other settings including, but not 
limited to, ambulatory surgery centers and ever expand-
ing non–operating room environments. In this model, 
anesthesia is personally provided by the anesthesiologist; 
preoperative and postoperative care may be provided by 
the same individual or another member of the same anes-
thesia group.

As the roles and clinical scope of practice have 
expanded, anesthesia departments have recruited anes-
thesiologists with diverse subspecialty skills, not only 
to improve care within the operating room, but also to 
provide care in other settings. Many departments now 
include physicians with subspecialty training in critical 
care medicine, pain management as well as the other sub-
specialties of anesthesiology (pediatrics, cardiothoracic 
anesthesia, obstetric anesthesiology). This expansion in 
the scope of practice has been successful for the depart-
ments, health systems and, most importantly patient 
care, but it has also complicated scheduling and coordi-
nation of services across the continuum of patient care. 
For example, staffing all subspecialty surgical services 
can present operating room management challenges (see 
Chapter 4).

Some anesthesia practices have also incorporated 
physicians from other specialties to expand the clinical 
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capabilities and improve coordination of care. For exam-
ple, some groups include hospitalists with a special inter-
est in perioperative care, internal medicine physicians to 
improve preoperative management of complex patients, 
and critical care and pain medicine physicians whose pri-
mary training is in a specialty other than anesthesiology.

ANESTHESIA CARE TEAM MODELS  
OF PRACTICE

In most countries and selected areas of the United States, 
anesthesia is provided by physicians practicing indepen-
dently; however, the anesthesia care team model pre-
dominates in some parts of the United States, with the 
practice employing anesthesiologists, CRNAs, and AAs in 
some states.3,4

For groups that use the anesthesia care team model, 
the relationship between the anesthesiologist and the 
nonphysician providers varies, although in most cases the 
CRNAs and AAs are employed by the anesthesia group. 
All business practices are managed by the group, and the 
providers are employed by the group. In some cases, the 
nonphysician providers are employed by the health sys-
tem, though no matter who employs the nonphysician 
providers, in all cases the anesthesiology department has 
responsibility for oversight of all anesthesia services. In 
states that require supervision of all nonphysician anes-
thesia providers, when CRNAs and AAs are employed, 
the anesthesiologist is responsible for the care provided 
during the entire perioperative or periprocedural period, 
including the preoperative evaluation, presence for criti-
cal portions of each case, and postoperative management. 
In most cases, based on requirements outlined by the U.S. 
Centers for Medicare and Medicaid Services, the anesthe-
siologist may supervise up to four CRNAs at a time.

Nurse Anesthetists
A nurse anesthetist is a nurse who has specialized in 
the administration of anesthesia. Nurse anesthetists 
typically complete a 4-year undergraduate degree, have  
2 years of clinical work experience (often in an ICU set-
ting) and then a 2-year master’s level anesthesia training 
program. Nurse anesthetists have a certification examina-
tion and, after successful completion of the examination 
become certified nurse anesthetists (CRNAs). Recently, 
some nurse anesthetist programs have begun to offer a 
doctorate of nursing practice (DNP) or doctorate of nurse 
anesthesia practice (DNAP). In many parts of the United 
States, nurse anesthetists work in the anesthesia care 
team model under medical direction or medical supervi-
sion. As part of the anesthesia care team, a nurse anesthe-
tist may evaluate patients preoperatively and administer 
anesthesia under the supervision of an anesthesiologist as 
noted above. In some states, nurses may work indepen-
dent from physician supervision, in accordance with each 
state’s nurse practice act.6

Anesthesia Assistants
Anesthesia assistants (AA) work under the direction of 

an anesthesiologist as a physician extender in the anes-
thesia care team model. AAs complete a 4-year bachelor’s 
degree, with a 2-year master’s level program, followed by 
a certification examination. AAs can take preanesthetic 
health history, perform preoperative physical exami-
nations, establish noninvasive and invasive monitors, 
administer medications, evaluate and treat life-threatening 
situations, and execute general and regional anesthetic 
techniques, as delegated by the anesthesiologist. Currently, 
AAs are not able to practice independently in any state in 
which they are licensed.

HEALTH SYSTEM–EMPLOYED PHYSICIAN 
MODELS

With the increasing consolidation of health systems, 
hospitals are now more commonly employing physi-
cians directly. In these models, the practices are man-
aged by the health system rather than an independent 
group or practice plan. Some states do not allow these 
employment models,7 but a number of alternative mod-
els have developed that effectively result in the physi-
cians becoming employees either directly or through a 
foundation or other approach that is essentially con-
trolled by the health system. These models are becom-
ing more common in selected parts of the United States, 
often initially developing on employment relationships 
for hospital-based physicians, such as anesthesiologists. 
In these employed or foundation models, the anesthesia 
providers are salaried. All business aspects of the practice 
are managed by the health system or foundation, includ-
ing, but not limited to contracting, billing, coding, and 
collections.

Employment relationships with physicians are being 
expanded in a variety of not-for-profit as well as for-profit 
hospital systems, in an attempt to more effectively cre-
ate coordinated approaches to clinical management, cost 
containment, and alignment of incentives. Currently, a 
majority of hospitals and health systems provide some 
level of financial support for physician practices in both 
academic and community environments. More than 80% 
employ primary care physicians, and more than 60% 
employ some office-based specialists. Almost one third 
of the hospitals are pursuing some form of joint venture 
with segments of their medical staffs, and a number of 
others are considering this possibility. Initiatives include 
cardiac services, magnetic resonance imaging, positron 
emission tomography scans, mammography, sleep labo-
ratory, wound care, women’s health, oncology services, 
and medical office buildings. Surprisingly, only one third 
of those involved in a joint venture gave it a high rating 
related to hospital-physician alignment. Hospital chief 
executive officers admit that negotiating and managing 
these initiatives is difficult and time consuming.

Despite the challenges associated with these changes 
in the hospital-physician relationship, the trends are 
clear. As more physicians become employees of health 
systems or foundation models, the ability of independent 
physician practices to compete will diminish. As a result 
of these pressures to align more closely with the health 
systems, many anesthesia practices are finding it diffi-
cult to address some of the pressures put on them by the 
health system, payers, and other providers. In response, 
there has been increasing consolidation of anesthesia 
practices into regional and national groups with the size 



and sophistication to not only manage the clinical prac-
tices, but also provide the data needed to effectively nego-
tiate with the health systems and payers and to provide 
metrics to document clinical outcomes. If this consolida-
tion continues, the survival of individual hospital-based 
or independent anesthesia practices is in jeopardy.

Company Model
While most employed models compensate anesthe-
sia providers based on either clinical productivity (e.g., 
work relative value units) or fees collected on behalf of 
the anesthesia group minus administrative costs, one 
employment model for anesthesia practice raises consid-
erable concern. The “company model” has gained some 
support from other physician specialties such as gastroen-
terologists and other proceduralists.8 Under the company 
model, referring physicians, who typically also own the 
facility where procedures are performed, form a separate 
“anesthesia company” to share in anesthesia revenue. 
The intermediary company employs anesthesiologists, 
collects the professional fees on their behalf, and shares 
the difference between the collected fees and salary with 
the corporate shareholders. The fees are generally not 
based on the costs of managing the anesthesia billing and 
collections, but rather are described as management fees 
retained by the corporation. Many questions have been 
raised by this model of practice, since the arrangements 
between the physicians who own the facility and the 
anesthesiologists might violate the federal anti-kickback 
statutes.

In June 2012, the Office of Inspector General (OIG) for 
the U.S. Department of Health and Human Services issued 
Advisory Opinion 12-06 citing the “company model” and 
“management fee” both posed more than a minimal risk 
of fraud and abuse.9 Anesthesiologists being approached 
with such offers should review the documents with their 
attorneys to avoid violating anti-kickback laws that could 
lead to civil penalties and criminal fines.

Academic Practices
In most academic practices, anesthesiologists work within 
the academic structure, as employees of the school of 
medicine or the faculty practice plan. With an academic 
structure, medical centers (i.e., hospitals) may provide 
funding to the faculty practice plan. In many but not all 
academic practices, the anesthesia group is a member of 
the faculty practice, sharing business practices with the 
other departments represented by the faculty practice 
plan. The specific business models vary considerably, 
although in most cases the faculty anesthesiologists are 
employed by the university, the health system, or the fac-
ulty practice. In selected cases, the anesthesia department 
is an independent corporation or partnership function-
ing autonomously from other physician groups or the 
health system. Because of the increasing support required 
from the health system to ensure availability of anesthe-
sia services across the spectrum of clinical services, these 
autonomous models are rapidly being replaced by the 
integrated practice plan. In most academic models, con-
tracting and other business services are provided by the 
practice plan. Because of the diverse roles and respon-
sibilities of the faculty in academic departments, the 
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financing of the department and compensation of the 
staff is complex, with various approaches to determin-
ing total compensation based on clinical effort as well 
as other roles and responsibilities (teaching, research, 
administration). Over the past few years, most academic 
departments have transitioned to providing base salary 
with an increasing proportion of overall compensation 
based on incentives.

The academic practices have multiple missions, which 
complicates the business models and creates potential 
and real conflicts between clinical and academic needs. 
The “triple threat” academic physician who is the out-
standing clinician, educator, and researcher is often per-
ceived (particularly by the hospital leadership) to be less 
efficient and less committed to patient care. In response, 
many academic departments have recruited faculty with 
a primary (sole) commitment to clinical care. This change 
has created a two-tiered system and, in some cases under-
valued the teaching and research roles. At the same time, 
research funding has decreased and many departments 
are finding it difficult to maintain scholarship while also 
addressing the increasing clinical demands of the health 
care system.10

Another challenge facing academic departments is 
the changing role for residents (see Chapter 9). In addi-
tion to providing high-quality, efficient, and safe care, 
the academic departments are responsible for training 
the next generation of anesthesiologists and for pro-
viding broad-based clinical experiences and didactic 
educational programs. The anesthesia residencies are 
accredited by the Accreditation Council for Graduate 
Medical Education. The oversight and accreditation 
process has become more rigorous and challenging 
for the academic departments to meet. Residents have 
restricted work hours to reduce the effects of fatigue on 
performance. Supervisory expectations have increased, 
requiring more one-on-one oversight of the resident in 
the clinical environment. In addition, the implementa-
tion of simulation and other models of education have 
replaced some of the clinical experiences. Because of 
these changes, the residents are no longer the primary 
providers of clinical care under faculty supervision; 
faculty members are providing personal care or super-
vising other nonphysician providers more commonly 
in academic environments. The financial and business 
implications of these changes are significant. Anesthesia 
departments in the United States now receive significant 
support from the academic health system in order to 
remain financially viable.11,12 Although clinical income 
has always provided the resources to support the aca-
demic programs in the past, the importance of clinically 
generated income has increased as extramural research 
funding has decreased. The business practices required 
to support academic practices are now highly similar to 
those required to support other large group practices. 
As a result of these significant challenges for academic 
departments, the “value” of the academic program to 
the health system has been questioned. In some cases, 
entire academic departments have been replaced by 
large national anesthesia groups to manage the depart-
ment and deliver care,13 putting into question how we 
can ensure the ongoing training of anesthesiologists.
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ESSENTIAL BUSINESS PRACTICES

In order to concentrate on delivering anesthesia services, 
each anesthesia practice has to ensure that the business 
functions of the practice are being provided appropriately 
and responsibly. Although each model of practice may 
have a different business structure to support the prac-
tice, the anesthesia providers retain the responsibility for 
ensuring that the business practices are ethical, fulfill legal 
and regulatory requirements, and that the quality of care 
is continuously assessed and refined to remain evidence-
based and within the standard for the community. These 
responsibilities can be delegated, but cannot be abrogated. 
As a result, whether the anesthesia providers are employed 
or are members of a professional corporation, they must 
understand the business practices, provide oversight, and 
continuously ensure that the practice is well managed. To 
fulfill these critical responsibilities, the basic business func-
tions of the anesthesia practice should focus on the most 
effective ways to facilitate high-quality, safe patient care 
in whatever clinical settings the practice works, optimize 
the clinical environment, and identify new opportunities 
to expand or enhance the practice while also ensuring the 
financial underpinnings of the practice. Achieving these 
goals requires that the business practices be built on a 
foundation of collaboration and cooperation with other 
providers from other specialties, hospitals, health systems, 
and payers. The business functions should support each of 
the following requirements of practice.

FOSTER CLINICAL CARE

The business models should be designed to allow anes-
thesia providers to concentrate their attention on patient 
care. Most anesthesiologists have little interest in manag-
ing their practices, although some members have both the 
interest and skills to do so. The practice should be designed 
to take advantage of the skills of each member, allowing 
those interested in participating in the business functions 
to do so, while the majority of the group concentrates on 
delivering high-quality care, assessing outcomes of care, 
and modifying practices to improve quality and safety.

One of the major challenges facing every practice is 
the transition from payment for clinical care, primar-
ily the fee-for-service model, to pay for performance. In 
some cases, rather than paying for documented perfor-
mance on specific process or outcome measures, payers 
are not paying if there is evidence of poor outcome (e.g., 
central line infection, ventilator-associated pneumo-
nia).14 At the same time, not only are third-party payers 
reducing payment when complications occur, but hospi-
tal subsidies can also be based on specific quality metrics. 
For the practice to ensure that clinical care is optimal as 
is often required for payment of clinical services, reliable 
information about all aspects of the clinical practice must 
be available. Good data about the practice will allow an 
organization to identify and promote best practices and 
improve both the quality and efficiency of care. Data will 
also facilitate the sharing of information among all the 
providers, precisely defining opportunities to improve 
care. To provide the data on outcomes and costs of care, 
coordination and integration of information is required 
from the anesthesia record, operating room, and the 
overall hospital information system. Now, these goals are 
increasingly dependent on implementation of an inte-
grated electronic medical record (see Chapter 5). Most 
independent anesthesia practices cannot afford to imple-
ment the electronic anesthesia record on their own and, 
more importantly, cannot easily integrate their data with 
that of the hospital system without considerable support. 
As a result, only larger organizations that are working 
collaboratively with health systems will be in a position 
to acquire, analyze, and disseminate data to support the 
quality and efficiency of care provided by the group.

MANAGE THE PRACTICE

Although patient care is the primary purpose for which 
the anesthesia practice exists, the anesthesia providers 
will only be successful in providing high-quality, safe care 
if the business model supports the needs of the practice 
and its patients. The business model must provide the 
infrastructure to ensure that systems are in place to foster 
clinical care in every environment in which the providers 
practice. The usual business practices, including billing, 
coding, and collections, must be managed either inter-
nally or through contracts with other companies that 
have the experience to do so cost-effectively.

The group that provides billing and coding services 
must understand that it is handling sensitive patient 
information and under The Health Insurance Portability 
and Accountability Act of 1996 (HIPAA) privacy, security 
and breach notification rules, it is responsible for protect-
ing the security and confidentiality of health data on the 
patient’s behalf. If an outside vendor is providing these 
services, the group must have a business associates’ agree-
ment documenting the responsibilities of each party, par-
ticularly related to HIPAA requirements.

Coding of claims is a challenging task. Specific docu-
mentation of all aspects of care provided to the patient 
is critical; the documentation is the basis on which to 
code a claim. If the documentation is inadequate, the 
payment will not reflect the physician’s work. In all cases, 
the claim should be easily determined from the clinical 
documentation. The claims should be standardized and 
“clean.” There should be no ambiguities in the reason a 
service was provided (ICD-9/ICD-10 diagnosis code) and 
what service was provided (Common Procedural Termi-
nology [CPT] code). For most services, clinical face-to-face 
time is required in the submittal, so the actual time spent 
with the patient must be clearly reported in the clinical 
documentation and on the claim.

Whoever provides the coding and billing functions 
must be aware of the regulatory requirements and the 
guidelines established by the practice related to ethical 
billing practices. An outside contractor can do the coding 
or bill for clinical services, but the ultimate responsibil-
ity for correct coding and billing remains with the anes-
thesiologist who provides the clinical care. The providers 
must ensure that documentation supports all clinical 
care and that charges reflect the actual service provided 
to the patient. For operative anesthesia services billed in 
the United States, the American Society of Anesthesiolo-
gists’ Relative Value Guide is generally used to determine 
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the anesthesia unit value; the conversion factor for each 
payer determines the payment for anesthesia services. 
For nonprocedure billing, such as critical care and some 
pain medicine services, most charges are based on evalu-
ation and management codes, which are billed using 
the resource-based relative value system (RBRVS). For 
evaluation and management services, the level of ser-
vice is determined by the care provided to the patient as 
documented in the medical record. If documentation is 
inadequate, the charges and collections might not reflect 
the level of service actually provided to the patient. Each 
practice should routinely monitor the documentation to 
ensure that the coding is correct.

The real value of a billing service is not the timely fil-
ing of the claim (billing) for service, but in the tenacity of 
follow-up. While payers seem to be reluctant to pay claims 
and may even deny them on administrative technicalities, 
a “clean” claim with persistent follow-up will be paid. The 
same is true for the patient’s contribution or copayment. 
The patient copayment is often the most difficult to col-
lect and is a differentiator between billing companies.

While correct coding, billing, and collections are criti-
cal for the ongoing financial viability of the practice, the 
business office also facilitates contracting and negotia-
tion with payers and the health systems to ensure that 
the practice is compensated at a level consistent with 
the services provided. To do so requires strong financial 
expertise and an understanding of the current and rapidly 
changing health care environment, as well as the ability 
to gather key measures of outcome and performance (e.g., 
patient satisfaction) to market the practice and to justify 
contractual negotiations. Without objective data to sup-
port the practice claims about quality, safety, and patient 
satisfaction, the practice is vulnerable and its future rela-
tionships with the health system could be compromised 
by competing practices.

CONTRACTING

One of the critical roles for the practice is to contract with 
payers independently or jointly with other providers and 
the health system to provide services to select (covered) 
groups of patients. Traditionally, fee-for-service contract-
ing models were most common; however, other models 
of payment have been developed to reduce overall costs 
of care and, more importantly, to align incentives to opti-
mize care and quality and reduce costs and needless ser-
vices. In the United States, each state has laws regarding 
who can contract with providers to deliver health care. 
Contracting entities typically have direct contact with 
the providers and provide for the selling or the assign-
ing of physicians or physician panels to other health care 
entities. The providers are then termed participating. Con-
tracting entities can only grant access to a participating 
physician by a health care contract. Contracting entities 
offer contracts to providers that are generally either risk-
sharing or non–risk-sharing agreements. A non-risk con-
tract to a provider means that the contracting entity bears 
all the financial risk and pays the provider for the services 
requested and rendered. A shared-risk contract pays pro-
viders for services rendered, but withholds some of the 
payment depending upon the use of services.
A number of different contracting vehicles are used in 
health care, including managed care contracts (e.g., health 
maintenance organizations [HMOs]), physician health 
organizations (PHOs), preferred provider organizations 
(PPOs), and other models. Although the various approaches 
differ and have important implications for anesthesia prac-
tices, some general principles differentiate the approaches. 
The managed care model, which was common about 20 
years ago, gave responsibility for managing the care of a 
population of patients to a primary care provider. Referrals 
to specialists were determined by the primary care provider, 
who in most cases was compensated based on a capitated 
payment methodology. The primary care provider received 
a monthly payment for managing the care of each patient; 
specialists were paid using a fee-for-service (or reduced fee 
for service) payment methodology. The HMO model did 
not significantly reduce the cost of care nor improve qual-
ity. As a result, a number of alternative models have been 
used to better align the physicians, patients, payers, and 
health systems. Newer models of care incorporate both 
risks and incentives into the payment methodology and 
potentially improve the ability for physicians and hospitals 
to collaborate on initiatives to improve outcomes, reduce 
costs, and optimize patient care during hospitalization and 
through the continuum of care needs.

One area that has the potential to benefit both parties 
is gainsharing, which has typically referred to an arrange-
ment in which a hospital provides the physicians with a 
share of any reduction in the hospital’s costs attributable 
in part to the physician’s efforts. Gainsharing programs are 
designed to align the economic incentives of hospitals and 
physicians to provide cost-effective care and to maintain 
or improve quality of care and patient satisfaction. In addi-
tion, gainsharing programs allow physicians to share in the 
cost savings through some combination of a percentage 
payment, hourly or fixed fee, and to play a significant role 
in the planning process to achieve those savings. From the 
hospital perspective, gainsharing programs reduce costs 
through standardization and economic efficiencies of scale. 
From the physician’s perspective, gainsharing programs 
provide a financial incentive to cooperate with hospitals 
in the development and planning of programs designed 
to reduce hospital operating costs without compromising 
quality of care to patients. Gainsharing programs work to 
gain physician acceptance and change practices to control 
costs and increase margins on hospital business.

Recent actions by both the OIG and the Medicare 
Payment Advisory Commission (MedPAC) seem likely 
to increase hospital–physician gainsharing agreements. 
In March 2005, the OIG issued six favorable advisory 
opinions involving hospital–physician gainsharing pro-
grams.15 MedPAC recommended to the U.S. Congress 
that the Secretary of Health and Human Services be 
granted the authority to permit and regulate gainsharing 
arrangements between hospitals and physicians.

AUDITS

The practice should have documentation of billing poli-
cies and procedures and a well-defined compliance plan 
to support all clinical and business functions. As a rou-
tine part of management, the practice should regularly 
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review the claims management processes, cash flow, and 
compliance with applicable regulations. Billing audits 
identify when claims are appropriately coded according 
to CPT codes, have sufficient documentation to support 
the claim, and when they adhere to payer payment poli-
cies. Claims need to be reviewed regularly for underpay-
ment, overpayment, and billing errors. If irregularities are 
identified, these require immediate resolution, including 
notification to the payer and refunds as appropriate. Audit 
findings are discoverable, and thus all reviews and audits 
should be managed under the direction of the practice 
attorney. In general, the findings are privileged commu-
nications between the attorney and the practice, although 
each practice should be aware of all regulatory and legal 
issues related to billing and compliance reviews and audits.

For government payers, the OIG Compliance Guid-
ance for Individual and Small Group Physician Practices 
outlines the requirements.16 It describes a variety of busi-
ness practices physicians can adopt that, in the agency’s 
view, will help them avoid submitting erroneous claims 
or engaging in unlawful conduct. The physician guide-
lines describe seven basic compliance plan elements:

 1.  Conducting internal monitoring and auditing with peri-
odic audits and implementing compliance and practice 
standards with written standards and procedures

 2.  Designating a compliance officer or contact to monitor 
compliance efforts and enforce practice standards

 3.  Conducting appropriate training and education on 
practice standards and procedures

 4.  Responding appropriately to detected violations with 
an investigation

 5.  Developing corrective action and disclosure to appro-
priate government entities as necessary

 6.  Developing open lines of communication including 
staff meetings, bulletins

 7.  Enforcing disciplinary standards through well-publicized  
guidelines

  

Anesthesia practices have some specific guidelines and 
requirements that must be fulfilled.

LEGAL SERVICES

Anesthesia groups should utilize the expertise of attor-
neys knowledgeable about each aspect of clinical practice 
as well as the relationship between the group and other 
health care entities (see Chapter 11). The legal counsel 
should be familiar with issues specific to anesthesiology 
and should understand the specific practice model and 
relationships. Some of the common issues that benefit 
from legal assistance include employment agreements; 
regulatory and compliance issues; physician licensure 
issues, including reporting to the National Practitioner 
Data Bank; antitrust issues; restrictive practice covenants; 
and interactions with industry, particularly related to Phy-
sician Financial Transparency Reports (Sunshine Act).17

INSURANCE

Anesthesiologists must protect themselves from legal 
action, whether related to clinical care or other aspects of 
practice. The anesthesia practice should ensure that both 
the practice and each provider have appropriate levels of 
insurance, including, but not limited to professional and 
general liability insurance. For officers of a practice, the 
group should provide directors and officers with insur-
ance to cover claims related to wrongful acts of a director 
or officer. Other insurance coverage, such as disability, 
worker’s compensation, and property and auto insurance 
are provided by the practice in some circumstances. The 
practice should seek counsel from insurance professionals 
to determine the specific needs of the practice.

Each anesthesiologist must have professional liability 
insurance to cover the full cost of legal defense related 
to a malpractice suit. In most cases, professional liability 
coverage is provided by the practice, although in some 
cases individual providers must purchase their own insur-
ance. There are two types of professional liability (i.e., 
malpractice) insurance policies in the United States: 
occurrence-based and claims-made. Occurrence-based 
policies provide protection against incidents that occur 
during the term of the policy, regardless of when the 
claim is made. Claims-made policies provide coverage for 
incidents that occur during the policy period.

When terminating a claims-made policy, “tail insur-
ance” can be purchased to provide coverage from inci-
dents that occurred when a claims-made policy was 
active. Tail insurance is typically a single payment and 
often costs a multiple (1.5 to 2.5 times) of the annual 
claims-made policy. On occasion, a physician will change 
malpractice carriers. When this occurs, “nose insurance” 
(i.e., for prior acts) can be purchased to function similarly 
to tail insurance.

The cost of professional liability coverage includes 
the cost of claims made for pain and suffering and other 
losses. Some states have adopted tort reform, limiting the 
payment for pain and suffering. The cost of professional 
liability insurance in the states that have adopted tort 
reform is considerably lower than it is in states without 
any limits for malpractice claims.

RECRUITMENT

One of the key roles for the practice is the recruitment and 
retention of an appropriately diverse group of providers 
to meet the clinical needs of the patient population being 
served by the practice. Practices must have a formal pro-
cess for recruiting new members. In each case, it should 
define the goals for the recruitment and the relationship 
that the new member of the group will have. The group 
should clarify the business relationship with every new 
recruit, in addition to whether the new member will be 
an employee, whether a partnership track is possible, and 
the terms and conditions for becoming a partner. The 
recruit should be provided with a contract that defines 
the relationship, compensation package, and all other 
terms and conditions. The American Medical Association 
provides a useful resource describing the basics of a physi-
cian employment agreement.18

One of the other important aspects of recruitment 
relates to the clinical needs of the department and the 
skills and clinical expertise expected of the recruit. Because 
the practice generally works within one or more health 
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systems, the recruitment of new surgeons or other phy-
sicians may necessitate hiring new anesthesia providers 
with specialized skills, such as pediatric anesthesiologists, 
cardiothoracic anesthesiologists, neuroanesthesiologists. 
Every anesthesiologist certified by the American Board 
of Anesthesiologists is trained to care for the wide spec-
trum of patients requiring anesthesia services, but there 
are selected groups of patients for whom subspecialty 
training and certification may be required. For example, 
the needs of pediatric patients are currently undergoing 
evaluation to define children for whom pediatric certi-
fied anesthesiologists should be available and those who 
can receive care from a board-certified anesthesiologist 
who has not completed pediatric anesthesia subspecialty 
training (see Chapter 93). Recently, the American Col-
lege of Surgeons published recommendations for pedi-
atric surgical care based on the model used to support 
trauma care (see Chapter 81).19 The recommendations 
provide a framework for considering the most appropri-
ate way to provide care to pediatric patients requiring 
surgery, although they have also raised some concerns 
about access to anesthesia care for all pediatric surgery 
patients. The practice leaders and practitioners must be 
aware of their diverse clinical needs in order to recruit, 
credential, and retain the appropriate balance of anes-
thesia providers.

In most cases, the practice should be working collab-
oratively with the health systems, hospitals, and free-
standing facilities to identify opportunities to expand 
their scope of services. Many anesthesia groups provide 
critical care, pain management, and other specialty care 
services to support the needs of the patients served by the 
health systems in which the group works. The expansion 
of anesthesia services outside the operating room has also 
created new opportunities for anesthesiologists to par-
ticipate in care for a much broader range of patients (see 
Chapter 90). For example, the care of patients undergoing 
some diagnostic and therapeutic procedures is improved 
when an anesthesia provider is caring for and monitoring 
the patient during the procedure. Some payers have sug-
gested that anesthesia services are not required for some 
of these procedures and that they simply add unneces-
sary costs to care; therefore, the practice should be able to 
document improved outcomes and reduced costs. To do 
so requires that the practice understand the overall cost 
structure of the services provided to the patient and that 
it work collaboratively with the hospital or other facility 
to document the costs of care and clinical outcomes.

Additional opportunities that should have support 
from practice leaders include development of new models 
of care, such as the preoperative management of patients 
with underlying chronic diseases (e.g., diabetes, chronic 
obstructive pulmonary disease), PSH, and the provision 
of postoperative monitoring after discharge using tech-
nology to foster communication and coordination of care 
with the primary care provider. To take advantage of these 
opportunities, the practice must define the staffing needs 
and in some cases try to identify new models of care that 
include anesthesiologists working collaboratively with 
nonanesthesiologists (e.g., surgical hospitalists) in rela-
tionships that can be both clinically and financially suc-
cessful models.
PARTICIPATION IN HEALTH SYSTEM 
GOVERNANCE

Anesthesiologists should be active participants in gov-
ernance of the health system in which they work. The 
medical staff members provide the professional oversight 
for medical care in facilities in many states based on legal 
statute. The most important component of the medical 
staff is medical peer review, the promotion of the highest 
quality of medical care, and patient safety. Its secondary 
function is to determine whether a practitioner’s clinical 
privileges or membership in a professional society will be 
adversely affected by a physician’s competence or profes-
sional conduct.

In most cases, the chief of the anesthesia service will 
serve as member of the medical staff executive commit-
tee, unless anesthesia services are not structured as a 
separate clinical department. Each practice should iden-
tify opportunities to participate in both the medical staff 
structure and the governance and operations committees 
of the health system. Anesthesiologists can have numer-
ous opportunities to take leadership roles in the oversight 
of perioperative services, critical care medicine, pharmacy 
and therapeutics committees, patient safety initiatives, 
code blue committees, rapid response teams, and other 
patient safety programs. The more engaged in medical 
staff and system roles, the greater the likelihood that the 
anesthesia practice will be highly valued by the organiza-
tion and will maintain its role in providing the staffing 
and oversight of all anesthesia care.

NEW FINANCIAL MODELS

Traditional fee-for-service payment has been the most 
common method of payment for physician services for 
some time. The fee-for-service methodology provides pay-
ment based on the level of service provided to the patient. 
Unfortunately, this model of payment has been criticized 
for contributing to the increasing costs of health care, 
encouraging overuse of clinical services, and fostering 
the implementation of expensive technologies that do 
not necessarily improve outcomes. As a result, a number 
of other payment methodologies have been developed to 
reduce costs of care and overuse of clinical services and  
to align the goals for the patient, health system, and 
providers. Each practice should understand the various 
payment methodologies and ensure that it has the infor-
mation about the practice to understand the risks, ben-
efits, and financial implications of each model.

A number of alternative models have been proposed, 
including a shared savings model of payment, episode of 
care payments, and bundled payment models for physi-
cians alone or combined physician and health system 
payments. In some cases, these models are proposed 
for all levels of service and in some cases to coordinate 
clinical care for specific patient populations, such as solid 
organ transplants, selected surgical procedures. Under a 
shared savings program, the provider receives a share of 
savings associated with reduced health care spending. 
This model is essentially a pay-for-performance system. 
Unfortunately, shared savings rewards the high spenders 
rather than the high performers and is not sustainable.
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Comprehensive care payment is intended to reduce 
the number of unnecessary episodes of care. It is proposed 
as a methodology to reduce the cost associated with man-
agement of chronic conditions. This model encourages 
preventive care, and it is intended to reduce the number 
of procedures, which could have implications for anes-
thesia services.

Recently, a number of new models of care have been 
implemented to optimize comprehensive care and over-
all health outcomes. The Patient-Centered Medical Home 
model is designed to improve management and coordi-
nation of patient care across the continuum with man-
agement by a primary care provider in conjunction with 
other clinical providers (e.g., advance practice nurses, 
physical therapists, social workers). The outcomes of care 
associated with the medical home are still unknown, 
although early data provide interesting information about 
where this model might be most successful and some of 
the challenges associated with its implementation.20,21

A recently proposed model of care that is gaining momen-
tum is the accountable care organization (ACO). It was first 
described by Dr. Elliot Fischer and incorporates three core 
principles: (1) a provider-led organization with a strong 
primary care base, (2) payments that are linked to quality 
improvements that lower overall cost, and (3) reliable per-
formance measures that support the quality improvements 
for a population of patients.22 In this case, accountable refers 
to the role of both patients and payers to ensure delivery of 
appropriate, high-quality, and cost-effective care. The ACO 
model has been promoted as a way to improve care and out-
comes under the Affordable Care Act adopted by the U.S. 
Congress in 2010.23,24 The proposed goal is to promote clin-
ical excellence and control costs by coordinating the care 
provided by facilities, physicians, and other providers and 
providing financial incentives to limit unnecessary expendi-
tures. For anesthesiologists, the ACO model can create some 
opportunities to extend care through the entire periopera-
tive period both within the hospital and after discharge. In 
the role as a perioperative physician, the anesthesiologist 
(or group of anesthesia providers working collaboratively) 
can direct the entire surgical process—that is, evaluate and 
optimize the condition of the patient preoperatively, man-
age the intraoperative course, provide appropriate postsurgi-
cal care (including critical care and pain management), and 
facilitate the transition of care to the primary care physician. 
In the current health care system, many of these services are 
either not provided by the anesthesiologist or are provided 
informally and are often not documented, measured, or 
directly compensated. If the anesthesia practice is to assume 
this new role, it will have to document the services pro-
vided, their value, and negotiate with the health system for 
appropriate compensation for the services provided.

Whether the ACO model will succeed remains 
unknown. Many health care systems are participating in 
ACOs with variable outcomes. The primary reticence of 
health care systems and providers to participate in this 
model is probably related to concerns about whether the 
organizations are prepared to accept the risks.25

More important to anesthesia practices than participa-
tion in the ACO model is the current interest in develop-
ing the PSH model of care, which provides the opportunity 
for the anesthesia practice to expand its role in the care of 
selected patient populations and to assume a greater role 
in the overall management of the surgical patient. In many 
respects, it builds on the medical home model of care. In 
this model, anesthesiologists should be able to improve 
outcomes and reduce costs. Compensation to the anes-
thesia group will be based on these achieved goals. This 
model of care and payment can also serve as the model for 
distribution of payment for other bundled clinical services. 
The concept of the PSH and its implications for anesthesia 
practices is described in more detail in Chapter 3.

Anesthesia business practices continue to evolve in 
response to changes in the health care environment and 
advances in clinical practice resulting from improved 
technology. The dramatic changes in the financing and 
delivery of clinical care will continue to challenge anes-
thesia practices, but also create new opportunities to 
expand the scope of anesthesiology. For example, new 
practice initiatives such as the PSH will allow anesthesiol-
ogists to assume a broader and exciting new role in health 
care. The challenge is to ensure that business practices 
advance at the same pace as these new clinical initiatives 
so that the desired outcomes of improving quality, main-
taining safety, and reducing costs are achieved.
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Consciousness, Memory,  
and Anesthesia
GEORGE A. MASHOUR • KANE O. PRYOR

K e y  P o i n t s

 •  Mechanisms of consciousness and memory, and their interruption by general 
anesthetics, are important scientific problems that have clinical relevance for the 
practice of anesthesiology.

 •  Consciousness is characterized by wakefulness (i.e., state of being arousable) and 
awareness (i.e., subjective experience).

 •  Anesthetics act at structures in the brainstem, hypothalamus, and basal forebrain 
that regulate sleep-wake states, which may account for loss of wakefulness.

 •  Anesthetics disrupt connectivity and communication across cortical and 
thalamocortical networks, which may account for loss of awareness.

 •  Memory can be subdivided into explicit (conscious) and implicit (unconscious) 
recall; an example of explicit episodic recall is remembering a surgical event.

 •  Suppression of explicit episodic recall is one of the most potent effects of most 
general anesthetics.

 •  Effects on the hippocampus, amygdala and prefrontal cortex—as well as the 
connectivity of these structures—may account for anesthetic-induced amnesia, 
even before loss of consciousness.

Acknowledgment: The editors and the publisher would like to thank Drs. Max Kelz, Ted Abel, and Mervyn Maze for con-
tributing a chapter on this topic to the prior edition of this work. It has served as the foundation for the current chapter.
SCIENTIFIC AND CLINICAL IMPORTANCE

Consciousness and memory are among the most fascinat-
ing and complex subjects in all of science. The richness 
of human consciousness and memory—and the ability to 
express this richness in language—is a defining charac-
teristic of homo sapiens. These cognitive processes, how-
ever, are also notoriously difficult to study. As Thomas 
Huxley famously noted, “How it is that anything so 
remarkable as a state of consciousness comes about as a 
result of irritating nervous tissue, is just as unaccountable 
as the appearance of the Djin when Aladdin rubbed his 
lamp.”1 The medical specialty of anesthesiology is in a 
unique position to shed light on the problems of both 
consciousness and memory because the drugs used in 
common anesthetic practice infallibly place the genie of 
consciousness back in the lamp—and bring it out again 
almost just as uniformly. Furthermore, at doses signifi-
cantly smaller than those required for unconsciousness, 
general anesthetics also cause amnesia. As such, anesthet-
ics are being recognized increasingly as tools to study 
consciousness and cognition,2,3 a trend that fulfills the 
vision of anesthesiologist Henry K. Beecher in the 1940s.4

Consciousness and memory also have clinical relevance 
for the anesthesiologist; together, the experience and 
explicit episodic recall of surgical events is known as the 
problem of “intraoperative awareness.” This complication 
occurs in approximately 1 to 2 cases per 10005-7 and is asso-
ciated with a frequent incidence of posttraumatic stress 
disorder.8 As such, there is a strong motivation to prevent 
consciousness and explicit recall, but current technology 
may not be a significant advance over traditional methods 
of assessing anesthetic depth such as minimum alveolar 
concentration9,10 (see Chapter 50). To advance the field of 
perioperative brain monitoring, a detailed understanding 
of the neurobiology of consciousness, memory, and anes-
thesia is required.11

CONSCIOUSNESS

HISTORY AND TERMINOLOGY

For the greater part of the twentieth century, the study 
of consciousness was not considered a serious scientific 
pursuit. Yet, the past two decades have seen a dramatic 
increase in the number of rigorous investigations into 
consciousness. This was stimulated, in part, by public 
attention in the 1990s from a number of high-profile sci-
entists such as Nobel Laureates Francis Crick and Gerald 
Edelman, as well as renowned physicist Roger Penrose. At 
approximately the same time, the first multidisciplinary 
conference on consciousness studies was hosted in 1994 
at the University of Arizona, and several journals on the 
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subject were founded (Journal of Consciousness Studies, Con-
sciousness and Cognition). Although some seminal papers 
on consciousness and anesthesia were published more 
than a decade ago,12 the specialty of anesthesiology has 
now turned its attention to the science of consciousness. 
Indeed, it was only in the seventh edition of Miller’s Anes-
thesia that consciousness made its formal appearance13 in 
the chapter titled, “Sleep, Memory, and Consciousness.” 
Since then there has been an explosion of exciting data on 
the neurobiology of consciousness and anesthesia.

The field of consciousness studies is complicated by the 
indiscriminate use of the term consciousness. In this dis-
cussion of consciousness, subjective experience is meant. As 
has been suggested, consciousness is what we lose when 
we have dreamless sleep and what we regain again in the 
morning upon awakening.3 There are several important 
definitions and distinctions that should be considered.
  

 1.  Awareness: Cognitive neuroscientists and philosophers 
use the term awareness to mean only subjective experi-
ence. In clinical anesthesiology, the term awareness is 
used (inaccurately) to include both consciousness and 
explicit episodic memory (the taxonomy of memory will 
be discussed in the next major section of this chapter).11

 2.  Wakefulness versus Awareness: Wakefulness refers 
to the state of being arousable, which can be manifest 
by sleep-wake cycles and can occur even in pathologic 
conditions of unconsciousness such as vegetative states. 
Thus, being awake is dissociable from being aware.14

 3.  Phenomenal versus Access Consciousness: Phe-
nomenal consciousness is a subjective experience itself, 
whereas access consciousness is that which is available 
to other cognitive processes, such as working memory 
or verbal report.15

 4.  External versus Internal Consciousness: Exter-
nal consciousness is the experience of environmental 
stimuli (e.g., the sound of an orchestra), whereas inter-
nal consciousness is an endogenous experience (e.g., a 
dream state).16

 5.  Consciousness versus Responsiveness: An individ-
ual may fully experience a stimulus (e.g., the command 
“Open your eyes!”) but not be able to respond (as when 
a patient is paralyzed but conscious during surgery).17,18

 6.  Levels of Consciousness versus Contents of Con-
sciousness: Levels of consciousness can include alert 
versus drowsy versus anesthetized, whereas the con-
tents of consciousness refers to the particular phenom-
enal aspects such as a red rose versus a blue ball.

SYSTEMS-BASED APPROACH

There have been a number of theories proposed to explain 
the mechanisms of consciousness and general anesthesia. 
Advances in neuroscience, however, have now enabled 
us to move beyond speculative frameworks and focus on 
a systems-based approach to both subjects.19 The remain-
der of this section on consciousness will adopt such an 
approach by discussing (1) brainstem and hypothalamic 
nuclei regulating the sleep-wake cycle (and therefore 
arousal states), (2) the role of the thalamus in conscious-
ness and anesthesia, (3) cortical-subcortical connectivity, 
with a focus on the thalamocortical system, (4) corticocor-
tical communication, and (5) network-level organization.
SUBCORTICAL NUCLEI REGULATING 
AROUSAL

It was hypothesized in the mid-1990s that anesthet-
ics suppress consciousness by actions at the subcortical 
nuclei that evolved to control sleep-wake cycles.20 The 
past decades have supported the hypothesis that anes-
thetics interact with a number of these sleep-wake cen-
ters,21 although precise interactions and contributions 
to the state of general anesthesia have yet to be eluci-
dated. The following is a description of select subcortical 
nuclei in the brainstem and hypothalamus that mediate 
sleep-wake cycles and, potentially, some traits of anesthe-
sia. The basic neurochemistry of the sleep-wake cycle is 
shown in Figure 13-1.

Brainstem
Locus ceruLeus. Norepinephrine is synthesized in the 
locus ceruleus (LC), which is located in the pons and proj-
ects widely throughout the cortex.22 Like other mono-
aminergic neuronal populations, LC activity is highest 
during waking consciousness, decreased during non–
rapid eye movement (NREM) sleep, and at its nadir dur-
ing rapid eye movement (REM) sleep.23,24 Thus, the LC is 
associated with cortical arousal only during wakefulness 
and not with the cortical activation during REM sleep. 
LC neurons are hyperpolarized by halothane.25 The role 
of norepinephrine (generated by the LC) in anesthesia is 
likely important because barbiturate anesthesia time is 
increased by antagonizing norepinephrine and reduced 
by agonizing it.26,27 Norepinephrine transmission in the 
basal forebrain may be of particular relevance to anes-
thetic depth.28 The LC and the role of norepinephrine in 
hypnosis are of particular interest because of the alpha-2 
agonist dexmedetomidine in clinical care. Microinjec-
tion of dexmedetomidine in the LC results in reduced 
levels of consciousness that can be prevented by coad-
ministration of the alpha-2 antagonist atipamezole.29 
Expression of c-fos, a marker of antecedent cellular 
metabolism, after exposure to dexmedetomidine mim-
ics NREM sleep in that the LC and tuberomammillary 
nucleus (TMN) are deactivated, whereas the ventrolateral 
preoptic nucleus (VLPO) is activated.30 However, recent 
data in dopamine-β-hydroxylase knockout mice (which 
lack the ability to synthesize norepinephrine) demon-
strate a hypersensitivity to dexmedetomidine, suggest-
ing alternative mechanisms of action.31 In addition, 
administration of ketamine increases c-fos expression in 
the LC,32 which appears to contribute to its anesthetic 
effects.33

LaterodorsaL/peduncuLopontine tegmentum (Ldt/ppt). 
Along with the basal forebrain, the laterodorsal tegmen-
tum (LDT) and pedunculopontine tegmentum (PPT) 
in the pons are the brain’s source of acetylcholine and 
project throughout the cortex.34 There are also direct 
projections to the thalamus with a known role in the 
generation of slow oscillations and sleep spindles,35 
which together represent a neurophysiologic sign that 
 information transfer to the cortex is likely blocked.36 As 
with the noradrenergic LC, activity of the LDT/PPT is 
high during waking consciousness and decreases during 
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Figure 13-1. Neurochemistry of sleep and wakefulness. State-dependent changes in monoaminergic (red), cholinergic (green), and γ-amino-
butyric acid (GABA)ergic (blue) neurotransmitter systems across the sleep-wake cycle. The density of the dots at the schematized nerve terminal 
reflects the state-dependent increases or decreases of release of the particular neurotransmitter. Monoamines (e.g., norepinephrine) have peak 
release during wakefulness, with decreases during non–rapid eye movement sleep and a nadir during rapid eye movement (REM) sleep. Cholin-
ergic transmission is associated with cortical activation during waking or REM sleep. Acetylcholine and GABA have an inverse relationship across 
the sleep-wake cycle. The “shared circuits” of sleep and anesthesia suggests that general anesthetics have their effects through, in part, the sleep 
and arousal centers identified in the figure. BF, Basal forebrain; DR, dorsal raphe; LC, locus ceruleus; LDT-PPT, laterodorsal and pedunculopontine 
tegmentum; PHA, posterior hypothalamic area; PRF, pontine reticular formation; SC, spinal cord; Th, thalamus; VLPAG, ventral periaqueductal gray; 
VLPO, ventrolateral preoptic nucleus. (Reproduced from Baghdoyan H, Lydic R: The neurochemistry of sleep and wakefulness. In Brady S, et al, editors: 
Basic neurochemistry, Oxford, UK, 2012, Elsevier.)
NREM sleep.22 However, in contrast to the LC and other 
monoaminergic neurons, the cholinergic LDT/PPT is 
also active during REM sleep, during which the cortex 
is aroused. Thus, both states of cortical activation across 
the sleep-wake cycle are associated with high choliner-
gic tone. General anesthetics modulate cholinergic pro-
jections from the LDT/PPT. Sleep spindles occur during 
halothane anesthesia and are associated with decreased 
cholinergic transmission to the medial pontine reticular 
formation (PRF).37,38 In addition, synaptic and extrasyn-
aptic γ-aminobutyric acid (GABA) receptors play a role 
in modulating LDT neurons,39 which could provide a 
direct link to molecular mechanisms of numerous gen-
eral anesthetics.
pontine reticuLar Formation. The PRF is part of the retic-
ular activating system, which plays an important role in 
cortical arousal. Although GABA is the primary inhibitory 
neurotransmitter in the brain, the actions of GABA in the 
PRF are associated with cortical arousal.40 For example, 
there is increased time spent in the waking state when 
the GABAA receptor agonist muscimol is microinjected 
in the PRF.41 When the GABAA antagonist bicuculline is 
microinjected, wakefulness is suppressed, but REM sleep 
(another state of cortical arousal) is triggered. Vanini and 
colleagues42 found that decreased levels of GABA in the 
PRF correlated with isoflurane-induced unconsciousness, 
muscular hypotonia, and decreased respiratory rate. Since 
the effects of anesthetics are normally associated with a 
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potentiation of GABA activity, these findings highlight 
that a specific neuroanatomic and neurochemical milieu 
can play a unique and unexpected role in the  mechanisms 
of consciousness and anesthesia. In addition, the meso-
pontine tegmental anesthesia area is located in the PRF. 
When pentobarbital is microinjected in this area, a revers-
ible state with anesthetic traits is induced.43

VentraL tegmentaL area. Dopaminergic neurons of the 
ventral tegmental area (VTA) in the midbrain have not 
classically been considered key mediators of sleep-wake 
cycles because of relatively less evidence of state-depen-
dent changes compared with other brainstem nuclei. This 
view has been challenged in sleep neurobiology,44 and 
there is a renewed interest in the ability of dopaminergic 
activity in the reversal of general anesthesia. Studies of 
the dopamine agonist methylphenidate have revealed an 
ability to reverse the effects of both isoflurane and pro-
pofol45,46; preliminary evidence suggests that the VTA is 
the source of the dopaminergic transmission mediating 
arousal during exposure to anesthesia and that electri-
cal stimulation of the VTA itself can reverse the state of 
general anesthesia.47 Of note, a dopaminergic pathway 
regulating sleep-wake states has been identified in dro-
sophila.48

Hypothalamus
VentroLateraL preoptic nucLeus. The anterior hypothala-
mus plays an important role in sleep-wake regulation.49 
The VLPO is a structure in this region that transmits GABA 
and galanin.50 Neurons in the VLPO are maximally active 
during NREM and REM sleep51,52; the median preoptic 
nucleus is also active during sleep. Of note, the activity 
profile of GABAergic neurons in the VLPO correlates with 
sleep amount, whereas the activity of GABAergic neurons 
in median preoptic nucleus correlates with homeostatic 
sleep pressure or propensity.53 Importantly, the activity 
of the VLPO during sleep is correlated with inhibition of 
other arousal centers in the brainstem and hypothala-
mus.51,54 Given its potentially central role as a mediator 
of sleep, the VLPO is an attractive candidate as a media-
tor of anesthetic-induced unconsciousness. Nelson and 
colleagues55 demonstrated an increase in c-fos expression 
(a marker of neuronal activity) in the VLPO after systemic 
administration of propofol or thiopental. Eikermann and 
associates56 conducted studies of rats with chronic lesions 
of the VLPO and found that ablation of VLPO resulted in 
sleep deprivation (as expected) but increased sensitivity to 
the effects of isoflurane.56 This finding would argue against 
a critical role of the VLPO in the mechanism of anesthe-
sia; however, acute lesions of the VLPO confer resistance 
to the effects of isoflurane, an effect that appeared to be 
mediated specifically through the sleep-active neurons in 
the VLPO.57 Taken together, these data suggest that the 
VLPO plays a role in anesthetic-induced unconsciousness 
(as evidenced by acute lesion data), but the effects of sleep 
deprivation associated with chronic VLPO lesions could 
overwhelm this role. Indeed, the effects of both intra-
venous and inhaled anesthetics are potentiated by sleep 
deprivation58,59 and by mechanisms that are likely inde-
pendent of the VLPO (e.g., adenosine signaling in basal 
forebrain).
orexinergic neurons. Orexinergic neurons are found in 
the perifornical region of the lateral hypothalamus and 
provide an important arousal stimulus for the cortex. There 
are two types of orexin (A and B), which are also referred 
to as hypocretins. These neurons innervate other arousal 
centers in the brainstem and basal forebrain. Orexinergic 
neurons fire maximally in the waking state, are suppressed 
during NREM sleep, and show occasional bursts during 
phasic REM sleep.60,61 Dysfunction of the orexinergic sys-
tem is associated with narcolepsy in both humans and 
animal models.62,63 The often dramatic delay of anesthetic 
emergence in narcoleptic patients64 has motivated the 
study of orexin in anesthetic mechanisms. Orexins attenu-
ate the effects of isoflurane,65 propofol,66 ketamine,67 and 
barbiturates68 using various measures. Local infusion of 
orexin in the basal forebrain is associated with electroen-
cephalographic arousal and decreased emergence time in 
animals anesthetized with sevoflurane69 and isoflurane.70 
Microinjection of propofol in the perifornical region of the 
hypothalamus (the locus of orexinergic neurons) is associ-
ated with a decrease in cortical acetylcholine, an impor-
tant mediator of arousal.71 Importantly, both genetic and 
pharmacologic studies have demonstrated that orexins do 
not influence induction, but play an important role in the 
emergence from sevoflurane and isoflurane anesthesia.72 
This seminal study suggested that there is a distinct neuro-
biology of induction and emergence, and formed the basis 
for a theory of “neural inertia” across state transitions.73 
Yet, halothane did not influence orexinergic neurons, and 
emergence time was not altered in orexin knockout mice.74 
Data from sevoflurane and isoflurane have recently been 
confirmed for propofol, which reduces c-fos expression in 
orexinergic neurons in rats. Infusion of orexin in the basal 
forebrain affects emergence but not induction time.75

tuberomammiLLary nucLeus. The TMN is located in the cau-
dal hypothalamus and is the brain’s source of histamine, an 
arousal-promoting transmitter. TMN activity and histamine 
levels are highest during wakefulness and lowest during 
sleep76; the TMN is thought to have a relationship of recip-
rocal inhibition with the sleep-promoting GABAergic neu-
rons of the VLPO.51,54,77 Histamine release in the anterior 
hypothalamus is depressed during sleep78 and halothane 
anesthesia.79 Systemic administration of propofol, pento-
thal, and the GABA agonist muscimol all result in decreased 
c-fos expression in the TMN, suggesting depressed activity.55 
Microinjection of histamine in the nucleus basalis mag-
nocellularis of the basal forebrain reverses the depressant 
effects of isoflurane on the electroencephalogram (EEG), an 
effect likely mediated by H1 histamine receptors.80 A recent 
study in which GABAA receptors were genetically removed 
demonstrated that histaminergic neurons are resistant to 
the effects of propofol.81 However, at the behavioral level, 
there was no effect of the genetic alteration on loss of right-
ing reflex, a surrogate for anesthetic-induced unconscious-
ness. Thus, the role of TMN and histaminergic transmission 
in the mechanism of anesthesia is still unclear.

ROLE OF THE THALAMUS

The thalamus is composed of approximately 50 nuclei 
and subnuclei that serve either as relays for sensory 
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input from the periphery (“specific” nuclei) or as mul-
timodal, integrative regions that receive input from the 
cortex (“nonspecific” nuclei). The thalamus has been of 
continued and intense interest to those investigating 
mechanisms of general anesthesia. There are at least three 
possible roles for the thalamus in the suppression of con-
sciousness by general anesthetics.

Thalamus as Switch
The thalamus has been proposed as an ON/OFF switch 
for anesthetic state transitions.12 This theory was gener-
ated based on the consistent metabolic depression of the 
thalamus by a number of inhaled and intravenous anes-
thetics82-84 (with the exception of ketamine85). The hyper-
polarization of the thalamus would shift tonic firing to 
burst firing that—as with sleep—would prevent afferent 
sensory stimuli from arousing the cortex. Evidence for 
the thalamus as an ON switch has been derived primar-
ily from animal experiments, in which stimulation of the 
centromedian thalamus by either nicotine or antibodies 
blocking voltage-gated potassium channels could reverse 
the effects of inhaled anesthetics.86,87 Although microin-
jection of large doses of nicotine into the thalamus could 
precipitate anesthetic emergence, antagonism of nicotinic 
acetylcholine receptors in the same location did not appear 
to contribute to anesthetically induced unconsciousness. 
Central thalamic activation results in behavioral improve-
ment in humans with traumatic brain injury.88 In addition, 
activation of the thalamus (along with other subcortical 
structures) in humans is correlated with recovery from anes-
thesia, suggesting the involvement of the thalamus in the 
primitive or “core” consciousness observed at emergence.89

Thalamus as Cortical Readout
The studies identifying the depression of the thalamus were 
derived from neuroimaging modalities such as positron 
emission tomography (PET) or magnetic resonance imaging, 
which are both associated with poor temporal resolution. 
These studies could not distinguish definitively whether 
deactivation of the thalamus was a cause of anesthetic-
induced unconsciousness or the consequence of a deacti-
vated cortex. Nonspecific nuclei of the thalamus have been 
proposed as a computational blackboard for the cortex.90 
Thus, if the mechanism of anesthetic- induced unconscious-
ness was achieved primarily by a suppression of cortical 
computation, a depressed thalamus should be the result. 
To address this question, Velly and colleagues91 conducted 
a neurophysiologic study using scalp electroencephalog-
raphy (reflecting cortical signals) and subthalamic nuclei 
electrodes (which were argued to reflect thalamic activity). 
Induction of anesthesia with either propofol or sevoflurane 
was associated with cortical rather than subcortical changes, 
suggesting that the depression of the thalamus identified 
through neuroimaging studies reflected an effect rather 
than a cause of anesthetically induced unconsciousness.

Thalamus as Participant
The prior two possibilities treat the thalamus as a pas-
sive player in general anesthesia; however, recent theories 
suggest that it might play an active role. A study using 
human electroencephalographic data and computational 
modeling argued that the action of propofol on GABA 
receptors in the nucleus reticularis generates a hypersyn-
chronous alpha rhythm (8-13 Hz) with the frontal cortex 
that potentially blocks sensory input.92 Hypersynchrony 
of alpha may block the flexible corticocortical communi-
cation required for normal consciousness.93 The potential 
role of thalamocortical interactions in anesthetic-induced 
unconsciousness stimulates additional consideration of 
the thalamus and its connectivity to the cortex.

CORTICAL-SUBCORTICAL CONNECTIVITY

The closely integrated function of the cortex and thalamus 
(which has been referred to as the seventh layer of the cor-
tex) suggests that the two can be treated as a single thala-
mocortical system. The thalamocortical system undergoes 
state-dependent changes across the sleep-wake cycle, and 
it is thought to play a critical role in consciousness. This 
role is defined by its ability to integrate the activities of 
functionally diverse cognitive modules, a property that is 
central to the integrated information theory of conscious-
ness.94 This theory argues that consciousness is informative 
(in that it reduces uncertainty by discriminating among 
multiple possible states) and unified (in that a number of 
distinct modalities are fused into one experience). Based 
on neuroimaging data, the connectivity of the thalamo-
cortical system has been investigated during the state of 
general anesthesia. A reanalysis of early PET studies dem-
onstrating the metabolic depression of the thalamus by 
halothane and isoflurane revealed a disruption of thalamo-
cortical connectivity during general anesthesia.95 Recent 
studies using functional magnetic resonance imaging have 
refined the role of thalamocortical connectivity in anes-
thesia. One study identified a propofol-induced disruption 
of connectivity between the thalamus and lateral frontal-
parietal networks, which are thought to be important for 
external consciousness.96 Similarly, a study of the specific 
nuclei (linked to particular sensory modalities) and non-
specific nuclei (linked to integrative functions) found that 
disrupted connectivity between the nonspecific nuclei 
and the cortex best accounted for a reduction in the level 
of consciousness by propofol.97 Disrupted thalamocortical 
connectivity has also been identified in animals anesthe-
tized with propofol98; impaired functional connectivity of 
the thalamus and posterior parietal cortex has been found 
in humans exposed to 1% sevoflurane.99 However, the 
finding of impaired thalamocortical connectivity in asso-
ciation with anesthetic-induced unconsciousness has not 
been universal. A functional magnetic resonance imaging 
(fMRI) study of propofol revealed more profound func-
tional disconnections between the cortex and putamen, 
a subcortical structure in the basal ganglia.100 In contrast, 
thalamic connectivity was relatively well preserved. The 
potential role of the striatum (composed of the putamen 
and caudate) in anesthetic-induced unconsciousness has 
been demonstrated in a study of rats undergoing isoflu-
rane anesthesia.101 This study was conducted with fMRI 
and found that the functional connection between the 
frontal cortex and the basal ganglia was disrupted during 
general anesthesia. A functional disconnection of associa-
tion cortex and subcortical structures has also been shown 
by fMRI in a study of propofol-induced unconsciousness 
in humans.102



Chapter 13: Consciousness, Memory, and Anesthesia 287
CORTICOCORTICAL CONNECTIVITY  
AND COMMUNICATION

The last three sections were organized according to a bot-
tom-up approach to consciousness and anesthesia, starting 
with the brainstem and then moving to the diencepha-
lon and thalamocortical system. Sleep is clearly generated 
through such bottom-up mechanisms103; however, it is not 
yet clear whether anesthetic-induced unconsciousness is 
accomplished through a bottom-up or top-down mecha-
nism. If it were the latter, the effects of general anesthetics 
on the cortex would be of paramount importance. Early 
studies using PET demonstrated regional depression in 
cortical areas, including lateral and medial frontal-parietal 
networks.104 These networks can mediate external con-
sciousness of the environment (lateral system) and internal 
consciousness of, for example, dream states (medial sys-
tem). Disruption of functional connectivity across the cor-
tex during general anesthesia has been demonstrated in a 
number of different imaging studies using fMRI.96,99,105-107  
However, the cortex is amenable not only to fMRI but 
also neurophysiological techniques of assessing connectiv-
ity, enabling data on anesthetic-induced unconsciousness 
with improved temporal resolution. EEG can be used to 
measure functional connectivity (the statistical covariation 
of the activities of brain regions) and effective connectiv-
ity (the presumed causal influence of one brain region on 
another).108 There are several key studies to consider that 
assess corticocortical communication (i.e., exchange of 
information) after anesthetic-induced unconsciousness.

As with fMRI, there is neurophysiologic evidence of 
disrupted functional connectivity during a variety of anes-
thetics. Quantitative EEG analysis of 176 surgical patients 
anesthetized with volatile anesthetics, propofol, and 
nitrous oxide suggested that there is a functional uncou-
pling of interhemispheric and anterior and posterior brain 
regions.109 The anesthetic-mediated inhibition of anterior-
posterior phase synchrony has also been shown in a rodent 
model.110 However, communication between anterior and 
posterior brain regions may not be completely disrupted 
by general anesthetics. In rats, Imas and colleagues111 
measured transfer entropy in the γ bandwidth of EEG in 
response to visual flash stimuli and found that during iso-
flurane-induced unconsciousness, the anterior-to-posterior 
communication (“feedback” connectivity) was disrupted, 
whereas posterior-to-anterior communication (“feedfor-
ward” connectivity) was preserved. It was only at levels of 
surgical anesthesia that communication in both directions 
was suppressed. Lee and associates112 studied directed con-
nectivity in human volunteers and found that feedback 
connectivity from frontal to parietal regions was selec-
tively inhibited by an intravenous bolus dose of propofol. 
In surgical patients undergoing induction of anesthesia 
with either propofol or sevoflurane, Ku and coworkers113 
used symbolic transfer entropy to identify a preferential 
inhibition of frontoparietal feedback connectivity in asso-
ciation with anesthetic-induced unconsciousness (Figure 
13-2). Both directions of connectivity were suppressed at 
the level of surgical anesthesia, and frontoparietal con-
nectivity returned to baseline at recovery. The unique 
importance of frontoparietal connectivity was demon-
strated in a study of recovery from propofol-induced and 
dexmedetomidine-induced unconsciousness using PET 
scanning.89 An investigation of human volunteers using 
high-density EEG has confirmed the loss of frontal-to-
parietal feedback connectivity, and dynamic causal mod-
eling has supported the hypothesis that this is indeed a 
corticocortical (as opposed to thalamocortical) interac-
tion.114 Hypersynchronized thalamocortical α rhythms92 
may be a neurophysiological mechanism for the inter-
ruption of corticocortical communication.93 The selective 
loss of feedback connectivity is of particular interest to the 
field of consciousness research because feedforward com-
munication can mediate subliminal (i.e., unconscious) 
sensory processing, whereas feedback connectivity (both 
within and across modalities) mediates conscious percep-
tion.115 The findings of inhibited feedback connectivity 
and preserved feedforward connectivity (which is thought 
to mediate sensory representation) during anesthesia are 
consistent with results of the previously discussed fMRI 
studies in which sensory networks are maintained dur-
ing anesthetic-induced unconsciousness. Preserved feed-
forward, but inhibited frontal-to-temporal connectivity, 
occurs in patients in vegetative states, but not in mini-
mally conscious states or normal controls.116 Other meth-
ods of measuring corticocortical communication, such as 
Granger causality, have yielded different results in terms of 
the directionality of information transfer.117

The inhibition of frontal-parietal communication is 
likely representative of a more global disruption of corti-
cal communication. A study using high-density EEG and 
transcranial magnetic stimulation revealed an inhibition 
of cortical effective connectivity after midazolam-induced 
unconsciousness.118 After administration of the benzodi-
azepine, local cortical activation could be observed at the 
site of magnetic stimulation, but robust evoked potentials 
were terminated at less than 100 ms, and cortical commu-
nication was limited (Figure 13-3). Of note, this finding 
is consistent with findings in NREM sleep.119 The concor-
dant findings could reflect a common neurophysiologic 
mechanism of disrupted cortical connectivity through 
slow oscillations, which share a number of characteristics 
in NREM sleep and general anesthesia.120 A study of three 
epilepsy patients who received implants of both cortical 
grids (for clinical purposes) and a 96-channel microar-
ray (for research purposes) sheds light on this potential 
mechanism.121,122 Within 5 seconds of propofol-induced 
unconsciousness, there was a dramatic increase in the 
power of slow oscillations. Although single-unit neuronal 
activity was initially suppressed, it returned to baseline 
(or above baseline) but was fragmented into highly active 
and quiescent periods. Neural firing became coupled 
with the slow oscillation. However, the slow oscillations 
themselves demonstrated decay in phase coupling with 
increased distance across the cortex. Thus, neuronal spike 
activity became fragmented into “on” and “off” peri-
ods, which became temporally uncoordinated across the 
cortex. These neurophysiologic conditions dramatically 
reduce the probability of meaningful corticocortical com-
munication. Whether the slow oscillation is a cortical 
or thalamocortical phenomenon is still unclear. Under-
standing the origin and regulation of the slow oscillation 
could help clarify whether anesthetic-induced uncon-
sciousness has a top-down or bottom-up mechanism.
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Figure 13-3. Effective connectivity and anesthetic-induced unconsciousness. Effective connectivity is the measure of causal influence among 
distinct brain regions. In this study, six human volunteers underwent high-density electroencephalography and transcranial magnetic stimu-
lation (TMS) during wakefulness or midazolam-induced unconsciousness. A and A′ show the potentials evoked by TMS during wakefulness 
(A) and after loss of consciousness (A′). B and B’ show the cortical currents (dark red, minimal; white, maximal) in response to TMS during 
wakefulness (B) and after loss of consciousness (B′). Note the midazolam-induced reduction in cortical potentials and currents, which termi-
nate at less than 120 ms. Similar findings were obtained in humans during non–rapid eye movement sleep. Importantly, cortical activation 
can occur during anesthesia (or sleep), but communication and causal influence (i.e., effective connectivity) across the cortex are suppressed. 
(Figure reproduced from Ferrarelli, et al: Breakdown in cortical effective connectivity during midazolam-induced loss of consciousness, Proc Natl Acad 
Sci U S A 107:2681-2686, 2010.)
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Ku, et al: Preferential inhibition of frontal-to-parietal feedback connectivity is a neurophysiologic correlate of general anesthesia in surgical patients, PLoS
One 6:e25155, 2011.)
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NETWORK-LEVEL ORGANIZATION

It would be reasonable to assume that the widespread 
effects of general anesthetics on corticocortical and cor-
tical-subcortical connectivity would lead to a complete 
breakdown of functional network organization in the 
brain. Surprisingly, this is not the case. The functional 
architecture associated with the performance of human 
sensory, motor and cognitive tasks is still present in 
anesthetized nonhuman primates.123 Using electrocor-
ticography in humans receiving propofol, Breshears and 
coworkers124 demonstrated a number of dynamic neu-
rophysiologic changes that occur against the backdrop 
of such preserved functional architecture. The brain can 
reconfigure network structure as a method of adapting 
to the anesthetized condition while maintaining global 
organization. Using EEG, Lee and associates125 demon-
strated that humans undergoing induction of anesthesia 
with propofol maintain scale-free features in dynamic 
networks despite marked changes in connectivity. The 
hypothesis of “adaptive reconfiguration” during anesthe-
sia has been supported by a study of humans using fMRI, 
in which key organizational network properties such as 
“small worldness” (an organization similar to that of an 
airport system with large hubs) were maintained despite 
propofol-induced unconsciousness.102 In rats, isoflurane 
is also associated with an organizational shift of networks 
in which the “community structures” of interacting brain 
regions are reconfigured, whereas small-world and other 
network features are maintained.101 Thus, although criti-
cal information processing hubs (e.g., the posterior pari-
etal cortex)126 can be particularly susceptible to the effects 
of general anesthetics, it appears that important network 
features are maintained.

This line of investigation is important for several rea-
sons. First, these studies suggest that key principles of 
network efficiency and organization are not specific to 
the conscious state because they persist during general 
anesthesia. Second, the adaptive reconfiguration of net-
works to maintain global organizational features may be 
relevant to the reversibility of the anesthetized state, in 
contrast to more chronic brain disorders (e.g., Alzheimer 
dementia, schizophrenia) in which these features are lost. 
Finally, these types of studies demonstrate the power 
of general anesthetics to probe the mechanisms of con-
sciousness and the functional organization of the human 
brain. The next section discusses memory, the thread that 
links conscious experiences together to form the narra-
tive of “self.”

MEMORY

HISTORY AND TERMINOLOGY

Modern understanding of the structure and organiza-
tion of human memory is deeply informed by the study 
of amnesia. As early as the seminal writings of Théod-
ule Ribot127 and Hermann Ebbinghaus128 in the late 
nineteenth century, it was appreciated that the meticu-
lous description of memory failure could yield valuable 
insights into the underlying architecture and mechanism 
of normal memory function. The culmination of this tra-
dition occurred in 1957, when Brenda Milner of the Mon-
treal Neurological Institute reported the remarkable case of 
Henry Gustav Molaison (1926-2008),129 an amnesiac who 
would be known famously as H.M. and who would repre-
sent the single most influential case study in the history of 
neuroscience. In an experimental procedure intended to 
treat a refractory seizure disorder, neurosurgeon William 
Beecher Scoville removed significant portions of the medial 
temporal lobe (MTL) bilaterally—including the hippo-
campus, amygdala, and adjacent parahippocampal gyrus. 
Postoperatively, H.M. developed profound and enduring 
anterograde amnesia, and he was unable to establish any 
new memory, irrespective of the sensory modality. He also 
developed a window of retrograde amnesia and was unable 
to recall events occurring within the 3 years preceding his 
surgery. Remarkably, though, most of his associated func-
tions—perceptual processing, language, attention, access to 
semantic knowledge, and capacity to retain small packages 
of information in constant rehearsal—remained largely or 
entirely intact. Before H.M., the prevailing theory—articu-
lated by eminent neuropsychologist Donald Hebb130—
was that there was no brain region dedicated to memory 
function. Instead, memory processes were thought to be 
distributed and integrated into region-specific perceptual 
and cognitive functions. As a result, for example, the visual 
attribute of a memory would be wholly served within the 
striate and extrastriate cortical regions responsible for 
visual perception. The description of H.M. immediately 
disproved this model. It became clear that the MTL was 
a specialized and obligatory structure for the establish-
ment and early preservation of all modalities of conscious 
memory. The trajectory of memory research was power-
fully transformed. Initially, largely independent branches 
evolved to focus on the structural-functional organization 
of the MTL (Figure 13-4) and the nature of cellular-level 
neuroplastic processes—the latter notably marked by the 
discovery of long-term potentiation (LTP) by Terje Lømo 
and Timothy Bliss in 1973.131 Subsequently, systems-level 
constructs were developed emphasizing the pivotal role of 
oscillatory phase synchronization in neuronal assemblies 
and networks subserving memory.132

Amnesia is also the term used to describe one of the car-
dinal properties of general anesthesia. As understood by 
most anesthesiologists and the layperson, this description 
is phenomenological; it states that patients do not recall 
the events that occur to them while under anesthesia. 
However, this usage confuses a critical mechanistic and 
semantic distinction. Unlike H.M., who had intact percep-
tion and conscious experience of himself and the external 
environment but could not establish memories, patients 
in a true state of general anesthesia are unable to process 
and bind perceptual elements into an integrated conscious 
experience. From the perspective of cognitive neurosci-
ence, the “amnesia” of general anesthesia does not consti-
tute a problem of memory. It is a problem of consciousness. 
It simply reflects that a conscious experience cannot 
be represented and reconstructed by memory processes 
when it does not exist in the first place. Further confu-
sion is added by the frequent use of the term awareness—a  
synonym for conscious perception—to describe the 
(usually undesirable) case in which a patient is able to 
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consciously recall events occurring during the administra-
tion of an anesthetic. This ignores the fundamental lesson 
from H.M. that memory is functionally dissociable from 
consciousness. Awareness is necessary for the establishment 
of memory under anesthesia, but it is not sufficient. Con-
scious recall can occur only if awareness is accompanied by 
memory processes in the MTL that establish and preserve a 
representation that can be reconstructed later.

These statements of causality construct a framework 
for the scientific study of how anesthetic drugs affect 
memory. First, they establish an axiom: Patients who 
form memories while under anesthesia must possess a 
conscious substrate and therefore cannot be truly uncon-
scious. Second, they pose a question: Do anesthetic drugs 
have direct effects on memory processes dissociable from 
those on consciousness? That is, are anesthetics true 
amnestic agents? The affirmative answer to this second 
question is unambiguous and is encountered in everyday 
anesthetic practice—in the patient receiving a small dose 
of propofol or midazolam who engages in a normal con-
versation that they are later unable to recall, or in the 
postanesthetic patient who has no memory of a lucid dis-
cussion with their surgeon in the recovery room.

Hidden in this everyday clinical experience is an 
observation of tremendous significance to cognitive 
neuroscience: anesthetics possess a remarkable abil-
ity to create a state of anterograde amnesia that bears 
a striking resemblance to that experienced by H.M. 
Although the study of anesthetics on memory is in 
infancy, its scientific foundation is the profound legacy 
of H.M.—more than a half century of vigorous mul-
tidisciplinary investigation into the MTL and other 
memory processes and systems. The promise of the 
research is not only to understand the mechanisms 
underlying the clinically relevant amnestic effects of 
anesthetic drugs. The selective memory effects of the 
drugs provide inducible, reversible, and reproducible 
pseudo-knockout behavioral models that can be evalu-
ated safely in animals and humans and that are com-
plemented by parallel knowledge of the pharmacology. 
Therefore, the promise of the research is also to make 
an important contribution to neuroscience through 
building on the tradition of understanding memory 
through the study of amnesia.

ORGANIZATION AND FUNCTION  
OF NORMAL MEMORY

Multiple Memory Systems
When the term memory is used in everyday language, it 
almost always refers to declarative memory. Declarative 
memory is the representation of prior events and knowl-
edge that is accessible to consciousness and is manipulable 
by attention and executive function. It is the form of mem-
ory that H.M. was unable to establish and is the form of 
memory referred to in the context of anesthetic amnesia.

Further important organizational structure exists 
within declarative memory. The first is the distinction 
between episodic and semantic memory. Episodic memory 
is the recollection of events with a clear spatiotemporal 
context (as when recalling autobiographical events with 



a distinct sense of personal experience, time, and place), 
whereas semantic memory is the capacity to recall facts and 
knowledge about the world without spatiotemporal con-
text (as when recalling that Mount Everest is the tallest 
mountain in the world without any sense of time and 
place for the acquisition of that knowledge). Episodic and 
semantic memory are dependent on the MTL and medial 
diencephalon,133 but episodic memory is additionally 
dependent on frontal and parietal structures.134,135 A sec-
ond organizational structure is the dual-process distinc-
tion between recollection and familiarity. Recollection 
involves remembering specific contextual details about 
a prior event, whereas familiarity represents recognition 
devoid of associated contextual details (as when one rec-
ognizes a face, but cannot remember a context of person, 
place, or time). Whether this distinction reflects the func-
tional organization of the MTL is not clear. One model 
proposes that the hippocampus selectively supports rec-
ollection, whereas the adjacent perirhinal cortex supports 
familiarity.136 An alternate view holds that the functional 
organization is not based on these psychological con-
structs, but on the processing of stimulus attributes137,138; 
perirhinal cortex neurons are often constrained to an 
attribute-specific response, and are sufficient to support 
familiarity judgments, but hippocampal neurons, which 
combine multiple attributes of a stimulus, are required 
for the association of an item and its context.

Early findings from H.M. suggested that other forms of 
memory are dissociable from declarative memory. H.M. 
was capable of learning a hand-eye coordination skill over 
several days, even while possessing no memory of hav-
ing practiced the task.139 Similar findings led to an initial 
distinction between declarative and procedural memory, 
with the latter being dependent on the caudate nucleus. 
Subsequently, memory-impaired patients were also found 
to have intact priming,140 which is a nonconscious or 
implicit memory process in which exposure to a stimu-
lus influences the response to a later stimulus—for exam-
ple, amnesiacs can name pictures 100 ms faster if they 
have seen them previously, despite having no declarative 
memory of the exposure.141 The neuroanatomic correlates 
of most priming behaviors remain poorly understood 
but must not rely on the MTL. In the last two decades, a 
large body of work, principally in rodents, has extensively 
elucidated the emotional learning system, which is experi-
mentally studied using classical (Pavlovian) and variant 
fear conditioning paradigms: an emotionally neutral 
conditioned stimulus is paired with an aversive uncon-
ditioned stimulus, leading to an involuntary associative 
response to the conditioned stimulus. This is dependent 
on convergence in the lateral nucleus of the amygdala142 
and can occur in the absence of conscious perception.143 
With these progressive developments, the initial distinc-
tion between declarative and procedural memory eventu-
ally shifted to a framework that accommodated multiple 
memory systems in the brain.144 Although these systems 
are distinct, the term nondeclarative memory is often used 
as an umbrella to collectively distinguish them from 
MTL-dependent declarative memory.

Usually considered separately, working memory refers to 
the capacity to maintain limited amounts of information 
in mind, which can be manipulated to perform complex 
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cognitive tasks such as reasoning, comprehension, and 
learning.145 The concept of working memory evolved 
from, and has largely replaced, earlier ideas about short-
term memory, but the terms should not be used interchange-
ably. Working memory implies both a short-term memory 
store and the capacity for manipulation. The most influ-
ential current model, first proposed by Baddeley and Hitch 
in 1974,146 divides working memory into capacity-limited 
component subsystems: a phonological loop that maintains 
information through vocal or subvocal rehearsal, such as 
when one holds a telephone number in mind; a visuospa-
tial sketchpad, which holds and manipulates spatial, visual, 
and kinesthetic information; and a central executive, which 
is responsible for regulating selective attention and inhibi-
tion. A fourth subsystem, the episodic buffer, was recently 
added to the model147 and is responsible for temporarily 
storing multidimensional representations and integration 
with declarative memory.

H.M. possessed intact working memory, and subse-
quent investigations continue to reinforce the view that 
working memory is not supported by the MTL.148 Rather, 
working memory appears to be served by a distributed cor-
tical network with a critical executive hub that is situated 
in the dorsolateral prefrontal cortex and is interconnected 
with the parietal cortex, thalamus, caudate, and globus 
pallidus.149 This functional and structural distinction 
between working memory and the MTL does not mean 
that working memory and declarative memory systems 
do not interact. Working memory depends on declarative 
memory representations to provide semantic meaning and 
context. During working memory tasks, cortical perceptual 
areas associated with representations of declarative mem-
ory become activated and show increased synchrony with 
prefrontal regions.150 Reciprocally, the establishment of 
declarative memory is strongly influenced by the nature of 
processing occurring in working memory, with deeper lev-
els of executive processing resulting in better learning.151

Intuitively, one might suspect that the relationship 
between working memory and declarative memory was 
sequential—that is, information that is established in 
declarative (long-term) memory is longitudinally trans-
ferred from working (short-term) memory. However, this 
conclusion may be incorrect based on rare case examples 
of patients who have a selective short-term memory deficit 
but intact declarative memory function.152 The presence 
of information in working memory and then in declara-
tive memory retain “appears to occur”. Understanding 
is not so definitive to go beyond this. via parallel (albeit 
interacting) processes and not through sequential transfer.

Long-Term Potentiation, Synaptic Tagging, 
and the Consolidation Model of Memory
The consolidation hypothesis of memory was first pro-
posed by Müller and Pilzecker in 1900.153 They noted 
that memory for new information could be disrupted by 
learning other information shortly after the initial train-
ing. This effect, called retroactive interference, is temporally 
graded such that the susceptibility of the memory is great-
est immediately after learning and decreases with time. 
Müller and Pilzecker proposed that the memory trace 
must initially exist in a fragile state, but subsequently 
becomes stable through the process of consolidation. 
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The consolidation hypothesis remains the framework 
for understanding the temporal course of memory pro-
cesses and behavior.154 Consolidation was what H.M. was 
unable to perform and, as discussed later, consolidation 
appears to be the critical functional target of amnestic 
anesthetics.

For a memory trace to be consolidated, it must of 
course be created. The term used to describe this process 
is encoding. Encoding implies that the networks serving 
the neural representation of an event do not immedi-
ately return to their previous state, and are modified in 
such a way that potentiates reactivation of that repre-
sentation. Within the framework of the synaptic plasticity 
and memory hypothesis, which states that activity-induced 
synaptic plasticity is both necessary and sufficient for the 
information storage underlying memory,155 encoding 
therefore implies that some form of synaptic plasticity 
has been initiated. However, to be viewed correctly as a 
separate process from consolidation, encoding cannot in 
itself assure the propagation of a memory trace. Encod-
ing creates the potential for the formation of a long-term 
memory.

The minimal events that constitute initial synaptic 
potentiation as it relates to memory, that is, the neural 
correlates of encoding, are incompletely understood. An 
immediate functional expression of change in synaptic 
strength seen in cellular models can occur in the absence 
of any structural change in dendritic spines.156 Therefore, 
the most nascent form of potentiation can be mediated 
by purely functional changes: a presynaptic increase in 
glutamate neurotransmitter release, and increased post-
synaptic incorporation of α-amino-3-hydroxyl-5-methyl-
isoxazole-propionate receptors (AMPARs).

The perpetuation of these initial changes in synaptic 
strength through structural and functional remodeling 
represents the neural correlate of memory consolida-
tion. The prevailing cellular model for this is LTP, which 
describes a durable increase in synaptic transmission 
efficiency following a stimulation protocol. The initial 
description reported that high-frequency stimulation of 
the perforant path (connecting entorhinal cortex to hip-
pocampus) caused a sustained increase in synaptic trans-
mission in the dentate gyrus.131 It is now recognized that 
LTP occurs richly throughout the hippocampus (although 
the synapses between the Schaffer collateral and commis-
sural axons and the apical dendrites of CA1 pyramidal 
cells are most frequently investigated), as well as in other 
afferent pathways.157 In addition, in addition to high-
frequency stimulation, which is nonphysiologic, LTP can 
be induced by stimulation protocols that resemble physi-
ologic activity, the most important of which are bursts 
in the hippocampal theta (θ) range (4 to 8 Hz).158 This is 
of particular relevance to memory, because synchronized 
hippocampal θ oscillations appear critical to successful 
memory behaviors.132

The breadth and depth of literature on the mecha-
nisms of LTP are far too voluminous to summarize here. 
Nonetheless, certain principles are essential and rele-
vant to anesthesia studies and can be stated succinctly. 
The induction of most forms of LTP requires activation 
of postsynaptic N-methyl-D-aspartate (NMDA) recep-
tors, and specific NMDA receptor antagonists block the 
induction of LTP.159 On depolarization, Mg2+ dissociates 
from its binding site in the receptor, allowing influx of 
Ca2+. This rise in intracellular Ca2+ is the critical trigger 
for LTP. Next, downstream activation of calcium-calmod-
ulin-dependent kinase II (CaMKII) is required,160 which 
is maintained by autophosphorylation.161 CaMKII and 
integrin-driven actin polymerization are necessary for 
the initial cytoskeletal reconfiguration.156,162 Activation 
of several other cell-signaling cascades also contribute 
to LTP: cyclic adenosine 3′,5′-monophosphate (cAMP)-
dependent protein kinase, protein kinase C, tyrosine 
kinase, phosphatidylinositol 3-kinase (PI 3-K), and mito-
gen-activated protein kinase (MAPK/ERK). The down-
stream effects of MAPK/ERK activation are diverse and 
include as substrates the nuclear proteins c-Myc, c-fos, 
and c-jun, cytoskeletal proteins Tau and MAP-2, Elk-1, 
and cAMP response-element binding protein.163 The ter-
minal expression of LTP is protein synthesis, occurring 
in both the soma and local dendrites, and resulting in 
enduring structural changes at the synapse.164,165 A large 
number of experiments have demonstrated protein syn-
thesis inhibitors to prevent sustained LTP in vitro and 
learning in vivo.166

LTP thus proceeds in two phases, corresponding to 
memory phases observed across multiple species. Early 
LTP (E-LTP) is the phase independent of protein synthe-
sis and can be sustained across an interval of minutes to 
a short number of hours. Late LTP (L-LTP) is dependent 
on intracellular signaling and protein synthesis and can 
be sustained across many days. The MAPK/ERK cascade 
likely represents the critical transition between the two 
phases.157,164 However, LTP in simple systems is incom-
plete in explaining the time course of human memory, 
which can endure over years or decades.

A contemporary theory that explains several char-
acteristics of LTP, and conceptually bridges encoding 
to long-term memory, is the synaptic tagging and capture 
hypothesis.167 In this model, encoding sets a synaptic 
tag—a temporary change in the structural state of the  
synapse—that is dependent on CaMKII. This tag establishes  
the potential for long-term structural changes, but for the 
cascade to continue the tags must capture  plasticity-related 
proteins (PRPs) synthesized in the soma or dendrites. The 
tag exists for a limited time window, and in the absence 
of arrival and capture of PRPs, it will decay and the poten-
tial for the transition to long-term structural changes will 
expire. In contrast, if PRPs are captured a cascade of presyn-
aptic and postsynaptic changes are triggered168 and lead to 
the induction of L-LTP. What makes the synaptic tagging 
model so attractive to systems-based models of memory is 
that it allows the thousands of dendrites of a single neuron 
to support memory stabilization processes at various states 
of evolution because the tagging and PRP capture need not 
occur as a singular event. In other words, past and future 
PRP release modulates the fate of the tag. This nondeter-
minism is consistent with true memory behavior, which 
in multiple contexts is influenced by events preceding and 
following encoding.

Reconsolidation
For decades, the understanding of memory consolidation 
was that it was a unitary process; that is, once protein 
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ranscription occurred and a memory trace was stabi-
ized, it was no longer dynamic and underwent gradual 
ecay. In 2000, Nader and colleagues169 reported that an 
ld memory for auditory fear conditioning, which would 
ormally not be sensitive to protein inhibitors, can be 
ade newly sensitive if it is retrieved. The implication 
as that retrieval of a memory renders it transiently plas-

ic, after which it restabilizes. This process is termed recon-
olidation and has been subsequently demonstrated in 
ultiple settings and species, including in human behav-

oral paradigms.170,171 Reconsolidation can be viewed as 
 modulatory process that mediates strengthening of an 
xisting memory, but it is clear that it also provides a win-
ow in which the existing memory is malleable and can 
e updated with the addition of novel information.172,173 
oth explicit recall and implicit internal reactivations—as 

ikely occur during sleep—elicit reconsolidation events. 
econsolidation shares many of the cellular mechanisms 
f LTP that are associated with initial consolidation. 
owever, the temporal dynamics differ, and consolida-

ion appears to require several areas that are not required 
or reconsolidation.174 Reconsolidation may represent 
 modulatory phase of an extended consolidation pro-
ess. Certainly, most pharmacologic agents—including 
nesthetic drugs—that inhibit consolidation would be 
ational candidates for similar effects on reconsolidation.

hase Synchronization
he neurons in assemblies and networks do not function 

n isolation but undergo oscillatory activation and inhibi-
ion. Phase synchronization of these oscillations, which 
oordinates the excitability of related neurons, is a fun-
amental neural mechanism. It supports neural commu-
ication by creating transient and dynamic associations 
etween different functional brain regions. For example, a 
ignificant body of evidence supports the hypothesis that 
-phase (∼40 Hz) synchronization binds the regions serv-
ng the various attributes of a conscious perception.175

Phase synchronization appears to be fundamental to 
eural plasticity and memory,132,176 and studies have 
hown that increased synchrony during encoding is pre-
ictive of improved learning and memory.177-179 γ-Phase 
ynchronization is believed to support Hebbian plasticity 
n the hippocampus; that is, plasticity that involves the 
oordinated firing of presynaptic and postsynaptic neurons. 
he frequency of γ oscillations is optimal to coordinate pre-
ynaptic and postsynaptic inputs inside a window of 10 to 
0 ms, which is key to the induction of LTP in so-called 
pike-timing-dependent plasticity.180 However, γ synchrony 
annot fully explain declarative memory, in part because 
he phase is not time-locked to a stimulus; that is, γ syn-
hrony supports the induction of plasticity in a network 
erving a memory, but is agnostic to specific content. Here, 
ignificant interest has focused on θ-phase (4 to 8 Hz) syn-
hronization, which in contrast to γ undergoes phase reset 
n response to a stimulus. Many studies have connected θ 
eset and phase synchrony with LTP and successful declara-
ive learning.181-184 Furthermore, amygdalo-hippocampal θ 
ynchronization has been identified as critical in fear-based 
emory.185-187 θ-Dependent plasticity is non-Hebbian, 

n that it is determined only by the incoming (presynap-
ic) conditions. LTP is induced only during the peak of a θ 
oscillation,182 and so θ phase reset and synchronization may 
therefore function to coordinate input from broadly distrib-
uted brain regions. A cooperative relationship between θ 
and γ synchrony exists such that the phase of γ oscillations 
are coupled to the amplitude (phase-amplitude coupling) or 
phase (phase-phase coupling) of the slower θ oscillation.

EFFECTS OF ANESTHETIC DRUGS ON 
DECLARATIVE MEMORY FUNCTION  
IN HUMAN SUBJECTS

The theoretical number of mechanistic pathways 
through which an anesthetic drug could cause amnesia 
is enormous, most of which cannot be directly assessed 
in human subjects. However, the putative candidates can 
be dramatically narrowed by appreciating that memory-
related processes are constrained to operating within a 
specific time domain and in a specific neuroanatomic 
location. A significant emphasis of current research in 
humans is therefore the drive to define the temporal and 
neuroanatomic characteristics of anesthetic amnesia pre-
cisely, because these characteristics richly inform and dis-
miss hypotheses regarding underlying mechanisms.

Behavioral Studies of Retrograde Amnesia 
and Retrograde Facilitation
Although some anecdotal accounts and isolated case 
reports have led to occasional confusion, in systematic 
investigations there is no evidence that anesthetic drugs 
cause retrograde amnesia in humans. Studies in the early 
1970s found no retrograde amnesia with the administra-
tion of thiopental (6 mg/kg) and methohexital (4 mg/
kg).188 Adult patients have normal memory for visual 
stimuli presented 4 minutes before administering mid-
azolam (2, 5, and 10 mg189). Similarly, memory is normal 
for word lists learned in the preoperative holding area or 
operating room immediately before induction,190 and for 
pictures viewed immediately before propofol induction.191 
Studies of pediatric patients have shown normal memory 
for pictures presented immediately before sedation with 
both midazolam192 and propofol193 (see Chapter 93). In 
controlled laboratory settings using human volunteer sub-
jects, there is no impairment of memory for pictures194 
or words195,196 presented before target-controlled sedative 
infusions of propofol (brain concentration [Ces], 0.3 to 2.5 
μg/mL), midazolam (20 to 35 ng/mL), thiopental (2 to 7 
μg/mL), or dexmedetomidine (0.25 to 0.8 ng/mL).

A recent study197 described an experiment in which 
volunteer subjects learned a word list and were then 
immediately administered a steady-state infusion of 
either propofol (0.9 μg/mL) or placebo for 90 minutes. 
Memory for the words was tested at several intervals across 
a time domain spanning from 20 minutes to 24 hours 
after encoding. In contrast to finding retrograde amne-
sia, propofol subjects paradoxically retained more mate-
rial than did placebo subjects. A similar effect is described 
for midazolam in the psychology literature.198 This phe-
nomenon is called retrograde facilitation. The basis is best 
appreciated by considering the opposite effect, called 
retrograde interference—the observation that mental exer-
tion, especially that engaging memory processes, inhibits 
the consolidation of recently formed memories, with the 
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newest memories being most vulnerable.199 In mechanis-
tic analogues, it is clear that the induction of new LTP 
interferes with recently formed LTP and memory perfor-
mance, even when the tasks are unrelated.200,201 When 
the induction of new LTP is blocked by a selective NMDA 
antagonist such as AP5 or CPP, interference with recently 
formed LTP does not occur, and memory performance 
improves202-204—that is, the analogue of retrograde facili-
tation occurs. The most parsimonious explanation for 
the retrograde facilitation seen with propofol and mid-
azolam is that it similarly blocks the induction of new 
LTP—albeit likely via a GABAergic pathway—freeing con-
solidation resources that enhance the survival of recently 
formed LTP.

The finding of retrograde facilitation and failure to 
identify retrograde amnesia strongly suggest that the 
mechanism of anesthetic amnesia is restricted to induc-
tion processes in the consolidation cascade. Induction 
failure will have effects on downstream processes, but it 
is more difficult to rationalize that downstream elements 
represent independent targets. To illustrate: if a drug 
had a direct effect on a process occurring tc minutes after 
encoding, the effect would be to block consolidation for 
an event that occurred tc minutes in the past, creating a 
clear retrograde amnesia window. Although current stud-
ies do not have the temporal resolution to dismiss the 
possibility of drugs targeting processes commencing only 
seconds after the initiation of E-LTP, later stages of the 
E-LTP time domain, and the time domain covering the 
transition from E-LTP to L-LTP have certainly been tested. 
The strongest counterargument to the induction hypoth-
esis has suggested a direct role for downstream protein 
transcription processes,205 but the temporal window in 
which this might occur remains undefined.

Clinically, there is no basis for the use of any anes-
thetic drug as a retroactive treatment for the prevention 
of intraoperative awareness with recall. Acute stress and 
anxiety have complex noradrenergic-mediated effects 
on memory that can cause anterograde and retrograde 
amnesia surrounding emotional events,206,207 and this 
constitutes a credible explanation for the small percent-
age of patients who do not recall the immediate preanes-
thetic period.

Mathematical Modeling of Anesthetic 
Amnesia
Attempts to model mathematically what happens to 
memory over time date back to the late nineteenth cen-
tury, when Ebbinghaus128 demonstrated that memory 
decay is characterized by a rapid initial decline, followed 
by a more gradual loss. Nearly a century later, Wickel-
gren208 developed a complex predictive model that is 
neuroscientifically attractive because its component ele-
ments—the coefficients—are hypothesized to index spe-
cific memory processes. The most complete version of the 
Wickelgren Power Law is as follows:

 mt = ϕ (1 + βt)− ψe − πt 

where mt is memory at time t, ϕ reflects the degree of ini-
tial learning (and is thus a measure of encoding strength), 
β is a scaling constant derived from differential equations 
describing memory trace fragility, ψ describes the core 
decay characteristics (and thus reflects consolidation 
processes), and the exponential term e–πt expresses decay 
caused by interference from interpolated material that is 
similar to the learned items.

A simplified version of the Wickelgren Power Law was 
applied in a large human volunteer study to characterize the 
amnestic effects of several intravenous anesthetic drugs.195 
Using reasonable assumptions, the complete equation was 
reduced to a two-parameter power decay function:

 mt = λt − ψ
 

where λ reflects the initial memory strength (the encoding 
index), and ψ expresses the rate of decay (the consolida-
tion index). A given memory state mt is thus a function of 
two variables that can theoretically be modulated indepen-
dently. The power of the mathematical modeling technique 
is that it enables characterization in terms of both encoding 
failure (decreased λ) and consolidation failure (increased ψ). 
In contrast, measurement of mt at a single point in time—
that is, simply sampling how much has been forgotten after 
t minutes—captures no such information.

The two-parameter power decay function accurately 
describes the temporal course of amnesia for subjects receiv-
ing propofol (0.45/0.90 μg/mL), midazolam (20/35 ng/
mL), dexmedetomidine (0.20/0.40 ng/mL), and thiopen-
tal (1.5/3.0 μg/mL); it also characterizes the drugs by dem-
onstrating marked differences in the way they modulate 
the component elements. Propofol, a moderately selective 
GABAA receptor agonist, is an archetypal amnestic drug: it 
permits robust encoding of material, but the information 
undergoes accelerated decay because of a failure of consol-
idation. In contrast, dexmedetomidine—a highly selective 
α2A-adrenoceptor agonist that causes a widespread decrease 
in noradrenergic tone throughout cortical and subcorti-
cal structures—archetypally conserves consolidation, but 
leads to memory impairment because of a failure of infor-
mation to be strongly encoded. Thiopental—less selective 
than propofol, but which nonetheless shares the GABAA 
receptor as its primary target—interestingly behaves simi-
larly to dexmedetomidine, causing marked encoding fail-
ure but demonstrating minimal effect on consolidation. 
The benzodiazepine midazolam, another GABAA recep-
tor agonist long used clinically for its amnestic potency, 
behaves like propofol at lower doses—selectively causing 
consolidation failure while leaving encoding intact—but 
with increasing dose a significant encoding impairment 
emerges. The discrepant patterns observed in the three 
GABAergic drugs demonstrate that nonspecific GABAA 
agonism per se is not sufficient to explain the ability of a 
drug to cause consolidation failure.

Neuroimaging Studies of Cortical  
Encoding Processes
A small number of functional neuroimaging studies have 
evaluated the effect of anesthetics on cortical regional 
activation during memory encoding. An early PET study 
investigated propofol (0.52/0.83 μg/mL) using a word 
memory task.209 In this study, the regions of interest were 
the left inferior prefrontal cortex (LIPC), associated with 
successful encoding,210 and the dorsolateral prefrontal 
cortex (DLPFC), a region most associated with executive 
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functioning. LIPC activation was conserved, suggesting 
that propofol did not block the processes required to sup-
port successful encoding. DLPFC activation was decreased. 
In a subsequent investigation using an auditory depth of 
processing task, LIPC function was again found to be pre-
served with propofol (0.9 μg/mL), but was decreased with 
thiopental (3.0 μg/mL).211 Although thiopental subjects 
had inferior LIPC activation at the time of encoding, pro-
pofol subjects had a significantly poorer memory perfor-
mance at 200 minutes. The characterization of the drugs 
based on functional neuroimaging is thus congruent with 
that derived from mathematical modeling: thiopental 
impairs memory because information fails to be encoded, 
whereas propofol exhibits a clear amnestic potency that is 
unrelated to its effect on encoding processes.

An earlier PET study of midazolam (74/129 ng/mL) 
using an oddball detection paradigm reported a dose-
dependent decrease in activation in Brodmann areas 9, 
10, and 46, which overlap regions of both DLPFC and 
LIPC. Interpretation of this study in context of memory 
function is difficult, because the experimental task was 
not memory-related. A recent fMRI study of dexmedeto-
midine (0.15 ng/mL) reported a generalized effect of bilat-
eral prefrontal suppression in Brodmann areas 9 and 10 
during an emotional picture memory task, but no detailed 
analysis of cortical encoding activation was conducted.212

Studies of the Relationship Between 
Encoding and Attention or Arousal
A convergence of evidence suggests that the effect of 
anesthetic drugs on encoding processes is related to the 
modulation of attention. Attention is necessary for the 
successful establishment of declarative memory,213 with 
distinct networks required for maintaining an alert state, 
orienting to targets, and for exerting executive control of 
thought.214 Attention is thus a prime modulator of the 
assembly of an integrated conscious percept and the depth 
of its processing, although the degree to which attention 
and consciousness are dissociable remains a topic of cur-
rent debate. The dominant effect on attention for most 
anesthetic drugs is that of decreasing arousal, which of 
course progresses to profound sedation and unconscious-
ness as dose is increased. The NMDA antagonist ket-
amine is a notable exception, with dominant effects on 
orienting and selection.215 A complete understanding of 
anesthetic amnesia cannot be achieved unless the effect 
of modulating arousal and attention is dissociated from 
effects on memory-specific processes, a principle articu-
lated by Veselis and colleagues216 and followed in a series 
of studies.

In PET neuroimaging, the effect of thiopental on LIPC 
mimicked that of adding an attentional challenge task to 
the memory paradigm in placebo subjects.211 A study of 
propofol (0.3 to 2.5 μg/mL), thiopental (2 to 7 μg/mL), and 
dexmedetomidine (0.25 to 0.8 ng/mL) demonstrated that 
memory retention at 33 seconds—an interval sufficiently 
short so as to be dominated by encoding strength rather 
than consolidation—was related to the level of arousal.196 
Arousal was also predictive of memory at 225 minutes for 
thiopental and dexmedetomidine, whereas propofol caused 
a significantly greater loss of memory than would be pre-
dicted by modulation of arousal alone. Thus, arousal was 
found to be predictive of subsequent memory only for drugs 
that cause memory impairment through encoding failure.

Further evidence for the relationships among arousal, 
attention, and encoding come from the mathematical 
modeling study described earlier.195 In that study, arousal 
predicted the coefficient of encoding strength (λ) with 
remarkable precision for dexmedetomidine, thiopental, 
midazolam, and the propofol 0.45 μg/mL. The one excep-
tion was subjects receiving propofol 0.90 μg/mL; they had 
better encoding strength than would be predicted for their 
level of sedation. Notably, this paradoxic effect was observed 
at the same concentration at which excitatory phenomena 
emerge in neuronal network models, wherein an interac-
tion between GABAA current and an intrinsic membrane 
slow potassium current (M-current) lead to interneuron 
asynchrony.217 Paradoxic improvements in cognitive func-
tion following the administration of low concentrations of 
GABAergic drugs are also reported in patients in pathologic, 
minimally conscious states, probably because of the release 
of inhibitory control signals.218

Studies of Hippocampal Function
Despite its critical role in memory, few neuroimaging 
or electrophysiologic studies have been directed toward 
evaluating hippocampal function during anesthetic 
amnesia in humans. The deep location of the hippocam-
pus makes it inaccessible to surface EEG, and in standard 
fMRI acquisition protocols it is susceptible to signal arti-
fact from the pharyngeal air-tissue interface (although 
contemporary acquisition techniques have reduced this 
limitation). PET studies require signal to be acquired as 
a block of multiple stimuli that cannot be individually 
separated and analyzed based on subsequent memory 
behavior. Only event-related fMRI, which is technically 
challenging, permits individual hippocampal activations 
to be grouped and analyzed according to the ultimate fate 
of the memory—something that cannot be known at the 
time the image is captured.

Two recent studies have used event-related fMRI to 
evaluate hippocampal activation during amnestic infu-
sions of propofol (0.90 μg/mL)219 and dexmedetomidine 
(0.15 ng/mL).212 Although earlier reports found that pro-
pofol does not significantly attenuate hippocampal and 
peri-hippocampal activity at rest,84,220 the event-related 
fMRI study demonstrated that propofol causes a general-
ized attenuation of hippocampal activation in response 
to all stimuli, and the degree of this attenuation corre-
lates with the degree of amnesia. The study design pro-
vided solid behavioral confirmation that encoding had 
occurred; therefore, the hippocampal attenuation likely 
corresponded to a failure of consolidation processes. 
Dexmedetomidine attenuates the subsequent-memory 
effect—that is, dynamics of hippocampal activation 
become less predictive of subsequent memory, but the 
overall level of hippocampal activity appears preserved. 
In contrast to propofol, the explanation offered here 
is that upstream cortical actions of dexmedetomidine 
weaken encoding, with attenuated hippocampal dynam-
ics reflecting a downstream effect. Hippocampal attenu-
ation during encoding has also been correlated with 
amnesia for face-name pairs for the benzodiazepine loraz-
epam and the cholinergic antagonist scopolamine.221 



PART II: Anesthetic Physiology296
Attenuation was also found in DLFPC and fusiform cor-
tex, more suggestive of an effect on distributed encoding 
processes than a restricted consolidation effect.222 In a 
largely exploratory investigation, 0.25% sevoflurane was 
found to reduce hippocampal activation in response to 
auditory and visual stimuli, but no memory performance 
was assessed.223

A single electrophysiologic study used implanted intra-
cranial depth electrodes in epileptic patients to evaluate 
the effects of propofol on hippocampal spectral coher-
ence and power characteristics at rest.224 At amnestic 
serum concentrations (0.5 to 1.0 μg/mL), there is a mini-
mal and quite possibly nonsignificant increase in spectral 
power across frequency bands ranging from δ (1 to 4 Hz) 
through γ (32 to 48 Hz). There is a significant increase 
in hippocampus-rhinal spontaneous coherence in the δ 
band, but minimal changes in other bands: the trend is 
toward a slight loss of spontaneous coherence in the θ (4 
to 8 Hz), α (8 to 12 Hz), β1 (12 to 20 Hz), and β2 (20 to 32 
Hz) bands, and a slight increase in the γ band. Cortico-
hippocampal coherence was not assessed. Hippocampal 
coherence dynamics, especially in the θ and γ bands, are 
of critical importance to memory function, but interpre-
tation of rest data must be limited. This is especially true 
for θ coherence, for which the role in memory appears to 
involve phase reset in response to a stimulus. Although 
electrophysiologic studies of the human hippocampus 
are of tremendous interest, they are currently restricted to 
epileptic patients and introduce the possibility that data 
are being acquired from regions of abnormal brain.

Studies of Cortical Event-Related Potentials
The event-related potential (ERP) is a stereotypic signal 
fluctuation in the EEG that is time-locked to a stimulus. 
For any individual event, the ERP signal is overwhelmed 
by non–stimulus-locked EEG activity. However, by repeat-
ing the stimulus task over multiple trials (usually at least 
50) and then averaging, the non–stimulus-locked EEG 
behaves as random noise and subtracts to zero, reveal-
ing the ERP signal. The ERP itself is a series of positive 
and negative fluctuations. For decades, the origin of these 
fluctuations was believed to be stimulus-induced activa-
tion of dormant neuronal clusters. More recently, how-
ever, consensus has favored the theory that ERPs emerge 
not because new oscillations are induced, but because 
of a stimulus-induced phase resetting of ongoing oscil-
lations.225 Modulations of the ERP have been associated 
with a significant number of cognitive processes, includ-
ing many related to memory.

Curran and colleagues226 used ERPs to demonstrate that 
drug-induced effects on arousal and memory may be elec-
trophysiologically dissociable. The GABAergic benzodiaz-
epine lorazepam (2 mg orally) and cholinergic antagonist 
scopolamine (0.6 mg subcutaneously) were compared 
with diphenhydramine (25/50 mg orally), which provided 
a nonamnestic, equally sedative control. Changes in the 
P1N1 and N1P2 early complexes, associated with arousal, 
were seen for all three drugs. However, changes in later 
complexes associated with memory, notably the P3 and 
N2P3, were seen only with the amnestic drugs. No ERP 
distinction could be made between lorazepam and sco-
polamine, despite their different receptor mechanisms. 
Interpretation of the study was limited because the para-
digm used to elicit the ERPs (oddball detection) did not 
directly assess memory behavior.

The work of Curran and colleagues226 was extended in 
a series of studies by Veselis216,227 evaluating intravenous 
anesthetics. An early investigation demonstrated that 
propofol amnesia was associated with decreased P3 ampli-
tude.227 In a more sophisticated auditory memory task, 
with drugs dosed to cause equal levels of sedation, propo-
fol and midazolam possessed markedly greater amnestic 
potency than thiopental.216 Indeed, the relative amnestic 
potency of thiopental was not substantially greater than 
that of fentanyl. This finding provided key evidence that 
GABAergic agonism per se does not explain the amnes-
tic potential of a drug: propofol and midazolam clearly 
possess selective memory actions that are not shared by 
thiopental. In a subsequent analysis, it was shown that 
central frontoparietal N2P3 amplitude was the best pre-
dictor of memory. N2 latency was related to the reaction 
time, which was interpreted to measure arousal, although 
some exceptions suggested that the relationship does not 
hold true for all drugs.

The mathematical modeling study described earlier 
examined early-latency and mid-latency ERPs originating 
from the midline parietal precuneal region (Pz).195 The 
decay coefficient ψ, which indexed modulation of con-
solidation, was tightly correlated with the P2 amplitude 
and N2 latency observed at the time of encoding. As the 
correlation between P2N2 changes and ψ was remarkably 
consistent across drugs from multiple classes and at mul-
tiple doses, it suggests that while substantial variation 
exists in the potency of anesthetic drugs in causing con-
solidation failure, a common mechanistic pathway may 
be involved. Furthermore, the observation supports the 
assertion that the underlying mechanism involves induc-
tion events in the consolidation cascade; consolidation 
failure evolving over several hours could be predicted by 
electrophysiologic events occurring within several hun-
dred milliseconds of exposure to the stimulus. An alter-
nate analysis228 of the study examined the “old/new 
effect,” a robust phenomenon observed in the parietal ERP 
that distinguishes the response to initial item exposure 
from subsequent exposures. At a presentation interval of 
27 seconds, no degradation in memory performance was 
evident, but significant attenuation of the old/new effect 
was observed with propofol and midazolam. In contrast, 
no change was observed with thiopental and dexmedeto-
midine. Again, the analysis distinguished the dominantly 
amnestic drugs from the dominantly sedative drugs and 
constrained the mechanism to early in the consolidation 
cascade.

An intriguing possibility raised by the relationship 
between modulation of P2N2 and consolidation fail-
ure lies in the origin of the complex. P2N2 is known to 
derive largely from synchronous θ oscillations,229 which 
as discussed earlier are critical to non-Hebbian plastic-
ity and strongly correlated with memory behavior. As 
such, one interpretation is that a common mechanism 
underlying the selective effect of anesthetic drugs on the 
induction of consolidation involves changes in θ oscilla-
tions across a distributed cortico-hippocampal network. 
Unfortunately, no direct measures of θ synchrony in an 
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appropriate memory paradigm have yet been performed, 
and the location of the hippocampus confers enormous 
methodologic barriers.

Another intriguing finding from the study was a pris-
tine correlation between reaction time, P2N2, and the 
consolidation coefficient ψ, which was preserved across 
all drugs and dosages. In nonpharmacologic studies, reac-
tion time has long been interpreted as an index of seda-
tion, but in the anesthetic study, no relationship with 
sedation was identified; this suggests caution in interpret-
ing it as a behavioral marker of sedation in future drug 
studies. Reaction time has been related to interregional 
synchrony.230 Therefore, what functionally connects the 
effect of amnestic drugs on θ-dependent elements of the 
ERP and reaction time is that they may both represent a 
loss of synchronous activity across distributed networks.

NONHUMAN STUDIES OF ANESTHETIC 
EFFECTS ON HIPPOCAMPAL MEMORY 
PROCESSES AND BEHAVIOR

Anesthetic Effects on Hippocampal Memory 
Processes In Vivo
GABAergic interneurons project within and across sub-
regions of the hippocampus,231 providing an abundant 
density of rational targets for anesthetic drugs. In a study 
using tetanic stimulation of the Schaffer collateral-com-
missural pathway,232 isoflurane (0.2 to 0.3 mM) blocked 
the induction of LTP. Isoflurane similarly blocked the 
induction of long-term depression (LTD) by low-fre-
quency stimulation. The effect of isoflurane on both LTP 
and LTD was blocked by the addition of the GABAA recep-
tor antagonist picrotoxin (50 μM), providing strong evi-
dence that the effect of isoflurane on LTP is GABAergically 
mediated. In a similar protocol, amnestic concentrations 
of sevoflurane (0.04 mM) allow posttetanic potentiation 
but cause a failure of LTP, which is prevented by the addi-
tion of the GABAA antagonist bicuculline (10 μM).233

An early study of propofol conducted in live rats with 
electrodes implanted in CA1 neurons yielded unex-
pected results. It was suggested that propofol had little 
effect on the induction of LTP, but significant effects on 
maintenance, and that LTD was enhanced.234 Subsequent 
investigations do not support these findings and have 
instead demonstrated that propofol inhibits the induc-
tion, but not the maintenance of LTP. Furthermore, the 
effect is blocked by the addition of picrotoxin, implicat-
ing a GABAA receptor-mediated mechanism.235-237 Nota-
bly, one study found that propofol inhibited LTP only 
at anesthetic concentrations (50 μM), and not at amnes-
tic concentrations (5 to 20 μM).236 Other notable obser-
vations from this cluster of work are that propofol also 
inhibits NMDA-receptor–independent LTP, and the LTP-
associated downregulation of the K+/Cl– cotransporter 
2. Propofol (1 to 10 μM) has also been demonstrated to 
inhibit NMDA receptor-dependent activation of extracel-
lular signal-regulated protein kinase 1/2,238,239 an impor-
tant subclass of MAPKs, which as previously discussed are 
a critical component of the LTP cascade. Finally, propo-
fol reduces expression of activity-related cytoskeleton-
associated protein (Arc) in the hippocampus in response 
to inhibitory avoidance training but does not appear to 
reduce Arc mRNA.240 This finding is notable because it 
suggests a posttranscriptional mechanism. This effect is 
blocked by infusion of the GABAergic antagonist bicucul-
line into the basolateral amygdala (BLA), implicating an 
amygdalo-hippocampal network.

The hippocampal GABAAergic interneuron population 
is notable for a high density of the α5-subunit subtype, 
which is far less common in other regions.241 This obser-
vation has driven a series of studies by Orser242-246 using 
α5-GABAA-knockout mice. The α5 –/– mutants are resistant 
to the amnestic effects of etomidate, but not to its gen-
eral anesthetic effects. Furthermore, etomidate blocks LTP 
measured in CA1 neurons in wild type mice, but not in α5 
–/– mutants.242 In wild type mice, the effects of etomidate 
on LTP and memory behaviors are reversed by the addi-
tion of L-655,708, which selectively reduces the activ-
ity of α5-GABAA receptors.243 A later study evaluated the 
enduring memory effects of 1 minimum alveolar concen-
tration isoflurane and sevoflurane by examining perfor-
mance 24 hours after anesthetic administration. Memory 
deficits were observed in wild type mice, but not in α5 
–/– mutants or in wild types receiving L-655,708.244,245 
The amnestic effect of etomidate and volatile anesthet-
ics thus appears to critically involve the α5-GABAA recep-
tor. Significantly, the α5-GABAA receptor has recently 
been shown to regulate the threshold for LTP, but only 
in response to stimulus frequencies in the θ range,246 thus 
converging with other lines of investigation suggesting 
that θ is a key mechanistic target.

The association of amnesia with the α5-GABAA recep-
tor is not exclusive. α4-GABAA receptors are concentrated 
in the dentate gyrus and dorsal thalamus, and α4 knock-
outs are resistant to the amnestic effects of isoflurane but 
not to its general anesthetic effects.247 Likewise, β3-GABAA 
receptor knockout mice are resistant to the amnestic 
effects of isoflurane,248 although in an earlier study using 
β3-GABAA receptor knock-in mutants, it appeared that the 
β3 subtype was not a significant mediator of isoflurane 
amnesia.249 Other studies have demonstrated that the α2 
subunit is not a mediator of isoflurane amnesia. A study 
of α1-GABAA receptor knock-in mice suggested that the α1 
subunit was not involved in the amnestic actions of iso-
flurane,250 in contrast to an earlier study using α1 knock-
outs in a fear-conditioning paradigm suggesting that the 
α1 subtype was a mediator of isoflurane amnesia.251

The effect of anesthetics have been studied on hip-
pocampal θ oscillations in vivo. Perouansky and col-
leagues252 used a fear conditioning paradigm to study 
isoflurane 0.32%, nitrous oxide 60%, and halothane 
0.24%, and reported that suppression of hippocampal-
dependent contextual conditioning was proportionate 
to slowing of θ peak frequency. An earlier study also 
demonstrated that isoflurane caused slowing of θ oscil-
lations in the CA1 neuronal bundle without changing 
absolute power. In some contrast, the nonimmobilizer 
F6, which causes amnesia without sedation or a loss of 
motor activity, caused a loss of θ oscillatory power with-
out θ slowing.253 This finding suggests that the disruption 
of hippocampal θ oscillations required to cause amnesia 
might not be specific. In fact, although isoflurane and F6 
amnesia are both associated with changes in θ, isoflurane 
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appears to antagonize the amnestic potential of F6, sug-
gesting that they do not share a common mechanism.254 
Scopolamine causes amnesia at doses associated with 
acceleration of θ oscillations, which might otherwise be 
expected to improve learning.255 However, a significant 
loss of absolute power is also observed.

ANESTHETIC EFFECTS ON AMYGDALA-
DEPENDENT MEMORY PROCESSES

The amygdala sits immediately anterior to the hippocam-
pus and is a cluster of interconnected nuclei with afferent 
and efferent projections to a wide distribution of cortical 
and subcortical structures. The amygdala is recognized as 
critical to fear learning and memory, and the systematic 
study of amygdala-dependent classical (Pavlovian) fear 
conditioning has produced much information regard-
ing the mechanisms of associative learning.142,256,257 
The basolateral nucleus of the amygdala (i.e., the BLA) 
also functions to modulate the encoding and consoli-
dation of memory in the hippocampus and elsewhere 
in response to emotion, arousal, and stress.258,259 This 
modulatory function largely explains why emotion-
ally significant experiences are better remembered. The 
mechanism is dependent on noradrenergic projections 
terminating on both α and β receptors within the BLA,260 
but can also be triggered by systemic epinephrine binding 
to β-adrenoreceptors in the vagus nerve and projecting 
to the nucleus of the solitary tract,261 with downstream 
modulation of norepinephrine release in the BLA either 
directly or via the locus ceruleus. Amygdalo-hippocampal 
connectivity occurs via direct and indirect projections, 
and it is dependent on θ oscillatory synchrony.185-187,262 
Local α1 and α2-rich GABAergic circuits situated in the 
BLA and intercalated bundles gate the noradrenergic pro-
cesses, providing rational targets for anesthetic drugs.263

Lesions of the BLA block anterograde amnesia for an 
inhibitory avoidance task in rats receiving diazepam,264 
propofol,265 and sevoflurane.266 Conversely, when the 
BLA is injected with the selective GABA antagonist bicu-
culline, the amnesia for inhibitory avoidance caused 
by propofol is blocked.240 Further, this intra-amygdalar 
injection reverses the propofol-induced suppression of 
Arc protein expression in the hippocampus via a GABAA 
receptor mechanism. Thus, the amygdala is a key mecha-
nistic site for anesthetic amnesia in certain experimen-
tal contexts. However, inhibitory avoidance, like many 
associative learning experimental paradigms performed 
in animals, is selectively amygdala dependent. Finding 
that the amygdala is critical to anesthetic amnesia in 
an amygdala-dependent paradigm does not necessarily 
extrapolate to its importance in the sort of contextually 
rich, non–fear-based memory that is fundamental to the 
human experience, which is difficult to model in animals.

The effects of anesthetic drugs on amygdala-depen-
dent memory modulation in human subjects have been 
studied (Figure 13-5). The experimental paradigms all 
involve the presentation of emotionally negative and 
arousing images. Such items are established to activate 
the amygdalo-hippocampal modulatory axis267,268 and 
should be better remembered than emotionally neu-
tral items. An early behavioral study demonstrated that 
negative-arousing items were more resistant to the amnes-
tic effect of thiopental than were neutral items, suggest-
ing that amygdala-dependent modulatory processes 
remained intact.194 At the same level of overall memory 
performance (50% retention), no significant mnemonic 
advantage for negative-arousing items was retained in 
subjects receiving propofol or dexmedetomidine, suggest-
ing that in contrast to thiopental, these anesthetics could 
attenuate amygdala-dependent modulatory processes. 
However, the small numbers of subjects in the dexme-
detomidine cohort limit interpretation of the negative 
finding.

Two recent, event-related fMRI studies developing 
these concepts have provided significant mechanistic 
insight. Pryor and colleagues219 reported that activation 
of the amygdala in response to negative-arousing items 
remains robust in the presence of propofol (0.90 μg/mL), 
but activation of the hippocampus is markedly attenu-
ated, with corresponding amnesia and loss of mnemonic 
advantage. This finding suggests that the afferent pro-
cesses serving higher-order interpretative functions and 
amygdala activation are unaffected by amnestic lev-
els of propofol, whereas efferent processes underlying 
amygdala-dependent modulation of hippocampal plas-
ticity are disrupted. Hayama and colleagues212 studied 
dexmedetomidine (0.15 ng/mL) and similarly reported 
that activation of the amygdala in response to negative-
arousing items is preserved. However, unlike propofol, a 
mnemonic advantage for those items is seen, and subse-
quent memory is correlated with activation in the amyg-
dala and hippocampus on the left side. Taken together, 
these studies suggest that propofol is more effective at 
attenuating the amygdalo-hippocampal modulatory 
axis. One suggested explanation is that amygdalo-hip-
pocampal connectivity is markedly disrupted by the loss 
of θ oscillatory synchrony caused by propofol, whereas 
α2A antagonism at the locus ceruleus causes only limited 
downstream attenuation of noradrenergic signaling in 
the BLA.

An earlier PET study by Alkire and colleagues269 demon-
strated that the mnemonic advantage for negative-arous-
ing items was preserved at 0.1% and 0.2% sevoflurane, 
but lost at 0.25%. Structural equation modeling of the 
PET data demonstrated that this was associated suppres-
sion of amygdalo-hippocampal effective connectivity.

Amygdala hyperreactivity is of importance in a num-
ber of fear-based psychopathologies, including anxiety, 
phobia, panic disorder, and posttraumatic stress disor-
der.270,271 The neurohumoral stress response to surgery 
provides a number of potential substrates for amygdala 
activation, and as such there is basis for concern that 
this activation might induce plastic changes that could 
prime the development of long-term changes in neu-
ropsychological functioning. Thus, anesthetics might 
not be potent attenuators of amygdala activation, even 
if they are highly effective at preventing downstream 
modulation of the hippocampus and memory. This is 
particularly relevant to the frequent incidence of post-
traumatic stress disorder following intraoperative aware-
ness272 and intensive care therapy,273,274 but further 
investigation is required before any clinical strategies 
can be offered.
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Figure 13-5. The effects of GABAergic anesthetics on the amygdalo-hippocampal axis in humans. (Top) Shown is the contrast between exposure 
to negative-arousing items and exposure to neutral items in human subjects receiving either placebo (row 1) or propofol 0.90 μg/mL (row 2). 
Six coronal slices through the hippocampus (three leftmost slices, marked above by y coordinates –36, –33, –30) and amygdala (coordinates 0, 
3, 6) are selected, with the coronal planes shown on the sagittal slice on right. In the placebo group, significant activations (negative-arousing > 
neutral) are seen in both right and left amygdala, and in both right and left hippocampus. In the propofol group, similar significant activations are 
seen in the right and left amygdala, but no significant activations are observed in the hippocampi. The scale shows color rendering of the group-
wise t values obtained from Statistical Parametric Mapping. The threshold for color rendering is |t| ≥ 3.37. (Bottom) Shown is a positron emission 
tomography study applying structural equation modeling (connectivity) analysis in human subjects at rest, receiving either no anesthetic (A) or 
sevoflurane 0.25% (B). Positive influences of one region onto another are shown as solid lines, and negative influences are shown as dotted lines. 
Line width represents the magnitude of the effective influence, with larger widths indicating a larger influence, according to the scale shown. The 
numerical difference in path weights between conditions is shown in C. Paths that significantly contribute to the network model more in the pla-
cebo state versus the anesthesia state are highlighted; all other paths are shown grayed out. A large change in path weights is noted for the effec-
tive influence of the amygdala and the nucleus basalis of Meynert on the hippocampus during sevoflurane. Amyg, Amygdala; Hipp, hippocampus; 
LC, locus ceruleus; NBM, nucleus basalis of Meynert; Thal, thalamus. (Top from Pryor KO, Root JC, Mehta M, et al. Propofol amnesia is predicted by a 
loss of hippocampal and amygdala activation: fMRI evidence. Anesthesiology 2010; 113:A369; Bottom from Alkire MT et al: Neuroimaging analysis of 
an anesthetic gas that blocks human emotional memory, Proc Natl Acad Sci U S A 105:1722-1727, 2008.)
ANESTHETIC EFFECTS ON IMPLICIT 
MEMORY FUNCTION

In contrast to declarative memory, implicit memory 
processes do not axiomatically require a conscious sub-
strate, nor are they dependent on hippocampal plasticity. 
Therefore, there is no a priori basis to assume that the 
effect of anesthetic drugs on implicit memory function 
will parallel those on declarative memory. A number of 
investigations have sought evidence for implicit process-
ing in unconscious subjects. More rigorous studies have 
used variants of a word stem completion task: subjects are 
exposed to a word item during anesthesia, and implicit 
memory is evidenced by an increased propensity to think 
of that word when later presented with the first few let-
ters. A more rigorous variant—termed the process disso-
ciation procedure—enables the separation of explicit from 
implicit processes.
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Two early studies in patients undergoing coronary 
artery275 and gynecologic276 procedures showed evidence 
of implicit learning using word completion tests. Another 
early study demonstrating implicit recall in cardiac sur-
gery patients correlated performance with preservation of 
the midlatency auditory evoked potential, and in particu-
lar with the early cortical Pa and Na complexes277. Lubke 
and colleagues278 later demonstrated implicit memory 
in both trauma patients (see Chapter 81) and patients 
undergoing an emergency cesarean section279 (see Chap-
ter 77) using the process dissociation procedure, and fur-
ther demonstrated that the degree of processing is related 
to depth of hypnosis as measured by the bispectral index 
(see Chapter 50). However, other studies using similar 
procedures either have failed to show significant implicit 
priming effects or have been equivocal.280-283 Synthesis 
of these disparate results is difficult, and although dif-
ferences in patient populations and anesthetic regimens 
may be of relevance, most concern has been raised about 
the validity of the experimental techniques; errors in the 
assumptions of the process dissociation procedure might 
explain false-positive results.283 Recent investigations 
evaluating implicit memory processes in children under 
anesthesia have also offered conflicting results. Phelan 
and colleagues284 reported an increased ability to distin-
guish a primed animal sound from white noise, but other 
investigations found no evidence of priming.285,286

CONCLUSION

Consciousness and memory are among the most fasci-
nating and complex functions of the brain. Further sci-
entific investigation in the twenty-first century is likely 
to deepen the connections between the fields of anes-
thesiology and neuroscience. Hopefully, a more precise 
understanding of anesthetic effects on consciousness and 
cognition will enrich both fields and, ultimately, improve 
patient care.
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Sleep Medicine
SEBASTIAN ZAREMBA • NANCY L. CHAMBERLIN • MATTHIAS EIKERMANN

K e y  P o i n t s

 •  Sleep is a dynamic neuronal and behavioral state that can be characterized using 
specific electroencephalographic, electrophysiologic, and behavioral findings.

 •  Associations with sleep are sometimes investigated using questionnaires, 
actigraphy, or respiratory polygraphy. However, polysomnography, including 
electroencephalogram, electrooculogram, submental electromyogram, and 
analysis of breathing, is required to identify and characterize sleep and its 
disorders.

 •  Activation of hypothalamic sleep promoting pathways including the ventrolateral 
preoptic nucleus and the median preoptic nucleus produce the physiological 
switch from wakefulness to sleep.

 •  Sleep and anesthesia can look similar from a distance. Although small doses 
of anesthetics can induce sleep by activating sleep-promoting pathways, 
immobilization cannot be induced by these circuits.

 •  Control of breathing is altered during sleep and anesthesia, typically leading to a 
decreased drive to upper airway dilator and respiratory pump muscles.

 •  Persistent respiratory depressant effects of anesthetics and neuromuscular blocking 
drugs increase the risk of postoperative respiratory complications, particularly in 
patients with obstructive sleep apnea.

 •  Anesthesia and surgery, as well as treatment in the intensive care unit, alter sleep 
duration and sleep architecture, which leads to impaired outcome.
Probably the earliest mention of “overpowering sleep” as 
a metaphor describing what possibly characterizes anes-
thesia can be found in Genesis 2:21, “And the Eternal God 
caused an overpowering sleep to fall upon the man and 
he slept. He took one of his ribs and shut in flesh instead 
thereof.” Although this “overpowering sleep” allegedly 
occurred by divine intervention and did not represent 
drug-induced unconsciousness and immobility that char-
acterizes the definition of anesthesia, the basic narrative 
is an example of antiquarian history that implicates the 
concept that deep sleep may be a viable condition that 
allows a surgical procedure to be completed successfully.1

In the twenty-first century, an increasing body of 
knowledge has revealed the common ground between 
sleep and anesthesia, as well as their fundamental differ-
ences in clinical picture and underlying mechanisms.

Sleep is required for survival. Rats deprived of sleep will 
die within 2 to 3 weeks, a time frame similar to death 
due to starvation.2 In humans, sleepiness can be deadly. 
Approximately 100,000 motor vehicle crashes each year 
result from drivers who are “asleep at the wheel.” In a 
survey of drivers in New York State, approximately 25% 
reported they had fallen asleep at the wheel at some time.3 
Perioperative sleep deprivation occurs frequently, par-
ticularly in critically ill patients and translates to harm-
ful pathophysiologic conditions and morbidity. Primary 
sleep disorders result in chronic sleep deficiency, a state 
of inadequate or mistimed sleep of any mechanism, an 
underappreciated determinant of disease. Among sleep 
disorders, sleep apnea has probably the most meaningful 
consequences for perioperative treatment.4

Therefore, high-quality physiologic sleep is a key 
domain of public health that needs to be considered 
as we are in the process of evaluating how to translate 
bench-research discoveries effectively into high-quality 
perioperative medicine.

DEFINITION OF SLEEP

Sleep is the natural periodic suspension of conscious-
ness during which the powers of the body are restored. A 
behavioral definition of sleep includes a species-specific 
posture and behavioral quiescence, as well as elevated 
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arousal thresholds. However, sleep is much more than an 
absence of activity. The brain is highly active during sleep, 
especially during rapid eye movement (REM) sleep, dur-
ing which atonia, phasic muscle movements (driven by 
different activation levels in distinct areas of the brain), 
and vivid dreaming occur. Sleep is not a single phenom-
enon. At different stages of sleep, brain activities can be 
as distinct from each other as they are from wakefulness.5 
In humans and other vertebrates (see Evolution) sleep has 
two major stages: REM sleep and non-REM (NREM) sleep, 
with each of these further divided into sub-states. Most of 
sleep time is spent in NREM sleep, which is characterized 
by relatively low electroencephalogram (EEG) frequen-
cies with higher amplitudes compared with waking EEG 
frequencies (Figure 14-1). In the transition from wake to 
NREM sleep, the fast activity of waking disappears (α-θ 
transition) and then in the deeper stages of NREM large, 
slow waves (i.e., Δ waves) emerge. Thus, deep NREM 
sleep is also referred to as slow-wave sleep. NREM sleep is 
associated with waxing and waning muscle tone, as well 
as decreased body temperature, and heart rate. By con-
trast, REM sleep is characterized by muscle atonia, loss 
of slow waves in the EEG (see Figure 14-1), and bursts of 
rapid eye movements that give this state its name.6 Other 
prominent features of REM include marked irregularities 
of respiration and heart rate, as well as penile and clitoral 
erection. REM sleep is associated with the high likelihood 
of vivid dreaming. A distinct property of REM sleep is 
the operation of a system that suppresses motor activity, 
which is responsible for baseline atonia and suppression 
of motor commands that would otherwise result in act-
ing out of dreams, a phenomenon known as REM sleep 
behavior disorder. This REM atonia system is not absolute, 
as it periodically allows breakthrough muscle activity 
that comprises REM sleep and twitching of the extremi-
ties. Therefore, REM sleep is not homogeneous but can 
be subdivided into tonic REM sleep (i.e., a period with 
muscle atonia and without eye movements) and phasic 
REM sleep, which is interrupted by short phasic events of 
eye and other movements.7 The patterning and amounts 
of NREM sleep, REM sleep, and wakefulness throughout 
the night is referred to as sleep architecture, and there are 
many physiologic and pathophysiologic processes that 
can affect sleep architecture. For example, many anti-
depressant medications selectively suppress REM sleep. 
A disease example is narcolepsy, in which individuals 
often transition directly from wake to REM, whereas nor-
mally REM is nearly always entered from an NREM state. 
To investigate both physiologic and pathologic sleep in 
humans, different methods for assessments in clinical 
and research settings have been developed.

HOW TO ASSESS SLEEP

The complexity of signs and symptoms of sleep suggests 
that different instruments need to be applied to capture 
all the important elements of sleep.

QUESTIONNAIRES

Several questionnaires are used for the assessment of 
sleep duration, sleep quality, and the related physiologic 
and pathophysiologic consequences. Quality of sleep is 
a frequent target of generic health surveys for measuring 
patient-reported outcomes, using instruments such as 
the World Health Organization Quality of Life question-
naire, the Beck Depression Inventory, and Patient Health 
Questionnaire-9-item. Other questionnaires quantify the 
consequences of sleep deprivation, specific sleep disorders, 
or both (Table 14-1). The most commonly used instru-
ment in sleep medicine is probably the Epworth Sleepi-
ness Scale, a short questionnaire to assess symptoms of 
daytime sleepiness, expressed as intolerance to monotony. 
The questionnaire asks the subject to rate the probability 
of falling asleep on a scale of increasing probability from 
0 to 3 for eight different situations such as such as watch-
ing TV, reading, lying down in the afternoon, and so on.10 
Despite the fact that the Epworth Sleepiness Scale is reli-
able for detection of daytime sleepiness8,9,13 in multiple 
sleep centers, the instrument does not help determine the 
mechanism of daytime sleepiness.14,15
Figure 14-1. Representative electroen-
cephalogram activity seen during different 
behavioral states. Electroencephalogram 
recordings of one patient during wakeful-
ness (eyes closed; [W]), rapid eye movement 
sleep [REM] (B), and non-REM [NREM] sleep 
stages 1 to 3.

W

REM

NREM 2

NREM 3

5 sec.

NREM 1
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Other clinically useful questionnaires are focused on 
the detection of signs and symptoms of sleep disorders 
(e.g., Pittsburgh Sleep Quality Index8,9,13; the STOP-Bang). 
Questionnaires for specific subpopulations are available 
(e.g., patients with gastroesophageal reflux, Parkinson 
disease16), which is important because the prevalence of 
sleep pathologies typically varies in a wide range across 
populations.

An effective process for clinical assessment of sleep-
related diseases might be a stepwise assessment using a 
screening tool first (e.g., Epworth Sleepiness Scale), fol-
lowed by a more specific questionnaire that helps to iden-
tify individual mechanisms or consequences of sleepiness.

A special form of sleep questionnaires are sleep dia-
ries, or sleep logs, and “morningness-eveningness” ques-
tionnaires. In these questionnaires, daily sleep habits are 
documented by the patient before going to sleep in the 
evening and after waking in the morning. This documen-
tation includes factors such as sleep time, sleep duration, 
number of nocturnal awakenings, and subjective sleep 

TABLE 14-1 SLEEP QUESTIONNAIRES: 
QUESTIONNAIRES COMMONLY USED FOR CLINICAL 
AND RESEARCH PURPOSES AND THEIR FOCUS

Questionnaire Focus References

Pittsburgh Sleep Quality 
Index (PSQI)*

Sleep and sleep 
disorders

8, 9, 10

Sleep Quality Scale 
(SQS)

Sleep quality 11

Functional Outcome of 
Sleep Questionnaire 
(FOSQ)

Impact of daytime 
sleepiness on daily 
living

12

Pediatric Sleep 
Questionnaire

Sleep and SDB in 
children

13

Child Sleep Habits 
Questionnaire (CSHQ)

Sleep 14

Epworth Sleepiness Scale 
(ESS)

Daytime sleepiness 8, 9, 15

Sleep Diaries / Sleep Logs Sleeping times, sleep 
duration

16

Morningness-Eveningness 
Questionnaire

Sleeping times, sleep 
duration, circadian 
rhythm

17

Loughborough 
Occupational Impact 
of Sleep Scale (LOISS)

Sleep quality 18

Insomnia Sleep 
Questionnaire (ISQ)

Insomnia 19

Berlin Questionnaire SDB in surgical 
patients

20

STOP/STOP-Bang 
Questionnaire

Obstructive sleep 
apnea

21, 22

Brief Insomnia 
Questionnaire (BIQ),

Insomnia 23

International Restless 
Legs Syndrome Study 
Group Rating Scale 
(IRLS)

Restless legs syndrome 24, 25

Clinical Global Impression
(CGI) Scale

Restless legs syndrome 25

*Recommended questionnaires are italicized.
SDB, Sleep-disordered breathing; STOP, snoring, tiredness, observed 

apneas, and high blood pressure.
quality, with the advantage of being less prone to recall 
bias.17

Although questionnaires allow a quick and easy 
screening for daytime symptoms of sleep disturbances, 
they cannot be used to quantify sleep architecture. Fur-
thermore, subjective and objective measurements of sleep 
time, such as actigraphy, do not agree consistently well 
with the results of subjective measurements,18 for which 
the patient is the major source of measurement variabil-
ity. Subjective methods of assessing sleep are influenced 
by the spectrum of disease within a tested group, actual 
clinical change over time, the testing conditions, and 
recall bias.17 Although a questionnaire cannot replace a 
medical history or objective assessment for sleep disor-
ders, sleep questionnaires are important tools for measur-
ing health improvement or decline, predicting medical 
expenses, assessing treatment effects, or comparing dis-
ease burden across populations.

ACTIGRAPHY

Actigraphy has been used to study sleep-wake patterns 
for more than 20 years. This method detects motion of 
the wrist with linear accelerometers in single or multiple 
axes. Based on movement-derived data combined with 
calibration data on file, predictions of the time spent 
during sleep and wakefulness can be made, and even 
assumptions on sleep staging are made. Actigraphy can 
be used conveniently in a patient’s home for several 
nights, weeks, or longer. Actigraphy has a high reliability 
and validity for detecting transitions from wakefulness 
to sleep,19 but some studies have shown a low specific-
ity for the diagnosis of wakefulness when compared with 
the golden standard polysomnography,20-22 especially in 
patients with high levels of sleep fragmentation.19,23 In 
the clinical setting, actigraphy is reliable for evaluating 
sleep patterns in patients with insomnia, for diagnosis of 
circadian rhythm disorders (including shift work), and 
in evaluating sleep in individuals who are less likely to 
tolerate polysomnography, such as infants and demented 
elderly. In addition, actigraphy allows for convenient 
follow-up measurements to evaluate the effects of treat-
ments designed to improve sleep.24

RESPIRATORY POLYGRAPHY

Home respiratory polygraphy can be a cost-effective alterna-
tive to polysomnography (PSG) for the diagnosis of sleep 
apnea-hypopnea syndrome. Respiratory polygraphy (RP) 
usually calculates airflow through nasal pressure changes 
taken via nasal cannula. Thoracic and abdominal move-
ments are measured by piezoelectric bands, which also mea-
sure body position and blood oxygen saturation by pulse 
oximetry. Using these parameters, RP can identify respira-
tory events (i.e., apnea and hypopnea), and categorize their 
mechanisms into obstructive versus central. Furthermore, 
similar to actigraphy, RP provides some analysis of sleep 
duration and time spent awake, using its body position sen-
sor. However, the quality of the latter can be more precisely 
evaluated by a combination of sleep diary and actigraphy 
with an EEG required to make final determinations as to 
whether a subject was awake or sleeping (Table 14-2).
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TABLE 14-2 PROS AND CONS OF DIFFERENT METHODS OF SLEEP EVALUATION 

Method Pros Cons Recommendation

Sleep questionnaire Low costs Recall bias Should be combined with 
interviewGood compliance Limited reliability in some 

populations
Easy to use Limited validity

Sleep diary Less recall bias Lower compliance compared with 
other questionnaires

Should be combined with 
other measurement of sleet 
duration (e.g., actigraphy)Easy to administer Biased by daily mood and 

expectations on sleep
Low costs
Documentation of daily 

variability
Actigraphy Provides objective information 

about daily variability and 
sleep duration

Limited assessment of sleep stages 
and sleep onset latency

Should be combined with 
other measurement of 
sleep duration (e.g., sleep 
diary)Provide information on sleep 

habits at home
Higher cost than questionnaires

Not influenced by patient 
expectations, recall bias, or 
memory impairments

Lower costs than laboratory 
polysomnography

Polygraphy Lower costs than laboratory 
polysomnography

Limited assessment of sleep Should be accompanied by 
questionnaires and clinical 
interviewObjective assessment of 

respiratory events
Higher cost than questionnaires

Provide information on sleep 
habits at home

Limited assessment of sleep 
disorders other than sleep-
disordered breathing

Laboratory polysomnography Objective assessment of sleep, 
sleep stages and sleep 
disorders

High costs Should be last step in sleep 
evaluation with previous 
questionnaires and 
ambulatory screening (e.g., 
polygraphy)

First-night effect
Limited capacity
High costs
No information about sleep habits 

at home
Out-of-center polysomnography Objective assessment of sleep, 

sleep stages and sleep 
disorders

Limited observation may lead to 
decreased recoding quality

Good patient education 
mandatory

Less first-night effect If possible, surveillance 
recording preferredLower costs than laboratory 

polysomnography
Can provide information about 

sleep habits at home

Adapted in part from Martin JL, Hakim AD: Wrist actigraphy, Chest 139:1514-1527, 2011.
POLYSOMNOGRAPHY

Polysomnography is the only method that can precisely 
determine the actual sleep stage and is a diagnostic ref-
erence tool (i.e., gold standard) that is required for the 
diagnosis of several sleep disorders.25 PSG measurements 
include EEG, electrooculography for the measurement 
of eye movements, and at least electromyographic mea-
surement of muscle activity of the chin.26 These three 
measurements are typically supplemented by further 
channels for the detection of sleep disordered breathing 
such as a nasal sensor to detect apneas and hypopneas, 
oximetry, inductance plethysmography for respiratory 
effort of the chest and abdomen, and a body position 
sensor and leg electromyogram27 to identify periodic 
limb movement syndrome or REM sleep behavior 
disorder, respectively.28 A sample of such a typical PSG 
recording is shown in Figure 14-2. More than 40 years 
ago, Rechtschaffen and Kales26 standardized the method 
of scoring polysomnographic recordings—the R&K cri-
teria. Since then, major innovations in technology have 
transformed the science and clinical practice of sleep 
medicine. The new criteria of the American Academy 
of Sleep Medicine (AASM)27 capture the full potential 
of innovations resulting from computerization of data, 
including automation of sleep scoring, recognition of 
disorders that occur during sleep, and integration with 
other procedures, such as positive airway pressure titra-
tion. Nevertheless, the R&K criteria are still sufficient 
for clinical and research purposes and consequently are 
used in sleep centers around the world.



Chapter 14: Sleep Medicine 307
left EOG

right EOG

left EEG

right EEG

Chin EMG

Flow

Thorax

Abdomen

Effort Sum.

89

S S S S

303 304 304 305 305 306 306 307

S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S

120°90°60°30°

N2N2N2RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR

72 73 74 77 77 76 72 70 68 67 66 65 65 65 68 71 75 77 75 71 68 67 67 65 64 65 67 68 68 69

88 88 91 92 93 93 93 94 94 95 96 96 96 96 94 92 90 88 87 87 88 90 92 96 96 96 95 93 91

Mic.

SpO2

Pulse Wave

HR

Body position

Sleep Stage

Time

Figure 14-2. Polysomnographic recording. Left and right electrooculogram (EOG), two electroencephalogram (EEG) channels, and mental 
electromyogram (Chin EMG) allow scoring of sleep stage (REM sleep [R] with typical eye movements in the electrooculogram channels). Addi-
tional channels (e.g., respiratory flow [Flow], respiratory effort of thorax [Thorax] and abdomen [Abdomen], microphone [Mic.] oxygen saturation 
[SpO2]) allow diagnosis of sleep disordered breathing. In this patient, apneas (yellow boxes) led to oxygen desaturation (blue boxes) and finally to 
arousal (far right, brown box).
Sleep Laboratory Testing
For several decades, PSG was performed only within a 
sleep laboratory, but an increasing number of devices are 
now available offering the possibility of recording PSG in 
almost every environment, such as the patient’s home, 
within the patient’s hospital or nursing home room, and 
even within the recovery room. A current standard for 
the measurement of sleep is the attended sleep laboratory 
PSG with a trained technician.27,29-32 The study is ana-
lyzed by a clinician trained in sleep medicine following 
the published guidelines by Rechtschaffen and Kales33 
or the newer guidelines published by the AASM.27 Nev-
ertheless, it is evident that there are many more patients 
potentially suffering from obstructive sleep apnea (OSA) 
than are being seen at sleep centers. A contributing factor 
could be that the waiting time for an in-laboratory PSG is 
several weeks for patients in the United States34 and illus-
trates the need for other diagnostic procedures that are 
comparably sensitive and specific to laboratory PSG test-
ing. Other limitations, such as the high cost and require-
ment of an overnight stay, can present socioeconomic 
challenges that affect the accessibility of this method. 
In addition, the in-center PSG provides only a momen-
tary view of the patient’s sleep, and the measurements 
themselves can impair the patient’s sleep (the so-called 
first-night effect). Thus, in-center PSG does not provide 
information about the patient’s sleep at home, and mul-
tiple repeated measurements to tailor treatment over time 
are challenging or even impossible from a logistic and 
healthcare economics perspective.

Out-of-Center Testing
Given the disadvantages of laboratory PSG, portable out-
of-center PSG devices are a reasonable, reliable, and effec-
tive method for diagnosing OSA35 that are not inferior to 
PSG recording performed within a sleep laboratory.36-39 
Guidelines published in 2007 by Collop and associates35 
for the Portable Monitoring Task Force of the AASM, as 
well as a recent review providing a score for the classifi-
cation of portable devices for outpatient PSG,40 support 
the reliability of such devices in subjects for clinical and 
research purposes and indicates a comparable quality of 
PSG data.

Scoring of Sleep and Sleep Disordered 
Breathing
Currently two different guidelines for the staging of sleep 
and sleep-related events are used.

Rechtschaffen and Kales cRiteRia. One of the first char-
acterizations and scoring guidelines for the different 
sleep stages was published in 1968 by Rechtschaffen and 
Kales26 and is still being used for clinical and research 
purposes in sleep medicine (Table 14-3). NREM sleep 
stage 1 (S1) is characterized by a low-voltage EEG of 
mixed frequencies (2 to 7 Hz) without REM sleep (see 
Figure 14-1, C). In humans, S1 usually occupies 1 to 7 
minutes of sleep time, mostly during transition from 
wakefulness to sleep or after movements. Vertex sharp 
waves (amplitudes up to 200 μV) occasionally appear, pre-
dominantly during the late phase of S1 sleep. Additional 
sleep spindles (rhythmic discharges with a frequency of 
12 to 14 Hz) or K-complexes, as well as slow waves with 
high amplitudes, characterize NREM sleep stage 2 (S2). 
S2 is the sleep stage in which a healthy person spends 
the most time of physiologic nighttime sleep. K-com-
plexes are defined as a characteristic electric activity of 
more than 0.5 seconds duration comprised of a negative 
sharp wave immediately followed by a positive wave. 
K-complexes can occur spontaneously or as the result of 
external stimuli, and the characteristic EEG finding can 
be followed by slow-rolling eye movements. NREM sleep 
stages 3 and 4 are characterized by slow waves (≤2 Hz) 
with high amplitudes (>75 μV). During NREM sleep stage 
3 (S3), slow waves occupy 20% to 50% of time. Amounts 
of more than 50% of slow waves are seen during NREM 
sleep stage 4.41

aasM cRiteRia. New guidelines of the AASM for sleep-
stage scoring were published in 2007.27 In contrast to the 
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R&K criteria, EEG recording following the AASM guide-
lines is taken from three instead of two different EEG 
channels42 to account for possible topographic differ-
ences in most sleep scoring features in the EEG.42-44

The main differences between R&K and AASM scoring 
criteria are summarized in Table 14-3. Importantly, the 
two NREM slow-wave sleep stages 3 and 4 are lumped and 
defined as slow-wave sleep stage N3. Furthermore, new 
AASM guidelines also include new standardized scoring 
rules for respiratory events during sleep,27 as follows:

 1.  Apnea with drop in respiratory flow of 90% or more 
from baseline for at least 10 seconds, whereas a 
minimum of 90% of the event duration has to meet 
the criteria of respiratory flow reduction, and

 2.  Hypopneas—the signal of respiratory flow measure-
ment drops at least 30%, whereas oxygen satura-
tion (SpO2) decreases by 4% or more compared to 
preevent baseline for at least 90% of the duration 
(minimum of 10 seconds).

  

Alternatively, hypoxia can also be defined as a decrease 
in respiratory flow measurement of at least 40% with a 
decrease in SpO2 of only 3%.

 3.  Respiratory event-related arousal is defined as a sequence 
of breaths not meeting the criteria for apnea or 
hypopnea lasting at least 10 seconds characterized by 

TABLE 14-3 POLYSOMNOGRAPHIC 
CHARACTERISTIC OF THE DIFFERENT 
BEHAVIORAL STATES

EEG and EOG 
Characteristics R & K AASM

Wakefulness Alpha rhythm (8-13 Hz) 
present in more than 
50% of an epoch

W W

Non-REM sleep 
stage 1

Lower amplitudes and 
activity in range of 4–7 
Hz (vertex sharp waves,* 
slow eye movements*)

S1 N1

Non-REM sleep 
stage 2

EEG of sleep stage 1 
with additional a 
sleep spindles and 
K-complexes; slow waves 
not fulfilling the criteria 
for sleep stage 3

S2 N2

Non-REM slow 
wave sleep

20% to 50% of slow wave 
activity (0.5-2 Hz)

S3 N3

>50 % of slow wave activity S4
REM sleep EEG of low amplitude and 

mixed frequencies, low 
chin electromyogram 
activity, rapid eye 
movements

R R

Movement 
time

High amplitude activity in 
electromyogram channels

MT NS

AASM, American Academy of Sleep Medicine criteria; EEG, electroen-
cephalography; EOG, electrooculogram; MT, movement; N1, stage 1 
AASM; N2, stage 2 AASM; N3, Stage 3 AASM; NS, not scored; R&K, 
Rechtschaffen and Kales criteria; REM, rapid eye movement; S1, stage 1 
R&K; S2, stage 2 R&K; S3, stage 3 R&K; S4, stage 4 R&K; W, awake.

*Not necessary but may be present
Electrophysiologic criteria used for sleep stage scoring according to R&K 

criteria,26 and the AASM criteria.27
increasing respiratory effort or flattering of the nasal 
pressure waveform leading to an arousal from sleep.27

 4.  Hypoventilations are defined as an increase of 10% or 
more in CO2 pressure (PaCO2).

  

Although these criteria published in 200727 are com-
monly used in many sleep centers for clinical and research 
purposes all over the world, questions about whether the 
new criteria should be used in children45 and the scoring 
of some respiratory events are still unanswered.

PHYSIOLOGY

EVOLUTION

In a rhythmic world, organisms must adapt to alternating 
changes in the environment, such as daily and seasonal 
rhythms in light intensity, ambient temperature, and 
humidity. It is unknown why we sleep; however, one can 
imagine that evolutionary pressure would favor systems 
that are optimized for nature’s rhythms.46-48

Species-dependent temporal behavior can be adapted 
depending on the environmental conditions: behav-
iorally, anatomically, and physiologically. Circadian 
rhythms affect almost every aspect of the body, including 
activity and rest patterns, cognitive function (e.g., learn-
ing and memory), physiology (e.g., heart rate, metabo-
lism, and hormone secretion), and gene expression; 15% 
of the genes in the human body show daily rhythms.

CIRCADIAN RHYTHMS

Virtually all species show circadian rhythms that regulate 
periodic changes in behavioral and physiologic parameters 
within a period of approximately 24 hours.49 These rhythms 
can be characterized as a synchronization of activity to the 
external light-dark cycle in the majority of living creatures. 
Bacteria, plants, animals, and humans exhibit such a behav-
ior that helps them stay in tune with the environmental 
light-dark cycles.50 Clock genes generate endogenous clock 
pulses in most (if not all) cells of the body, synchronized by 
regulatory pathways across the body to a superior rhythm 
generator (a so-called master clock). Desynchronization of 
these rhythms seems to be involved in the pathogenesis of 
metabolic, psychiatric, and other disorders.50 The superior 
rhythm generator in humans is located in the suprachias-
matic nucleus that receives external inputs about light and 
darkness from the retinal cells and synchronizes inputs of 
melatonin levels. While this master clock synchronizes the 
behavioral and biological rhythms of the human body to 
the changing demands of the environment during the solar 
day, sleep itself entrains circadian rhythms,50-52 and the 
temporal organization of circadian rhythms and nocturnal 
sleep must be preserved to accomplish a restful and refresh-
ing experience that fulfills the sleep needs produced by the 
second major regulatory factor, sleep homeostasis. During 
waking, “sleep pressure” continuously increases, leading to 
a consecutive decrease in the threshold preventing a transi-
tion from wakefulness to sleep.53 Increasing homeostatic 
sleep pressure can be partly offset by a sufficient circadian 
wakening stimulus during the circadian wake phase, but 
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Figure 14-3. Evolutionary tree. Circadian 
rhythms are common among all living beings. 
However, only mammals and birds (red) have 
integrated sleep with different stages. Fish, rep-
tiles, insects, and plants (blue) manifest circadian 
rhythms as periods of activity and rest.
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the circadian wake stimulus disappears in the presence of 
an overwhelming sleep pressure.54,55 In this situation, sleep 
sufficient in quantity and quality is needed to reestablish 
proper functioning.

Although circadian and homeostatic regulation of 
sleep can be observed in almost all living organisms,56 
differentiation of sleep into NREM and REM sleep (“inte-
grated sleep”) probably has developed during the last 300 
to 350 million years because it appears only in birds and 
the majority of terrestrial mammals (Figure 14-3).57,58

Sleep Stages and Sleep Cycles
Sleep architecture, which is a structured temporal order 
of different sleep stages, are important determinants of 
sleep quality. If tired individuals rest in their individual 
sleeping postures, the increasing level of drowsiness is 
paralleled by continuous EEG slowing from EEG activ-
ity seen during attention and cortical activation (16 to 
30 Hz, “beta activity”) to slower frequencies, predomi-
nantly between (7.5 and 11 Hz, “alpha activity,” typi-
cally observed in subjects at reduced attention and closed 
eyes). During this state of vigilance the individuals do not 
sleep, and a full level of cognitive function can be estab-
lished easily even without a strong sensory stimulus. The 
transition from the alpha state to sleep is paralleled by a 
decrease in alpha and beta activity and an increase of EEG 
activity in the theta band (4.5 to 7.5 Hz; Figure 14-4).
This transition from alpha to theta activity is widely 
accepted as the electroencephalographic correlate of sleep 
onset.59 At this transition from wakefulness to NREM sleep 
stage 1, heart rate and heat production decrease resulting 
in a slight decrease in body temperature. Furthermore, 
respiration is regular and deep. As sleep deepens, EEG 
activity shows low amplitudes and theta activity with 
intermittent sleep spindles and K-complexes. The latter 
can represent an activation of brainstem and subcorti-
cal brain areas during sleep,60,61 potentially representing 
selective processing of unexpected sensory inputs (e.g., 
sounds) that require complete arousal and restoration of 
consciousness to address a potential threat.62 In accor-
dance with that hypothesis, in comatose patients with 
brain injury, the presence of K-complexes in response to 
an acoustic stimulus during coma seems to be a marker of 
a better outcome compared to comatose patients with no 
evoked K-complexes.63

With increasing depth of sleep, during NREM sleep, 
electrical activity of the cortex measured by EEG is domi-
nated by slower frequencies and high amplitudes (stage 3 
and 4 R&K26 and NREM sleep 3 AASM40), also referred to 
as slow-wave sleep.

REM sleep, or paradoxic sleep, is associated with an 
alteration of homeostatic regulation, increased heart 
rate variability, irregular respiration, and impaired body 
 temperature control. Brain metabolism increases while 
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Figure 14-4. Electroencephalogram recording during sleep onset (arrow). The two top rows show bipolar electroencephalogram (EEG) signals 
from left (C3-A1) and right (C2-A1) frontal leads. Rows 3 to 5 show the relative amount (EEG power) of beta, alpha, and theta activity calculated 
using fast fourier transformation.
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Figure 14-5. Hypnogram of a night of physiologic sleep. During one night (time on x axis) of sleep, humans transition repetitively from one sleep 
stage to another with short episodes of occasional wakefulness (indicated on y axis). REM, Rapid eye movement sleep; W, awake; 1, non-REM sleep 
stage 1; 2, non-REM sleep stage 2; 3, non-REM sleep stage 3 (slow wave seep).
EEG recordings show similarities to wakefulness with 
low voltage and mixed-frequency power spectra. There 
are also prominent theta waves generated by the hip-
pocampus. These waves are not apparent in the scalp 
EEG recording from humans, but in rodents, in which 
the hippocampus is larger and closer to the brain sur-
face, the EEG is dominated by theta during REM. This 
sleep state is associated with a decreased tone in skeletal 
muscles (except for extraocular muscles that control eye 
movement). Dreaming is a typical experience during REM 
sleep,77 but can happen also during NREM sleep.65 During 
physiologic sleep, an individual typically switches back 
and forth across sleep stages, interrupted by occasional 
arousals from sleep (Figure 14-5).

NEUROANATOMY OF SLEEP

Sleep Promoting and Arousal Pathways
Several neuronal pathways have evolved to maintain 
cortical activation and behavioral arousal during normal 
waking, and others have evolved to promote and main-
tain sleep (Figure 14-6). It is the balance between these 
two systems that determines whether one is awake or 
asleep.

ascending aRousal systeM. The ascending arousal system 
(AAS) is the main wakefulness-mediating network in the 
brain. Main pathways within the network receive cholin-
ergic, monoaminergic, dopaminergic, and glutamatergic 
inputs. Cholinergic inputs originate from pedunculopon-
tine and laterodorsal tegmental nuclei, and they mainly 
innervate the lateral hypothalamus, prefrontal cortex, 
basal forebrain, and thalamic relay nuclei (i.e., medial 
and lateral geniculate nuclei; mediodorsal nucleus; pulvi-
nar; anterior, ventral and lateral thalamic cell groups).66,67 
Glutamatergic neurons that provide inputs to the AAS are 
mainly located within a small area just ventral of the locus 
coeruleus (LC), the precoeruleus area (PC), as well as in the 
parabrachial nuclei that mainly project to the basal fore-
brain and the lateral hypothalamus.68-73 Monoaminergic 
inputs mainly come from noradrenergic neurons within 
the locus coeruleus, histaminergic neurons of the tuber-
omammillary nuclei (TMN), serotoninergic neurons of the 
median and dorsal raphe nuclei,74-76 as well as dopami-
nergic neurons adjacent to dorsal raphe nuclei.76,77 Beside 
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Figure 14-6. Flip-Flop switch ensuring rapid transitions between wakefulness and sleep. During wakefulness (top), brainstem nuclei of the 
ascending arousal system (AAS) directly and indirectly provide excitatory input to the thalamus, basal forebrain (BF), and the cerebral cortex, while 
they inhibit the ventrolateral (VLPO) and median (MnPO) preoptic nuclei (switch flips to wakefulness). The excitatory, wake-promoting stimulus 
is enforced by additional excitatory input of orexinergic neurons (OX) to the BF and the AAS. During sleep (bottom), neurons of VPLO and MnPO 
inhibit the brainstem and orexinergic neurons of the AAS (switch flops to sleep) (Modified from Saper CB et al: Hypothalamic regulation of sleep and 
circadian rhythms, Nature 437:1257–1263, 2005; and Saper CB et al: Sleep state switching, Neuron 68:1023–1042, 2010.)
projections to the basal forebrain, multiple inputs are sent 
to the thalamus, mainly the inter-laminar and reticular 
nuclei, as well as the amygdala and cerebral cortex. Fur-
thermore, noradrenergic neurons of the LC project mainly 
to the posterior part of the lateral hypothalamus. In return, 
the latter area of the lateral hypothalamus projects to the 
LC and to the TMN.

Some neurons of the posterior hypothalamus produce 
orexin A and B (also known as hypocretin 1 and 2). These 
neurons project to the basal forebrain and the amygdala 
and cerebral cortex and other important arousal areas, 
and they are essential for stabilizing the waking state.78 
Orexin deficiency causes narcolepsy (severe daytime 
sleepiness) with cataplexy (abrupt loss of muscle tone),79 
a disorder showing some characteristics of REM sleep 
(i.e., REM sleep atonia during wakefulness [discussed 
later]).

nReM sleep-pRoMoting pathways. About 100 years ago 
during the epidemic of encephalitis lethargica, it was 
observed that lesions in the preoptic region around the 
rostral end of the third ventricle were associated with 
profound insomnia,80 which was confirmed in neuroana-
tomic experiments (lesion studies) in rats and cats.81,82 
Recent data show that neurons in the preoptic area are 
active during sleep.83-87 Two key nuclei within this area 
are the ventrolateral preoptic nucleus (VLPO) as well as 
the median preoptic nucleus. VLPO neurons fire at a 
higher frequency during sleep compared with wakeful-
ness.85,88 Anatomically, the VLPO consists of a dense core 
of sleep-active, galanin-positive neurons innervating the 
TMN (which is part of the AAS) while being surrounded 
dorsally and medially by a more diffuse population of 
sleep-active, galanin-positive neurons that project to 
the dorsal raphe and LC.89,90 Physiologically, the VLPO 
neurons constitute a sleep-promoting pathway that 
inhibits many components of the arousal system during 
sleep. Likewise, parts of the arousal system such as the 
laterodorsal tegmental nucleus and the pedunculopon-
tine tegmental nucleus, as well as the locus coeruleus, 
the parabrachial nucleus, the dorsal raphe nucleus, the 
precoeruleus area, the ventral periaqueductal gray, and 
the TMN are capable of inhibiting the VLPO. The mutu-
ally inhibitory relationship of the arousal and sleep-pro-
moting pathways produces the conditions for a flip-flop 
switch, which can generate rapid and complete transi-
tions between waking and sleeping states91,92 (see Figure 
14-3). It also makes simultaneous activation of arousal 
and sleep circuits highly improbable.

Because animal experiments showed that even large 
lesions of the VLPO substantially reduce but do not com-
pletely erase sleep, other brain areas beside this nucleus 
are likely involved in promoting sleep.93 Several basal 
forebrain areas,84,87,94 as well as some γ-aminobutyric acid 
(GABA)-ergic interneurons across the cerebral cortex95 
have been implicated to function as sleep-active neurons. 
Nevertheless, the role of these brain regions in the pro-
motion or regulation of sleep remains unclear.

ReM sleep-pRoMoting pathways and nReM-ReM 
tRansition. During normal sleep that presents at onset as 
a sharp alpha-theta EEG activity transition, a similar sharp 
transition from NREM to REM sleep can be observed. Two 
groups of mutually inhibitory neurons located in the 
pons are involved in mediating the switch between NREM 
and REM sleep.71 The first group consists of REM active 
inhibitory neurons of the sublaterodorsal nucleus and the 
precoeruleus region.73,92,96 These neurons inhibit and are 
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inhibited by a second group of neurons that are located 
in ventrolateral periaqueductal gray and adjacent lateral 
pontine tegmentum. This mutually inhibitory relation-
ship produces a REM-NREM flip-flop switch, promoting 
rapid and complete transitions between sleep states.92

Within the sublaterodorsal nucleus and PC, gluta-
matergic neurons are mixed within the population of 
REM-on GABAergic neurons. The glutamatergic sublat-
erodorsal nucleus neurons project to the spinal cord and 
are important for REM sleep atonia; the glutamatergic PC 
neurons activate forebrain pathways driving EEG desyn-
chronization and hippocampal theta rhythms—that is, 
the characteristic EEG signs of REM-sleep.97

BIOLOGIC EFFECTS OF SLEEP AND  
SLEEP DEPRIVATION

Sleep conserves energy and suppresses energy-consum-
ing behaviors, similar to the effect of hibernation.57,98 
Recent findings indicate that sleep can protect against 
aging-related neurodegeneration by decreasing effects 
of oxidative stress. More specifically, sleep depriva-
tion increases oxidative stress in the hippocampus and 
subcortical brain regions and impairs the generation 
of new neurons in the dentate gyrus of the hippocam-
pus.99 Together, these data suggest that NREM sleep has 
a general role in allowing or facilitating neurogenesis, 
preventing neurodegeneration, and neuronal energy 
consumption.57

In addition, compelling evidence links sleep to the 
metabolic, endocrine, immune, and inflammatory sys-
tems.100-104 For example, sleep deprivation during influ-
enza vaccination delays the increase of antibody titers.105 
Furthermore, even short sleep deprivation in otherwise 
healthy young subjects has been shown to be associ-
ated with impaired glucose tolerance, glucose effective-
ness, and early insulin response, to levels usually seen in 
patients in the early course of diabetes mellitus, as well 
as changes in the activity of the hypothalamo-pituitary-
adrenal axis with altered plasma levels of cortisol and 
thyrotropin.106 These findings have been hypothesized 
to affect the outcome of critically ill patients107 (see also 
Sleep in the Intensive Care Unit).

SLEEP AND BREATHING

RESPIRATORY REGULATION DURING SLEEP

Sleep puts breathing at risk. The upper airway dilator 
muscle activity is decreased during sleep compared with 
wakefulness, particularly at sleep onset and during REM 
sleep. Furthermore, the ventilatory response to hypoxia 
can be impaired, such that critical hypoxia levels can 
occur during sleep that can be offset only by arousal from 
sleep.

The major determinant of minute ventilation during 
wakefulness and sleep is the arterial partial pressure of 
carbon dioxide (PaCO2). In contrast to wakefulness where 
PaCO2 is maintained close to 40 mm Hg, the chemosen-
sitivity to CO2 decreases during sleep, as does the che-
mosensitivity for oxygen. This leads to PaCO2 values of  
45 mm Hg commonly occurring during stable sleep, 
while ventilatory demand is decreased and the arousal 
threshold varies with sleep stages.

Accordingly, the changes in respiratory muscle activ-
ity, ventilatory demand, and arousal threshold observed 
from wakefulness to sleep and across sleep stages chal-
lenge ventilatory control and can lead to instability in 
breathing. A structured approach to evaluating breath-
ing instabilities is the loop gain. This engineering term 
is used to describe the stability of a feedback-controlled 
system (in this case, the chemical feedback loop con-
trolling an individual’s ventilation). In the setting of 
ventilatory control, loop gain reflects the propensity of 
an individual to develop periodic (unstable) breathing. 
Patients with a high loop gain caused by a more sen-
sitive respiratory controller (i.e., high controller gain), 
more effective CO2 excretion (i.e., high plant gain), or 
an increased delay because of slowed CO2 distribution 
from peripheral tissues to the central chemoreceptors 
based on, for example, reduced blood circulation (i.e., 
mixing gain), may be more vulnerable to disturbances 
of the feedback system, such as slight hypoventilation 
that occurs as a consequence of decreased upper airway 
dilator muscle activity during the transition from wake-
fulness to sleep (Figure 14-7).

If airway obstruction causes arousal, there will be an 
abrupt decrease in the CO2 set-point. Excessive hyper-
ventilation as a consequence of high loop gain will lead 
to relative hypocapnia as the system overcompensates. 
It is believed that this lower CO2 level will suppress 
upper airway dilator muscle activity and make the indi-
vidual more susceptible to subsequent airway occlusion 
when he or she returns to sleep. Thus, high loop gain 
may contribute to severity of obstructive sleep apnea. 
Moreover, subjects with a high loop gain have been 
shown to be more likely to develop breathing instabili-
ties such as Cheyne-Stokes respiration (CSR; see Central 
Sleep Apnea).

SLEEP-DISORDERED BREATHING

Sleep-associated respiratory signs and symptoms of dys-
function are referred to as sleep-disordered breathing (SDB) 
and are defined by the occurrence of respiratory events, 
which are cessations in breathing rhythm (apneas) or 
momentary or sustained reduction in the breathing 
amplitude (hypopnea) during the sleeping state, leading 
to arterial hypoxemia.108 They are usually caused either 
by increases in upper-airway resistance because of a reduc-
tion in the airway intraluminal diameter (the obstruc-
tive event), marked reduction or cessation of brain stem 
respiratory motor output (the central event), or both. A 
specification of SDB into predominantly obstructive or 
central sleep apneas is being developed based on the type 
of respiratory events.

Obstructive Sleep Apnea
definition. The most common type of SDB is OSA, usu-
ally quantified by the number of respiratory events per 
hour of sleep. A quantification of nocturnal respira-
tory events is necessary because a low number of short 
apneas and hypopneas can occur up to about five times 
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AIM VALUE CHANGE OVER TIME END VALUE

NORMAL LOOP GAIN

Adequate compensation
leading to correct end value

Early compensation
leading to over correction
necessitating additional
adjustment 

Over compensation
leading to over correction
necessitating additional
adjustment

Correct and punctual
compensation with
increased delay leading to
insufficient correction
necessitating additional
adjustment

MORE SENSITIVE
CONTROLLER GAIN

MORE EFFECTIVE
PLANT GAIN

INCREASED MIXING GAIN

Figure 14-7. Model of changes in loop gain and its effect on the stability of a feedback controlled system. Low or normal loop gain provides 
adequate compensation of external disturbing stimulus (top), while increased controller gain (second from top), increased plant gain (third from 
top), or mixed gain (bottom) result in an inadequate duration of compensatory mechanisms (red arrow), thus leading to an instability in the feed-
back controlled system.

Figure 14-8. Definition of apnea hypop-
nea index (AHI) and respiratory distur-
bance index (RDI).

Apneas (10 sec without flow) + Hypopneas (reduced flow with desaturation)

Total sleep time (h)
AHI =

RDI =
Apneas + Hypopneas + Arousals (in EEG) associated respiratory event

Total sleep time (h)
per hour in healthy subjects. Two measures can be used 
for this purpose: the apnea hypopnea index (AHI) and 
the respiratory disturbance index (RDI). Typically, the 
AHI (number of hypopneas and apneas per hour of 
sleep; Figure 14-8, top) and RDI (number of hypopneas, 
apneas, and arousals related to respiratory events per 
hour of sleep; see Figure 14-8) are used to quantify the 
severity of SDB.

RDI values of five or more predominantly obstruc-
tive events per hour of sleep are commonly referred to 
as OSA; this cut-off value has been used as an indication 
for treatment by clinicians based on the current clinical 
guidelines of the AASM,27,28 in which the severity of sleep 
apnea is further characterized as mild with 5 to 15 or less 
events per hour of sleep, as moderate with 15 to 30 or less 
events per hour of sleep, and as severe sleep apnea with 
30 or more events per hour of sleep (Table 14-4).27,31,109

epideMiology. OSA with daytime symptoms affects 0.3% 
to 5% of the general population.110-112 As obesity is one 
of the major risk factors for OSA, the prevalence might 
continue to increase with higher rates of obesity in the 
general population.113-115 The prevalence of SDB without 
daytime symptoms is even higher, with rates of up to 9% 
in women and 24% in men between the ages of 30 and 60 
years and is often unrecognized.116,117
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Furthermore, the prevalence of OSA varies widely 
between different populations. Individuals with a high 
susceptibility to OSA include the obese (see Chapter 
71), the elderly (see Chapter 80), and those with specific 
comorbidities (e.g., stroke, myocardial infarction), as well 
as surgical patients. Depending on methodology, the 
rates of OSA in surgical patients is between 45%118 and 
75%.119 A recent study in patients undergoing bariatric 
surgery revealed an incidence of OSA of as high as 77.5% 
(618 of 797 patients) in this population.120

clinical syMptoMs. Approximately one third of patients 
with OSA complain of typical signs and symptoms occur-
ring during wakefulness. Awaking with dry mouth, head-
ache in the morning, daytime sleepiness, falling asleep 
during monotonous situations (e.g., watching televi-
sion), as well as subjective impairment of cognitive func-
tion are frequently reported. This combination of OSA 
with daytime symptoms is usually referred to as OSA syn-
drome (OSAS).121,122

Sleep-associated signs and symptoms of OSAS include 
witnessed pauses in breathing or snoring, and a high 
number of nocturnal awakenings, mostly reported as 
pseudonocturia with patients occasionally complaining 
of tachycardia or respiratory distress upon awakening 
(choking sensation) and other symptoms (Box 14-1).

During clinical examination, craniofacial abnor-
malities affecting the airway, or other facial anatomic 

TABLE 14-4 SEVERITY OF SLEEP APNEA BASED 
ON RDI OR AHI

RDI (per hour) AHI (per hour)

No sleep apnea <5 <5
Mild sleep apnea ≥5 to <15 ≥5 to <15
Moderate sleep apnea ≥15 to <30 ≥15 to <30
Severe sleep apnea ≥30 ≥30

A respiratory disturbance index (RDI) less than 5 per hour is physiologic 
and found in healthy humans. Sleep apnea is mild with RDI between 
5 and 15 per hour, moderate with RDI between 15 and 30 events per 
hour, and considered severe with an RDI of 30 and greater per hour 
of sleep. Equal cutoff values are similar for severity based on the apnea 
hypopnea index (AHI).

Nighttime SymptomS

 •  Frequent awakening during the night (e.g., pseudo nocturia)
 •  Awaking from own snoring with choking sensation
 •  Tachycardia
 •  Sleep that is not restorative

Daytime SymptomS

 •  Awaking with dry mouth
 •  Dull headache in the morning
 •  Daytime sleepiness
 •  Falling asleep during monotonic situations (e.g., watching 

television)
 •  Subjective impairment of cognitive function

SymptomS RepoRteD by beD paRtNeR

 •  Snoring, especially when loud and arrhythmic
 •  Observed pauses in breathing during sleep

BOX 14-1 Symptoms of Obstructive  
Sleep Apnea
structures limiting the upper airway diameter might, 
indicate a patient at risk for OSA. A neck circumference 
of 43.2 cm (17 inches) in men or 40.6 cm (16 inches) 
in women has been shown to be associated with an 
increased risk for OSA. Although OSA is more frequent in 
obese patients, it might also occur in patients with nor-
mal or even low body mass indices. Given the variety of 
pathophysiologic mechanisms of OSA, it is not a surprise 
that even slim patients have OSA or OSAS.

consequences and coMoRbidities. Obstructive sleep 
apnea is associated with meaningful medical conse-
quences, such as hypertension, myocardial infarction, 
stroke,121,123-129 impaired glucose tolerance, diabetic neu-
ropathy, as well as cognitive dysfunction resulting in 
occupational difficulties and motor vehicle crashes.130-134 
The development of cognitive impairment in patients 
with OSA135 is paralleled by an atrophy of brain struc-
tures relevant for cognition and memory (hippocampal 
areas)136 that can at least be partially reversed by adequate 
treatment.137 Whether the negative effects of OSA are due 
to impaired sleep architecture or effects of intermittent 
hypoxia remain unclear,138 because data investigating the 
effect of intermittent hypoxia without other symptoms 
in OSA patients are limited. Nevertheless, recent findings 
suggest that even asymptomatic OSA might be associated 
with cardiovascular effects, such as altered daytime auto-
nomic regulation (i.e., heart rate variability).139

Given the frequent rate of complications associated 
with OSA, it is not a surprise that OSA leads to increased 
socioeconomic costs because of significantly more fre-
quent rates of health-related contacts and medication 
use, and even higher rates of unemployment.140

RisK factoRs. Predisposing factors for obstructive sleep 
apnea are obesity,141 age,141,142 male sex,141 factors lead-
ing to swelling of the superficial tissue of the upper airway 
(smoking),143 allergic rhinitis,144 and decreased muscle 
tone of upper airway dilator muscles (e.g., central nervous 
system) caused by depressants.145-147

pathophysiology. Respiratory events during OSA are 
characterized by decreased respiratory flow with persist-
ing respiratory effort due to reduced intraluminal diame-
ter of the upper airway up to complete pharyngeal airway 
collapse (see Figure 14-2). The muscles involved in respi-
ration are morphologically and functionally skeletal mus-
cles and can be classified by their anatomic function into 
two groups: upper airway dilator muscles and respiratory 
pump muscles.

Upper airway dilator muscles counterbalance the nega-
tive inspiratory pressure generated by the pump muscle 
to permit airflow during inspiration. Respiratory pump 
muscles are the collection of muscles responsible for 
generating inspiratory and expiratory forces in the tho-
rax across the breathing cycle (Figure 14-9). The patency 
of the upper airway is maintained by balancing dilating 
forces (generated by the upper airway dilator muscles) 
and collapsing forces (i.e., negative intraluminal pressure 
generated by the respiratory pump during inspiration and 
compressive extraluminal forces from the surrounding 
tissues).148
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Figure 14-9. Relationship of upper airway patency and 
respiratory pump activation. During wakefulness, the force 
of the upper airway dilator muscles (green balloon, dilating 
forces) counterbalance the collapsing forces imposed on the 
upper airway by extraluminal pressures and negative inspi-
ratory pressure generated by the respiratory pump muscles 
(represented by the orange counterweight [collapsing forces]). 
In obstructive sleep apnea, sleep onset (blue needle) leads to 
decreased upper airway patency by reducing the dilating 
forces. (Modified from Sasaki N et al: Postoperative respiratory 
muscle dysfunction: pathophysiology and preventive strategies, 
Anesthiology 118:961-978, 2013.)
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pressures

Dilating forces
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Collapsing forces

Extraluminal
pressures
Upper AirwAy DilAtor MUscles. The most extensively 
studied of the upper airway dilating muscles are the geni-
oglossus and the tensor palatini (Table 14-5). The geni-
oglossus receives a variety of inputs, including phasic 
(inspiratory) and tonic (noninspiratory) drive, which are 
distributed differentially across the hypoglossal moto-
neuron pool.149 In response to negative pharyngeal pres-
sure created by the respiratory pump during inspiration, 
the genioglossus reflexively stabilizes the upper airway in 
animals and humans.150,151 This reflex is likely a prod-
uct of signaling from inspiratory modulated motor units. 
Whereas the genioglossus responds to phasic input on 
top of its tonic (nonrespiratory) activation, the tensor 
palatini is considered a tonic muscle with consistent tone 
throughout the respiratory cycle.152

AnAtoMic VUlnerAbility to collApsing Forces. The soft 
tissues of the pharynx are enclosed and stabilized by 
bony structures, such as the mandible and the spine, and 
complete collapse of the pharyngeal airway ordinarily re-
quires extraluminal forces, such as hematoma, edema, or 
peripharyngeal masses. Pharyngeal manifestation of obe-
sity compresses the airway.153 Craniofacial abnormalities 
can further increase the collapsing effects of excessive 
pharyngeal extraluminal soft tissue in obese patients and 
lead to pharyngeal collapse and OSA.154 The extraluminal 
soft tissue, as well as size and shape of the bony enclosure, 
are determinants of the extraluminal pressure that need 

TABLE 14-5 SOME MUSCLES OF THE UPPER 
AIRWAY RELEVANT FOR UPPER AIRWAY 
STABILITY

Activity (Tonic* and Phasic†)

Muscle Insp. Exp.

Tensor palatini153 + + –
Levator palatine153 + + –
Genioglossus154 + + –
Geniohyoid155 + – +
Thyrohyoid X X X

+, present; –, absent; X, insufficient data.
Major muscles of the upper airway and their activity during breathing. 

Tonic activity, as well as inspiratory [Insp.] and expiratory [Exp.] muscle 
activity.

*Tonic activity is noted in columns 2 through 4.
†Phasic activity is noted in columns 3 and 4.
to be antagonized by the upper airway dilator muscle 
contraction during inspiration, to avoid an upper airway 
obstruction related apnea.154 In addition, the upper air-
way is more vulnerable to collapse in the supine position 
than in the lateral or sitting positions.155-157 These im-
provements in airway patency caused by the lateral and 
sitting positions as compared with the supine position are 
due to gravitational effects.

Excessive intravenous fluid administration can affect 
upper airway patency. In awake, healthy volunteers, 
the inflation of antishock trousers displaced so much 
fluid from the lower extremities that neck circumference 
increased, the pharynx narrowed,158 and the upper air-
way had a lower threshold for collapse.159 This concept 
is reinforced in studies of subjects with lower extremity 
venous insufficiency160 and congestive heart failure.161 
These studies have shown nocturnal redistribution of 
fluid from the lower extremities into the neck increases 
upper airway collapsibility160 and the severity of central 
apnea and OSA.161

Another important component of airway patency is 
the interplay between lung volume and upper airway col-
lapsibility. Higher end-expiratory lung volumes are asso-
ciated with a decrease in upper airway resistance to airflow 
in awake healthy humans,162 and an increase in upper 
airway lumen dimensions in subjects with and without 
OSA.163 The mechanism for the interaction between 
upper airway patency and lung volume is thought to lie 
in the generation of longitudinal traction forces in the 
trachea.164,165 Upon inspiration, the lung inflates and 
effectively forces the carina into a more caudal position, 
creating stretching forces on the fixed trachea.164 These 
forces are transferred to the upper airway walls through 
assorted soft tissue connections, resulting in improved 
upper airway dilatation.165 Effectively, tracheal traction 
allows the respiratory pump muscles to contribute to 
upper airway patency.

collApsing intrAlUMinAl pressUre. The respiratory 
pump is the motorized action driving inspiration and 
expiration. It is the force that broadens the thoracic cav-
ity and creates negative intrathoracic pressure to draw a 
breath in, and, when needed, positive intrathoracic pres-
sure to exhale rapidly. Inspiratory pump muscles are an 
anatomically diverse group with the most studied be-
ing the muscles of the thoracic wall and the diaphragm, 
which accounts for 60% to 70% of lung volume change 
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during simple respiration.166 During inspiration, the vol-
ume of the thoracic cavity increases as a result of con-
traction of the diaphragm and the external intercostal 
muscles. The lungs expand secondarily to the increased 
negative intrathoracic pressure generated by these phasic 
actions of the inspiratory pump muscles. The negative 
intrathoracic pressure translates into a negative intralu-
minal pressure in the upper airway, forcing the airway 
to collapse as soon as this pressure drops below a critical 
value.167,168

Although this critical airway pressure is typically nega-
tive (approximately –5 cm H2O) in paralyzed healthy 
controls, the upper airway in patients with OSA has been 
shown to collapse when paralyzed, and positive intralu-
minal pressure is required for reopening the airway in 
patients with OSA.169 Thus, the two compressing factors, 
negative intraluminal pressure and positive extraluminal 
pressure, need to be actively compensated by muscular 
activity of the upper airway dilator muscles to maintain 
airway patency.108

wAkeFUlness stiMUlUs AnD sleep. Excitatory inputs to 
the upper airway motoneurons (e.g., hypoglossal moto-
neurons) include those from serotoninergic and noradr-
energic neurons that fire predominantly during wake-
fulness,170-173 resulting in a “wakefulness stimulus” that 
increases the activity of upper airway dilator muscles 
during this arousal state. On sleep onset, this arousal-
dependent neuronal input (active awake, less active, or 
inactive asleep) disappears, leading to a decrease in upper 
airway muscle activity and causing increased upper air-
way resistance in healthy controls and airway collapse in 
patients with OSA.174-177

respirAtory AroUsAl. Respiratory arousal is arousal 
from sleep owing to cumulative and progressive increases 
in stimuli related to breathing (hypoxia, hypercapnia, 
and respiratory effort).178

Three primary inputs contribute to arousal-related res-
toration of breathing following an apnea (Figure 14-10):

 1.  Peripheral and central chemoreceptors sensitive to par-
tial pressures of oxygen and carbon dioxide179

 2.  Sensors in the upper airway responsive to negative 
pressure generated by the respiratory pump150,151

 3.  Cortical inputs directly related to state of conscious-
ness or wakefulness177

  

Any of these inputs can restore respiratory muscle tone 
if the magnitude is sufficient. Cortical awakening from 
sleep, identified by EEG signs of wakefulness, is an ade-
quate stimulus for ventilation. Importantly, obstructive 
apneas, such as upper airway collapse in OSA, can be ter-
minated by increased drive to the respiratory muscles not 
involving cortical arousal.180 For example, hypercarbia 
resulting from sustained hypopnea179 and elevated upper 
airway negative pressure150,151 can independently restore 
tone to the respiratory muscles. The level of drive pro-
vided to the respiratory muscles depends on the summa-
tion of stimuli in the central respiratory pattern generator 
output, including peripheral and central chemo-respon-
siveness, reflex responsiveness to the negative airway 
pressure, and strength of the wakefulness drive.

tReatMent. Adequate treatment of OSA improves noc-
turnal oxygen saturation as well as duration and quality 
of sleep, which translates to reduced daytime sleepiness 
and associated functional daytime impairments, and 
improved quality of life. Successful treatment of OSA 
reduces cardiovascular risk, improves insulin sensitivity, 
and increases neurobehavioral performance.181-184 There-
fore all patients with a diagnosis of OSA should be offered 
a sufficient treatment of the disorder as soon as the diag-
nosis of OSA has been established and its severity has been 
Figure 14-10. Effects of respiratory arousal 
on upper airway dilator and respiratory pump 
muscles. Respiratory arousal is composed 
of three primary inputs: central respiratory 
pattern generator processing peripheral 
and central chemoreceptor afferents, reflex 
responsiveness to the magnitude of nega-
tive pressure in the airway generated by the 
respiratory pump muscles, and strength of 
the wakefulness stimulus. Different factors 
can impair respiratory arousal, such as sleep 
and neurologic pathologies, anesthetics, and 
opioids. Blue arrows indicate excitatory effect; 
yellow arrows indicate inhibitory effect. MN, 
motor neuron. (Modified from Sasaki N et al: 
Postoperative respiratory muscle dysfunction: 
pathophysiology and preventive strategies, 
Anesthiology 118:961-978, 2013.)

Cortical function

Brain stem function
Negative
pressure

reflex

Sleep
Neurolgical pathologies
(Delirium, Stroke)
Anesthetics, Opioids

Central respiratory
pattern generator

Anesthetics
Opioids

Respiratory pump muscles Upper airway dilator muscles

Respiratory
arousal

Wakefulness

MNs MNs MNs

Chemoreceptors
(PO2, PCO2, pH)



Chapter 14: Sleep Medicine 317

d
d
d
t
e

l
c
p
s
i
O
e
t
o
t
t
i
a
i
m
o
h
t
S
t
s
o
m
a
m
(
p

t
s
i
b
p
d
p
l
s

etermined by objective testing (i.e., PSG).28,31 Although 
ifferent treatment options for OSA have been developed 
uring the last decades (Table 14-6), noninvasive ventila-
ion with positive airway pressure (PAP) is still the most 
ffective treatment for OSA of all severities.189,190

positiVe AirwAy pressUre treAtMent. Noninvasive venti-
ation as a treatment for sleep disordered breathing is typi-
ally applied continuously (i.e., continuous positive airway 
ressure [CPAP]), which dose dependently reverses any 
leep-associated upper airway obstruction, as outlined 
n Figure 14-11. The CPAP level needed for treatment of 
SA varies between 5 and 20 cm H2O and is different for 

very patient. An overnight study is necessary to titrate 
he airway pressure to a level sufficient to abolish airway 
bstruction in each patient. After titration, the prescribed 
reatment pressure is applied continuously throughout 
he night. Although this treatment is efficient in abol-
shing the underlying pathology and daytime functions, 
s well as the long-term consequences, the effect of PAP 
mpact on outcome is limited by patient adherence,42,129 

ostly because of local side-effects at the nose or face, 
r discomfort caused by the mask.186 When applied with 
igh pressure, the amount of airflow can prevent the pa-

ient from falling asleep while using the treatment device. 
ome treatment devices offer a ramp or delay function 
hat gradually increases treatment pressure from a low 
tarting pressure to the prescribed pressure over a peri-
d of 5 to 45 minutes, allowing the patient to fall asleep 
ore easily. Some patients report difficulties exhaling 

gainst high CPAP. To avoid this problem, bilevel treat-
ent with reduced expiratory positive airway pressure 

EPAP) and a sufficiently high inspiratory positive airway 
ressure (IPAP) can be combined.

In some cases, one CPAP pressure level is not sufficient 
o treat sleep apnea. PAP devices with dynamic pres-
ure levels can improve treatment success, particularly 
n patients with a variable severity of sleep disordered 
reathing during different sleep stages. These automatic 
ositive airway pressure or autotitrating devices measure 
ifferent variables associated with hypopnea, such as oro-
haryngeal wall vibration, snoring, and inspiratory flow 

imitation and increase the airway pressure until these 
igns and symptoms of hypopnea disappear.
PAP treatment is recommended in patients with mod-
erate to severe OSA, and it is the favored treatment for 
mild OSA. PAP is superior to all other OSA treatment 
options currently available, and it is recommended as the 
primary treatment of OSA by all major pulmonary and 
sleep medicine societies of Northern America and Europe, 
including the AASM,27 the American Thoracic Society 
(ATS),29 the American College of Chest Physicians, the 
European Respiratory Society,29,186 the Canadian Tho-
racic Society,31 the American Heart Association, and the 
American College of Cardiology.32

Although CPAP is sufficient in the treatment of 
patients with OSA, patients may need different treat-
ment methods. For example, patients with mixed apneas 
(obstructive and central) or predominantly central apneas 
need a more controlled (frequency or time controlled), 
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Figure 14-11. Magnetic resonance imaging of the human upper 
airway during different levels of continuous positive airway pressure. 
Magnetic resonance imaging of the upper airway during continuous 
positive airway pressure of 0, 5, 10 and 15 cm H2O shows a dose-
dependent increase in upper airway diameter. (Obtained from Schwab 
RJ et al: Upper airway and soft tissue structural changes induced by CPAP 
in normal subjects, Am J Respir Crit Care Med 154:1106-1116, 1996.)
TABLE 14-6 TREATMENT POSSIBILITIES FOR OBSTRUCTIVE SLEEP APNEA

Treatment Procedure/Device Recommendation References

Weight reduction Reduction of body weight
Weight-loss surgery (improves success of  

weight loss)

Medium to high, SU 181, 198

Medication Drug-based treatment (e.g., tricyclic 
antidepressants, serotonin reuptake 
inhibitors, cholinergic agonists,  
carbonic anhydrase inhibitors)

NR, ID 199, 200

Surgical Nasal surgery Low, SU 8, 26, 199, 201, 202
Palatal surgery and implants Low, MC
Tongue base surgery Low, MC

Increase of muscle activity Muscle training ID 8, 203, 204
Hypoglossal nerve stimulation ID

Nonsurgical Oral appliance High, AT 41, 205
Positive airway pressure High, GS 41

AT, Alternative treatment if positive airway pressure is not tolerated; GS, gold standard; ID, data not sufficient for recommendation; MC, may be 
concerned in carefully selected patients if conservative treatment fails; NR, not recommended; SU, supportive treatment.
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noninvasive ventilation with predefined minimal respira-
tory frequency or respiratory timing that automatically 
induces the next inspiration (ventilation) if the patient 
does not induce the next breath within preset parameters.

AlternAtiVe treAtMent options. Oral appliances (OAs) 
are possible treatment options in patients with mild to 
moderate OSA who do not tolerate CPAP therapy. Two 
major designs are currently used in clinical practice: (1) 
mandibular repositioning appliance, which holds the 
mandible in an advanced position (a protrusion of at least 
50% of the maximal possible extension is recommended 
for effective treatment),186 and (2) tongue retaining de-
vices leading to repositioning of the tongue into a for-
ward position without any protrusion of the mandible. 
A multidisciplinary approach including a sleep physician 
and a dental technician experienced in oral appliances 
have been recommended for this purpose, because both 
factors are crucial for patient adherence and outcome 
from OA treatment.121 OAs are recommended in patients 
with mild to moderate OSA who do not tolerate,186 not 
respond to, fail, or are not appropriate candidates for PAP 
treatment.28

Historically, surgical treatment methods were the 
only approach to treatment of OSA, but the evidence 
of effectiveness of most of the nasopharyngeal surgical 
approaches to treatment of severe OSA is poor. However, 
tonsillectomy is beneficial in adult patients with OSA 
from tonsillar hypertrophy, and adenotonsillectomy is 
recommended in children with OSA and adenotonsillar 
hypertrophy41 (see Chapter 93). Repeated sleep testing 
following surgery is recommended to assure sufficient 
long-lasting therapeutic effects.28,186,191

Electrical stimulation of the upper airway muscles 
has recently been postulated as a new approach to treat-
ment of OSA. Hypoglossal nerve stimulation induces 
dose-related increases in airflow of sufficient magnitude 
to eliminate inspiratory flow limitation due to airway 
collapse during obstructive sleep apnea,188 but this new 
therapeutic approach cannot be recommended as a first-
line treatment of OSA.172

While pharyngeal fat deposits led to a decrease in 
pharyngeal patency, underlining the risk factor of obe-
sity,192,193 weight loss leads to a reduction in Pcrit and the 
severity of OSA168,185,194 and is recommended as adjunc-
tive treatment in all overweight patients with OSA.195 
Because long-term weight reduction is more effective 
when accompanied by weight loss surgery, bariatric sur-
gery may be considered as an adjunctive therapy in very 
obese patients (body mass index [BMI] ≥ 40 k/m2), as well 
as in those with important comorbidities and BMI of 35 
kg/m2 or greater and in whom dietary attempts at weight 
control have been ineffective.28

Oxygen is currently not recommended as primary 
treatment of OSA, but can be used as an adjunctive treat-
ment in some patients.28,187

Although OSA is more common in the older popula-
tion, it occurs in children with a peak in the incidence 
between 2 and 5 years of age (see Chapter 93). Obesity 
predicts snoring and other signs of obstructive respiratory 
events in children.121 Tonsillar and adenoidal hypertro-
phy is another important cause of OSA in children and 
can be treated surgically.196

Central Sleep Apnea
definition. Central sleep apnea (CSA) is defined as cessa-
tion of air flow without respiratory effort,197 which sepa-
rates it from OSA where respiratory effort is maintained 
during an apnea. In clinical sleep apnea, considerable 
overlap between OSA and CSA occur that need to be iden-
tified and subsequently treated.198

epideMiology. Central sleep apnea can be found in older 
patients and in patients with severe comorbidities such 
as stroke and congestive heart failure (CHF). Two stud-
ies investigated the occurrence of CSA in the general 
population. In a southern Pennsylvania cohort, CSA (AHI  
≥ 20/h) was found in 5% of men aged 65 years and older, 
but it was not found in younger men or in women of any 
age. For an AHI of 2.5 per hour and greater, the prevalence 
estimates in men younger than 45 years remains negligi-
ble, while CSA was found in 1.7% of men between 45 and 
64 years, and 12% in men older than 65 years,199,200 or 9% 
in individuals between 40 and 97 years, respectively.201

CSA mechanisms can be categorized into those with 
high loop gain and low loop gain. The most common sub-
type of CSA with an increased loop gain is CSR commonly 
seen in patients with CHF and left-ventricular systolic 
dysfunction. CSR is defined as a crescendo-decrescendo 
pattern of hyperventilation between 20 and 30 seconds 
in duration, followed by 10 to 40 seconds of hypopneas 
or apneas (Figure 14-12) usually occurring during NREM 
sleep stage 1 and 2.202 Nevertheless, CSR can also occur 
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Figure 14-12. Polysomnographic recording of an episode of Cheyne-Stokes respiration. CH, Central hypopnea; OA, obstructive apnea.
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during exercise or wakefulness. Almost one out of two 
patients with CHF shows Cheyne-Stokes respiration.203 
CSR is more common in men and worse in the supine 
body position.204

consequences and coMoRbidities. Central sleep apnea 
impairs quality of life205 and is associated with adverse 
outcome in CHF patients,206,207 but CSR by itself might 
not be just a marker of a “sicker” patient but an indepen-
dent risk factor.197,208

tReatMent. Potential respiratory therapies of CSR include 
oxygen, respiratory stimulants (e.g., CO2, theophylline, 
and acetazolamide) and CPAP. It is difficult to quantify 
whether the hemodynamic or the respiratory effects of 
CPAP are the main mechanism of treatment success. A 
pilot study in 66 patients with CHF published by Sin 
and colleagues209 showed a potential beneficial effect 
of CPAP treatment in patients with CHF with CSR on 
transplant-free survival. In these patients, cardiac func-
tion was improved after CPAP; however, this study is lim-
ited by the small number of subjects, lack of β-adrenergic 
blocker treatment in the majority of the subjects, as well 
as the absence of usage of intention-to-treat analytical 
technique. The Canadian Continuous Positive Airway 
Pressure for Patients with Central Sleep Apnea and Heart 
Failure Trial (CANPAP) failed to corroborate these find-
ings210 and did not show improvement in outcome. In 
contrast, the data suggest a harmful effect of CPAP treat-
ment in the short-term followed by a later improvement 
leading to an overall survival in this group equivalent 
to the survival in the control group. The improvements 
in morbidity also found in this study included left ven-
tricular ejection fraction. The mechanism underlying the 
short-term worsening is unclear. It may relate to hypovo-
lemia among CPAP-treated patients, which theoretically 
can decrease in cardiac output with nasal CPAP therapy 
(hypovolemic patients are pre-load dependent); whereas 
improved cardiac output with CPAP may be experienced 
in hypervolemic patients (more after-load dependent). A 
follow-up study of the CANPAP study population exam-
ined various subgroups, not prespecified in the initial 
study showing an improved outcome among the CPAP 
patients.211 Follow-up trials investigating the effect of 
newer noninvasive ventilation devices in CHF are under-
way.212,213 Because long-term data on the effect on mor-
tality and morbidity of CPAP treatment are still missing, 
it is still not completely clear how CSR should be treated 
with noninvasive ventilation. Optimization of medical 
therapy is the optimal treatment, because CSR will often 
resolve with adequate treatment of CHF (cardiac resyn-
chronization therapy and surgical treatment, such as 
heart transplant).202,214

otheR foRMs of centRal bReathing disoRdeRs. The 
term periodic breathing refers to altitude-induced breath-
ing instability that can occur in most subjects transferred 
to a high altitude, whereas ambient hypoxia caused by 
low barometric pressure leads to an increased controller 
gain108,215 or idiopathic central sleep apnea, which is a 
relatively uncommon disorder at sea level. This type of 
CSA occurs in individuals with an elevated hypercapnic 
ventilatory response (high controller gain) that leads to 
hypocapnia and respiratory control instability during 
sleep. Patients with idiopathic central sleep apnea tend 
to have low PaCO2 levels, even during wakefulness.216,217

Obesity Hypoventilation Syndrome
Alveolar hypoventilation is defined as insufficient ventila-
tion leading to hypercapnia (increased PaCO2). Mecha-
nisms of alveolar hypoventilation include central 
hypoventilation, chest wall deformities, neuromuscu-
lar disorders, chronic obstructive pulmonary disease, as 
well as severe obesity (obesity hypoventilation syndrome 
[OHS]). OHS is defined as the combination of nocturnal 
and daytime hypoventilation, usually leading to hyper-
capnia, in obese subjects (BMI ≥ 30 kg/m2) in the absence 
of other causes of hypoventilation.

The prevalence of OHS is estimated to be up to 50% in 
obese patients with OSA (see Chapter 71). It is estimated 
to occur in up to 50% of patients with a BMI of 50 kg/
m2 and greater,218 compared with 0.15% to 0.3% in the 
general adult population. Ninety percent of patients with 
OHS also suffer from OSA.219,220 OHS often remains undi-
agnosed, and the true prevalence is unclear.

Severe obesity is associated with an increase in respira-
tory drive that helps to maintain eucapnia in the presence 
of the abnormal chest wall mechanics and high work of 
breathing.221-223 In OHS, this compensatory mechanism 
is abolished,223,224 which in part might be explained by 
leptin resistance.225-228 Typically, OHS manifests as a 
reduced lung capacity, vital and functional residual capac-
ity, expiratory reserve volume, respiratory system compli-
ance, and inspiratory muscle strength, whereas response 
to CO2 might be reduced or normal. In addition, there is 
an increase in serum bicarbonate and alveolar PCO2, as 
well as in the work of breathing and leptin-levels.228,229

Impairment of the effectiveness of respiratory pump 
muscle function in patients with OHS can be explained 
by the effects of low lung volume because of central fat 
distribution, leading to a cranial displacement of the dia-
phragm during supine position.229-234 In addition, dia-
phragmatic myopathy might be a contributing factor of 
OHS.228 Treatment options include weight loss and non-
invasive ventilation.234,235

SLEEP AND ANESTHESIA: TWO UNEQUAL 
TWINS INFLUENCING PERIOPERATIVE 
MEDICINE

CLINICAL PICTURE OF SLEEP  
AND ANESTHESIA

Although physiologic sleep and anesthesia share some 
clinical features (loss of consciousness and a modulation 
of brainstem autonomic function), major differences can 
be found when closer observations of both behavioral 
states are undertaken. In contrast to anesthesia, sleep 
shows spontaneous generation and termination, ready 
reversibility by noxious stimuli, and homeostatic regula-
tion. Anesthesia does not share the stage-wise structure 
seen during physiologic sleep. Even the ether anesthe-
sia derived stages of anesthesia, which do not apply to 
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modern anesthesia, do not correspond to sleep stages 
(see Sleep Stages and Sleep Cycle). In addition, func-
tional imaging studies underline the fundamental differ-
ences during onset of anesthesia and wakefulness-sleep 
transition.

Although there are similarities in the EEG patterns 
between slow-wave sleep and anesthesia-induced uncon-
sciousness, the EEG patterns during sleep and anesthesia 
are different,235 with different frequencies and types of 
activation in EEG recorded during physiologic sleep and 
the uniform EEG picture observed during anesthesia-
induced unconsciousness (Figure 14-13).41,237

During anesthesia induction, the level of conscious-
ness continuously decreases from fully awake through 
states of reduced response to external stimuli up to a com-
pletely unresponsive patient.238 This is in contrast to the 
sharp alpha-theta EEG transitions seen while an individ-
ual proceeds from wakefulness to sleep without any tran-
sient stages. Individuals in a steady state of physiologic 
sleep can be aroused with sufficient stimulation, whereas 
drug-induced unconsciousness needs at least some drug 
elimination to occur before individuals can be aroused 
from this state.239

ACTIVATION OF SLEEP PROMOTING 
PATHWAYS DURING ANESTHESIA

The role of the endogenous sleep-promoting system 
in the mechanism of action of general anesthetics has 
recently received much attention. This hypothesis is 
attractive because of the similarities of sleep and anesthe-
sia and some evidence that anesthetically induced sleep 
could meet some of the homeostatic need for sleep.240a 
(Tung 2004). It is even more attractive because, despite 
the large database of the molecular effects of anesthetics, 
how loss of consciousness occurs is still not explained. An 
important discovery was that some of the neurons that 
are active during sleep in the VLPO are also activated by 
certain anesthetics.240-242 A second key observation was 
that inhibition of the arousal nuclei, the TMN, contrib-
utes to anesthesia.241 This effect also implicates VPLO 
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Figure 14-13. Electroencephalographic recording during sedation 
and loss of consciousness induced by anesthetics (i.e., propofol). 
Compared with physiologic sleep (see Figure 14-1), sedation shows 
electroencephalographic (EEG) traces comparable to slow wave sleep, 
indicating the sleep-inducing effect of anesthetics. Anesthesia-induced 
loss of consciousness (lower four traces), shows different EEG activity 
with reduced amplitudes and burst suppression. (Burst suppression is 
not shown in these traces.)
because it provides the major source of inhibition of the 
TMN. The idea has emerged that anesthesia-induced loss 
of consciousness is mediated by effects of the anesthet-
ics on the flip-flop switch centered in the VLPO that is 
responsible for the sharp transition from wakefulness to 
sleep and back (see Sleep Promoting and Arousal Path-
ways).239,243,244 There are a number of problems with 
this theory including, that rats and mice with complete 
lesions of the VLPO can still be anesthetized.242,245

Although lesions of VLPO lead to a transient resistance 
to volatile anesthetics,242 if some time elapses following 
a VLPO lesion, the animals show increased sensitivity to 
isoflurane anesthesia attributable to increased homeo-
static sleep drive.242,245-247 Another problem with the 
VLPO-TMN circuit hypothesis of anesthesia is that direct 
inhibition of the TMN produces sedation but not produce 
anesthesia.241

Animals that have lost VLPO neurons have profound 
insomnia; however, they still sleep, indicating the exis-
tence of other sleep-promoting pathways.93 Therefore, 
anesthesia might be the result of simultaneously driv-
ing all the endogenous sleep circuitry. This theoreti-
cal possibility is unlikely based on the key difference 
between anesthesia and sleep arousability. Sleep, but 
not anesthesia, is easily reversed or prevented by real 
or perceived environmental threats. This is the differ-
ence between the AAS being shut down by natural neu-
ral processes versus being shut off pharmacologically. 
Sleep promoting neurons work by inhibiting arousal 
pathways, but this inhibition does not and cannot pre-
vent arousal to sufficient external stimuli. The unique 
property of anesthesia to do so has to be mediated by 
an additional mechanism. Nonetheless, the finding 
that GABAergic anesthetics engage sleep pathways is 
still important and meaningful; this is undoubtedly an 
important mechanism by which this class of anesthet-
ics promotes sleep.

POSSIBLE MECHANISMS OF 
UNCONSCIOUSNESS

Defining the mechanism of anesthesia-induced loss of 
consciousness is a bold endeavor considering that the 
neurological substrate for consciousness is still unknown. 
However, the clinical characteristics of anesthesia as well 
as findings from basic science indicate that anesthetic 
drugs can induce unconsciousness mainly by altering 
neurotransmission in the cerebral cortex and possibly the 
thalamus.248,249 Whether these effects are direct or occur 
via inhibition of brainstem ascending arousal pathways, 
or both, remains to be determined.236,250 The GABA and 
NMDA receptors that are major targets of hypnotic drugs 
are found throughout the neuraxis.251,252

In anesthetized rodents, cortical neural activity is 
reduced.253 These findings are in line with positron-emis-
sion tomographic studies in humans, which revealed a 
decrease in cortical metabolic activity under general 
anesthesia.248,254

Hypnotics have also been shown to inhibit brainstem 
arousal pathways.236 Direct injection of a barbiturate 
into the mesopontine tegmental area has been shown to 
induce unconsciousness in rodents.250 Such observations 
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are in line with brain-injury studies showing that brain 
stem unconsciousness typically involves the midbrain 
paramedian region and the lateral dorsal tegmental areas 
of the pons.255

PERIOPERATIVE INTERACTIONS BETWEEN 
ANESTHESIA AND SLEEP

Anesthesia and painful surgical procedures affect sleep and 
circadian rhythms256-259 for as long as 6 months, depend-
ing on the complexity of the procedure performed.260 A 
substantial decrease in REM sleep occurs on the first night 
after surgery and anesthesia, followed by a profound REM 
rebound phenomenon on the second to fourth postop-
erative night, when REM sleep increases in both inten-
sity and amount.256,258,259 Although most anesthetics 
can lead to an impairment of sleep architecture, such as 
REM depression and reduced sleep quality during post-
surgical period, the extent of this impairment probably 
depends on the pharmacokinetics and pharmacodynam-
ics of the anesthetic drug used, as well as the duration 
of administration. Opioids impair sleep quality261,262 and 
the duration of REM sleep when given during anesthesia 
or for pain treatment.263-266 These effects of opioids can 
be mediated in part by decreasing GABAergic transmis-
sion in the oral part of the pontine reticular nucleus.267 
GABAergic anesthetics, such as sevoflurane, also suppress 
REM sleep during the postanesthesia period.268,269

The effect of propofol on sleep architecture and REM 
sleep is complex and may be dose dependent. In long-term 
ventilated, critically ill patients, propofol sedation com-
pletely abolishes REM sleep and diminishes sleep qual-
ity,270 whereas its lingering effects seem to have less intense 
effects on REM sleep.247 The effects of ketamine sedation 
on sleep architecture have not been studied in detail yet, it 
may have rather mild effects on REM duration.271

Anesthetics can affect circadian rhythms. A recent trial 
in honeybees suggested an anesthetically induced circa-
dian shift. Inside the laboratory with no outdoor cues, 
daytime anesthesia threw off the usual activity patterns 
in the hive for the next several days. In addition, cycles of 
clock gene activity showed a delay.272,273 The mechanisms 
of these effects are unclear. More specifically, although 
circadian variation in drug metabolism may be linked 
to anesthetic drug efficacy, it is unknown whether anes-
thetics themselves can directly influence the regulation 
of the circadian clock. The psychotropic effects of anes-
thetics at subanesthetic doses cannot be isolated easily 
from anesthetic effects.274 Of note, different psychotro-
pic nonanesthetics, such as opioids, have been shown to 
affect melatonin secretion indirectly, independent of the 
behavioral state anesthesia.275 Previous work in humans 
has shown that even 3 hours of anesthetic exposure in 
humans does not affect the circadian phase of the body 
temperature rhythm.276

In summary, the ability to distinguish between effects 
occurring directly on the circadian pacemaker and those 
occurring downstream from the pacemaker on other 
physiologic control systems requires extremely rigorous 
experimental conditions.

Surgical treatment itself impairs sleep, expressed as 
reduced REM sleep duration even in the absence of 
general anesthesia.261,262 Pain, inflammation, stress 
immobility, and anxiety seem to be contributing fac-
tors.277 After surgery, patients show a significant impair-
ment of sleep quality and duration. Eventually, it will 
be known whether specific anesthetics are preferable to 
avoid the adverse effects of sleep deprivation.

SLEEP AND SEDATION IN THE INTENSIVE 
CARE UNIT

Sedation is frequently required in the intensive care unit 
(ICU) to treat excessive agitation or to fulfill specific thera-
peutic needs; however, heavy sedation is associated with 
prolonged ICU and hospital stays.278 Pain is a common 
experience for most patients in the ICU,279 and failure to 
recognize that pain can result in excessive administration of 
sedatives.278 Accordingly, an aggressive approach to man-
aging pain has been strongly recommended by published 
consensus opinions regarding sedation in the ICU.280

Impaired sleep is common in ICU patients,11,281 and 
the mechanisms are intuitive: exposure to pain and anxi-
ety, inflammation, noise, light, fluid, and nutrition with-
out accounting for circadian considerations that induce 
a scenario comparable to an experimental “constant rou-
tine,” in which effects produced by rhythmicity of habits 
and environmental stimuli are artificially abolished.

Sleep duration in the ICU shows a wide inter-individ-
ual variability among ICU patients depending on envi-
ronmental conditions and the severity of the patient’s 
disease.282 Sleep fragmentation is seen in most ICU 
patients, especially during sedation and mechanical ven-
tilation.283,284 Deep NREM and REM sleep are severely 
reduced in ICU patients,285-290 and variables reflecting cir-
cadian rhythm may be abolished.291 Sedatives and pain 
medication, commonly applied during ICU treatment, 
can increase the severity of signs and symptoms of patho-
logic sleep.270 Both noninvasive ventilation and venti-
lation via breathing tube impair sleep architecture and 
quality.283,292 It is unclear how the issue of ICU-associated 
circadian disruption can be prevented or treated. Data 
suggest that some ventilator settings are less harmful than 
others; weaning procedures during daytime combined 
with a less activating ventilation mode during nighttime 
seem to improve sleep expressed as reduced numbers of 
arousal in patients requiring long-term ventilation.288,289

Studies on the use of melatonin for the treatment of 
sleep disturbances and delirium in ICU patients are too 
heterogeneous to recommend this treatment.293 Non-
pharmacologic treatments, such as earplugs and eye 
masks, have been shown consistently to improve sleep 
quality in ICU patients and possibly reduce the risk of 
delirium.294-296 Additional research is needed to describe 
the biological consequences of ICU treatment-related 
impairment of circadian rhythms, and to develop pro-
tocols that successfully prevent severe disruption of the 
physiologic rhythmicity in critically ill patients.

SLEEP-DISORDERED BREATHING AND 
AIRWAY PATENCY DURING ANESTHESIA

Perioperative complications occur more often in patients 
with OSA than in healthy controls,296,297 but the reasons 
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for this observation are unclear. It is challenging to iso-
late the effect of OSA from the known adverse effects on 
perioperative outcome of typical OSA comorbidities, such 
as hypertension, diabetes, coronary artery disease, neu-
rovascular vulnerability, and obesity. Fortunately, severe 
postoperative complications are rare. As a consequence, 
large sample size trials (30,000 to 50,000 patients) need 
to be designed to isolate a cause-and-effect relationship 
between sleep-disordered breathing and meaningful peri-
operative complications, such as severe respiratory fail-
ure, thromboembolic complications, increased hospital 
length of stay, and mortality.

OSA is not (independently of obesity) associated with 
difficult tracheal intubation or mask ventilation.298-302 
However, a recent metaanalysis reported a significantly 
higher risk of postoperative cardiac events and acute 
postoperative respiratory failure, compared with control 
subjects.303,304 These findings need to be confirmed in 
future trials with a larger sample size and a more homog-
enous population such that confounder control can be 
established. OSA is associated with postoperative delir-
ium,297,305 which is a meaningful perioperative compli-
cation associated with increased costs, morbidity, and 
mortality. However, it is currently unclear if this is due 
to repetitive hypoxia or sleep fragmentation. In contrast, 
a recent study using the Nationwide Inpatient Sample 
(NIS) database analyzed data from 1,058,710 patients 
undergoing elective surgeries. These authors showed that 
patients previously diagnosed with SDB had significantly 
higher rates of emergent mechanical ventilation, use of 
noninvasive ventilation, and CPAP, as well as increased 
rates of respiratory failure. Nevertheless, the study also 
showed that patients with SDB had better outcomes after 
emergent intubation and had lower care associated costs 
compared with their non-SDB counterparts.306 Similar 
findings were reported by the same group for data from 
91,028 patients undergoing bariatric surgery.307 In this 
study patients with a previous diagnosis of SDB had 
shorter hospital length of stay and lower total costs com-
pared with non-SDB patients. The reasons for the differ-
ences are unclear. Patients with a known history of sleep 
apnea may receive more sophisticated perioperative mon-
itoring and more aggressive treatment of their respiratory 
disease, which might also explain the higher rate of post-
operative reintubation in SDB patients reported by in the 
same group.306 Another possible explanation relates to the 
consequences of chronic nocturnal desaturation, which 
can have preventive effects in terms of the consequences 
of perioperative acute hypoxia. Most importantly, these 
findings indicate that the association of SDB and periop-
erative outcome is likely to be more than a unidirectional 
relationship. More likely is that SDB could have a dual 
effect, leading to increased rates of perioperative respira-
tory complications in patients with SDB, but additionally 
protecting the same population from the fatal conse-
quences of these complications. The mechanism of the 
potential link between OSA and postoperative respiratory 
failure, as well as postoperative delirium, is probably mul-
tifactorial. Frequent episodes of airway collapse in OSA 
lead to hypoxia, disrupted sleep, sleep inertia, daytime 
sleepiness, and increased arousal threshold from sleep, all 
of which can be considered as potential precipitating or 
augmenting factors of postoperative complications. It is 
intriguing to note that patients with OSA appear to be 
most vulnerable to hypoxia on postoperative night 2 or 
3, the time interval during which postoperative delirium 
most typically manifests.

One population that might deserve additional atten-
tion in perioperative care is patients with OHS who, com-
pared with obese patients, are more likely to be admitted 
to a hospital and require more healthcare resources.306,308 
In addition, higher rates of intensive care admission, 
lengthier long-term care requirements at discharge, and 
higher mechanical ventilation rates have been reported 
in patients with OHS compared to severe obese patients 
without OHS.307-310

In summary, patients with SDB are more vulnerable to 
developing severe perioperative complications. Neverthe-
less, it is currently unclear whether these complications 
translate to a poorer overall postoperative outcome for 
these patients.

PERIOPERATIVE MANAGEMENT IN 
PATIENTS WITH SLEEP DISORDERED 
BREATHING

The standard of care for perioperative management of 
patients with SDB depends on the severity of the disease, 
comorbidities, and the threat associated with the planned 
surgical procedure. It is probably neither feasible nor 
required to conduct a sleep study in all obese patients at 
risk for sleep apnea who are scheduled for surgery; how-
ever, high-risk patients need to be identified and treated 
perioperatively. Figure 14-14 shows an algorithm that is 
being developed at the Massachusetts General Hospital 
(MGH) in Boston. The algorithm is driven by the idea 
that patients who have been prescribed CPAP preopera-
tively should use CPAP perioperatively. In addition, the 
MGH algorithm indicates that patients characterized 
as double high-risk, in terms of surgical procedure and 
highly likelihood of meaningful sleep apnea, may need 
perioperative CPAP.

Preoperative Screening
Several strategies need to be considered to identify 
patients with SDB adequately.39,309,310 Although clini-
cal examination is the easiest and most cost-effective 
method of assessment using predisposing physical char-
acteristics, it has a poor sensitivity and specificity of only 
50% to 60% to diagnose OSA accurately.311,312 However, 
the clinical value of using questionnaires relates to the 
fact that they help to identify a high-risk perioperative 
population, independently of the question of whether 
an individual patient has OSA. For example, the STOP-
BANG questionnaire basically screens for comorbidities 
of OSA that we know increase the risk of perioperative 
complications (hypertension, obesity, male sex, older 
age) rather than direct breathing disorder–associated 
characteristics.

PSG is required to identify SDB specifically, but it can-
not be used for preoperative screening of surgical patients. 
PSG is expensive, can delay surgery, and is inconvenient 
for the patient. A multistep approach of preoperative 
screening is required. Preoperative assessment should 
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include a screening for SDB and for the current use of 
noninvasive ventilation (NIV). OSA might not represent 
a meaningful risk in patients scheduled for low-risk pro-
cedures from a surgery and anesthesia point of view (e.g., 
hardware removal, ankle block). The authors believe that 
patients with no previously diagnosed SDB undergoing a 
low-risk surgical procedure should receive standard peri-
operative monitoring and treatment.

Patients undergoing high-risk surgical procedures 
should receive further work-up using a clinical exam-
ination combined with standardized and validated 
questionnaires (e.g., Berlin).310,313 Although this diag-
nostic regimen might be a sufficient screening for OSA, 
it might be insufficient to detect OHS.307,309 A blood 
gas analysis should be considered as a method to detect 
hypercapnia as a major symptom of OHS (criterion: 
awake daytime hypercapnia [PaCO2 ≥ 45 mm Hg]). 
Alternatively, a venous bicarbonate concentration of 
27 mmol/L or greater is highly sensitive (92%) for an 
increased PaCO2, which combined with hypoxemia 
(peripheral oxygen saturation [SpO2] of 94%) indicates 
a high risk of OHS in these patients.307,309,312,314 Of note, 
OHS is a diagnosis by exclusion. Severe obstructive 
airways disease, severe interstitial lung disease, severe 
chest wall disorders (e.g., kyphoscoliosis), severe hypo-
thyroidism, neuromuscular disease, and congenital 
central hypoventilation syndrome need to be excluded, 
and further evaluation of sleep by a sleep medicine spe-
cialist before anesthesia should be considered. In these 
cases, the sleep specialist should determine the optimal 
diagnostic instruments in cooperation with the periop-
erative team, prescribe the perioperative autotitrating 
PAP device, and offer in collaboration with respiratory 
therapy specialists to improve tolerability of periopera-
tive PAP therapy.

Perioperative Management of Patients With 
Possible Sleep-Disordered Breathing
Although the data on optimal intraoperative and periop-
erative management are still limited, the techniques and 
procedures summarized in Box 14-2 might be considered 
during the perioperative management of patients with 
SDB. Patients with a history of SDB who are undergoing 
surgery and anesthesia with high risk of morbidity should 
receive an “OSA anesthesia bundle,” (see Box 14-2) that 
includes special procedures and preparations during intu-
bation, extubation, pain therapy, and perioperative PAP 
and NIV treatment.

endotRacheal intubation. Patients with OSA are fre-
quently obese, and obesity is a risk factor for difficult 
intubation.301,313-317 Patients should be preoxygenated 
efficiently before injection of the anesthetic drug. Sniff-
ing and reverse Trendelenburg position are preferred 
before intubation, which improves maintenance of the 
passive (i.e., paralyzed) pharyngeal airway in patients 
with OSA316,318 and increases functional residual capac-
ity. To reduce the duration of paralysis, nondepolarizing 
NMDAs should be used with caution supported by quan-
titative neuromuscular transmission monitoring. Imme-
diately after successful intubation, a lung recruitment 
maneuver and the application of postexpiratory positive 
airway pressure for maintaining lung volume during sur-
gery might be considered.317,319
PAP or NIV follow up by respiratory therapist until hospital discharge
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following extubation
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Figure 14-14. Clinical pathway for perioperative management of patients with sleep disordered breathing. BGAA, Arterial blood gas analysis; 
bicarb, venous bicarbonate level; BMI, body mass index; NIV, non-invasive ventilation; PACU, post-anesthesia care unit; PAP, positive airway 
pressure.
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pReaNeStheSia peRioD

 •  Consider regional anesthetic techniques techniques that mini-
mize the chance of postoperative sedation

iNDuctioN StRategy

 •  Monitoring: capnogram, tidal volume measurement
 •  Sniffing position
 •  Reverse Trendelenburg position
 •  Consider intubation without nondepolarizing NMBA, consider 

succinylcholine
 •  Triple airway maneuver with two hands
 •  Lung recruitment maneuvers immediately after intubation and 

apply PEEP for maintaining lung volume during surgery.
 •  PCV with PEEP
 •  Short-acting anesthetics and narcotics preferred
 •  Avoid high-dose steroidal NMBA
 •  Use neuromuscular transmission monitoring

iNtRaopeRative maNagemeNt

 •  Whenever possible, use of sedatives and narcotics should be 
reduced.

 •  Agents with reduced impairing effect on upper airway patency 
might be considered (e.g., ketamine, pentobarbital).

 •  Neuromuscular blockade should be monitored.
 •  Residual neuromuscular blockade should be reversed.

extubatioN aND poStaNeStheSia caRe uNit

 •  Patient should be able to cooperate before extubation. Consider 
positioning of patients in PACU bed: upper body should be 
elevated by 45 degrees, lateral position preferred to minimize 
gravitational effects on the upper airway.

 •  In case of impaired respiratory function, a plan needs to be 
defined and documented for monitoring and treatment, includ-
ing the consideration of noninvasive ventilation.

 •  Patients will be discharged to an unmonitored environment or 
home when they meet discharge criteria:

 •  Vital signs within 20% from baseline
 •  Adequate treatment of nausea
 •  Pain score ≤ 40%
 •  Aldrete-score ≥ 8
 •  Passed room air challenge test

paiN theRapy

 •  Consider nonsteroidal antiinflammatory drugs to reduce opioid 
use whenever possible, if not contraindicated.

 •  Use caution when combining opioids with sedatives or 
hypnotics.

BOX 14-2 Special Sleep-Disordered Breathing Anesthesia Bundle: Special Procedures Performed During 
Anesthesia in Patients With Diagnosed Sleep-Disordered Breathing and Positive Airway Pressure or 
Noninvasive Ventilation Treatment

NMBA, Neuromuscular blocking agents; PACU, postanesthesia care unit; PCV, patient controlled ventilation; PEEP, postexpiratory positive airway 
pressure.
intRaopeRative tReatMent. Sedatives and anesthetic 
opioids,318-321 as well as all GABAergic hypnotics and 
sedatives impair upper airway patency.320-330 Recent pre-
clinical data suggest that certain GABAergic anesthetics, 
including barbiturates328-331 and isoflurane,330,332 may 
be less harmful than others, such as propofol.329-332 Ket-
amine abolishes the impairment of upper airway patency 
during loss of consciousness and sleep.331,333 Short-acting 
anesthetics and narcotics are preferred in patients with 
OSA to reduce the risk of residual impairment of the 
upper airway after the end of anesthesia.

Nondepolarizing neuromuscular blocking drugs 
should be titrated optimally by quantitative neuromuscu-
lar transmission monitoring to avoid residual neuromus-
cular blockade, which increases the risk of postoperative 
respiratory complications.332-337 The effects of neuromus-
cular blockade should be reversed only when present, 
because inappropriate reversal by cholinesterase inhibi-
tors (e.g., neostigmine) can impair upper airway function 
in animals and humans336-339 (see Chapters 34 and 35.)

postopeRative caRe. Obstructive sleep apnea occurs dur-
ing sleep and sedation338,340; therefore, extubation should 
be delayed until recovery of consciousness, expressed as 
a patient’s ability to follow commands after emergence 
from anesthesia.

Patients should be positioned with the upper body ele-
vated by 45 degrees, which improves airway patency317,318 
and functional residual capacity. The lateral body position 
is an alternative for patients who do not tolerate an elevated 
upper body position. Noninvasive ventilation is a viable 
treatment of postoperative respiratory failure and helps 
to prevent deoxygenation and the development of post-
operative negative pressure pulmonary edema; it can also 
prevent the respiratory depressant effects of opioids.339,341

Before discharge from the postanesthesia care unit, 
vital signs should recover to values within 20% from pre-
anesthesia baseline, and a room air-challenge test should 
be conducted. Adequate treatment of nausea and pain 
should be accomplished (pain score ≤ 40% max; Aldrete-
score ≥ 8).

pain theRapy. Pain treatment is of special concern dur-
ing the postoperative period. Opioids can reduce respira-
tory function, and special caution is recommended when 
opioids are combined with sedatives or hypnotics. If not 
contraindicated, regional anesthesia and nonopioid anal-
gesics should be considered to reduce opioid use for pain 
therapy whenever possible. The most important goal is 
maintenance of adequate respiratory drive, which can be 
accomplished under opioid therapy as long as the effects 
of pain stimulus and opioids on respiratory drive are in 
optimal balance. Pain intensity typically decreases over 
time following surgery. Decreasing opioid doses are typi-
cally required to maintain the balance of decreasing and 
increasing effects on respiratory drive.

Patients with SDB being treated with PAP or NIV at home 
should proceed with these treatments throughout the peri-
operative period. Sufficient functioning of the treatment 
device needs to be assured preoperatively by the respiratory 
technician or another clinician familiar with PAP and NIV 
devices and the treatment of SDB. These patients should 
receive the same care as patients with SDB who are not 
undergoing PAP or NIV treatment (see Box 14-2).
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EFFECT OF OTHER SLEEP DISORDERS ON 
PERIOPERATIVE MANAGEMENT

Narcolepsy
Narcolepsy is a neurologic sleep disorder with a preva-
lence of 0.05% to 0.8% in most ethnic groups,340-343 and 
it is characterized by excessive daytime sleepiness, invol-
untary daytime sleep episodes, and disturbed nocturnal 
sleep. It is accompanied by sleep-associated muscular 
hypotension. Narcolepsy is divided into narcolepsy with 
or without cataplexy (sudden loss of muscle tone without 
loss of consciousness).342,344

It has been suggested that an autoimmune pathology 
against hypothalamic hypocretin (orexin) (hcrt) neu-
rons is involved in the pathogenesis of narcolepsy.343,345  
A mutation of the hcrt receptor 2 or loss of hcrt neurons 
have been shown to cause a narcolepsy-like state in dogs 
and mice,344-347 and the deficiency of hcrt has been shown 
to be associated with narcolepsy in humans.346-350 Hcrt is 
involved in control of several biological functions such 
as feeding, cardiovascular regulation, upper airway stabil-
ity, pain, locomotion, stress, and addiction.92,172,349,351 
Environmental factors play a key role in the pathogenesis 
of the disorder, as the disease concordance rate between 
monozygotic twins is only 20% to 35%.350-353

Treatment of narcolepsy consists of (1) behavioral treat-
ment, as well as pharmacologic treatment for (2) daytime 
sleepiness, and (3) cataplexies. Periodic and regular sleep 
times and scheduled daytime naps are recommended. 
Pharmaceutical treatments of daytime sleepiness include 
amphetamines, methylphenidate, modafinil, or selegiline 
(also effective for treatment of cataplexy), and cataplex-
ies can be treated using tricyclic antidepressants, selec-
tive serotonin reuptake inhibitors, or γ-hydroxybutyrate/
sodium oxybate. Medical treatment should always be 
accompanied by behavioral therapy.

Delayed emergence from anesthesia, postsurgical 
hypersomnia, and apneic episodes are in part related to 
an increased sensitivity to anesthetic drugs.352-354 Medi-
cal treatment of narcolepsy should be maintained dur-
ing the preoperative period.354-357 The most commonly 
used treatment of daytime sleepiness is modafinil, 
which acts via dopaminergic pathways and accelerates 
emergence from anesthesia.356-359 Some authors recom-
mend not using sedative premedication354-357 and to 
consider regional anesthesia.358-361 Of note, narcolep-
tic or cataplectic events can also occur during regional 
anesthesia.360-363

Restless Legs Syndrome and Periodic Limb 
Movement Disorder
Restless legs syndrome, or Ekbom syndrome, is a neuro-
logic disorder with a prevalence of 2% to 5% as defined by 
four cardinal features including: (1) the urge to move the 
limbs, usually associated with paresthesias or dysesthe-
sias, (2) aggravating effects of rest, (3) ameliorating effects 
of physical activity, and (4) symptoms that worsen dur-
ing the course of day, with a peak during the evening or 
at night. Patients with restless leg syndrome usually also 
complain about sensory symptoms in the legs.

Isolated periodic limb movements during sleep are 
a rare symptom, commonly referred to as periodic limb 
movement disorder. The characteristic periodic episodes 
of repetitive limb movements during sleep occur most 
often in the lower extremities, including the toes, ankles, 
knees, and hips, and occasionally in the upper extremi-
ties. These movements can be associated with frequent 
arousals leading to sleep disruption, causing excessive 
daytime sleepiness, which often is the only symptom 
reported by the patients themselves in the most cases.12

Symptomatic restless leg syndrome can occur in 
patients with iron deficiency and uremia, during preg-
nancy,362,364 or during the use of neurotropic medica-
tions (dopamine antagonists, neuroleptics, selective 
serotonin reuptake inhibitors, tricyclic antidepressants, 
antihistamines, caffeine, alcohol, nicotine). Although 
daytime symptoms of restless leg syndrome can be suf-
ficiently diagnosed clinically (clinical examination in 
combination with standardized questionnaires), a PSG is 
recommended to rule out SDB, especially in patients com-
plaining of daytime sleepiness or sleep fragmentation.

According to the most recent guidelines of the AASM, 
the first-line treatment of restless leg syndrome should 
consist of dopamine agonists (i.e., ropinirole and prami-
pexole) in the evening (two or three times per day in 
some patients, at least 30 minutes before the usual time 
of symptom onset). Furthermore, gabapentin enacarbil, 
levodopa with dopa decarboxylase inhibitor, or opioids 
can be used. Medication impairing the dopaminergic sys-
tem (dopamine antagonists, neuroleptics, selective sero-
tonin reuptake inhibitor, and tricyclic antidepressants, 
antihistamines, caffeine, alcohol, and nicotine) should 
be avoided, if possible.

Exacerbation of restless leg syndrome symptoms can 
follow general anesthesia,363,365 and the urge to move 
the limbs may be misinterpreted as agitation or delir-
ium.364,366 The first manifestation of restless leg syn-
drome can occur after spinal anesthesia365,367 or general 
anesthesia,366,368 and the prevalence of restless leg syn-
drome after surgery seems to be higher than expected in 
this population.362,365

To prevent perioperative exacerbation of symptoms, 
patients with restless leg syndrome should be scheduled 
for surgery early in the day, given the circadian character 
of the disorder. Restless leg syndrome medication should 
be continued until the day of surgery, whenever appropri-
ate. Drugs that block the central dopamine transmission, 
such as neuroleptics, should be avoided. In contrast, ket-
amine might be the superior anesthetic drug for patients 
with restless leg syndrome.367,369 In addition, intravenous 
or subcutaneous opioids and benzodiazepines during and 
after the surgery procedure might be beneficial in patients 
with restless leg syndrome. The best way to provide symp-
tom release in patients restless leg syndrome might be early 
mobilization after surgery. In patients who are not eligible 
for mobilization, compression treatment368,370 or intrave-
nous administration of magnesium369,371 and physiostig-
mine370,372 have been shown to lead to relief of restless leg 
syndrome symptoms. Iron and ferritin blood levels should 
be monitored closely before, during, and after surgery, 
especially in surgical cases with iron loss (i.e., bleeding), 
to prevent symptomatic restless leg syndrome symptoms.
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Perioperative and Anesthesia 
Neurotoxicity
RODERIC ECKENHOFF • VESNA JEVTOVIC-TODOROVIC

K e y  P o i n t s

 •  General anesthetic exposure in both young and elderly patients can influence 
neuronal processes, which have the potential to influence later cognitive and 
behavioral states.

 •  Clinical studies at both extremes of life are, until now, largely retrospective and 
confounded, but consistently suggest an association between surgery and long-
term cognitive outcomes.

 •  Potential mechanisms for anesthetic neurotoxicity are numerous, including calcium 
dysregulation, mitochondrial dysfunction, free-radical damage, amyloidopathy, 
and tauopathy. Important mechanisms in the developing brain are likely different 
from those in the aged brain (see also Chapter 80).

 •  The inflammatory response to surgery is important, especially with preexisting 
vulnerabilities such as aging or neurodegeneration. This conclusion implies that 
surgery and its response have a larger role in the elderly than in the young.

 •  Cognition and behavior are late manifestations of underlying toxicity and 
neurodegeneration; biochemical and imaging biomarkers enhance the ability of 
interventions to influence brain pathology and function.
Perioperative management decisions likely have conse-
quences far beyond the perioperative period. Although 
cardiovascular and cerebrovascular abnormalities 
increase risk, a more subtle and delayed effect may occur 
from uncomplicated surgery on cognitive processes. First 
identified more than 50 years ago,1 and anecdotally since, 
cognitive and behavioral disturbance after anesthesia and 
surgery at both extremes of age has now been largely vali-
dated (see also Chapters 80 and 93). This chapter recog-
nizes the increased interest in the potential mechanisms 
of durable cognitive disturbances and how they relate 
to other better understood and defined entities, such as 
Alzheimer disease (AD) in the elderly and learning dis-
abilities and attention deficit disorder in young patients. 
The authors make no assumptions regarding a relation-
ship between these disorders and reversible postoperative 
cognitive decline (POCD), which is extensively discussed 
in Chapter 99, and caution the lumping together of these 
cognitive disorders. The underlying mechanisms of dura-
ble cognitive decline in the elderly and the young are 
likely fundamentally different. For example, perhaps nei-
ther fit neatly into the term anesthetic toxicity, but rather 
the observed disorders are the result of a series of off-
pathway effects of perioperative management in general 
considering the extreme complexity of the perioperative 
period. Yet few evidence-based changes in practice can be 
offered at this point, and certainly more investigation is 
warranted.
329

DEVELOPMENTAL NEUROTOXICITY

As a result of skillful and sophisticated pediatric anes-
thesia management (see also Chapter 93), the exposure 
of very young children, including premature babies as 
young as 20 weeks postconception to general anesthesia 
is becoming common, resulting in the annual adminis-
tration of more than 3 million anesthetics to children.2 
The frequency of surgery and anesthesia has increased 
exponentially, as has the length of stays in intensive care 
units (ICUs). Heroic attempts to save premature and very 
ill infants have resulted in prolonged, deep sedation, and 
repeated anesthesia during an extremely complex and 
delicate period of human development. We must ques-
tion the safety of this practice.

In addition to many unique physiologic characteris-
tics of young children, the human central nervous system 
(CNS) is not fully developed at birth; it continues to grow 
and develop for several years postnatally.3,4 In utero, the 
CNS goes through extensive neurogenesis, which is almost 
completed by the end of the second trimester (see also 
Chapter 77). During the last trimester and the first 2 years 
or so of postnatal life, CNS development is marked by 
massive growth.4 The human brain doubles in size dur-
ing the first 6 months after birth and triples in size by 12 
months of age, largely as a result of extensive dendritic 
branching, myelination, and glia proliferation. This is also 
the period of synaptogenesis, a process requiring several 
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key events to occur in a highly synchronized fashion. 
These events include neuronal migration, differentiation, 
and dendritic branching. The formation of synapses then 
leads to neuronal maturation and creation of circuitries 
via processes that are tightly controlled by the glial cells. 
Glia actively communicate with neurons while providing 
a nurturing milieu for neuron-neuron interactions.5

DEVELOPMENTAL APOPTOSIS

The transmitter glutamate promotes all key aspects 
of neuronal development.6 The fine balance between 
γ-aminobutyric acid (GABA)-mediated versus glutamate-
mediated neurotransmission is important for proper and 
timely formation of synapses and neuronal circuitries. 
Neurons that are not successful in making meaningful 
connections are somehow marked as redundant and 
undergo programmed cell death, or apoptosis, which is 
a normal occurrence during development of the CNS. 
Although normal, apoptosis during development is 
tightly controlled, resulting in the removal of only a 
small percentage of neurons.7 However, a disturbance 
in the glutamatergic and GABAergic balance during 
this crucial stage of brain development may excessively 
signal developing neurons to self-destruct. The ques-
tion becomes whether general anesthetics, at doses that 
almost certainly disrupt the glutamate and GABA signal-
ing balance, could be promoting excessive activation of 
neuroapoptosis and the death of large populations of 
developing neurons.

General anesthetics do cause significant and wide-
spread neuroapoptotic degeneration of developing neu-
rons in various mammalian species, including mice,8,9 
rats,7 guinea pigs,10 piglets11 and nonhuman primates12-14 
(Fig. 15-1). The peak of vulnerability to anesthesia-
induced neuroapoptosis in each species coincides with 
its peak of synaptogenesis, with much less vulnerability 
observed during late stages of synaptogenesis.10,15 The 
mechanisms of anesthesia-induced developmental neu-
roapoptosis are presently being intensely studied.

Mitochondria-Dependent Apoptotic 
Cascade
The mitochondria-dependent pathway of apoptotic 
activation, also termed the intrinsic pathway, involves 
down-regulation of antiapoptotic proteins from the bcl-2 
family (e.g., Bcl-xL), increased mitochondrial membrane 
permeability, and increased release of cytochrome c into 
the cytoplasm. This, in turn, activates caspase-9 and 
caspase-3, resulting in apoptosis. Accordingly, general 
anesthesia administered at the peak of synaptogenesis 
activates the mitochondria-dependent cascade within 2 
hours and is characterized by a decrease in Bcl-xL, a rise in 
cytochrome c, and activation of caspase-9.15 Melatonin, a 
sleep hormone known to up-regulate Bcl-xL, offers some 
protection by partially inhibiting anesthesia-induced 
cytochrome c leakage and caspase-9 activation.16

Death Receptor–Dependent Apoptotic 
Cascade
Apoptosis can proceed via the extrinsic pathway, trig-
gered by the activation of death receptors. This involves 
the formation of a death-inducing signaling complex 
(DISC), which results in the activation of caspase-8 and 
caspase-3, resulting in cell death. General anesthesia pro-
motes DISC formation15 and thereby apoptosis. Studies 
suggest that anesthesia-induced activation of the intrin-
sic pathway occurs before activation of the extrinsic 
pathway.15

Neurotrophic Factor–Dependent Apoptotic 
Cascade
The neurotrophins, a family of neuronal growth fac-
tors, support neuronal survival and differentiation and 
synaptic plasticity. Thus, they are important in synap-
togenesis of the mammalian brain. Neurotrophins are 
synthesized and released by neurons; both their bio-
synthesis and secretion depend on neuronal activity. 
Extensive depression of neuronal activity can impair 
neurotrophin-regulated survival-promoting signals 
and consequently promote apoptosis. When clinically 
used general anesthetics were administered at the peak 
of synaptogenesis, the observed neuroapoptotic dam-
age was mediated, at least in part, by a brain-derived 
neurotrophic factor (BDNF)- modulated apoptotic cas-
cade.17,18 Anesthesia-induced disturbances in BDNF-
mediated neuronal survival pathways were rapid, and 
the underlying mechanisms may show region speci-
ficity. A sex hormone, β-estradiol, offers some protec-
tion against the anesthetic-induced neuroapoptosis 
by partially inhibiting anesthesia-induced caspase-3 
activation.17

Anesthetic-Induced Neuroapoptosis  
Leads to Neuronal Depletion
An important question with potential functional implica-
tion is whether the observed anesthesia-induced apopto-
sis of developing neurons results in permanent neuronal 
deletion. Careful quantification of neuronal densities 
in the most vulnerable cortical and subcortical regions 
revealed that animals treated with general anesthesia 
had as much as a 50% decrease in neuronal densities in 
these brain regions in contrast to untreated animals.10,19 
Although physiologic “pruning” of redundant neurons 
commonly is observed in the developing mammalian 
brain, only approximately 1% to 2% do not survive nor-
mal synaptogenesis. Perhaps clinical doses of anesthetic 
jeopardizes the survival of such an excess of developing 
neurons.10

Neuroapoptosis: Anesthetic Versus Changes  
in Cardiovascular and Respiratory Homeostasis
Of prime importance in clinical anesthesia is the main-
tenance of adequate oxygenation and ventilation; tissue 
perfusion; and, ultimately, the stability of vital signs. 
Because of the technical limitations imposed by the small 
size of rodent pups, these important parameters cannot 
be monitored and controlled continuously in many of 
the preclinical studies that generated the previously men-
tioned data. Thus, some of the preclinical findings may 
be a result of inadequate maintenance of physiologic 
homeostasis. To address this concern, researchers have 
used guinea pigs10 and primates,12-14 species in which it is 
technically possible to more tightly control and monitor 
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Figure 15-1. Anesthesia induces apoptotic neurodegeneration. Panels a to l are light micrographs of various brain regions of a control rat  
(a, f, h, j) and a rat exposed to isoflurane (0.75 vol%), midazolam 9 mg/kg subcutaneously, and nitrous oxide 75 vol% for 6 hours (b to e, g, i, k, l).   
Some sections were stained by the de Olmos silver method (a, b, d, f, g, k); the others were immunocytochemically stained to reveal caspase-3 
activation (c, e, h to j, l). Regions are the posterior cingulate and retrosplenial cortex (a to c), subiculum (d, e), anterior thalamus (f, g), rostral CA1 
hippocampus (h, i), and parietal cortex (j to l). The individual nuclei shown in the anterior thalamus (f, g) are laterodorsal (LD), anterodorsal (AD), 
anteroventral (AV), anteromedial (AM), and nucleus reuniens (NR). Panels m and n are electron micrographs of neurons undergoing apoptosis. 
The cell in m displays an early stage of apoptosis in which dense chromatin balls form in the nucleus while the nuclear membrane remains intact. 
The cell in n exhibits a much later stage of apoptosis in which the entire cell is condensed, the nuclear membrane is absent, and intermixing of 
nuclear and cytoplasmic constituents is seen. (From Jevtovic-Todorovic V, Hartman RE, Izumi Y, et al: Early exposure to common anesthetic agents 
causes widespread neurodegeneration in the developing rat brain and persistent learning deficits, J Neurosci 23:876-882, 2003.)
the adequacy of ventilation, oxygenation, and tissue per-
fusion. These studies confirm the smaller animal studies, 
suggesting that the histomorphologic changes observed 
are caused by general anesthesia per se and not by 
hypoxia, hypercarbia, or metabolic imbalance. Moreover, 
neither hypoglycemia9 nor hypercarbia20 significantly 
worsens anesthesia-induced developmental neuroapop-
tosis, again implicating the anesthetic as opposed to the 
physiologic state.
MITOCHONDRIAL MECHANISMS FOR 
ANESTHESIA-RELATED DEVELOPMENTAL 
NEUROTOXICITY

In addition to jeopardizing the integrity of the mitochon-
drial membrane and activating the intrinsic apoptotic 
cascade, general anesthetics cause a significant and long-
lasting disturbance in mitochondrial morphogenesis. 
Early exposure to general anesthesia causes mitochondrial 
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enlargement and disruption of the cristae and inner 
mitochondrial membrane.21 Mitochondrial regeneration 
in neurons depends on a fine dynamic balance between 
mitochondrial fusion and fission.22 Deranged fusion leads 
to mitochondrial fragmentation, whereas deranged fis-
sion leads to enlargement. Thus, general anesthetics may 
disturb this fine dynamic balance, favoring mitochondrial 
fusion. Such dysfunction may be the cause of anesthesia-
induced developmental neurodegeneration,21 especially 
because an imbalance that favors fusion may contribute 
to several adult neurodegenerative diseases.23,24

Anesthetic-induced mitochondrial enlargement may 
slow migration, delaying their delivery to highly arborized 
dendritic branches at a time when their presence is neces-
sary for normal synapse formation and development.25,26 
Anesthesia reduces the number of mitochondria in these 
distal sites21 and impairs plasticity of dendritic spines and 
the formation,27,28 stability,18 and function of developing 
synapses.29

The morphologic distortion and impairment of 
regional distribution is also accompanied by production 
of excessive reactive oxygen species (ROS) and peroxi-
dation of lipids and proteins. ROS clearly contribute to 
the development and progression of several neuronal 
diseases associated with cognitive decline, including 
Parkinson disease,30 AD,31,32 and Huntington33 disease. 
Neurons produce ROS as by-products of their high meta-
bolic activity and yet are relatively deficient in oxidative 
defenses. This vulnerability, combined with a high poly-
unsaturated fatty acid content, makes them susceptible 
to excessive lipid peroxidation and cellular damage.34 
A functional link between anesthetic-induced mito-
chondrial dysfunction, ROS up-regulation, and cogni-
tive decline may exist. Administration of either radical 
scavengers or mitochondrial permeability transition pore 
blockers with anesthetics at postnatal day 7 (the peak 
of synaptogenesis) prevented the development of learn-
ing and memory impairment as adolescents. Moreover, 
melatonin, a naturally occurring sleep hormone,16 and 
carnitine, a nutritional supplement that protects mito-
chondrial integrity,35 cause significant protection against 
neuronal apoptosis. Thus, preventing excessive lipid per-
oxidation and protecting mitochondria may be the key to 
safe use of general anesthesia during early stages of brain 
development.

ENDOPLASMIC RETICULUM 
MECHANISMS FOR ANESTHESIA-RELATED 
DEVELOPMENTAL NEUROTOXICITY

An upstream trigger for the mitochondrial and apop-
totic observations discussed earlier could be the excessive 
release of calcium from the endoplasmic reticulum result-
ing in cytosolic and mitochondrial calcium overload. In 
turn, this causes cytochrome c leak,36 further compromis-
ing mitochondrial function. Thus, the endoplasmic retic-
ulum could be an important initial target organelle of 
anesthesia-induced developmental neurotoxicity. Indeed, 
isoflurane directly activates inositol 1,4,5- trisphosphate 
receptors (InsP3R), producing an exaggerated and pro-
longed calcium release, and increases cytosolic calcium.37 
This increases mitochondrial permeability transition 
pore activity38 and modulates mitochondrial Bcl-xL 
protein, events that promote apoptotic neuronal death 
in the immature rat brain. Desflurane and sevoflurane, 
but less so propofol, activate the InsP3R and with similar 
consequences.

Calcium dysregulation is not an all-or-none phenom-
enon. Moderate increases in endoplasmic reticulum cal-
cium release may provide neuroprotection,39 whereas 
excessive release may push calcium into the toxic range. 
As a second messenger, intracellular calcium regulates 
many aspects of neuronal development, including syn-
apse formation and function, membrane excitability, 
protein synthesis, neuronal apoptosis, and autophagy—
all important elements of neuronal survival.36,40,41 Dis-
turbances in calcium homeostasis underlie some forms 
of learning and memory deficits42,43 and may play an 
important role in anesthetic-induced developmental 
dysfunction.

LYSOSOME AND AUTOPHAGY 
MECHANISMS IN ANESTHESIA-RELATED 
DEVELOPMENTAL NEUROTOXICITY

Anesthesia may produce an excess of defective organ-
elles, often referred to as biologic “garbage” that must 
be degraded to ensure neuronal survival. The process 
for clearing this debris without causing damage to the 
neuron is the multistep process, autophagy (i.e., auto-
phagocytosis). Autophagy is initiated by the formation 
of autophagosomes, double-membrane–bound cellu-
lar structures that enter lysosomes, the acidic vacuolar 
compartment that contains various lytic enzymes.44-46 
Defective organelles are autophagocytosed at a slow rate, 
resulting in lysosomal accumulation of an undegradable, 
polymeric, autofluorescent material termed lipofuscin. 
General anesthetics heighten the formation of autopha-
gic bodies,21 raising the possibility that anesthesia kills 
developing neurons in part by inducing autophagic stress, 
a form of self-cannibalism. Accordingly, a relationship 
between autophagy and neuroapoptosis may occur in 
other models of cell injury. However, whether autophagy 
is important for the initiation of apoptosis47 or whether 
autophagy and apoptosis are independent of each other 
is not known.48 Regardless, the neurotoxic effect of gen-
eral anesthetics during early stages of development may 
involve the growth and demise of neuronal organelles 
(Fig. 15-2).

ANESTHESIA-RELATED IMPAIRMENT  
OF SYNAPTOGENESIS

Exposure of rodents to general anesthetics at the peak 
of synaptogenesis results in severe, long-lasting func-
tional and ultrastructural abnormalities of synapses of 
the developing hippocampal complex29 (Fig. 15-3). This 
observation agrees with a study showing that exposure of 
mice to general anesthesia during synaptogenesis results 
in significant reductions in dendritic filopodial spines 
and synapse formation both in vivo and in vitro.18

General anesthetics are powerful modulators of synap-
togenesis not only in terms of causing significant deletion 
of neuronal synapses and neurons but also in causing 
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Figure 15-2. Anesthesia-induced pathways of developmental neurodegeneration. Three pathways are proposed: (1) The endothelial reticulum–
dependent pathway involves anesthesia-induced activation of inositol 1,4,5-trisphosphate receptors (InsP3R) causing excessive calcium (Ca2+) 
release and acute elevation of cytosolic Ca2+. This causes down-regulation of mitochondrial antiapoptotic protein, Bcl-xL, producing cytochrome c 
leak into the cytoplasm, which in turn activates apoptosis by activating caspase-9 and caspase-3. (2) The mitochondria-dependent pathway relies 
on anesthetic-induced up-regulation of reactive oxygen species (ROS), leading to the excessive lipid peroxidation of mitochondrial and endoplas-
mic reticulum (ER) membranes. Damaged mitochondrial and ER are sources of more ROS, cytochrome c, and calcium, so these cells have to be 
removed by apoptosis or autophagy. (3) The lysosome-dependent pathway involves lysosome activation by nicotinic acid adenine dinucleotide 
phosphate–gated two-pore channels (TPCs), which control Ca2+ uptake into the lysosomes. An increase in lysosomal calcium increases proteolytic 
activity, which in turn promotes the formation of autophagic vacuoles and autophagy. It is unclear whether anesthesia causes lysosomal activation 
indirectly by an increase in cytosolic Ca2+ from the ER or directly via lysosomal activation. (From Jevtovic-Todorovic V, Boscolo A, Sanchez V, Lundari N:  
Anesthesia-induced developmental neurodegeneration: the role of neuronal organelles, Front Neurol 3:141, 2012.)

A B

Control Anesthesia-treated

Figure 15-3. Anesthesia-treated animals had scarce multiple synaptic boutons (MSBs). A, The abundance of MSBs (arrows) on the neuronal 
profile of a control subiculum. In contrast, anesthesia (B) produces a reduction of synaptic contacts (magnification 12,000×). (From Lunardi N, 
Ori C, Erisir A, et al: General anesthesia causes long-lasting disturbances in the ultrastructural properties of developing synapses in young rats, Neurotox 
Res 17:179-188, 2010.)
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undue up-regulation of synaptic contacts when the expo-
sure occurs at the later stages of synaptogenesis27,28 (Fig. 
15-4). Of course, the functional outcomes of either mor-
phologic phenomenon remain to be deciphered.

LONG-TERM COGNITIVE OUTCOME  
IN ANIMALS AFTER EARLY ANESTHETIC 
EXPOSURE

The pathomorphologic findings discussed earlier make it 
clear that anesthesia exposure results in neuronal dele-
tion10,19 and long-lasting impairment of synapses in vul-
nerable brain regions.18,29 The question now is whether 
these observations translate to lasting effects on behavior.

The answer, at least in animals, is yes. The develop-
ment of cognitive abilities of animals exposed to general 
anesthetics at the peak of synaptogenesis lagged behind 
those of controls, with the gap widening into adulthood 
(Fig. 15-5). Even intravenously administrated general 
anesthetics such as propofol or thiopental in combina-
tion with ketamine (but not singly) at postnatal day 10 
alter mouse behavior later in young adulthood.49 Simi-
lar adult behavioral deficits were noted when mice were 

**
*

**
*

**
*

**

**
*

**

0.0

1.0

0.5

1.5

5 10 15 20 30 5 10 15 20 30

S
pi

ne
 d

en
si

ty
 (

µm
–1

)

B

A

PND

PND 5 PND 10 PND 15 PND 20 PND 30

Apical
Basal
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exposed at postnatal day 10 to a cocktail containing ket-
amine and diazepam.50

Although anesthesia cocktails seem to be most detri-
mental, ketamine given alone during early stages of brain 
development in rats also caused later deficits in habitu-
ation, learning, and memory.50 When anesthetic drugs 
with GABAergic and N-methyl-d-aspartate antagonist 
properties are combined, which is done frequently in 
the clinical setting (e.g., nitrous oxide [N2O] and volatile 
anesthetics or propofol and ketamine), cognitive deficits 
are more profound.7,49,50 Although causality is difficult to 
establish, anesthesia-induced neuroapoptosis (discussed 
previously) is at least in part responsible for the observed 
cognitive deficits. Whether multiple, longer-lasting expo-
sures to anesthesia cocktails during vulnerable periods 
have more effects than predicted on neurocognitive 
development is not known.

General anesthesia is rarely administered in the absence 
of surgery and its associated pain and tissue injury. Thus, 
the reported neurotoxic potential of general anesthesia 
during brain development needs to be confirmed in the 
setting of surgical stimulation. Using clinically relevant 
concentrations of N2O and isoflurane, Shu and col-
leagues51 found that nociception enhanced neuroapop-
tosis and worsened long-term cognitive impairments in 
contrast to anesthesia alone (Fig. 15-6). On the other 
hand, Liu and colleagues52 found that noxious stimula-
tion attenuated the apoptotic effect of ketamine anes-
thesia. Resolution is needed in these conflicting results 
in the combined effects of surgery and anesthesia in the 
neonate.

Results from rodent studies usually translate poorly 
to humans, but newly emerging behavioral studies with 
nonhuman primates suggest that translation is likely. 
Paule and colleagues53 examined the effects of continu-
ous neonatal (age 5 or 6 days) ketamine infusion (24 
hours) sufficient to maintain a light surgical plane of 
anesthesia on behavioral development in primates. They 
observed that ketamine-treated primates exhibit long-
term disturbances in all important aspects of cognitive 
development, such as learning, psychomotor speed, con-
cept formation, and motivation. These effects occurred 
despite an absence of physiologic or metabolic trespass. 
Although 24 hours of anesthetic exposure would be con-
sidered unusual, it certainly occurs, especially in critically 
ill patients of all ages.

LONG-TERM COGNITIVE AND BEHAVIORAL 
DEFICITS IN HUMANS AFTER CHILDHOOD 
SURGERY

The effects of perioperative events on the psychologi-
cal and emotional development of children have been 
known for decades. In 1945, Levy’s retrospective study54 
was the first to make an association between relatively 
short surgical procedures, such as tonsillectomy, adenoid-
ectomy, or appendectomy, in otherwise healthy children 
and the development of new behavioral problems such 
as terrors, dependency, destructiveness, and disobedience 
within the first 6 postoperative months. Most of the sensi-
tive children were in the youngest age group; 33% to 58% 
of them were between 0 and 2 years of age. We now know 
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Figure 15-5. Effects of neonatal anesthetic cocktail treatment on spatial learning. Typical cognitive studies demonstrate durable anesthetic-induced 
defects. A, Rats were tested at P32 for their ability to learn the location of a submerged (not visible) platform. ANOVA analysis of data on the length 
of escape paths yielded a significant main effect of treatment (P = 0.032) and a significant treatment by blocks of trials interaction (P = 0.024). These 
results indicated that the place-training performance of rats given an anesthetic cocktail (0.75-vol% isoflurane with midazolam at 9 mg/kg, s.c., and 
nitrous oxide at 75-vol% for 6 hrs) was significantly inferior to that of control rats. Subsequent pairwise comparisons indicated that differences were 
greatest during blocks 4, 5, and 6 (P = 0.003, 0.012, and 0.019, respectively). However, rats given the anesthetic cocktail improved their performance 
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that the incidence of surgery-associated  psychological 
disturbances ranged from 9% to 20% and that children 
younger than 2 years of age were at most risk. Further-
more, the risk was independent of the anesthetic drug 
used,55-58 and in some cases the behavioral disturbances 
persisted for months and even years. In a prospective mul-
ticenter survey of 551 children, Campbell and associates59 
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Figure 15-6. Cognitive function assessed with trace fear condition-
ing. To test the combined effect of noxious stimulation and anesthesia, 
P7 rats received 70% nitrous oxide plus 0.75% isoflurane with or with-
out noxious stimulation (formalin paw injection or skin incision). At 
40 days of age, the rats were tested with a fear-conditioning assay, in 
which longer freezing times reflect better memory. A-C show that the 
addition of noxious stimulation to the anesthetic at P7 actually further 
reduces cognitive performance as young adults. (From Shu Y, Zhou Z, 
Wan Y, et al: Nociceptive stimuli enhance anesthetic-induced neuroapop-
tosis in the rat developing brain, Neurobiol Dis 45:743-750, 2012.)
found a 47% overall incidence of new behavioral prob-
lems, including anxiety, nightmares, and attention seek-
ing, and again noted a relatively more frequent risk in 
those having procedures in the first 2 years of life.

Because the behavioral changes were independent of 
drug or technique, the emotional shocks of hospitalization, 
separation from family, and the physical traumas of surgical 
intervention, including pain, fluid imbalance, nutritional 
changes, and blood loss, were thought to cause the regres-
sive behavioral changes. However, the relationship between 
anesthesia and acute personality changes was suggested in 
1953, when Eckenhoff56 published a retrospective study of 
612 patients younger than 12 years of age who had either 
a tonsillectomy or appendectomy while anesthetized with 
a variety of anesthetics (cyclopropane, N2O, morphine, and 
pentobarbital). Behavioral changes and new-onset bedwet-
ting occurred on average 2 months after surgery, with the 
most frequent incidence (57%) in those younger than 3 
years and lowest incidence (8%) in those older than 8 years.

Backman and Kopf58 were the first to suggest a rela-
tionship between anesthesia and long-term cognitive 
delay. In this report, children were anesthetized with ket-
amine and halothane for removal of congenital nevocytic 
nevi, a fairly minor procedure. Nevertheless, the authors 
reported an increased incidence of cognitive impairment, 
described as regressive behavioral changes, lasting up to 
18 months after the procedure. Again, children younger 
than 3 years of age were the most sensitive. These authors 
clearly voiced concern that general anesthetics may cause 
long-term cognitive effects.

Clinical investigations are still at an early stage, but the 
evidence that has emerged over the last few years consis-
tently points to detrimental effects of anesthetic exposure 
in young children on subsequent behavioral and cogni-
tive development.

In a population-based retrospective birth-cohort study 
of 5357 children, Wilder and associates60 found that 
children who received two or more general anesthetics 
before the age of 4 years were at increased risk for learn-
ing disability as adolescents (Fig. 15-7). Moreover, the 
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Figure 15-7. Learning disabilities in children having surgery before 
4 years of age. Only multiple surgical procedures before age 4 had a 
significant effect on the cumulative incidence of learning disability. 
(From Wilder RT, Flick RP, Sprung J, et al: Early exposure to anesthesia and 
learning disabilities in a population-based birth cohort, Anesthesiology 
2009;110:796-804.)
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risk increased with longer cumulative exposure duration 
(>2 hours). Of particular concern is their finding that the 
cohort exposed to anesthesia before 4 years of age had 
cognitive scores that were 2 standard deviations below 
predicted. This implies that early exposure to general 
anesthesia may have prevented achievement of full cog-
nitive potential. In an even larger population study, Sun 
and co-workers61 assessed learning disabilities in 228,961 
individuals. Children who had procedures requiring anes-
thesia before 3 years of age required more Medicaid ser-
vices for learning disability than did children not having 
these procedures. Kalkman and associates62 also found 
more learning deficits in a similarly exposed but smaller 
population of children in the Netherlands. Procedures 
in premature infants have also been associated with an 
excess of behavioral disabilities later in life. For example, 
surgically treated premature infants with patent ductus 
arteriosus63 or necrotizing enterocolitis64 had worse neu-
rologic outcomes than did premature infants who were 
treated medically.

A recent retrospective clinical study examined the asso-
ciation between procedures requiring general anesthesia 
before the age of 2 years and the occurrence of attention 
deficit/hyperactivity disorder (ADHD) up to the age of 19 
years.65 As found in the prior Wilder study,60 only the 
cohort having two or more exposures before 2 years of 
age was associated with ADHD; the lack of association in 
single exposures was not explained by anesthetic type or 
comorbidities (Fig. 15-8).

Despite the limitations inherent in retrospective clini-
cal studies, such as lack of randomization, unmatched 
controls, and numerous uncontrolled (and unknown) 
variables, this study points to yet another behavioral 
impairment that could be associated with early exposure 
to anesthesia. But association does not imply causality. A 
measure of caution is advisable because the effects of sur-
gery or the illness requiring surgery cannot be clearly sepa-
rated from the effects of anesthesia in retrospective clinical 
studies. However, the complex issues associated with the 
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Figure 15-8. Attention-deficit/hyperactivity disorder (ADHD) in 
children having surgery before 2 years of age. Similar to the data on 
learning disability (see Fig. 15-7), the largest effect on ADHD inci-
dence of prior surgery occurred in the cohort having multiple proce-
dures before 2 years of age. (From Sprung J, Flick RP, Katusic SK, et al: 
Attention-deficit/hyperactivity disorder after early exposure to procedures 
requiring general anesthesia, Mayo Clin Proc 87:120-129, 2012.)
design of randomized, double-blinded prospective clinical 
studies of very young patients cannot be underestimated. 
These issues include, but are not limited to, ethical con-
siderations; the lack of biomarkers of apoptosis that can 
be used safely in a living organism; the complexity and 
significance of various clinical outcomes, especially neuro-
cognitive ones; and the lack of appropriate controls.

PRACTICE GUIDELINES  
AND RECOMMENDATIONS

Although appreciation of anesthesia-induced develop-
mental neurotoxicity is rapidly emerging, it is premature 
to draw definite conclusions regarding the human risk 
in anesthesia in the developing brain. However, if devel-
opmental events (e.g., synaptogenesis) present distinct 
vulnerabilities, the timing and duration of anesthesia 
exposure might be considered in the decision whether 
to operate. The most vulnerable age group is younger 
than 4 years, but whether a specific anesthetic technique, 
surgical procedure, comorbidity, or genotype presents 
additional vulnerability is unknown and requires further 
study. A reasonable recommendation is to avoid anes-
thesia until most of the synaptogenesis has been com-
pleted and/or to limit the duration of exposure to less 
than 2 hours whenever possible. Ultimately, however, 
general anesthesia cannot be avoided in cases in which 
life-threatening conditions make frequent surgical inter-
ventions and prolonged stays in ICUs a necessity.

NEUROTOXICITY IN THE ELDERLY

See also Chapter 80.

ANESTHETICS

While they are in the central nervous system (CNS), gen-
eral anesthetics alter cognitive states. Depending on the 
drug and the duration and magnitude of exposure, the 
altered cognitive state can outlast the surgery itself for a 
considerable period, but rarely for more than a day or two. 
Thus, anesthetic drugs should be considered as candidates 
for more durable cognitive influences. Clinical studies of 
POCD, however, have not been able to find differences 
attributable to the anesthetic or the anesthetic approach, 
except for the initial International Study on Postopera-
tive Cognitive Dysfunction, which detected anesthetic 
duration as a significant risk factor. Because anesthesia 
and surgery are inextricably linked in human studies, the 
possibility that the anesthetic per se is causing the cogni-
tive deficits has been studied in cell culture and in animal 
models. Culley and associates first established a model of 
POCD in elderly rats after anesthesia alone by showing 
that isoflurane and N2O exposure caused memory and 
learning deficits that lasted at least 3 weeks,66 but not in 
younger rats.67 A later study implicated isoflurane as the 
probable cause68 rather than N2O. This was confirmed by 
work in elderly mice in which Bianchi and colleagues69 
also provided evidence for an isoflurane-induced cogni-
tive decline in a wild-type strain in the absence of sur-
gery. Few studies have rigorously compared different 
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anesthetics, but desflurane may be less provocative than 
isoflurane and the injectable anesthetics, such as propo-
fol, even less. In general, however, all of the preclinical 
investigations of anesthetic exposure alone have revealed 
only a modest and transient cognitive disturbance. This is 
consistent with the multitude of small human trials (see 
later discussion) that have not detected an association of 
POCD risk with any particular feature of anesthetic man-
agement. Yet, perhaps small vulnerable populations exist 
that have ongoing neuropathology and in which the 
anesthetic alone might have a deleterious effect.

Amyloid-β and Anesthesia
Strongly implicated in the pathogenesis of AD is amyloid-β, 
a small proteolytic fragment of a larger membrane protein 
(amyloid precursor protein [APP]) of synaptic origin but 
still unknown function. All known familial forms of AD 
involve mutations directly in the APP gene or its interac-
tors, and the only mutation found to protect against AD is 
also in this gene.70 Excessive amyloid-β accumulates extra-
cellularly and, through poorly understood mechanisms, 
begins to form oligomers and ultimately plaques (Fig. 15-9). 
Currently, the amyloid plaques are considered to be a form 
of inert material that has been sequestered, and the smaller 
oligomers are capable of causing both direct neuronal tox-
icity and an inflammatory response by interacting with 
the brain’s primary immune surveillance cell, the microg-
lia. The smoldering neurotoxic and inflammatory insult 
gradually depletes both synapses and neurons, which at 
some point, cross a threshold after which cognitive conse-
quences emerge. Most mouse models of AD involve alter-
ations in the APP gene. For example, the Tg2576 model 
incorporates the human APP gene containing the “Swed-
ish” mutation, which results in excessive proteolysis and 
release of the amyloid-β peptide. The mice develop an age-
related decline in cognition and demonstrate amyloid-β 
plaque in similar areas of the brain, as seen in humans 
(subiculum, hippocampus, and cortex) (Fig. 15-10). Inter-
estingly, exposure of elderly, symptomatic Tg2576 mice to 
anesthetics did not result in a further decline in their cogni-
tion.69 The investigators attributed these counterintuitive 
results to a “floor-effect”; in other words, the mice were 
already so compromised that an incremental effect from 
the anesthetic was undetectable. In support of this notion, 
it is known that cognitive decline in humans, once detect-
able, proceeds along a relatively relentless trajectory that 
might not respond to perturbants in either direction71 (Fig. 
15-11). This may be the primary reason for the multitude 
of failed therapeutic trials in AD, because improvement in 
already symptomatic individuals has been the most com-
mon end point. Thus, cognitive measures alone might be 
relatively insensitive to these incremental effects, but bio-
markers of the actual pathologic process have been more 
revealing.

APP processing Soluble
amyloid-β

Oligomers

Fibrils

??

Senile plaqueNeuronal
degeneration

Cognitive
dysfunction

Figure 15-9. Amyloid-β cascade hypothesis. Amyloid precursor pro-
tein (APP) is cleaved by secretase and other enzymes to produce a vari-
ety of fragments, among which is soluble amyloid-β peptide. Once a 
critical but variable concentration threshold is reached, these mono-
mers begin to aggregate into oligomers of 2 to 20 monomers. These 
oligomers, through poorly understood mechanisms cause direct cel-
lular toxicity or inflammation, which ultimately leads to cell death and 
cognitive dysfunction. In addition to causing direct toxicity, these oligo-
mers also reorganize into fibrils, which in turn attract other extracellular 
components to form the hallmark lesion of Alzheimer disease, the senile 
plaque. Whether these plaques actually contribute to neurodegenera-
tion, or simply serve as a bystander marker of it, is not yet clear.
Figure 15-10. Brain amyloidopathy. Both sections show extracellular amyloid plaque. The left section (magnification 30×) is from an Alzheimer 
mouse model stained with an anti–amyloid antibody, and the right (magnification 150×) is from human brain stained with hematoxylin and eosin only.
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Halothane exposure in the Tg2576 mouse caused 
significant increases in amyloid plaque, a hallmark bio-
marker of AD pathologic findings.69 This was the first 
study to link anesthetic exposure to AD pathologic 
findings in vivo, and a host of other studies have now 
appeared. For example, in vitro and in cell culture, the 
inhaled anesthetics promote amyloid-β production72 
and aggregation73 (see Fig. 15-9), events that accelerate 
the onset of AD.74 If and how these provocative in vitro 
effects translate to humans is not known, but it is clear 
that other factors are necessary. For example, the equiva-
lent anesthetic exposures in young transgenic mice failed 
to produce a change in amyloid burden and in fact pro-
duced an improvement in learning and memory.75 Perhaps, 
then, multiple susceptibility factors may be necessary to 
transduce anesthetic exposure to a change in pathologic 
factors and cognition.

Tau and Anesthesia
The other hallmark lesion of dementia of the AD-type 
is the neurofibrillary tangle (NFT), composed largely of 
phosphorylated and aggregated (fibrillar) τ protein. The 
τ protein is microtubule associated and regulates micro-
tubule stability and dynamics. When phosphorylated, it 
detaches from microtubules, and, if excessive, can stay 
unattached and form aggregates that eventually become 
fibrillar and cytotoxic (Fig. 15-12). This is in addition to 
leaving microtubules, essential for many cellular func-
tions, destabilized and perhaps dysfunctional. Thus, 
small molecules that stabilize microtubules have been 
shown to improve pathogenesis and behavior in animals 
and are currently in clinical trials in patients. Anesthet-
ics have not been directly implicated in the τ aggregation 
process as they have for amyloid-β, but features of the 
anesthetic state have been implicated in τ phosphoryla-
tion and detachment. For example, the enzymes respon-
sible for dephosphorylating τ (phosphatases) are very 
temperature-sensitive, and thus even the temperature 
decline of 2° to 3°C that is common in modern anesthetic 
practice can increase populations of phospho-τ, at least 
transiently. The clinical implication of transient changes 
in τ populations is unclear, but it appears that popula-
tions also can be shifted on a more permanent basis by 
repeated exposures. Le Freche and colleagues76 found 
that repeated sevoflurane exposures increased phospho-τ, 
whereas single exposures did not. Similarly, Tang and 
colleagues75 found that multiple midlife isoflurane and 
halothane exposures also increased phospho-τ durably. In 
addition to the inhaled anesthetics, propofol may modu-
late τ populations.77 The mechanistic basis for these less 
transient effects may be changes in the activity of the 
underlying kinases as opposed to phosphatases.78 Thus, 
the second hallmark lesion of AD, tauopathy, is also 
influenced by general anesthetics or physiologic states 
that commonly accompany general anesthesia, providing 
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Figure 15-12. Tauopathy pathways. The τ protein is attached revers-
ibly to microtubules, an interaction thought to stabilize the microtu-
bule polymer. It has multiple phosphorylation sites, which modulate 
microtubule binding affinity. Hyperphosphorylation not only releases 
τ from microtubules but also facilitates τ aggregation into oligomers; 
fibrils; and ultimately, large intracellular deposits termed neurofibrillary 
tangles (NFTs). Depletion of functional τ is thought to leave microtu-
bules destabilized. It is not clear whether cellular dysfunction associated 
with tauopathy is caused by a loss of function (microtubules) or gain of 
toxic function (NFTs). P, Phosphorylation site.
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Figure 15-11. Correlation of pathologic processes and disease stage. This figure emphasizes that amyloidopathy, tauopathy, and structural loss 
are well advanced before the ability to detect significant cognitive consequences. In addition, it is not clear to what degree pathologic processes 
and degeneration are reversible once cognitive decline is detected. This recent understanding makes cognitive markers of neurodegeneration of 
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additional rationale that an interaction between anesthe-
sia and AD pathogenesis might underlie postoperative 
cognitive decline.

Calcium and Anesthesia
A third major mechanism thought to underlie demen-
tia of the AD type is calcium dysregulation and is one 
mechanism that might be shared with neurotoxicity of 
the young (see earlier discussion). That anesthetics cause 
changes in calcium regulation is widely known, and this 
is likely to occur through interactions with several types 
of channels79 (Fig. 15-13). Implicated in AD is one group 
of receptor channels that control calcium release from 
the endoplasmic reticulum, specifically the ryanodine 
and the IP3 receptors. The neuronal endoplasmic reticu-
lum is a normal cellular store of calcium that is released 
in a highly regulated fashion through these channels. It is 
now thought that mutations in either of these channels, 
or exposure to drugs that interact with either, may lead to 
an exaggerated release of calcium that could trigger apop-
tosis.80 General volatile anesthetics such as halothane and 
isoflurane are known to trigger a syndrome termed malig-
nant hyperpyrexia in susceptible individuals by actions 
on the muscle-type ryanodine receptor (see also Chapter 
43); thus, it is feasible that similar but less dramatic effects 
may happen in the neuronal subtypes. Recent in vitro and 
cell culture work have also implicated the IP3 receptor as 
a direct target for the general volatile anesthetics, which 
results in an excessive dumping of calcium into the cyto-
sol.81 In vivo, calcium dysregulation induced by anesthet-
ics may require other susceptibility factors (phospho-τ, 
amyloid-β) that prime the InsP3R for excessive calcium 
release. Propofol appears to be much less provocative.

If endoplasmic reticulum calcium release contributes 
to AD pathogenesis or anesthetic-induced apoptosis, 
drugs that inhibit these channels may be useful not only 
during surgery but also as a delaying tactic for AD itself. 
Initial studies of this premise in animals using the ryano-
dine receptor inhibitor dantrolene are inconsistent, per-
haps because of difficulty in getting this drug across the 
blood-brain barrier. Further work with this and related 
drugs seems warranted.

Mitochondria and Anesthesia
These small organelles are the powerhouses of cells, and 
their function is tightly integrated with most cellular 
functions. Not surprisingly, mitochondrial dysfunction 
has been implicated in aging, in AD,82 and as a target for 
the general anesthetics. For example, anesthetics decrease 
activity of the respiratory chain,83 influence KATP chan-
nels, and directly bind to a wide variety of mitochon-
drial proteins, including those responsible for initiating 
apoptosis.84,85 Mitochondrial mechanisms for initiating 
apoptosis are covered in the earlier discussion on develop-
mental neurotoxicity, so discussion will not be repeated 
here, because the underlying mechanisms are likely to be 
similar.

Neuroinflammation and Anesthesia
That inflammation contributes to cognitive decline is 
well known. This may be transduced through the release 
of peripheral proinflammatory cytokines, such as inter-
leukin-6 (IL-6) and tumor necrosis factor–α (TNF-α), or 
through vagal afferents. That inflammatory pathways 
contribute to the dementing diseases such as AD was 
first recognized by the robust protection afforded by 
years of nonsteroidal antiinflammatory drug (NSAID) 
use by patients with arthritis.86 The literature on inflam-
mation in dementia, especially in AD, has subsequently 
increased. Inflammatory cascades clearly play at least a 
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Figure 15-13. Cellular calcium dynamics. In this much simplified scheme, anesthetics (isoflurane shown) activate both the InsP3R and RyR 
calcium release channels on the endoplasmic reticulum (ER), elevating cytosolic calcium level. This initiates several processes. First, it activates cal-
cium channels on the plasma membrane to allow further calcium entry. Second, it activates proteases (e.g., calpain) to activate caspase enzymes 
that initiate cell apoptosis. Third, excess cytosolic calcium is buffered by mitochondrial uptake, although when excessive the mitochondrial perme-
ability transition pore (MtPTP) is activated. The MtPTP then releases cytochrome C, causing further activation of caspase activity and amplifying 
apoptosis. A role for dantrolene mitigation is suggested via its known actions on the ER RyR.
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modulatory role; microglia are activated by amyloid-β, 
proinflammatory cytokines are up-regulated, and periph-
eral monocytes are recruited.87 Although the role for 
neuroinflammation is clear, prospective trials of NSAIDs 
have not duplicated these results, perhaps because of 
timing. Perioperative management frequently includes 
drugs capable of modulating inflammatory cascades (e.g., 
lidocaine, dexamethasone, ketorolac), but whether this is 
being done by anesthetics is not clear. Inhaled anesthet-
ics such as isoflurane and sevoflurane are not likely anti-
inflammatory, but literature in favor of propofol being 
antiinflammatory has increased. Certainly, propofol is a 
radical scavenger, but whether this is responsible for any 
salutary effects is not yet clear. Studies examining POCD 
have not yet exonerated propofol.

Summary
The durable effects of anesthetics alone on cognition 
and on the pathologic factors that underlie some of the 
known cognitive disorders such as AD suggests an unfa-
vorable contribution, the magnitude of which is not clear. 
In general, however, it appears from anesthetic-only stud-
ies, especially those that examined long-term effects, that 
anesthetics produce few to no cognitive effects and only 
small and often reversible pathologic effects.

SURGERY

Animal Studies
Anesthesia is indicated for the ablation of consciousness 
and pain during surgery, endoscopy, and percutaneous 
catheter procedures and is rarely used by itself. Given that 
many of these procedures elicit inflammation, they may 
contribute to cognitive problems, especially in vulnerable 
populations. That surgery itself can contribute to short-
term cognitive loss was first shown in mice exposed to 
either an injectable anesthetic alone or combined with an 
orthopedic operation.88,89 Substantial cognitive decline was 
detected, but only in the surgery group. Further, they were 
able to attribute this to neuroinflammation provoked by 
the peripheral inflammatory response, most notably the 
cytokine TNF-α.90 However, the surgery-induced cognitive 
effects were, like the anesthetic effects mentioned earlier, 
fully reversible in less than a week. Moreover, these ani-
mals were healthy and young, a group at infrequent risk 
for cognitive complications and hardly representative of 
most of our patients. The question of whether the cognitive 
consequences of surgery are more pronounced in vulner-
able populations has been recently tested in a somewhat 
different transgenic model of AD, but it is still one that 
acquires an AD phenotype and pathologic findings at 10 to 
12 months of age. In this case, desflurane anesthesia alone 
produced only a transient cognitive consequence whereas 
the addition of surgery caused a much larger decrement that 
lasted—essentially unchanged—for at least 3 months.91 
Again, the evidence supported that surgery-induced 
peripheral inflammation provoked a neuroinflammatory 
response that interacted with the AD pathologic factors to 
produce an irreversible acceleration in damage (Fig. 15-14). 
Such a mechanism may explain why everyone does not suf-
fer cognitive decline after surgery. First, patients arrive for 
surgery with vastly different vulnerabilities, most of which 
are unknown. Second, the inflammatory response to an 
intervention such as surgery is known to be enormously 
variable. Understanding both of these features may, in the 
future, allow us to predict and prevent cognitive decline.

Patient Studies
As mentioned earlier, patient studies invariably combine 
both anesthesia and surgery, but serve as the ultimate test 
of whether the notions described dictate a change in peri-
operative management. With respect to long-term cogni-
tive problems, several small retrospective studies addressed 
the question of whether anesthesia and surgery alter the 
incidence, age of onset, or trajectory of AD. In one study of 
approximately 250 subjects, the authors found that anes-
thesia and surgery significantly reduced the age of diagnosis 
but that the overall odds ratio for an ultimate diagnosis of 
AD of 1.5 was not statistically significant.92 A similar pat-
tern was seen in two other studies, suggesting that perhaps 
the negative results were the result of a lack of power.93,94 
In an examination of cardiac surgery patients, two stud-
ies had conflicting results. One compared coronary artery 
bypass graft (CABG) surgery under general anesthesia with 
percutaneous transluminal coronary angioplasty under 
sedation and found a significantly higher rate of AD in the 
CABG group.94 Looking at this question somewhat differ-
ently, Knopman and colleagues95 found that the rate of 
having had CABG surgery was no more frequent in patients 
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TABLE 15-1 CEREBROSPINAL FLUID BIOMARKERS OF NEURODEGENERATION

ADNI Cohort
Aβ42

Mean (SD)
T-τ

Mean (SD)
P-τ

Mean (SD)

T-τ

Aβ42
Mean (SD)

P-τ

Aβ42
Mean (SD)

AD
N = 102

143
(41)

122
(58)

42
(20)

0.9
(0.5)

0.3
(0.2)

MCI
N =200

164
(55)

103
(61)

35
(18)

0.8
(0.6)

0.3
(0.2)

Normal
N = 114

206
(55)

70
(30)

25
(15)

0.4
(0.3)

0.1
(0.1)

From Shaw LM, Vanderstichele H, Knapik-Czajka M, et al: Cerebrospinal fluid biomarker signature in Alzheimer’s disease neuroimaging initiative subjects. 
Ann Neurol 65:403-413, 2009.

Through the Alzheimer Disease NeuroImaging (ADNI) study (Shaw and colleagues), it has been found that levels of both amyloid-β(1-42) and τ (both phos-
phorylated and total) are associated with progressive cognitive decline characteristic of AD. These biomarkers, especially the ratio of τ to amyloid-β, are 
now being used to both establish a diagnosis of AD and to stratify patients for interventional trials.
AD, Alzheimer disease; MCI, mild cognitive impairment; SD, standard deviation.
with already diagnosed AD than in age-matched controls. 
More recently, a meta-analysis of 15 case-control studies 
was conducted, concluding that an association between 
prior anesthesia and surgery and the risk for AD could not 
be detected.96 These authors also concluded “there are few 
high quality studies in this area” and “Prospective cohort 
studies with long-term follow-up or randomized controlled 
trials are required to further understand the association 
between general anesthesia and Alzheimer’s disease.”

Investigators have begun to leverage the work taking 
place in Alzheimer disease centers across the world to 
study the impact of surgery and anesthesia, despite the 
fact that few of these centers have been systematically 
collecting data on surgery or anesthesia. In these centers, 
elderly patients with and without cognitive symptoms are 
recruited and studied extensively with a variety of tests, 
including cognition, imaging, and biomarker assays. They 
are then followed longitudinally for many years to seek 
associations between cognitive decline and the various bio-
markers. In a recently published study, the patients from 
the centers were retrospectively examined for associations 
between their cognitive trajectory and the occurrence of 
either a surgical procedure or a serious illness (requiring 
hospitalization). The small number of surgical procedures 
in these patients limited power, but the authors were able 
to conclude an absence of any relationship between cog-
nitive trajectory and either surgery or serious illness.97 In 
a similar but larger study that examined primarily hospi-
talization for serious illness, a significant association with 
subsequent cognitive trajectory was detected.98 In a subse-
quent study again using patients from Alzheimer disease 
centers, surgery and anesthesia were associated with cog-
nitive decline approximately 6 months later in contrast to 
a control group of matched patients. Most interestingly, 
larger losses of hippocampal and cortical gray matter 
volume were detected in the surgical group, suggesting 
a brain structural correlate to the cognitive defect. This 
work is one of the first to use biomarkers in establishing 
an effect of surgery and anesthesia on the brain.

Biomarkers
Especially in disorders with a very long presymptomatic 
phase, biomarkers are important to understand the linkage 
between interventions and outcomes. Neurodegeneration 
begins decades before the first memory complaints, and 
yet it is likely that this presymptomatic phase is a period 
of vulnerability, both to therapy and to acceleration by 
interventions such as surgery. Thus, biomarkers can have 
a two-pronged benefit. First, to establish this vulnerability 
preoperatively to tailor perioperative management (when 
we know how) and, second, to understand the impact 
of perioperative management on the trajectory of the 
pathology. In addition to the retrospective imaging study 
mentioned previously, several perioperative cerebrospi-
nal fluid (CSF) biomarker studies have begun to appear. 
Specific CSF biomarkers are currently a cornerstone of AD 
diagnosis. These are amyloid-β42, total τ, and phosphory-
lated τ (Table 15-1). In AD, the CSF amyloid-β42 is low and 
both forms of τ are high. The ratio of total τ to amyloid-β42 
is a very sensitive and specific predictor of AD. In a study 
of patients who have undergone CABG, Palotas and co-
workers99 found only small changes in the early postop-
erative period but significant and striking changes in an 
AD-like direction at 6 months postoperatively. In another 
study, CSF assayed before and at 24 hours after CABG 
surgery revealed large increases in proinflammatory cyto-
kines but only small changes in amyloid-β42 (99). In the 
authors’ work, CSF proinflammatory cytokines and total 
and phospho-τ were significantly elevated in patients 
24 to 48 hours after endoscopic nasal surgery, with no 
change in amyloid-β42.100 Although one of these stud-
ies suggested that total intravenous anesthesia evoked a 
smaller CSF IL-6 response than sevoflurane,100 rigorous, 
prospective comparisons of perioperative management 
on CSF biomarker outcomes have not yet been reported. 
The unique skills and opportunity that the anesthesiolo-
gist has with respect to lumbar puncture should greatly 
facilitate generation of the necessary data.

Other biomarker modalities that might reflect periopera-
tive neurotoxicity include plasma (e.g., S100β) and imaging. 
Plasma biomarkers of neuronal injury are in their infancy 
and not yet rigorously validated,101 but significant advances 
in imaging have occurred. In particular, positron emission 
tomography (PET) imaging for either glucose usage or one 
of the characteristic lesions of AD, the amyloid plaque, has 
dramatically enhanced the ability to diagnose AD, stratify 
patients for therapeutic trials, and follow the course of dis-
ease after interventions102,103 (Fig. 15-15). No perioperative 
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studies using PET imaging have appeared, and this repre-
sents an opportunity for perioperative practitioners. Simi-
larly, magnetic resonance imaging (MRI), either functional 
or structural, is being increasingly used to document neu-
rodegenerative changes.104,105 The functional MRI (e.g., 
blood-O2 level–dependent [BOLD], or arterial spin labeling 
[ASL]) is thought to reflect early events in neurodegenera-
tive diseases, whereas the structural imaging would reflect 
very late events, such as neuronal and glial depletion. Only 
a single study has retrospectively examined structural MRI 
in patients after surgery.106 These investigators found a 
small but significant decline in hippocampal and cortical 
gray matter volume an average of 6 months after surgery 
in contrast to a matched control group that did not have 
surgery (Fig. 15-16).

A final “biomarker” used to establish vulnerability is 
genetic testing. Specific genetic mutations (e.g., APPswe, 
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Figure 15-15. Positron emission tomography (PET) imaging. This 
form of “biomarker” has proved useful for evaluating brain vul-
nerability. Fluorodeoxyglucose (FDG) imaging reports brain areas 
undergoing active glucose uptake and usage. Thus, the Alzheimer 
brain (left) shows a much lower global signal than the normal brain 
(right), presumably as a result of both neuron loss and neuronal 
dysfunction. The Pittsburgh compound B (PIB) is a small carbon-
13–containing radioligand with high affinity for fibrillar amyloid 
deposits (mostly plaque); thus, the signal is much higher in the 
Alzheimer brain than in the normal brain. These imaging biomark-
ers hold promise for determining vulnerability and the response 
to therapy (or surgery). AD-BSL, Alzheimer disease—baseline; CI, 
confidence interval; MCI-BSL, mild cognitive impairment—baseline; 
NL-BSL, normal—baseline.
PS1, trisomy-21) that lead to very-high-penetrance 
“familial” neurodegeneration are rare and are respon-
sible for a small minority of disease, but no information 
on optimal perioperative management of these patients 
is available. Two susceptibility genes for late-onset, 
or sporadic, AD have been identified: TOMM40 and 
apoEε4.107 Similarly, whether perioperative management 
should be altered when faced with these patients (some 
patients are acquiring their own genetic data from pri-
vate companies) is not known. Until such time that this 
information is available, the cost of routine genetic test-
ing cannot be justified, unless these patients are enrolled 
in studies.

SUMMARY OF ADULT NEUROTOXICITY

In contrast to the case in the neonate, general anesthetics 
may be neurotoxic in the adult or elderly brain at con-
ventional clinical concentrations. On the other hand, the 
potential impact of surgery itself, via inflammatory path-
ways, is more compelling and supported by both preclini-
cal and clinical data. The neuropathologic and behavioral 
outcome of surgery in the elderly is likely to be strongly 
modulated by many patient vulnerability  factors, in addi-
tion to perioperative management decisions.

PRACTICE GUIDELINES  
AND RECOMMENDATIONS

As stated at the outset, few evidence-based changes in 
practice can be recommended except for the most obvi-
ous—not to have surgery. This will require, of course, care-
ful balancing of the risks for cognitive decline against the 
risk for not receiving needed surgery. In most cases, the 
latter risk would be higher; thus, elements of periopera-
tive management contributing to cognitive decline need 
to be identified and managed. The evidence at this point 
implicates inflammatory pathways and also suggests that 
anesthetic choice matters. Nothing has been confirmed 
in prospective clinical trials that strongly emphasizes this 
need. Finally, reliable biomarkers are needed to stratify 
patients and follow the effects of interventions.

SUMMARY AND CONCLUSIONS

The complexity of our patients and their disorders com-
bined with the complexity and perceived chaos of the 
perioperative period make it extremely difficult to prove 
what feature, if any, of the perioperative period is respon-
sible for long-term cognitive decline in the young or in 
the old. However, significant progress in the laboratory 
has made a compelling case that anesthesia and surgery 
may indeed be the cause of durable cognitive problems—
at both extremes of age. These preclinical studies have 
allowed more focused clinical studies, many of which are 
under way. It is too early to make recommendations for 
detailed changes in perioperative management, but it is 
not too early to call for more investigation into the causes 
and prevention of perioperative neurotoxicity.

Complete references available online at expertconsult.com
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Figure 15-16. Magnetic resonance 
imaging. Similar to positron emission 
tomography, this imaging biomarker 
has helped establish a link between 
prior surgery and structural defects in 
the brain. These data from reference 
106 show gray matter loss in both the 
hippocampus and cortex in a cohort 
of patients that underwent surgery 
in contrast to age-matched controls. 
Shown in the bar graph for compari-
son are the gray matter changes that 
occur in patients with mild cogni-
tive impairment and with Alzheimer 
disease. Black arrow, hippocampus; 
white arrow, lateral ventricle. AD-BSL, 
Alzheimer disease—baseline; MCI-BSL, 
mild cognitive impairment—baseline; 
NL-BSL, normal—baseline.
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The Autonomic Nervous System
DAVID B. GLICK

K e y  P o i n t s

 •  The autonomic nervous system works in concert with renin, cortisone, and other 
hormones to respond to internal and external stresses.

 •  The hallmark of the sympathetic nervous system is amplification; the hallmark of 
the parasympathetic nervous system is a limited targeted response.

 •  Inhaled and intravenous anesthetics can alter hemodynamics by influencing 
autonomic function.

 •  β-Adrenergic blockade has emerged as important prophylaxis for ischemia and as 
therapy for hypertension, myocardial infarction, and congestive heart failure.

 •  The sympathetic nervous system demonstrates acute and chronic adaptation 
to stress presynaptically and postsynaptically (e.g., biosynthesis, receptor 
regulation).

 •  Presynaptic α receptors play an important role in regulating sympathetic release.
 •  Many therapies for the treatment of hypertension are based on direct or indirect 

effects on sympathetic function.
 •  The vagus nerve is the superhighway of parasympathetic function; it 

accommodates 75% of parasympathetic traffic.
 •  Aging and many disease states (e.g., diabetes, spinal cord injury) are accompanied 

by important changes in autonomic function.
The autonomic nervous system (ANS) controls involun-
tary activities of the body outside consciousness. It is 
at once the most primitive and among the most essen-
tial of control systems—primitive in that its characteris-
tics are largely preserved across all mammalian species 
and essential in that it oversees responses to immediate 
life-threatening challenges and the body’s vital main-
tenance needs (including cardiovascular, gastrointes-
tinal, and thermal homeostasis). The ANS is divided 
into two subsystems, the sympathetic nervous system 
and the parasympathetic nervous system. A third sub-
system, the enteric nervous system, has been added 
to the original characterization of the ANS. Activation 
of the sympathetic nervous system elicits what is tra-
ditionally called the fight-or-flight response, typically 
including redistribution of blood flow from the viscera 
to skeletal muscle, increased cardiac function, sweating, 
and pupillary dilation. The parasympathetic system gov-
erns activities of the body more closely associated with 
maintenance needs, such as digestive and genitourinary 
function. A major goal of administration of anesthetics 
is maintaining optimum homeostasis in patients despite 
powerful challenges to the contrary. Safe administra-
tion of anesthetic care to patients requires knowledge of 
ANS pharmacology to achieve desirable interactions of 
anesthetics with the involuntary control system and to 
avoid responses or interactions that produce deleterious 
effects. Furthermore, disease states may impair ANS func-
tion and thereby alter the expected responses to surgery 
and anesthesia. In addition, the human stress response 
may be harmful. Modification or ablation of the stress 
response may actually improve perioperative outcome.

HISTORY AND DEFINITIONS

Initially, nerves were thought to be connected in a giant 
syncytium. Claude Bernard, a student of Magendie, pos-
tulated the theory of transmission by synapses through 
the release of chemical mediators. Later, Sherrington 
initiated a systematic study of reflexes and described 
some characteristics of reflex function. A chemist, J.J. 
Abel, first synthesized epinephrine in 1899, and his stu-
dent Langley demonstrated that it caused effects simi-
lar to those produced by stimulating postganglionic 
sympathetic neurons. Furthermore, Langley found that 
when the nerve was cut and epinephrine was injected, 
a more profound effect was produced, thus demonstrat-
ing denervation supersensitivity. From these observa-
tions, the concept of chemical transmission in the ANS 
developed. Sir Henry Dale isolated choline and subse-
quently studied acetylcholine in animals, in which he 
demonstrated that acetylcholine causes vasodilation 
and hypotension.



Chapter 16: The Autonomic Nervous System 347
Figure 16-1. Autonomic nervous 
system neurotransmission. ACh, Ace-
tylcholine; Epi, epinephrine; NE, 
norepinephrine.
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Nerves that operate by acetylcholine are called cho-
linergic, whereas those using norepinephrine are called 
adrenergic. In addition to classifying nerves, the term cho-
linergic refers to other structures or functions that relate 
in some way to acetylcholine. For instance, cholinergic 
receptors (i.e., cholinoceptors) are proteins in cell mem-
branes that interact with acetylcholine and cause the cell 
to respond in a characteristic way (e.g., muscles contract, 
glands secrete). Cholinergic agonists are drugs that act like 
acetylcholine on cholinoceptors to cause the cell to react 
in its characteristic way. They are sometimes referred to as 
cholinomimetic drugs. Cholinergic antagonists are drugs 
that react with cholinoceptors to block access by acetyl-
choline and thereby prevent its action. These drugs may 
also be referred to as cholinolytic, cholinergic-blocking, 
or anticholinergic drugs.

Because muscarine, a chemical isolated from a mush-
room, causes effects similar to those produced by acti-
vation of the parasympathetic nervous system, it was 
thought to be the endogenous parasympathetic transmit-
ter. Thus, drugs that mimic the effects of muscarine on 
parasympathetically innervated structures, including the 
heart, smooth muscles, and glands, have been called mus-
carinic drugs.

In the early 1900s, nicotine was found to interact with 
ganglionic and skeletal muscle synapses and on nerve 
membranes and sensory endings. Accordingly, drugs that 
act on these parts of the cholinergic system are called nic-
otinic drugs. Nicotinic drugs that are more specific in their 
action have been discovered and are referred to by the 
name of the system that they affect, such as ganglionic 
drugs, neuromuscular drugs, and drugs affecting nicotinic 
transmission with the central nervous system (CNS). For 
the purposes of this chapter, cholinergic nerves include 
the following (Fig. 16-1):
  

 1.  All the motor nerves that innervate skeletal muscle
 2.  All postganglionic parasympathetic neurons
 3.  All preganglionic parasympathetic and sympathetic 

neurons
 4.  Some postganglionic sympathetic neurons, such as 
those that innervate the sweat glands and certain 
blood vessels

 5.  Preganglionic sympathetic neurons that arise from the 
greater splanchnic nerve and innervate the adrenal 
medulla

 6.  Central cholinergic neurons
  

Drugs mimicking the action of norepinephrine are 
referred to as sympathomimetic, whereas drugs inhibiting 
the effects of norepinephrine are called sympatholytic. 
Adrenergic nerves release norepinephrine at the neuroef-
fector junction, whereas epinephrine and norepinephrine 
are released by the adrenal medulla.

Adrenergic receptors have been identified and subdi-
vided into α and β receptors and further subdivided into 
α1, α2, β1, β2, and other types. α2-Adrenergic receptors 
are primarily located on the presynaptic membrane and 
modulate release of norepinephrine, whereas postsynap-
tic α1-adrenergic receptors mediate smooth muscle vaso-
constriction (Fig. 16-2). β1-Adrenergic receptors are found 
primarily on cardiac tissue, and β2-adrenergic receptors 
mediate smooth muscle relaxation in some organs. 
Adrenergic neurons include the following (see Fig. 16-1):
  

 1.  Postganglionic sympathetic neurons
 2.  Some interneurons
 3.  Certain central neurons

FUNCTIONAL ANATOMY

Each branch of the ANS exhibits a different anatomic 
motif that is recapitulated on a cellular and molecular 
level. The underlying theme of the sympathetic nervous 
system is an amplification response, whereas that of the 
parasympathetic nervous system is a discrete and nar-
rowly targeted response. The enteric nervous system is 
arranged nontopographically and relies on the mecha-
nism of chemical coding to differentiate among nerves 
serving different functions.
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Figure 16-2. Preganglionic and postganglionic α 
receptors of the sympathetic nervous system. α1 Recep-
tors and β receptors are located postsynaptically on the 
membrane of the effector cell, whereas α2 receptors 
are located presynaptically on the cell membrane of 
the sympathetic nerve innervating the effector cell. NE, 
Norepinephrine.
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Figure 16-3. Autonomic nervous system. Pre, Preganglionic neuron; Post, postganglionic neuron; RC, ramus communicans. (From Ganong W: 
The autonomic nervous system. In Ganong W, editor: Review of medical physiology, ed 15. Norwalk, Conn, 1991, Appleton & Lange, p 210.)
SYMPATHETIC NERVOUS SYSTEM

The sympathetic nervous system originates from the 
spinal cord in the thoracolumbar region, from the first 
thoracic through the second or third lumbar segment. 
The preganglionic sympathetic neurons have cell bod-
ies within the horns of the spinal gray matter (i.e., the 
intermediolateral columns). Nerve fibers from these cell 
bodies extend to three types of ganglia grouped as paired 
sympathetic chains, various unpaired distal plexuses, or 
terminal or collateral ganglia near the target organ.

The 22 paired ganglia lie along either side of the ver-
tebral column. Nerve trunks connect these ganglia to 
each other, and gray rami communicantes connect the 
ganglia to the spinal nerves. The preganglionic fibers 
leave the spinal cord in the anterior nerve roots, join 
the spinal nerve trunks, and enter the ganglia at their 
respective level through the white (myelinated) ramus. 
Leaving the ganglion, postsynaptic fibers reenter the 
spinal nerve through the gray (unmyelinated) ramus 
and then innervate the pilomotor and sudomotor 
(sweat gland) effectors and blood vessels of the skeletal 
muscle and skin (Fig. 16-3). Sympathetic postganglionic 
fibers innervate the trunk and limbs through the spinal 
nerves.
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Figure 16-4. Schema of the autonomic nervous system depicting the functional innervation of peripheral effector organs and the anatomic ori-
gin of peripheral autonomic nerves from the spinal cord. The Roman numerals on nerves originating in the tectal region of the brainstem refer to 
the cranial nerves that provide parasympathetic outflow to the effector organs of the head, neck, and trunk. (From Bylund, DB: Introduction to the 
autonomic nervous system. In Wecker L, Crespo L, Dunaway G, et al, editors: Brody’s human pharmacology: molecular to clinical, ed 5. Philadelphia, 
2010, Mosby, p 95.)
The sympathetic distribution to the head and neck 
that enables and mediates vasomotor, pupillodilator, 
secretory, and pilomotor function comes from the three 
ganglia of the cervical sympathetic chain. Preganglionic 
fibers of these cervical structures originate in the upper 
thoracic segments. In 80% of people, the stellate ganglion 
is formed by fusion of the inferior cervical ganglion with 
the first thoracic ganglion on each side.

The unpaired prevertebral ganglia reside in the abdo-
men and pelvis anterior to the vertebral column and are 
the celiac, superior mesenteric, aorticorenal, and inferior 
mesenteric ganglia. Postganglionic fibers arising from 
synaptic links of the upper thoracic sympathetic fibers 
in the paravertebral ganglia form the terminal cardiac, 
esophageal, and pulmonary plexuses. The postganglionic 
fibers from the celiac, superior, and inferior mesenteric 
plexuses innervate the viscera of the abdomen and pelvis 
(Fig. 16-4).

Ganglia of the third type, the terminal or collateral 
ganglia, are small, few in number, and near their target 
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ENTERIC NERVOUS SYSTEM

Given the importance of clinical phenomena such as nau-
sea, vomiting, and alterations in bowel function associated 
with anesthesia, the third branch of the ANS is not well 
organs (e.g., the adrenal medulla). The adrenal medulla 
and other chromaffin tissues are homologous to the sym-
pathetic ganglia, and all are derived embryonically from 
neural crest cells. Unlike sympathetic postganglionic 
fibers, however, the adrenal medulla releases epinephrine 
and norepinephrine.

Sympathetic preganglionic fibers are relatively short 
because sympathetic ganglia are generally close to the 
CNS, but they are distant from the effector organs; there-
fore, postganglionic fibers run a long course before inner-
vating effector organs. Preganglionic sympathetic fibers 
may pass through multiple ganglia before synapsing, 
and their terminal fibers may contact large numbers of 
postganglionic neurons. Thus, preganglionic sympathetic 
fibers not only synapse at the ganglion of the level of 
their origin in the spinal cord but also can course up and 
down the paired ganglia. Because sympathetic response 
is not confined to the segment from which the stimulus 
originates, an amplified, diffuse discharge is allowed.

PARASYMPATHETIC NERVOUS SYSTEM

The parasympathetic nervous system arises from cranial 
nerves III, VII, IX, and X, as well as from sacral segments. 
Unlike in the sympathetic nervous system, ganglia of the 
parasympathetic nervous system are in close proximity to 
or within the innervated organ. This location of ganglia 
makes the parasympathetic nervous system more targeted 
and less robust than the sympathetic nervous system.

Preganglionic fibers of the parasympathetic nervous 
system originate in three areas of the CNS: the midbrain, 
the medulla oblongata, and the sacral part of the spinal 
cord. Fibers arising in the Edinger-Westphal nucleus of 
the oculomotor nerve course in the midbrain to syn-
apse in the ciliary ganglion. This pathway innervates the 
smooth muscle of the iris and the ciliary muscle. In the 
medulla oblongata lie parasympathetic components of 
the facial (lacrimatory nucleus), glossopharyngeal, and 
vagus (dorsal nucleus) nerves. The facial nerve gives off 
parasympathetic fibers to the chorda tympani, which 
subsequently synapses in ganglia of the submaxillary or 
sublingual glands, and to the greater superficial petrosal 
nerve, which synapses in the sphenopalatine ganglion. 
The glossopharyngeal nerve synapses in the otic ganglion. 
The postganglionic fibers innervate the mucous, salivary, 
and lacrimal glands; they also carry vasodilator fibers.

The vagus is the most important of the parasympa-
thetic nerves and transmits fully 75% of the traffic of 
the parasympathetic nervous system. It supplies the 
heart, tracheobronchial tree, liver, spleen, kidney, and 
entire gastrointestinal tract except for the distal part of 
the colon. The preganglionic fibers of the vagus are long, 
whereas the postganglionic fibers are short. Most vagal 
fibers do not synapse until they arrive at small ganglia on 
and about the thoracic and abdominal viscera. Although 
the parasympathetic nerves may synapse with a 1:1 ratio 
of nerve to effector cell, the vagal innervation of the 
Auerbach plexus may connect 1 nerve fiber to 8000 cells.

The second through fourth sacral segments contribute 
the nervi erigentes, or the pelvic splanchnic nerves. They 
synapse in terminal ganglia associated with the rectum 
and genitourinary organs.
understood. The enteric nervous system is the network of 
neurons and their supporting cells found within the walls 
of the gastrointestinal tract, including neurons within the 
pancreas and gallbladder. It is derived from neuroblasts of 
the neural crest that migrate to the gastrointestinal tract 
along the vagus nerve. Notably, the enteric nervous sys-
tem contains as many nerve cells as the spinal cord.

One major difference between the enteric nervous sys-
tem and the sympathetic and parasympathetic branches 
of the ANS is its extraordinary degree of local autonomy. 
Digestion and peristalsis occur even after spinal cord tran-
section or during spinal anesthesia, although sphincter 
function may be impaired.

Although functionally discrete, the gut is influenced 
by sympathetic and parasympathetic activity. The sym-
pathetic preganglionic fibers from T8 through L3 inhibit 
gut action through the celiac, superior, and inferior mes-
enteric ganglia; a spinal or epidural anesthetic covering 
the midthoracic levels removes this inhibition and yields 
a contracted, small intestine that may afford superior 
surgical conditions in combination with the profound 
muscle relaxation of a spinal anesthetic. The sphincters 
are relaxed, and peristalsis is normally active.

Norepinephrine within the gut is the transmitter of 
postganglionic sympathetic neurons to the gut. For exam-
ple, if the contents of the upper intestine become overly 
acidic or hypertonic, an adrenergically mediated entero-
gastric reflex reduces the rate of gastric emptying. The 
adrenergic neurons, which run to the myenteric ganglia 
of the gastrointestinal tract from the thoracic and lumbar 
spinal segments, are usually inactive in resting individu-
als. Reflex pathways within and external to the alimen-
tary tract cause discharge of these neurons. When the 
viscera are handled during abdominal surgery, reflex fir-
ing of the adrenergic nerves inhibits motor activity of the 
intestine for an extended period. This adrenergic inhibi-
tion is thought to be the basis of the common condition 
known as postoperative ileus. Loss of parasympathetic 
nervous control usually decreases bowel tone and peri-
stalsis, but over time, the increased activity of the enteric 
plexus compensates for the loss. Spinal cord lesions may 
remove sacral parasympathetic input, but cranial para-
sympathetic signals may still be carried by branches of 
the vagus nerve down to the end-organ ganglia. Thus, 
colonic dilation and fecal impaction (which may precipi-
tate hypertension in patients with autonomic dysreflexia) 
occur more often than small intestinal dysfunction.

Enteric neurons can be sensory and monitor tension 
in the wall of the intestine or its chemical contents; asso-
ciative and act like interneurons; or motor and contract 
intestinal muscles, dilate vessels, or transport water and 
electrolytes. Motor neurons in the enteric nervous system 
may be excitatory or inhibitory.

Certain plexuses play important roles in the enteric 
nervous system. The myenteric plexus, also called the 
Auerbach plexus, is a network of nerve strands and 
small ganglia lying in the plane between the external 
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longitudinal and circular muscle layers of the intestine. 
The submucous plexus (Meissner plexus) consists of nerve 
cell bodies, glial cells, and glial and neuronal processes, 
but it does not contain connective tissue or blood vessels. 
Within the ganglia, many neuronal processes contain 
vesicles that store neurotransmitters.

Unlike the sympathetic and parasympathetic nervous 
systems, in which geographic location can confer selec-
tive action, this is anatomically impossible in the gut, and 
an alternative pattern of chemical coding for function 
assumes an important organizational role. The combina-
tion of amines and peptides and their relative concentra-
tions within the enteric neuron determine its function.

Acetylcholine, the principal excitatory trigger of the 
nonsphincteric portion of the enteric nervous system, 
causes muscle contraction. Cholinergic neurons have sev-
eral roles in the enteric nervous system, including exci-
tation of external muscle, activation of motor neurons 
augmenting secretion of water and electrolytes, and stim-
ulation of gastric cells. Neural control of gastrointestinal 
motility is mediated through two types of motor neurons: 
excitatory and inhibitory. These neurons act in concert 
on the circular smooth muscle layer in sphincteric and 
nonsphincteric regions throughout the digestive tract 
and supply muscles of the biliary tree and the muscularis 
mucosae. Enteric motor neurons to the circular muscle of 
the small and large intestine are activated by local reflex 
pathways contained within the wall of the intestine. Dis-
tention evokes polarized reflexes, including contraction 
proximally and relaxation distally, which in synchrony 
constitute peristalsis. Nicotinic antagonists abolish enteric 
reflexes, thus suggesting that the sensory neurons or inter-
neurons in the pathway are cholinergic. In cases of cholin-
ergic overload, such as insecticide poisoning or an excess 
of neostigmine when reversing a nondepolarizing muscle 
relaxant (see Chapter 35), the gut (in which cholinesterase 
is inhibited) has a tendency to become hyperactive.

Many neuroactive compounds other than norepi-
nephrine and acetylcholine participate in the autonomic 
control of intestinal function. Predominant among these 
nonadrenergic noncholinergic (NANC) neurotransmit-
ters appears to be nitric oxide (NO), a primary intrinsic 
inhibitor, but other NANC neurotransmitters such as sub-
stance P, a variety of opiate peptides, vasoactive intestinal 
polypeptide (VIP), and a growing population of peptide 
hormones are also present (Table 16-1) (see Chapter 104).

FUNCTION

ORGANIZATION AND INTEGRATION

The sympathetic system, in response to internal or exter-
nal challenges, acts to increase the heart rate, arterial pres-
sure, and cardiac output; dilate the bronchial tree; and 
shunt blood away from the intestines and other viscera 
to voluntary muscles. Parasympathetic nervous input acts 
primarily to conserve energy and maintain organ func-
tion and to support vegetative processes.

Most organs of the body exhibit dual innervation, with 
input from the sympathetic and parasympathetic sys-
tems frequently mediating opposing effects (Table 16-2).1 
Stimulation of one system may have an excitatory effect 
on the end organ, whereas stimulation of the other system 
may have an inhibitory effect. For example, sympathetic 
stimulation acts on the heart to increase the rate and vigor 
of contraction and enhance conduction through the atrio-
ventricular (AV) node, whereas parasympathetic stimula-
tion acts to decrease the heart rate, atrial contractility, and 
conduction through the AV node. One of the two systems 
normally dominates a particular organ function, thus pro-
viding its “resting tone.” In a few organs, the sympathetic 
system alone provides innervation; most blood vessels, 
the spleen, and piloerector muscles are examples.

To predict the effects of drugs, the interaction of the 
sympathetic and parasympathetic system in different 
organs must be understood. Blockade of sympathetic 
function unmasks preexisting parasympathetic activity, 
and the converse relationship is also true. For example, 
administration of atropine blocks the resting muscarinic 
tone of the parasympathetically dominated heart, and 
the unopposed sympathetic tone then causes tachycardia. 
Clinically, cardiac autonomic denervation occurs with 
cardiac transplantation; it may also occur with neuraxial 
anesthesia, diabetes, and myocardial infarction (MI); and 
it can be assessed by changes in the time interval between 
successive heartbeats (i.e., beat-to-beat or heart rate vari-
ability) as a measure of sympathovagal balance.2

ADRENERGIC FUNCTION

Overview of the Effects of Sympathetic 
Mediators
Adrenergic neurons influence and adjust body functions, 
and their effects on circulation and respiration are among 
the most important (Table 16-3).

TABLE 16-1 NEUROPEPTIDES AND THEIR 
ACTIONS IN THE GASTROINTESTINAL TRACT 

Peptide Action(s)

Bombesin Multiple stimulatory effects 
(including gastrin release)

Calcitonin gene–related 
peptide

Gastric acid secretion, muscle 
constriction

Cholecystokinin Unknown
Dynorphin Opiate effects
Endothelin-1 Vasoconstriction
Galanin Muscle constriction
Leu-enkephalin Opiate effects
Met-enkephalin Opiate effects
Neuromedin U Muscle constriction, 

vasoconstriction
Neuropeptide Y Vasoconstriction
Pituitary adenylate cyclase Adenylate cyclase activation
Peptide histidine methionine Muscle relaxation, secretion
Somatostatin Multiple inhibitory effects 

(including gastrin inhibition)
Substance P Vasodilation, muscle constriction
Vasoactive intestinal 

polypeptide
Vasodilation, muscle relaxation, 

secretion

Modified from Bishop A, Polak J: The gut and the autonomic nervous system. 
In Mathias C, Bannister R, editors: Autonomic failure: a textbook of 
clinical disorders of the autonomic nervous system, ed 4. Oxford, 1999, 
Oxford University Press, p 120.
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The endogenous catecholamines norepinephrine 
and epinephrine possess α- and β-receptor agonist 
activity. Norepinephrine has minimal β2-receptor activ-
ity, whereas epinephrine stimulates β1 and β2 receptors 
(Table 16-4). α-Receptor–mediated activity is respon-
sible for most of the sympathetically induced smooth 
muscle contraction throughout the body, including 
the ciliary muscle of the eye and vascular, bronchial, 
and ureteral smooth muscle. The gastrointestinal and 
genitourinary sphincter mechanisms are stimulated by 
α-adrenergic receptors. α-Receptor agonism also medi-
ates sympathetic nervous system control of pancre-
atic insulin secretion, with stimulation of α2 receptors 
leading to decreased release of insulin from pancreatic 
TABLE 16-2 RESPONSES ELICITED IN EFFECTOR ORGANS BY STIMULATION OF SYMPATHETIC AND 
PARASYMPATHETIC NERVES 

Effector Organ
Adrenergic
Response Receptor Involved

Cholinergic
Response

Receptor
Involved

Dominant Response 
(A or C)

Heart
 Rate of contraction Increase β1 Decrease M2 C
 Force of contraction Increase β1 Decrease M2 C
Blood vessels
 Arteries (most) Vasoconstriction α1 A
 Skeletal muscle Vasodilation β2 A
 Veins Vasoconstriction α2 A
Bronchial tree Bronchodilation β2 Bronchoconstriction M3 C
Splenic capsule Contraction α1 A
Uterus Contraction α1 Variable A
Vas deferens Contraction α1 A
Gastrointestinal tract Relaxation α2 Contraction M3 C
Eye
 Radial muscle, iris Contraction (mydriasis) α1 A
 Circular muscle, iris Contraction (miosis) M3 C
 Ciliary muscle Relaxation β2 Contraction

(accommodation)
M3 C

Kidney Renin secretion β1 A
Urinary bladder
 Detrusor Relaxation β2 Contraction M3 C
 Trigone and sphincter Contraction α1 Relaxation M3 A, C
Ureter Contraction α1 Relaxation A
Insulin release from

pancreas
Decrease α2 A

Fat cells Lipolysis β1 (β3) A
Liver glycogenolysis Increase α1 (β3) A
Hair follicles, 

smooth muscle
Contraction

(piloerection)
α1 A

Nasal secretion Decrease α1 Increase C
Salivary glands Increase secretion α1 Increase secretion C
Sweat glands Increase secretion α1 Increase secretion C

From Bylund, DB: Introduction to the autonomic nervous system. In Wecker L, Crespo L, Dunaway G, et al, editors: Brody’s human pharmacology: molecular to 
clinical, ed 5. Philadelphia, 2010, Mosby, p 102.

A, Adrenergic; C, cholinergic; M, muscarinic.

TABLE 16-3 EFFECTS OF ACTIVATION OF THE SYMPATHETIC NERVOUS SYSTEM

Site of Action Stimulation Inhibition

Heart Rate, conduction, contractility
Blood vessels Vasoconstriction (skin, gut, liver, heart, kidney) Vasodilation (skeletal muscle, heart, brain)
Respiration Respiratory center (increased drive to breath)

Bronchodilation
Gastrointestinal tract Sphincters (increased tone) Smooth muscle peristalsis
Genitourinary tract Sphincters (increased tone) Ureteral and uterine muscle contraction
Metabolic and endocrine effects Glycogenolysis (muscle, liver) Insulin release (α stimulation or β1 antagonism)

Gluconeogenesis Lipolysis
Insulin release
Renin release
ADH release

ADH, Antidiuretic hormone or arginine vasopressin.
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β cells. In the peripheral vasculature, α1 and α2 recep-
tors modulate vascular tone in response to humorally 
borne neurotransmitters and exogenously administered 
drugs.
β-Receptor agonism is primarily responsible for sym-

pathetic stimulation of the heart, relaxation of vascular 

TABLE 16-4 ADRENERGIC RECEPTOR 
DIFFERENTIATION

Receptor Stimulation Inhibition

α
Blood vessels Vasoconstriction 

(skin, gut, kidney, 
liver, heart)

Gastrointestinal tract Sphincters
Genitourinary tract Sphincters
Metabolic and 

endocrine effects
Insulin release

β
Heart (1) Rate, conduction, 

contractility
Blood vessels (2) Vasodilation 

(skeletal 
muscle, heart, 
brain)

Respiration (?) Respiratory center
(2) Bronchodilation

Gastrointestinal tract (2) Smooth 
muscle

Genitourinary tract (2) Ureteral and 
uterine muscle

Metabolic and 
endocrine effects

(2) Glycogenolysis 
(muscle, liver)

(1) Lipolysis
(2) Gluconeogenesis
(1) Insulin release
(?) Renin release
(?) Antidiuretic 

hormone release

(1), Mediated by β1 receptors; (2), mediated by β2 receptors; (?), contro-
versial.
and bronchial smooth muscle, stimulation of renin 
secretion by the kidney, and several metabolic conse-
quences, including lipolysis and glycogenolysis. The β1 
receptor is thought to primarily be involved in cardiac 
effects3 and release of fatty acids and renin, whereas β2 
receptors are primarily responsible for smooth muscle 
relaxation and hyperglycemia. In specialized circum-
stances, however, β2 receptors may also mediate cardiac 
activity. Although acute changes in arterial pressure 
and heart rate can be caused by norepinephrine or epi-
nephrine, chronic hypertension does not appear to be 
related to circulating levels of these hormones.4 Nota-
bly, 85% of resting arterial pressure is determined by 
the level of renin activity (Fig. 16-5). An additional 
important effect of epinephrine is to increase gap junc-
tions in bone and thereby cause an increase in circulat-
ing blood elements.5

Psychological and physical stimuli may evoke differ-
ent sympathetic compensatory responses. Public speak-
ing activates the adrenal gland with a disproportionate 
rise in serum epinephrine, whereas physical exercise 
elicits primarily a marked rise in serum norepinephrine.6 
Thus, the stress response should not be thought of as a 
uniform response; it can vary in mechanism, intensity, 
and manifestations.

Blood Glucose
Sympathetic nervous stimulation of β receptors increases gly-
cogenolysis in liver and muscle and liberates free fatty acids 
from adipose tissue, thereby ultimately increasing blood 
glucose levels. In neonates, epinephrine plays an additional 
role in the exothermic breakdown of brown fat to maintain 
body temperature (i.e., nonshivering thermogenesis).

Also present in the pancreas are α2 and β2 receptors. α2-
Receptor activation suppresses insulin secretion by pan-
creatic islet cells; blockade of these receptors may increase 
release of insulin and thus could be associated with sig-
nificant lowering of blood glucose levels. β2-Receptor 
stimulation increases glucagon and insulin secretion and 
decreases peripheral sensitivity to insulin.7
Figure 16-5. Interactions of the renin-
angiotensin-aldosterone and sympathetic 
nervous systems in maintaining blood 
pressure and volume. AI, Angiotensin I; 
AII, angiotensin II; CE, converting enzyme; 
Na+, sodium; NE, norepinephrine; RBF, 
renal blood flow; +, stimulating effects; −, 
inhibiting effects.
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Potassium Shift
Plasma epinephrine also takes part in regulation of the serum 
potassium concentration. β-Adrenergic activity can initiate 
transient hyperkalemia as potassium shifts out of hepatic 
cells with the glucose efflux produced by β2-adrenergic 
stimulation. This effect is followed by a more prolonged 
hypokalemia as β2-adrenergic stimulation drives potassium 
into red blood cells and muscle cells. Stimulation of the β2 
receptors of red blood cells by exogenously administered 
or endogenously released epinephrine activates adenylate 
cyclase and sodium-potassium adenosine triphosphatase 
(ATPase) and drives potassium into cells. Serum potassium 
concentrations are then reduced and may contribute to the 
cardiac arrhythmias accompanying MI and other stresses. 
Selective β2-adrenergic blockade has the theoretic advan-
tage of inhibiting this potassium shift. However, selective 
and nonselective β-blockers are equivalent in protecting 
the postinfarcted heart against arrhythmias.8-12

CHOLINERGIC FUNCTION

Overview of the Effects of Acetylcholine
In contrast to the diffuse discharge of the sympathetic 
nervous system that constitutes the fight-or-flight 
response, the parasympathetic system is anatomically 
and functionally more localized in its effects. Parasympa-
thetic activation conserves energy and maintains organ 
function. A massive parasympathetic response would 
prostrate the organism and leave it helplessly salivating, 
weeping, wheezing, vomiting, urinating, defecating, and 
seizing. Although the sympathetic system is needed for 
the emergency response to stressful situations, it is not 
necessary for day-to-day survival; the parasympathetic 
system is, however, essential for maintenance of life.

Release of acetylcholine is the hallmark of parasympa-
thetic activation. The actions of acetylcholine are almost 
diametrically opposed to those of norepinephrine and epi-
nephrine. In general, the muscarinic effects of acetylcholine 
are qualitatively the same as the effects of vagal stimulation.

Acetylcholine decreases the heart rate, the velocity of 
conduction in the sinoatrial and AV nodes, and atrial con-
tractility (although this decrease is not as marked as the 
increase in contractility produced by sympathetic stimu-
lation). In the sinoatrial node, acetylcholine causes mem-
brane hyperpolarization, which delays attainment of the 
threshold potential and the ability to generate another 
action potential, thereby slowing the heart rate. In the 
AV node, acetylcholine decreases conduction velocity 
and increases the effective refractory period. This decrease 
in AV nodal conduction accounts for the complete heart 
block seen when large amounts of cholinergic agonists are 
given. In the ventricle, acetylcholine decreases automaticity 
in the Purkinje system and thus increases the fibrillation 
threshold (see also Chapters 20 and 47). Cardiac presynap-
tic and postsynaptic muscarinic receptors are involved in 
these effects. Acetylcholine inhibits adrenergic stimulation 
of the heart presynaptically by inhibiting the release of nor-
epinephrine from sympathetic nerve endings and postsyn-
aptically by opposing the effects of catecholamines on the 
myocardium.
Parasympathetic activation has many effects out-
side the cardiovascular system. Cholinergic stimulation 
causes smooth muscle constriction, including that of 
the bronchial walls. In the gastrointestinal and genito-
urinary tracts, smooth muscle in the walls constricts, 
but the sphincter muscles relax, which results in incon-
tinence. Topically administered acetylcholine constricts 
the smooth muscle of the iris and causes miosis.

The signs and symptoms of cholinergic overload reflect 
all these effects, as well as nausea and vomiting, intestinal 
cramps, belching, urination, and urgent defecation. All 
glands innervated by the parasympathetic nervous sys-
tem are stimulated to produce secretions, including the 
lacrimal, tracheobronchial, salivary, digestive, and exo-
crine glands.

Local Control of Vascular Tone
In addition to the pharmacologic effects of acetylcholine 
that are mediated by the parasympathetic nervous sys-
tem, bloodborne acetylcholine has a significant effect on 
blood vessels in that it dilates virtually all vessels in vivo. 
Endothelial cells respond to acetylcholine stimulation by 
producing one or more endothelium-derived relaxing fac-
tors (EDRFs).13 It now appears that endothelial cells have 
receptors for numerous agonists, including serotonin, 
adenosine, histamine, and catecholamines (Fig. 16-6). 
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Figure 16-6. Schematic representation of potential modes of regula-
tion of vascular tone by endothelial cell–related mechanisms. Norepi-
nephrine (NA), adenosine triphosphate (ATP), calcitonin gene–related 
peptide (CGRP), substance P (SP), and vasoactive intestinal polypep-
tide (VIP) can be released from nerves in the adventitia (ADV) to act on 
their respective receptors in the media (MED) and cause vasoconstric-
tion or vasodilation. ATP, acetylcholine (ACh), 5-hydroxytryptamine 
(5-HT), and SP released from endothelial cells (END) by shear stress or 
hypoxia act on their receptors on endothelial cells to cause release of 
endothelium-derived relaxing factors (EDRF) or prostaglandins (PG), 
which act on smooth muscle to cause relaxation. In areas denuded of 
endothelial cells, opposite effects may be produced by receptors on 
smooth muscle. α, Norepinephrine receptor; M, muscarinic receptor; 
P2X, P2X purinoceptor; P2Y, P2Y purinoceptor. (From Lincoln J, Burnstock 
G: Neural-endothelial interactions in control of local blood flow. In Warren 
J, editor: The endothelium: an introduction to current research. New 
York, 1990, Wiley-Liss, p 21.)



The radical NO was the first identified EDRF (see Chap-
ter 104 for details). When the endothelium is damaged, 
as in atherosclerosis, production of EDRF diminishes and 
constriction increases. This change explains why patients 
with damaged or diseased vessels react differently.

An understanding of the biology of NO is fundamen-
tal to an appreciation of many vital body functions (see 
Chapter 104).14 Endothelial cells play a role in control 
of the circulation in addition to the production of NO. 
Endothelial cells metabolize many vasoactive amines, 
convert angiotensin I to angiotensin II, and secrete pros-
tacyclin and the vasoconstrictive peptide endothelin-1 
(ET-1). NO, ET-1, and prostacyclin are local hormones 
released by endothelial cells to influence their immediate 
microenvironment. Prostacyclin and NO relax vascular 
smooth muscle, whereas in the lumen, they act separately 
or in concert to prevent platelets from clumping onto the 
endothelium.

NO, prostacyclin, and ET-1 appear to be operative in 
local control of the circulation. The prostacyclin sys-
tem may be a redundant mechanism that reinforces the 
NO system in the presence of endothelial damage. Act-
ing together, these two dilators are also a strong defense 
mechanism against intravascular thrombosis. ET-1 can be 
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produced locally in response to trauma, such as wounds 
to the vessel wall, and it perhaps decreases blood loss. The 
long-term functions of these local hormones are of con-
siderable interest in the pathophysiology of many disease 
states, including septic shock, pulmonary hypertension, 
and renal failure.15,16 For more information on NO biol-
ogy, see Chapter 104.

PHARMACOLOGY

ADRENERGIC PHARMACOLOGY

Synthesis of Norepinephrine
Norepinephrine is synthesized from tyrosine, which is 
actively transported into the varicosity of the postgan-
glionic sympathetic nerve ending (Fig. 16-7). Tyrosine 
is synthesized from phenylalanine. Precursors are taken 
up in greater amounts in shock and may have beneficial 
effects on the effort of the sympathetic nervous system to 
maintain perfusion pressure.

A series of steps results in conversion of tyrosine 
to norepinephrine and epinephrine (in the adrenal 
medulla). The first of these steps involves the rate-limiting 
Figure 16-7. Biosynthesis of norepinephrine and 
epinephrine in sympathetic nerve terminal (and the 
adrenal medulla). A, Perspective view of molecules. 
B, Enzymatic processes. (From Tollenaeré JP: Atlas of 
the three-dimensional structure of drugs. Amster-
dam, 1979, Elsevier North-Holland, as modified by 
Vanhoutte PM: Adrenergic neuroeffector interaction in 
the blood vessel wall, Fed Proc 37:181, 1978.)

—

CH3—NH—CH2—CH

OH

OH

OH

— —

—

O

C=O

HO

—

—

—

—

OH

—

NH2—CH2—CH2 OH—

—

—

—

C—CH—CH2

OH

—

OH

OH

OH

OH

— —

—

NH2

—
—

NH2—CH—CH2 —

=

NH2—CH2—CH2

OH

OH

Tyrosine

Tyrosine hydroxylase

Cell membrane

Cytoplasm

Storage vesicle

Dopamine-�-
hydroxylase

Dopa

Aromatic L-amino acid
decarboxylase

Dopamine

Norepinephrine

Epinephrine

A B

Epinephrine

Phenylethanolamine
N-methyltransferase



PART II: Anesthetic Physiology356
cytoplasmic enzyme tyrosine hydroxylase (TH). High 
levels of norepinephrine inhibit TH, and low levels stim-
ulate the enzyme. During stimulation of the sympathetic 
nervous system, an increased supply of tyrosine also 
increases the synthesis of norepinephrine. TH activity is 
modified by phosphorylation. TH depends on a pteridine 
cofactor and the presence of molecular oxygen. When 
the quantity of molecular oxygen is reduced, synthesis 
of norepinephrine may be decreased significantly, a con-
dition that could account for changes in wakefulness. 
Whereas acute control of TH occurs by altering enzyme 
activity, chronic stress can elevate TH levels by stimulat-
ing the synthesis of new enzyme. Under the influence 
of TH, tyrosine is converted to dihydroxyphenylalanine 
(DOPA), which is decarboxylated to dopamine by an 
aromatic amino acid decarboxylase (DOPA decarbox-
ylase), a relatively promiscuous enzyme in its substrate  
specificity.

Dopamine acts as a neurotransmitter in some cells, 
but most of the dopamine produced is β-hydroxylated 
within the vesicles to norepinephrine by the enzyme 
dopamine β-hydroxylase (DβH). In the adrenal medulla 
and to a limited extent in discrete regions of the brain, 
another enzyme, phenylethanolamine N-methyltrans-
ferase (PNMT), methylates approximately 85% of the 
norepinephrine to epinephrine. Glucocorticoids from 
the adrenal cortex pass through the adrenal medulla 
and can activate the system, and stress-induced steroid 
release can increase the production of epinephrine. This 
local circulation amplifies the effects of glucocorticoid 
release.17

Storage of Norepinephrine
Norepinephrine is stored within large, dense-core vesicles 
where dense cores in these vesicles are filled not only 
with norepinephrine but also with binding proteins. In 
addition, the vesicles contain calcium, a variety of pep-
tides, and adenosine 5′-triphosphate (ATP). Depending 
on the nature and frequency of physiologic stimuli, the 
ATP can be released selectively for an immediate post-
synaptic effect through purinoreceptors, yet norepineph-
rine is the predominant neurotransmitter at sympathetic 
nerve endings.

Synaptic vesicles are heterogeneous and exist within 
functionally defined compartments. An actively recycling 
population of synaptic vesicles has been defined, together 
with a reserve population of vesicles that are mobilized 
only upon extensive stimulation. Functionally, norepi-
nephrine is stored in compartments, and 10% of it is read-
ily releasable. In general, 1% of the stored norepinephrine 
is released with each depolarization, thus implying a sig-
nificant functional reserve.

Release of Norepinephrine
The contents of the vesicle enter the synaptic cleft by sev-
eral different processes. The dominant physiologic mech-
anism of release is exocytosis, during which the vesicle 
responds to the entry of calcium by initiating vesicular 
docking, fusion, release of vesicular contents, and ulti-
mately, endocytosis (the process by which the vesicular 
membrane and proteins are recaptured) (Fig. 16-8). The 
entire contents of the vesicle are liberated by stimulation of 
the nerve. The biology of vesicular release is not a random 
event, but a highly differentiated process. The finding that 
exocytosis is so highly conserved from species to species 
indicates its biologic importance. Angiotensin II, prostacy-
clin, and histamine potentiate release, whereas acetylcho-
line and prostaglandin E inhibit release. Further details on 
neurotransmitter release are discussed in Chapter 28.

Although chromaffin cells in the adrenal medulla 
synthesize epinephrine and norepinephrine, the two 
compounds are stored in and secreted from distinct 
Figure 16-8. Release and reup-
take of norepinephrine at sym-
pathetic nerve terminals. aad, 
Aromatic l-amino decarboxylase; 
DβH, dopamine β-hydroxylase; 
dopa, l-dihydroxyphenylalanine; 
NE, norepinephrine; tyr hyd, tyro-
sine hydroxylase; solid circle, active 
carrier. (From Vanhoutte PM: Adren-
ergic neuroeffector interaction in the 
blood vessel wall, Fed Proc 37:181, 
1978, as modified by Shepherd J, 
Vanhoutte P: Neurohumoral regu-
lation. In Shepherd S, Vanhoutte P, 
editors: The human cardiovascular 
system: facts and concepts. New 
York, 1979, Raven, p 107.)
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chromaffin cell subtypes. Pharmacologic differences 
between cells containing norepinephrine and those con-
taining epinephrine have been described, and data sug-
gest possible preferential release from one or another 
form of chromaffin cell contingent on the nature of the 
stimulus. Nicotinic agonists or depolarizing agents cause 
the preferential release of norepinephrine, whereas his-
tamine elicits predominantly epinephrine release.18-20 
Protein kinase C plays an important role in regulating 
the secretion of catecholamines from norepinephrine-
containing chromaffin cells.21

Inactivation
Most of the norepinephrine released is rapidly removed 
from the synaptic cleft by an amine mechanism (i.e., 
uptake-1 mechanism) or by nonneuronal tissue (i.e., 
uptake-2 mechanism). The uptake-1 mechanism repre-
sents the first and most important step in the inactivation 
of released norepinephrine. Most of the norepinephrine 
released is transported into storage vesicles for reuse. This 
uptake of neurotransmitter into synaptic vesicles is driven 
by an electrochemical proton gradient across the synaptic 
vesicle membrane. The vacuolar proton pump is a large, 
hetero-oligomeric complex that contains eight to nine 
different subunits. After reuptake, the small amounts of 
norepinephrine not taken up into the vesicle are deami-
nated by cytoplasmic monoamine oxidase (MAO). Sev-
eral organ-specific forms of this enzyme exist.

Since the isolation and cloning in 1991 of the human 
norepinephrine transporter, considerable information 
has accumulated.22,23 The pharmacologic characteristics 
of this binding protein identify it as the cocaine binding 
site, although tricyclic antidepressants (i.e., desipramine 
and nortriptyline) are also potent antagonists.

Uptake of norepinephrine into the nerve varicosity 
and its return to the storage vesicle, albeit efficient, are 
not specific for the neurotransmitter. Some compounds 
structurally similar to norepinephrine may enter the 
nerve by the same mechanism and result in depletion 
of the neurotransmitter. These false transmitters can be 
of great clinical importance. Moreover, some drugs that 
block reuptake into the vesicle or into the synaptic end-
ing itself may enhance the response to catecholamines 
(i.e., more norepinephrine is available to receptors). 
Such drugs include cocaine and tricyclic antidepressants 
(Table 16-5).

Activity of the uptake-1 system varies greatly among 
different tissues. Because of anatomic barriers, peripheral 
blood vessels exhibit almost no reuptake of norepineph-
rine; consequently, rapid rates of norepinephrine syn-
thesis are needed in peripheral blood vessels to modulate 
vascular tone. The highest rate of reuptake is found in 
the heart. Drugs or disease states that alter biosynthesis or 
storage (e.g., methyldopa decreases storage) have a more 
profound effect on blood pressure; those that affect reup-
take would be expected to affect cardiac rate and rhythm.

Typically, the lungs remove 25% of the norepinephrine 
that passes through the pulmonary circulation, whereas 
epinephrine and dopamine pass through unchanged. 
Pulmonary uptake of norepinephrine appears to be a 
sodium-dependent, facilitated transport process in the 
endothelial cells of precapillary and postcapillary vessels 
and pulmonary veins. Significant uptake by nerve end-
ings occurs. Primary or secondary pulmonary hyperten-
sion diminishes uptake of norepinephrine, presumably 
because of concomitant thickening of the pulmonary 
vasculature. Although the functional significance of the 
endothelial uptake mechanism of the pulmonary vascu-
lar wall is unknown, uptake of other powerful vasoactive 
compounds suggests that the pulmonary endothelium 
functions to protect the left side of the heart.

Defects in the ANS are common in patients with con-
gestive heart failure (CHF). Acute stress-induced (takot-
subo) cardiomyopathy has been linked to abnormal 
cardiac sympathetic activity.24 In chronic heart failure, 
the heart is depleted of catecholamines, and reuptake of 
norepinephrine is decreased.25 Sustained sympathoex-
citation results in increased neuronal release of norepi-
nephrine.26 Cardiac norepinephrine spillover rates differ 
widely, even among patients with end-stage heart failure 
who are awaiting cardiac transplantation, but some stud-
ies suggest that elevated plasma catecholamine levels 
portend a poorer prognosis than can be anticipated with 
traditional cardiovascular indices.27,28 Because augmen-
tation of catecholamine release is markedly impaired in 
patients with CHF, compensation for further decreases 
in systemic vascular resistance requires activation of the 
renin-angiotensin system. Together, these events result in 
increased adrenergic drive, desensitization of β receptors, 
and depletion of norepinephrine stores, all of which con-
tribute to insufficient inotropic function.29,30

Metabolism
During storage and reuptake, a small amount of nor-
epinephrine escapes uptake into the nerve ending and 
enters the circulation, where it is metabolized by MAO, 

TABLE 16-5 COMPARISON OF DIRECT- AND 
INDIRECT-ACTING SYMPATHOMIMETICS 

Pretreatment

Response of Effector Organ to

Direct 
Sympathomimetics 
(e.g., Epinephrine): 
Acts at the 
Receptor

Indirect 
Sympathomimetics 
(e.g., Tyramine): 
Causes Release of 
NE After Its Uptake 
by Uptake-1

Denervation
 Loss of 

uptake-1 sites
 Receptor 

up-regulation

Increased Reduced

Reserpine
 Blocks vesicular 

uptake
 Depletes NE
 May cause 

up-regulation

Slightly increased Reduced

Cocaine
 Blocks uptake-1
 Depletes NE

Increased Reduced

Adapted from Minneman KP: Drugs affecting the sympathetic nervous 
system. In Minneman K, Wecker L, editors: Brody’s human pharmacology: 
molecular to clinical, ed 4. Philadelphia, 2005, Mosby, p 125.

NE, Norepinephrine.
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catechol-O-methyltransferase (COMT), or both in the 
blood, liver, and kidney.

Epinephrine, which is released by the adrenal medulla, 
is inactivated by the same enzymes. The final metabolic 
product of inactivation is vanillylmandelic acid (VMA). 
Because of its rapid clearance, the half-life of norepineph-
rine (and most biogenic amines) in plasma is short, less 
than 1 minute. This short half-life necessitates adminis-
tration of these drugs by infusion. Another consequence 
of their short half-life is that a more ideal measure of cat-
echolamine production may be metabolic products rather 
than the catecholamines themselves. For example, screen-
ing for a norepinephrine-producing pheochromocytoma 
is best performed by measuring the level of plasma free 
metanephrines.31

Inhibition of MAO has a large impact on the sympathetic 
function of a patient. MAO inhibitors (MAOIs) are gener-
ally well tolerated, but the stability of the patient belies the 
fact that amine handling is fundamentally changed. Clini-
cally important, life-threatening drug interactions are dis-
cussed later in the section on drugs and the ANS.

Other compounds can be metabolized by catabolic 
enzymes to produce false transmitters. Although not used 
therapeutically, tyramine is the prototypical drug stud-
ied. Tyramine is present in many foods, particularly aged 
cheese and wine, and it can be synthesized from tyrosine. 
Tyramine enters the sympathetic nerve terminal through 
the uptake-1 mechanism and displaces norepinephrine 
from the vesicles into the cytoplasm. The released norepi-
nephrine leaks out of the cytoplasm and is responsible for 
the hypertensive effect of tyramine. However, a second-
ary effect can occur. In the vesicle, tyramine is converted 
by DβH to octopamine, which is eventually released as a 
false transmitter in place of norepinephrine, but without 
the hypertensive effect because it has only 10% of the 
potency of norepinephrine.

Adrenergic Receptors
Initially, α-adrenergic receptors were distinguished from 
β-adrenergic receptors by their greater response to epi-
nephrine and norepinephrine than to isoproterenol. The 
development of α- and β-antagonists further supported 
the existence of separate α receptors. Traditionally, adren-
ergic receptors have been classified as α or β and more 
recently as α1, α2, β1, or β2 based on responses to specific 
drugs. With technologic advances in molecular biology, 
classification evolved to three major subtypes and nine 
sub-subtypes (Fig. 16-9).32 Table 16-6 describes the distri-
bution, response, typical agonists, and antagonists of the 
α1, α2, β1, and β2 receptors.
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Figure 16-9. Classification of adrenergic receptors. Ca2+, Calcium; HR, heart rate; K+, potassium.

TABLE 16-6 DISTRIBUTION OF α AND β RECEPTORS

Receptor Distribution Response Agonist Antagonist

α1 Smooth muscle Constriction Phenylephrine Prazosin
α2 Presynaptic Inhibits norepinephrine release Clonidine Yohimbine

Dexmedetomidine
β1 Heart Inotropy Dobutamine Metoprolol

Chronotropy
β2 Smooth muscle Dilation Terbutaline

Relaxation
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α-Adrenergic receptors. Functional and binding assays 
and molecular biologic methods have unequivocally con-
firmed the classification of α adrenoceptors into subtypes.33 
Within α1-adrenergic receptors, α1a/d, α1b, and α1c receptors 
have been characterized. Several α2 isoreceptors (α2a, α2b, 
and α2c) have also been described. α2 Receptors are usually 
expressed presynaptically or even in nonneuronal tissue. α2 
Receptors are found in the peripheral nervous system, in the 
CNS, and in a variety of organs, including platelets, liver, 
pancreas, kidney, and eyes, where specific physiologic func-
tions have been identified.34 The predominant α2 receptor 
of the human spinal cord is the α2a subtype.32,35 Mamma-
lian genomes probably contain two sets of at least three 
unique genes encoding the α adrenoceptors. Genes encod-
ing α2 receptors have been localized to chromosomes 2, 4, 
and 10. There is more than theoretic relevance in the sub-
classification of receptors,36 in that mutations that decrease 
α2c presynaptic function and enhance β1-receptor linkage 
cause adrenergic hyperactivity and predispose to CHF.37

Amino acid sequence comparisons indicate that α 
receptors are members of the 7–transmembrane seg-
ment gene superfamily, which uses G protein for sig-
nal transduction. A core of 175 amino acids constitutes 
the 7 transmembrane regions and is highly conserved 
among different family members. The plethora of recep-
tor subtypes remains incompletely explained, although 
the observation that different signal transduction mecha-
nisms are used suggests finer control and physiologic 
significance. Considerable variability in α-adrenergic 
receptor subtypes exists among species.38

Receptors can be presynaptic as well as postsynaptic. 
Presynaptic receptors may act as heteroreceptors or auto-
receptors. An autoreceptor is a presynaptic receptor that 
reacts with the neurotransmitter released from its own 
nerve terminal to provide feedback regulation. A hetero-
receptor is a presynaptic receptor that responds to sub-
stances other than the neurotransmitter released from 
that specific nerve terminal. This regulatory scheme is 
present throughout the nervous system but is particularly 
important in the sympathetic nervous system.39

Although several presynaptic receptors have been iden-
tified, the α2 receptor may have the greatest clinical import. 
Presynaptic α2 receptors regulate the release of norepineph-
rine and ATP through a negative-feedback mechanism.40 
Activation of presynaptic α2 receptors by norepinephrine 
inhibits subsequent release of norepinephrine in response 
to nerve stimulation. A similar inhibitory response is pro-
duced by attachment of acetylcholine to presynaptic cho-
linergic receptors within the ANS. In the human brain, 
ligand studies reveal a high density of α2 receptors, par-
ticularly in the cerebral cortex and medulla.41 This latter 
distribution may account for the bradycardic and hypo-
tensive responses to α2-agonist drugs.

β-Adrenergic receptors. Like the α receptor, the β 
receptor is one of the superfamily of proteins that have 
seven helices passing through the cell membrane. These 
transmembrane domains are labeled M1 through M7; 
antagonists have specific binding sites, whereas agonists 
are more diffusely attached to hydrophobic membrane-
spanning domains (Fig. 16-10). The extracellular portion 
of the receptor ends in an amino group. A carboxyl group 
occupies the intracellular terminal, where phosphoryla-
tion occurs. At the cytoplasmic domains, G proteins and 
kinases, including β-adrenergic receptor kinase, interact. 
The β receptor has mechanistic and structural similarities 
with muscarinic but not nicotinic receptors, primarily in 
the transmembrane sections.
Figure 16-10. Molecular structure of the clas-
sic G-protein–coupled β-adrenergic receptor. 
Notice the three domains. The transmembrane 
domains act as a ligand-binding pocket. Cyto-
plasmic domains can interact with G proteins and 
kinases such as β-adrenergic receptor kinase (β-
ark). The latter can phosphorylate and desensitize 
the receptor. COOH, Carboxyl; NH2, amine. (From 
Opie L: Receptors and signal transduction. In Opie 
LH, editor: Heart physiology: from cell to circula-
tion, ed 4. Philadelphia, 2004, Lippincott Williams 
& Wilkins, 2004, p 194.)
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Figure 16-11. Location of dopamine type 1 (DA1) receptors and α1 and α2 adrenoceptors on postganglionic vascular effector cells and DA2 
receptors and α2 adrenoceptors on the prejunctional sympathetic nerve terminal. When dopamine is administered, activation of DA1 receptors 
causes vasodilation, whereas activation of DA2 receptors causes inhibition (−) of release of norepinephrine (NE) from storage granules. A larger 
dose of dopamine activates α1 and α2 adrenoceptors on the postjunctional effector cells to cause vasoconstriction and α2 adrenoceptors on the 
prejunctional sympathetic terminal to inhibit release of NE. NE released from the prejunctional sympathetic terminal also acts on α1 and α2 adre-
noceptors. (From Goldberg LI, Rajfer SI: Dopamine receptors: applications in clinical cardiology, Circulation 72:245, 1985.)
β Receptors have been further divided into β1, β2, and β3 
subtypes, all of which increase cyclic adenosine monophos-
phate (cAMP) through adenylate cyclase and the mediation 
of G proteins.42 Although β1 receptors were traditionally 
thought to be isolated to cardiac tissue and β2 receptors 
were believed to be restricted to vascular and bronchial 
smooth muscle, we now know that the β2-receptor popula-
tion in human cardiac tissue is substantial and accounts 
for 15% of β receptors in the ventricles and 30% to 40% 
in the atria.43 β2 Receptors may help compensate for dis-
ease by maintaining response to catecholamine stimula-
tion when β1 receptors are down-regulated during chronic 
catecholamine stimulation and in CHF.44 The β2-receptor 
population is almost unaffected in end-stage congestive 
cardiomyopathy.45 In addition to positive inotropic effects, 
β2 receptors in the human atria participate in regulation 
of the heart rate. Generation of cAMP in the human heart 
appears to be mediated primarily by β2 receptors, although 
this may be an artifact related to the lability of β1 recep-
tors.45 Localization of β3 receptors to fat cells suggests a 
new therapy for obesity.46 Polymorphism of this β-receptor 
subtype is associated with obesity and the potential for the 
development of diabetes.47-49 Similarly, point mutations in 
genes encoding β2 receptors are correlated with decreased 
down-regulation of β receptors and nocturnal asthma.50,51

Dopamine Receptors
Dopamine exists as an intermediate in the biosynthesis 
of norepinephrine, and in addition, exogenous dopa-
mine exerts α- or β-adrenergic effects (depending on the 
dose administered). Goldberg and Rajfer demonstrated 
physiologically distinct dopamine type 1 (DA1) and 
dopamine type 2 (DA2) receptors,52 and these remain the 
most important of the five dopamine receptors cloned 
(Fig. 16-11). DA1 receptors are postsynaptic and act on 
renal, mesenteric, splenic, and coronary vascular smooth 
muscle to mediate vasodilation through stimulation of 
adenylate cyclase and increased production of cAMP. 
The vasodilatory effect tends to be strongest in the renal 
arteries. It is for this action, particularly the redistribu-
tion of blood flow to the kidneys, that dopamine is most 
frequently used. Additional renal DA1 receptors located 
in the tubules modulate natriuresis through the sodium-
potassium ATPase pump and the sodium-hydrogen 
exchanger.52-55 DA2 receptors are presynaptic; they may 
inhibit release of norepinephrine and perhaps acetylcho-
line. In addition, central DA2 receptors may mediate nau-
sea and vomiting, a finding that may explain why the 
antiemetic activity of droperidol is thought to be related 
to its DA2 activity.

Guanosine Triphosphate–Binding 
Regulatory Proteins (G Proteins)
After adrenergic receptor stimulation, the extracellu-
lar signal is transformed into an intracellular signal by 
a process known as signal transduction in which α1 and 
β receptors are coupled to G proteins. When activated, 
G proteins can modulate the synthesis or availability of 
intracellular second messengers (Fig. 16-12). The acti-
vated second messenger diffuses through the cytoplasm 
and stimulates an enzymatic cascade. The sequence of 
first messenger → receptor → G protein → effector → second 
messenger → enzymatic cascade is found in a wide variety 
of cells; the specific entities that fulfill the separate roles 
vary from cell to cell.56 G proteins located on the inner 
surface of the cell membrane can also directly modify the 
activity of transmembrane ion channels.

G proteins are heterotrimeric compounds composed of 
three subunits labeled α, β, and γ. The β and γ subunits 
form a stable complex, and the α subunit associates with 
them in a reversible fashion. The β and γ subunits show 
little variation in their structure. In contrast, 20 differ-
ent α subunits have been identified. The structure of the 
attached α subunit defines the function of the G protein. 
Four classes of α subunits have been defined: αs, αi, αq, 
and α12. The corresponding G-protein complexes formed 
when these α subunits bind to the βγ structure are called 
Gs, Gi, Gq, and Go.57

Each class of adrenergic receptor couples to a differ-
ent major subfamily of G proteins, which are linked to 
different effectors. The major subtypes of α1, α2, and β 
receptors are linked to Gq, Gi, and Gs, respectively, which 
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Figure 16-12. Epinephrine-stimulated glycogenolysis in a liver cell demonstrates the role of G proteins in cellular function. The first messenger 
(epinephrine) binds to its specific receptor and stimulates the G protein (in this case, Gs) to activate the effector adenylyl cyclase. This enzyme 
converts adenosine triphosphate (ATP) to cyclic adenosine monophosphate, the second messenger, which then triggers a cascade of enzymatic 
reactions that stimulates the enzyme phosphorylase (phos-a) to convert glycogen (gly) into glucose (glu), which the cell extrudes. (From Linder 
ME, Gilman AG: G Proteins, Sci Am 267:56, 1992.)
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are linked to activation of phospholipase C (α1), inhibi-
tion of adenylyl cyclase (α2), or stimulation of adenylyl 
cyclase (β) (see Fig. 16-9). In its resting state, the G pro-
tein is bound to guanosine diphosphate (GDP) and is not 
in contact with the receptor. When the receptor is acti-
vated by the first messenger, it stimulates the G protein 
to release GDP and bind guanosine triphosphate (GTP) 
to its α subunit, thereby activating itself. The bound GTP 
signals the G protein to split into two parts consisting of 
the α-GTP structure and the βγ subunit. The released α 
subunit binds to the effector, activates it, and then con-
verts its attached GTP to GDP, thereby returning itself to 
the resting state. The α subunit joins with the βγ unit, 
and the reconstructed G protein again waits at the inner 
membrane.
β-Receptor stimulation of G proteins enhances the 

activity of adenylate cyclase and the formation of cAMP. 
The briefest encounter of plasma membrane β-adrenergic 
receptors with epinephrine or norepinephrine results 
in profound increases (≤400-fold higher than the basal 
level within minutes) in intracellular levels of cAMP. 
Increased cAMP synthesis activates protein kinases, 
which phosphorylate target proteins to elicit various cel-
lular responses that complete the path between receptor 
and effect. Stimulation of α2 receptors results in Gi inhi-
bition of adenylate cyclase. The relative abundance of G 
proteins results in amplification of receptor agonism at 
the signal transduction step. The number of G-protein 
molecules greatly exceeds the number of β-adrenergic 
receptors and adenylate cyclase molecules. The receptor 
concentration and ultimately adenylate cyclase activity 
limit the response to catecholamines, and this perhaps 
explains the efficacy of phosphodiesterase inhibitors.58,59

Myocardial cells respond to receptor stimulation dif-
ferently, depending on the identity of the first messen-
ger. Two opposing effects, inhibition and stimulation of 
contractility, are both produced by the sequence of recep-
tor → G protein → effector → enzymatic cascade. However, 
the identity of the chemicals in the sequence differs.60 
Norepinephrine causes myocardial cells to contract with 
more vigor when the α subunit of the stimulatory protein 
(Gs) activates adenylate cyclase. The α subunits of this 
protein cause potassium channels to open and permit 
efflux of potassium ion. The force of contraction is dimin-
ished when acetylcholine acts as a first messenger and 
stimulates its receptor to activate the inhibitory protein 
Gi or Go. Clinically important, second-to-second changes 
in heart rate can be explained by the simultaneous activa-
tion of Gs and Go. The current caused by Go is larger than 
that caused by Gs, and this finding explains the clinical 
impression that vagal inhibition of heart rate predomi-
nates in the presence of sympathetic stimulation, such as 
may occur in unpremedicated patients.60

Up-regulation and Down-regulation
β-Adrenergic receptors are not fixed; they change sig-
nificantly in dynamic response to the amount of nor-
epinephrine present in the synaptic cleft or in plasma. 
For β-adrenergic receptors, this response is fast; within 
30 minutes of denervation or adrenergic blockade, the 
number of receptors increases. Such up-regulation may 
explain why sudden discontinuation of β-adrenergic 
receptor blocking drugs causes rebound tachycardia 
and increases the incidence of MI and ischemia. Many 
chronic phenomena, such as varicose veins61 or aging, 
can decrease adrenergic receptor number or responsive-
ness systemically.

Clinically and at the cellular level, responses to many 
hormones and neurotransmitters wane rapidly despite 
continuous exposure to adrenergic agonists.62 This phe-
nomenon, called desensitization, has been particularly 
well studied for the stimulation of cAMP levels by plasma 
membrane β-adrenergic receptors. Mechanisms postu-
lated for desensitization include receptor uncoupling (e.g., 
phosphorylation), sequestration, and down-regulation. 
The molecular mechanisms underlying rapid β-adrenergic 
receptor desensitization do not appear to require internal-
ization of the receptors, but rather an alteration in the 
functioning of β receptors themselves that uncouples 
the receptors from the stimulatory Gs protein. Agonist-
induced desensitization involves phosphorylation of 
G-protein–coupled receptors by two classes of serine-
threonine kinases. One of these classes initiates recep-
tor-specific or homologous desensitization. The other 
works through second messenger–dependent kinases and 
mediates a general cellular hyporesponsiveness called 
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heterologous desensitization. Ultimately, an inhibitory 
arrestin protein binds to the phosphorylated receptor 
and causes desensitization by blocking signal transduc-
tion. Because enzymatic phosphorylation occurs only in 
the activated state, transient β blockade has been used 
in states of receptor desensitization such as CHF or car-
diopulmonary bypass to achieve a “receptor holiday.”63 
Regeneration of a functional β-adrenergic receptor is con-
tingent on sequestration of the receptor, with dephos-
phorylation and presumed recycling. Some evidence 
indicates that the arrestins contribute to desensitization 
by uncoupling signal transduction and by contributing 
to the process of receptor internalization.64,65 Receptor 
populations can change rapidly with such sequestration, 
which does not require protein synthesis.

Down-regulation may be distinguished from these 
rapid mechanisms in that it occurs after hours of exposure 
to an agonist (as in chronic stress or CHF), and receptors 
are destroyed. New receptors must be synthesized before 
return to a baseline state is possible.

Chronic CHF is one of the most important and best-
studied pathophysiologic situations in which tolerance 
or down-regulation occurs (see Chapter 20). It was ini-
tially observed that the density of cardiac β receptors 
decreases markedly in patients with terminal heart failure 
in response to the elevated plasma catecholamine levels. 
This finding explained why administration of exogenous 
β-agonists was relatively ineffectual in this syndrome. 
With the demonstration that β1 and β2 receptors coex-
ist in human ventricles,66 Bristow and co-workers, using 
radioligand techniques, documented that β1-receptor 
density decreases without change in the density of β2 
receptors in human ventricles affected by CHF. Conse-
quently, β2 agonism accounted for 60% of the total ino-
tropic response stimulated by isoproterenol in the failing 
heart as compared with 40% in a nonfailing heart.67

The activity of the thyroid gland influences receptor 
density; hyperthyroidism increases density, and hypothy-
roidism decreases density. Clinically, β-receptor blockade 
is important in the acute treatment of hyperthyroidism. 
Some evidence indicates that corticosteroids decrease 
receptor density. Consequently, the reaction of the body to 
well-characterized sympathetic agonists may be consider-
ably different, depending on the pathologic and environ-
mental circumstances. However, the structural similarity 
of thyroid hormone and tyrosine suggests that false trans-
mitters may play a role (see Chapters 84 and 85).68

CHOLINERGIC PHARMACOLOGY

Acetylcholine Synthesis
Many of our assumptions about cholinergic pharmacol-
ogy are drawn from our understanding of the prototypi-
cal nicotinic cholinergic receptor at the neuromuscular 
junction. The chemistry of cholinergic synthesis and 
metabolism is covered in detail in Chapter 18.

Cholinergic Receptors
Traditionally, cholinergic receptors have been organized 
into two major subdivisions, nicotinic and muscarinic. 
Muscarinic receptors belong to the G-protein–coupled 
superfamily and are present mostly in peripheral visceral 
organs. Nicotinic receptors are ligand-gated ion channels 
typically found on parasympathetic and sympathetic gan-
glia (neuronal subtypes) and on the neuromuscular junc-
tions of skeletal muscle (neuronal and muscle subtypes).

Although these two structurally and functionally 
distinct classes of receptors have significantly different 
responses to acetylcholine, the chemical itself exhibits no 
specificity. However, specific antagonists can exploit the 
difference between muscarinic and nicotinic receptors. 
As a result, structure-activity relationships have emerged. 
All cholinergic agonists need a quaternary ammonium 
group, as well as an atom capable of forming a hydro-
gen bond through an unshared pair of electrons. The 
distance between the two sites may determine whether 
the agonism is nicotinic or muscarinic. With muscarinic 
agonists, the distance appears to be approximately 4.4Å, 
whereas for nicotinic agonists, the distance is 5.9Å.

The neuronal and muscle subtypes of nicotinic recep-
tors on ganglia and motor end plates, respectively, differ. 
Nondepolarizing neuromuscular blocking drugs block 
neuronal nicotinic acetylcholine receptors present in 
ganglia, in the carotid body,69 and at the neuromuscu-
lar junction (see Chapter 18),70 whereas hexamethonium 
blocks the ganglionic receptors.

Ganglionic nicotinic receptors are likely more sensi-
tive to anesthetics than receptors at the neuromuscular 
junction.71

The nicotinic receptors on ganglia and motor end 
plates are discussed in detail in Chapter 18. In brief, they 
are pentameric membrane proteins that form nonselective 
cation channels. There are two α units (each 40 kDa) and 
one each of the β, ε, and δ units. These five subunits sur-
round each ion channel through which sodium or calcium 
enters the cell or potassium exits. Each ion has its own 
separate channel. For the channel to open, acetylcholine 
must occupy a receptor site on each of the two α subunits.

In contrast to ligand-gated ion channel nicotinic 
receptors, muscarinic receptors have greater homology 
to α- and β-adrenergic receptors than to nicotinic recep-
tors. Like the other members of the family of receptors 
with seven helices (i.e., α2, β1, β2, serotonin, rhodopsin, 
and opsin), muscarinic receptors use G proteins for signal 
transduction. Five muscarinic receptors (i.e., M1 through 
M5) exist, with the primary structural variability residing 
in a huge cytoplasmic loop between the fifth and sixth 
membrane-spanning domains. Although molecular stud-
ies have described five forms, four of which are defined 
pharmacologically (i.e., M1, M2, M3, and M4), selective 
muscarinic drugs are not available. The M2 cholinergic 
postjunctional receptor predominates in visceral organs. 
M2 and M3 receptors have been identified in the airway 
smooth muscle of many species. In vitro studies reveal 
that the M3 receptor mediates the contractile and secre-
tory response. However, the excess of M2 receptors could 
explain the relative ineffectiveness of β-adrenergic ago-
nists in reversing cholinergic bronchoconstriction.72

The muscarinic receptors have diverse signal trans-
duction mechanisms. The odd-numbered receptors (i.e., 
M1, M3, and M5) work predominantly through hydroly-
sis of polyphosphoinositide, whereas the even-numbered 
receptors work primarily to regulate adenylate cyclase.73
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When the M3 muscarinic receptor is activated, Gq acti-
vates phospholipase C, which catalyzes the hydrolysis 
of phosphatidylinositol bisphosphate into diacylglyc-
erol and inositol triphosphate. Receptors in the musca-
rinic series are coupled to second messenger systems, 
such as cyclic nucleotides or phosphoinositides. These 
are coupled to ion channels. In other cases, influx of a 
cation is the trigger for cellular response. For example, 
the influx of calcium ions can act as a messenger that 
reacts with and opens other ion channels. In addition to 
affecting ion channels, the messenger calcium can stimu-
late various intracellular proteins to alter cell activity. In 
cardiac atria, activation of muscarinic receptors leads to 
the efflux of potassium and hyperpolarization of the cell 
membrane. This hyperpolarization slows conduction and 
slows or stops atrial pacemakers. In glands, an influx of 
calcium or sodium, or both, activates intracellular events 
and causes the cells to secrete. Similarly, influx of these 
ions into smooth muscle cells causes them to contract.

Muscarinic receptors are found on central and periph-
eral neurons; a single neuron may have muscarinic 
receptors with excitatory as well as inhibitory effects. 
Prejunctional autoreceptors are not as well studied in the 
parasympathetic nervous system as in the sympathetic 
nervous system. Presynaptic muscarinic receptors may 
inhibit the release of acetylcholine from postganglionic 
parasympathetic neurons; prejunctional nicotinic recep-
tors may increase its release.

Because of the complex coupling, the response of the 
muscarinic system is sluggish; no response is seen for sec-
onds to minutes after the application of acetylcholine. 
Similarly, the effect long outlives the presence of the ago-
nist. Even though the transmitter is destroyed rapidly, the 
train of events that it initiates causes the cellular response 
to continue for many minutes. Muscarinic receptors are 
desensitized through agonist-dependent phosphoryla-
tion in a mechanism similar to that described earlier for 
β-adrenergic receptors.

NONADRENERGIC NONCHOLINERGIC 
NEUROTRANSMISSION IN THE 
AUTONOMIC NERVOUS SYSTEM

NANC components such as monoamines, purines, amino 
acids, and polypeptides are part of the ANS. Other trans-
mitter candidates demonstrated in perivascular nerves 
by histochemical and immunohistochemical techniques 
include ATP, adenosine, VIP, substance P, 5-hydroxy-
tryptamine (5-HT), neuropeptide Y (NPY), and calcito-
nin gene–related peptide (CGRP). Immunocytochemical 
studies show that more than one transmitter or putative 
transmitter may be colocalized in the same nerve. The 
most common combinations of transmitters in perivas-
cular nerves are norepinephrine, ATP, and NPY in sym-
pathetic nerves (Fig. 16-13); acetylcholine and VIP in 
parasympathetic nerves (Fig. 16-14); and substance P, 
CGRP, and ATP in sensorimotor nerves. Many of these 
putative transmitters act through cotransmission, which 
comprises the synthesis, storage, and release of more than 
one transmitter by a nerve. Initially, the multiplicity of 
transmitters released in various combinations appeared 
random and bewildering, but a pattern is emerging that 
clarifies the situation. Autonomic nerves exhibit chemical 
coding—individual neurons serving a specific physiologic 
function contain distinct combinations of transmitter 
substances.74

The concepts of cotransmission and neuromodula-
tion are accepted mechanisms in autonomic nervous 
control. To establish that transmitters coexisting in the 
same nerves act as cotransmitters, each substance must 
act postjunctionally on its own specific receptor to pro-
duce a response.

For many perivascular sympathetic nerves, norepi-
nephrine and ATP act as cotransmitters and are released 
from the same nerves but act on α1 adrenoceptors and P2 
purinoceptors, respectively, to produce vasoconstriction 
(see Fig. 16-13).75,76 ATP probably mediates contraction 
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Figure 16-13. Schematic representation of different interactions 
that occur between neuropeptide Y (NPY) and adenosine triphos-
phate (ATP) and the norepinephrine (NE) released from single sym-
pathetic nerve varicosities. A, Diagram showing what occurs in the 
vas deferens and many blood vessels, where NE and ATP, probably 
released from small granular vesicles, act synergistically to contract (+) 
the smooth muscle through α1 adrenoceptors and P2 purinoceptors, 
respectively. B and C, Sympathetic neurotransmission in the heart and 
brain (B) and the spleen (C). (From Lincoln J, Burnstock G: Neural-endo-
thelial interactions in control of local blood flow. In Warren J, editor: The 
endothelium: an introduction to current research. New York, 1990, 
Wiley-Liss, p 21.)
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through P2 receptors by voltage-dependent calcium chan-
nels.77 The fast component of contraction is mediated by 
these purinoceptors, whereas norepinephrine sustains 
contraction of muscle by acting on the α1 adrenorecep-
tor through receptor-operated calcium channels. ATP is 
stored in vesicles along nerve varicosities. It is released 
into the synaptic cleft by exocytosis and then binds to 
postsynaptic purinergic receptors. ATP is then degraded 
to adenosine by membrane-bound ATPases and 5′-nucle-
otidases. Adenosine is subsequently taken up into the 
presynaptic neuron, where ATP is resynthesized and 
incorporated into vesicles for later release.78

Purinergic receptors are categorized as P1 or P2 recep-
tors. P1 receptors bind adenosine, whereas P2 receptors 
bind ATP. Four subtypes of P1 receptors have been identi-
fied (A1, A2A, A2B, and A3). All the P1 receptors are coupled 
to membrane-bound G proteins. The two subclasses of P2 
receptors are P2X and P2Y. P2X receptors bind ATP and 
open ligand-gated ion channels. In contrast, P2Y recep-
tors are coupled to G proteins and their associated sec-
ondary messenger systems. Seven P2X subtypes (P2X1-7) 
and eight P2Y subtypes (P2Y1,2,4,6,11,12,13,14) have been 
identified. Some P2Y receptors are preferentially activated 
by adenosine diphosphate rather than ATP, and some can 
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Figure 16-14. The classic transmitter acetylcholine (ACh) coex-
ists with vasoactive intestinal polypeptide (VIP) in parasympathetic 
nerves supplying the cat salivary gland. ACh and VIP are stored in 
separate vesicles; they can be released differentially at different stimu-
lation frequencies to act on acinar cells and glandular blood vessels. 
Cooperation is achieved by the selected release of ACh at low impulse 
frequencies and VIP at high frequencies. Prejunctional and postjunc-
tional modulation is indicated. (From Burnstock G: Local mechanisms of 
blood flow control by perivascular nerves and endothelium, J Hypertens 
Suppl 8:S95, 1990.)
be activated by pyrimidine nucleosides (uridine triphos-
phate), as well as by purinergic agonists.

ATP released at nerve endings in the setting of hyper-
tension leads to marked decreases in arterial pressure. 
ATP bound to magnesium chloride (MgCl2) is a potent 
pulmonary vasodilator used to treat patients with pulmo-
nary hypertension secondary to congenital heart disease. 
In addition, it is used to treat postischemic renal injury. 
Purinergic cotransmission is also seen in the gastrointesti-
nal tract, where ATP (and NO) receptor stimulation inhib-
its peristalsis.

Neuromodulators modify the process of neurotrans-
mission. They may be circulating neurohormones, local 
agents, or neurotransmitter substances released from the 
same nerves or from others nearby. Neuromodulation 
can occur prejunctionally by decreasing or increasing the 
amount of transmitter released during transmission or 
postjunctionally by altering the extent or time course of 
the neurotransmitter’s effect. In all known examples in 
which prejunctional and postjunctional neuromodula-
tion occurs, these substances act in concert to attenuate 
or augment effective transmission. The rationale for such 
effects may reflect the variable geometry of the autonomic 
neuroeffector junction.79,80 Unlike the neuromuscular 
junction, the autonomic neuroeffector junction exists 
in a dynamic state and manifests only modest postjunc-
tional specialization. Biogenic amines often must traverse 
wide distances. Given the short half-lives of these chemi-
cals, neuromodulation provides a biologic mechanism for 
augmentation and prolongation of their action.81

NPY is also colocalized with norepinephrine and ATP. 
However, in some vessels, NPY has little or no direct 
action; instead, it acts as a neuromodulator prejunctionally 
to inhibit the release of norepinephrine from the nerve or 
postjunctionally to enhance the action of norepinephrine 
(see Fig. 16-13, A).82,83 In other vessels, notably those of the 
spleen, skeletal muscle, and cerebral and coronary vascu-
lature, NPY has direct vasoconstrictor actions. In the heart 
and brain, local intrinsic (nonsympathetic) neurons use 
NPY as the principal transmitter (see Fig. 16-13, B). In the 
spleen, NPY appears to act as a genuine cotransmitter with 
norepinephrine in perivascular sympathetic nerves (see 
Fig. 16-13, C).84 The frequency of stimulation determines 
which vesicles are mobilized to release their transmitters.

A classic transmitter such as acetylcholine coexists 
with VIP in the parasympathetic nerves of many organs, 
but in this instance, the two transmitters are stored in 
separate vesicles. They can be released differentially at 
different stimulation frequencies, depending on where 
they are located.85,86 For example, in the salivary gland, 
they can act independently on acinar cells and glandular 
blood vessels (see Fig. 16-14).76 Cooperation is achieved 
by the selective release of acetylcholine at low frequencies 
and VIP at high frequencies of stimulation. Elements of 
prejunctional and postjunctional modulation have also 
been described. In many biologic states, including preg-
nancy87 (see Chapter 77), hypertension, and aging (see 
Chapter 80), the relationships among cotransmitters may 
be an important determinant of a compensatory response 
to allow finer control of important physiologic function. 
Additionally, the large number of different receptors may 
provide targets for potential pharmacologic interventions.
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GANGLIONIC PHARMACOLOGY

Ganglia serve far more complex functions than simply 
being a link between the nerve process of one cell and the 
cell body of its next connection. Integrative and process-
ing functions contribute to the subtlety of response and 
organization of the ANS. The electrophysiology of gangli-
onic stimulation is complex, with at least four different 
types of responses to electrical stimulation, based on their 
characteristic excitatory postsynaptic potential (EPSP) or 
inhibitory postsynaptic potential (IPSP).88

The central event at the ganglion is the EPSP when 
acetylcholine interacts with a neuronal-type nicotinic 
receptor to depolarize the postsynaptic membrane. Depo-
larization results primarily from the influx of sodium ions 
through the nicotinic receptor channel, and it is sensi-
tive to nondepolarizing nicotinic blocking drugs such as 
hexamethonium. The other changes in electrical poten-
tial are related to secondary or subsidiary pathways that 
augment or suppress; these pathways are insensitive to 
classic nicotinic antagonists.

Secondary pathways are indicated by the following 
changes in potential elicited by electrical stimulation of 
the ganglia: (1) slow EPSP, (2) late slow EPSP, and (3) IPSP.

Autonomic ganglia may be stimulated by two groups 
of drugs: nicotinic and muscarinic agonists. Nicotinic 
agonists cause a rapid onset of excitatory effects, mimic 
the initial EPSP, and are blocked by classic nondepolar-
izing ganglionic blocking drugs. Muscarinic agonists 
delay onset of the excitatory effects and are blocked by 
atropine.

Blockade of ganglionic transmission results primarily 
from action at the nicotinic receptor to stop or inhibit 
transmission. Two groups of drugs block ganglionic trans-
mission. The first group is classically represented by nico-
tine and initially stimulates the receptor but then blocks 
it. This action is similar to the action of persistent depo-
larization. The second group does not cause initial stimu-
lation or a change in ganglionic potentials. This group 
includes the drugs hexamethonium, trimethaphan, and 
mecamylamine. Trimethaphan acts by competing with 
acetylcholine at cholinergic receptor sites on the ganglia; 
hexamethonium blocks the channel when it is open. 
Either mechanism blocks the initial EPSP and ganglionic 
transmission.

Muscarinic antagonists and α-agonists are incapable of 
completely blocking transmission, but they may inhibit 
normal modulation of the nerve impulse. β-Adrenergic 
stimulation facilitates nicotinic and muscarinic transmis-
sion, whereas α-adrenergic stimulation inhibits it. 5-HT 
is mostly facilitative, but it can be inhibitory in certain 
areas. Dopamine may also be inhibitory through stimula-
tion of the IPSP. The adrenal medulla is a specialized gan-
glionic synapse and is therefore under influences similar 
to those arising on the autonomic ganglia.

DRUGS AND THE AUTONOMIC NERVOUS 
SYSTEM

The structure and function of the sympathetic and 
parasympathetic systems are discussed in the preceding 
sections. Pharmacologic manipulation of autonomic 
function is the basis of therapy for many acute and 
chronic illnesses. The complex physiology allows many 
points for intervention, including enhancement or inhi-
bition of synthesis, storage, or receptor-mediated activ-
ity. In the following sections, specific autonomic drugs 
of interest to anesthesiologists and the mechanisms by 
which they work are discussed.

DRUGS AFFECTING ADRENERGIC 
TRANSMISSION

Endogenous Catecholamines
The endogenous sympathetic transmitters norepineph-
rine, epinephrine, and dopamine are catecholamines, an 
important subclass of the sympathomimetic drugs (Fig. 
16-15). The parent compound of this sympathomimetic 
group is β-phenylethylamine, the structure of which 
includes a benzene ring and an ethylamine side chain. 
Substitution of hydroxyl groups at the 3 and 4 positions of 
the benzene ring converts benzene to catechol, and these 
compounds are known as catecholamines. Although syn-
thetic, isoproterenol and dobutamine are also catechol-
amines. In addition, noncatecholamine drugs may act as 
sympathomimetics and have a similar structure.

The catecholamines are primarily metabolized by 
COMT. The loss of either hydroxyl group enhances oral 
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effectiveness and duration of action because the drug is 
no longer metabolized by COMT. Noncatecholamine 
sympathomimetics are primarily metabolized by MAO. 
The noncatecholamines that have a substituted α-carbon 
have a longer duration of action because they are not 
metabolized by COMT or MAO.

epinephrine. Epinephrine is used intravenously in life-
threatening circumstances, including the treatment of 
cardiac arrest, circulatory collapse, and anaphylaxis, 
but it is also commonly used locally to limit the spread 
of local anesthetics or to reduce blood loss. The sys-
temic effects of epinephrine are variable and are related 
to blood levels. The choice of dosing and the route of 
administration are determined by the indication for use 
and its urgency.

Epinephrine activates all adrenergic receptors: α1, α2, 
β1, β2, and β3. Potential therapeutic effects of epinephrine 
include the following: positive inotropy, chronotropy, 
and enhanced conduction in the heart (β1); smooth mus-
cle relaxation in the vasculature and bronchial tree (β2); 
and vasoconstriction (α1). With vasoconstriction, aortic 
diastolic pressure is increased, thereby promoting coro-
nary flow during cardiac arrest, which may be the single 
most important determinant of survival.89 Endocrine and 
metabolic effects of epinephrine include increased levels 
of glucose, lactate, and free fatty acids.

Epinephrine may be given intravenously as a bolus 
or by infusion. The usual bolus doses for pressure sup-
port begin at 2 to 8 μg given intravenously; 0.02 mg/
kg or approximately 1.0 mg is given for cardiovascular 
collapse, asystole, ventricular fibrillation, electrome-
chanical dissociation, or anaphylactic shock90 (see also 
Chapter 108). The larger dose range is recommended 
in these critical situations to maintain myocardial and 
cerebral perfusion through peripheral vasoconstriction. 
High-dose epinephrine (0.1 to 0.2 mg/kg) has been stud-
ied in resuscitation from cardiac arrest; rates of survival 
in adults are not improved. In pediatric patients, out-
come after asystole and pulseless cardiac arrest is abys-
mal, and the current recommendation is an initial dose 
of 0.01 mg/kg repeated every 3 to 5 minutes throughout 
resuscitative attempts42,91 (see Chapter 95). In unusual 
circumstances, larger doses may be given, and doses 
as large as 0.2 mg/kg may be effective.92 Patients vary 
tremendously in their response to epinephrine, and 
given rates of infusion cannot guarantee the expected 
serum levels in all patients; the “pressors” should 
therefore be carefully titrated, and measures to moni-
tor renal, cerebral, and myocardial perfusion are more 
critical than adherence to a rigid dosing scheme (Table 
16-7). A rate of 1 to 2 μg/minute, although rarely used, 
should predominantly activate β2 receptors, with result-
ing vascular and bronchial smooth muscle relaxation. 
A rate of 2 to 10 μg/minute (25 to 120 ng/kg/minute)  
increases heart rate, contractility, and conduction 
through the AV node and decreases the refractory period. 
Doses in excess of 10 μg/minute (100 ng/kg/minute) cause 
marked α-adrenergic stimulation with resultant general-
ized vasoconstriction. Epinephrine is a potent renal vaso-
constrictor that acts directly by α-receptor stimulation 
and indirectly by stimulation of renin release. Although 
low-dose epinephrine increases the heart rate by direct 
β1-adrenergic stimulation, reflex bradycardia is seen with 
higher doses because of the marked elevation in blood 
pressure resulting from peripheral vasoconstriction.

Racemic epinephrine (i.e., mixture of the levorotary 
and dextrorotary isomers) constricts edematous mucosa 
and is used for the treatment of severe croup,93 as well 
as for postextubation and traumatic airway edema. A 
2.25% solution is diluted with water or saline in a 1:8 
ratio and is nebulized. Treatments may be given as fre-
quently as every 2 hours, with effects lasting 30 to 60 
minutes; the patient should remain under observation 
for at least 2 hours because initial improvement may be 
followed by rebound swelling up to 2 hours after admin-
istration. Although it is common clinical practice to 
use the racemic form of epinephrine for these clinical 
applications, data show that l-epinephrine is 15 to 30 
times more potent than the mixture,94 and it is equally 
effective and less expensive for treating these clinical 
complications.95

Bronchospasm may also be treated by subcutaneous 
administration of epinephrine in doses of 300 μg every 
20 minutes with a maximum of three doses. In addition 
to its direct bronchodilatory effects, epinephrine may 
decrease antigen-induced release of endogenous bron-
chospastic substances from mast cells and is particularly 
useful in anaphylactic reactions.96 Relative contraindi-
cations include advanced age, significant tachycardia, 
hypertension, and coronary occlusive disease. Absorption 
of subcutaneous epinephrine is extremely slow because 
of intense local vasoconstriction, and the effect of a very 
large subcutaneous dose of 0.5 to 1.5 mg is roughly equiv-
alent to an intravenous infusion of 10 to 30 μg/minute. 
Intravenous injection of epinephrine in a dose appropri-
ate for subcutaneous administration can result in life-
threatening ventricular arrhythmias, hypertension, and 
cerebral hemorrhage. Epinephrine is often applied locally 
to mucosal surfaces to decrease bleeding at an opera-
tive site. It is mixed with local anesthetics for infiltra-
tion into tissues or intrathecal injection. The α-mediated 

TABLE 16-7 DOSE-DEPENDENT ACTIONS OF 
INOTROPES AND CHRONOTROPES 

Drug* Receptors Usual Infusion Rate

Epinephrine β2 1-2 μg/min
β1 + β2 2-10 μg/min
α1 ≥10 μg/min† (bolus: 

2-10 μg; 0.5-1.0 mg‡)
Norepinephrine α1, β1 >> β2 4-12 μg/min†

Dopamine Dopaminergic 0-3 μg/kg/min
β 3-10 μg/kg/min
α >10 μg/kg/min†

Dobutamine β1 >> β2, α 2.5-10 μg/kg/min†

Isoproterenol β1 > β2 0.5-10 g/min

Data from Hoffman BB, Lefkowitz RJ: Catecholamines and sympathetic drugs. 
In Goodman A, Rall T, Nies A, et al, editors: Goodman and Gilman’s the 
pharmacological basis of therapeutics, ed 8. New York, 1990, Pergamon 
Press, p 187.

*All drugs have elimination half-lives of a few minutes except amrinone 
(half-life, 3.6 hours; 5.8 hours in congestive heart failure).

†Much larger doses have been used in clinical practice.
‡With anaphylaxis or cardiac arrest.
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vasoconstriction decreases bleeding in the area and slows 
vascular uptake of local anesthetic, thereby prolonging 
the duration of effect and decreasing the peak serum 
level of the local anesthetic. Although clinicians express 
concern about the possible systemic effects of such injec-
tions, the increases in plasma levels from vascular uptake 
are relatively modest and are substantially less than lev-
els seen during psychological stress.97 This conclusion 
assumes the absence of overt intravenous injection.

Drug interactions with epinephrine are often predict-
able. Cocaine and other uptake inhibitors enhance the 
effect and duration of exogenous epinephrine. Preexist-
ing α1 blockade can cause the paradoxical phenomenon 
of epinephrine reversal (a hypotensive and tachycardic 
response) as the β2-vasodilating effects are unmasked. 
Patients receiving nonselective β-blockers may demon-
strate unopposed α responses. Cardioselective (β1) block-
ade does not have this effect.98

Halothane (which is still used in some countries) sensi-
tizes the heart to catecholamines and can cause arrhyth-
mias during light levels of anesthesia. Epinephrine 
decreases the refractory period and thus renders the heart 
more susceptible to arrhythmias. In adults, the epineph-
rine dose required to produce three premature ventricular 
contractions in 50% of patients (ED50) at 1.25 minimum 
alveolar concentration (MAC) was 2.1 μg/kg for halo-
thane, 6.7 μg/kg for isoflurane, and 10.9 μg/kg for enflu-
rane.99 Children tolerate larger doses than do adults (see 
Chapter 93). In addition, children undergoing halothane 
anesthesia may receive a maximum of 10 to 15 μg/kg of 
epinephrine subcutaneously every 10 minutes.92 Hypo-
capnia potentiates this drug interaction.

norepinephrine. Norepinephrine differs structurally from 
epinephrine only in its lack of a methyl group. Like epi-
nephrine, norepinephrine acts at α and β receptors, but it 
is typically used for its potent α agonism. It is frequently 
the pressor of last resort in supporting systemic vascular 
resistance. Because of its short half-life of 2.5 minutes, 
continuous infusion is preferred. Whereas less than 2 μg/
minute (30 ng/kg/minute) may uncover the effects of β1-
adrenergic stimulation, the usual infusion rates of greater 
than 3 μg/minute (50 ng/kg/minute) elicit peripheral 
vasoconstriction from α-adrenergic stimulation.

Peripheral vasoconstriction increases arterial blood 
pressure and may cause reflex bradycardia. Venous return 
is increased by the powerful venoconstriction. Cardiac 
output is frequently unchanged or decreased; oxygen 
consumption is markedly increased. Because pulmonary 
vascular resistance may be increased, norepinephrine 
should be used with caution in patients with pulmonary 
hypertension.100

Like epinephrine, norepinephrine is a potent constric-
tor of the renal and mesenteric vascular beds and can 
cause renal failure, mesenteric infarction, and peripheral 
hypoperfusion. The decrease in hepatic flow is of clinical 
relevance because plasma levels of hepatically metabo-
lized drugs (e.g., lidocaine) are markedly increased. To 
ameliorate the renal effects, a low-dose dopamine infu-
sion may be added to norepinephrine.101 Extravasation 
of norepinephrine can cause tissue necrosis and may be 
treated by local infiltration of phentolamine. Prolonged 
infusion has caused gangrene of the digits. The poten-
tial for profound vasoconstriction makes careful patient 
selection and close monitoring mandatory.

dopAmine. Dopamine acts at α-adrenergic, β-adrenergic, 
and dopaminergic receptors; it also acts to release nor-
epinephrine and therefore has mixed direct and indirect 
effects. Although dopamine is a precursor of norepi-
nephrine, its most important ANS effect in the periphery 
may be to cause peripheral vasodilation. Improvement 
of blood flow through the renal and mesenteric beds in 
shocklike states is expected through its action at dopa-
mine receptors on the postjunctional membrane. It 
is rapidly metabolized by MAO and COMT and has a 
half-life of approximately 1 minute. Like other endog-
enous catecholamines, dopamine is given as a continu-
ous intravenous infusion without a loading dose. At low 
doses (0.5 to 2.0 μg/kg/minute), DA1 receptors are stimu-
lated, and renal and mesenteric vascular beds dilate.102 
In addition to an improvement in renal blood flow, the 
glomerular filtration rate and sodium excretion increase. 
With an infusion rate of 2 to 10 μg/kg/minute, β1 recep-
tors are stimulated, and cardiac contractility and output 
are increased. Rates higher than 5 μg/kg/minute stimu-
late the release of endogenous norepinephrine, which 
contributes to cardiac stimulation. In larger doses (10 to 
20 μg/kg/minute), α and β1 receptors are stimulated, the 
α-adrenergic vasoconstrictive effect predominates, and 
the benefit to renal perfusion may be lost.103

In the past, dopamine was frequently used for the 
treatment of shock (especially in vasodilated states such 
as sepsis). Infusions of dopamine, by increasing renal 
blood flow, may protect the kidney and aid in diuresis.104 
However, dopamine may not have a beneficial effect on 
renal function in shock states, and its routine use in these 
patients is questionable (see Chapters 102 and 107).105,106

Dopexamine hydrochloride, an inotropic vasodilator, 
is a synthetic parenteral dopamine analogue that may be 
of use in CHF. Dopexamine is approximately 60 times 
more potent at β2-adrenergic receptors than dopamine is, 
one third as potent at DA1 receptors, and one seventh as 
potent at DA2 receptors.107,108 Unlike dopamine, it shows 
no α-adrenergic effects and negligible β1-adrenergic 
effects and is consequently devoid of vasoconstrictive 
activity.107,109 Dopexamine has a reported half-life of 3 
to 7 minutes in healthy patients and approximately 11 
minutes in patients with low cardiac output.110 β2 Ago-
nism produces systemic vasodilation and indirect ino-
tropic activity (through inhibition of neuronal uptake of 
norepinephrine).107-109,111,112 Stimulation of dopaminer-
gic receptors produces selective vasodilation of renal and 
splanchnic vessels and increases the glomerular filtration 
rate, diuresis, and natriuresis.108,113-116

The use of dopexamine is preferable when vascular 
resistance is high. Within the dose range of 1 to 6 μg/kg/
minute, the combined inotropic, vasodilative, diuretic, 
and natriuretic effects have shown benefit in the man-
agement of CHF,117-120 but an indeterminate outcome in 
the treatment of septic shock.119,121-125 Use of this agent 
has been limited by dose-dependent tachycardia, mainly 
at doses higher than 4 μg/kg/minute.126,127 The effects of 
dopexamine on intestinal mucosal and hepatic perfusion 



PART II: Anesthetic Physiology368

remain controversial.128-133 In general, systemic vasodila-
tion is more pronounced with dopexamine, and positive 
inotropic effects appear more marked with dopamine134 
and dobutamine.135

Fenoldopam is a selective DA1 agonist and potent vaso-
dilator (i.e., six to nine times as potent as dopamine) that 
enhances natriuresis, diuresis, and renal blood flow.136-140 
Because of its poor bioavailability and varied results in 
clinical trials, fenoldopam is no longer being investigated 
as a candidate for the treatment of chronic hypertension 
or CHF. Instead, intravenous fenoldopam, given by infu-
sion at rates of 0.1 to 0.8 μg/kg/minute with incremental 
titration at 0.1 μg/kg/minute, has been approved to treat 
severe hypertension. It is an alternative to sodium nitro-
prusside, with potentially fewer side effects (i.e., no thio-
cyanate toxicity, rebound effect, or coronary steal) and 
improved renal function. The peak effects of fenoldopam 
occur within 15 minutes.141,142

Noncatecholamine Sympathomimetic 
Amines
The β-agonist isoproterenol and the α-agonists phenyl-
ephrine and methoxamine act predominantly at only 
one type of receptor, but most noncatecholamine sympa-
thomimetic amines act at α and β receptors because they 
have two mechanisms of action: directly at a receptor and 
indirectly by releasing endogenous norepinephrine.

Mephentermine, ephedrine, and metaraminol are 
mixed-acting drugs. Ephedrine increases arterial blood 
pressure and has a positive inotropic effect. Because 
uterine blood flow is not decreased, ephedrine is widely 
used as a pressor in hypotensive parturient patients (see 
Chapter 77), although more recent evidence suggests that 
phenylephrine may be as safe or safer in this setting.143 As 
a result of its β1-adrenergic–stimulating effects, ephedrine 
is helpful in treating moderate hypotension, particularly 
if accompanied by bradycardia. It also has some direct β2-
adrenergic–stimulating effects and has been used orally as 
a bronchodilator. The usual dose is 2.5 to 25 mg given 
intravenously or 25 to 50 mg administered intramuscu-
larly. Mephentermine is similar to ephedrine in its effects, 
whereas metaraminol has relatively stronger direct α1-
adrenergic–stimulating effects and may be associated with 
reflex bradycardia.

Tachyphylaxis to the indirect effect may develop 
through depletion of norepinephrine stores. Although all 
sympathomimetic amines are capable of producing tol-
erance or tachyphylaxis, the mechanism has been stud-
ied best with metaraminol. Metaraminol is taken up into 
the sympathetic nerve ending, where it displaces nor-
epinephrine and produces its sympathomimetic effect. 
However, after some time, the drug acts as a false trans-
mitter, and subsequent sympathetic nerve stimulation 
results in much less effect. Consequently, metaraminol 
probably should not be used when other, more effective 
drugs are available. Its indirect action is attenuated in 
the presence of long-term reserpine or cocaine use, but 
it may still be efficacious at larger doses. Although indi-
rect-acting drugs are widely used as a first-line therapy 
for intraoperative hypotension, epidemiologic studies of 
adverse reactions under anesthesia suggest that depen-
dence on these agents in life-threatening events may 
contribute to morbidity if they delay the administration 
of epinephrine.144

α-Receptor Agonists
Phenylephrine and methoxamine are selective α1-agonists. 
These drugs are commonly used when peripheral vaso-
constriction is needed and cardiac output is adequate, 
as in the hypotension that may accompany spinal anes-
thesia, as well as in patients with coronary artery disease 
or aortic stenosis to increase coronary perfusion pressure 
without chronotropic side effects. Phenylephrine has a 
rapid onset and relatively short duration of action (5 to 
10 minutes) when given intravenously. It may be given 
in bolus doses of 40 to 100 μg or by infusion at a starting 
rate of 10 to 20 μg/minute. Larger doses of up to 1 mg are 
used to slow supraventricular tachycardia through reflex 
action. Phenylephrine is also used as a mydriatic and nasal 
decongestant. In anesthetic practice, it is applied topi-
cally, alone or mixed with local anesthetic gel, to prepare 
the nostril for nasotracheal intubation. It is also added 
to local anesthetic to prolong subarachnoid blockade. In 
contrast, methoxamine is a much longer-acting drug (30 
to 60 minutes).145 In larger doses, methoxamine possesses 
some membrane-stabilizing and β-blocking properties.
α2-Agonists are assuming greater importance as anes-

thetic adjuvants and analgesics. Their primary effect is 
sympatholytic. They reduce peripheral norepinephrine 
release by stimulation of prejunctional inhibitory α2 adr-
enoreceptors. They inhibit central neural transmission in 
the dorsal horn by presynaptic and postsynaptic mecha-
nisms and also have direct sympatholytic effects on spi-
nal preganglionic sympathetic neurons. Traditionally, 
they have been used as antihypertensive drugs, but appli-
cations based on their sedative, anxiolytic, and analgesic 
properties are being developed.

Clonidine, the prototypic drug of this class, is a selec-
tive partial agonist for α2 adrenoreceptors, with a ratio 
of approximately 200:1 (α2 to α1). Its antihypertensive 
effects are caused by central and peripheral attenuation 
of sympathetic outflow and central activation of non-
adrenergic imidazoline-preferring receptors.146-148 The 
decrease in central sympathetic outflow reduces activ-
ity in peripheral sympathetic neurons without affecting 
baroreceptor reflexes.149 Arterial blood pressure is thereby 
decreased without the accompanying orthostatic hypo-
tension produced by many antihypertensive drugs.150 
Because clonidine is lipid soluble, it penetrates the blood-
brain barrier to reach the hypothalamus and medulla, 
and unlike methyldopa, it does not require transforma-
tion into another substance.151 Clonidine withdrawal 
may precipitate hypertensive crises, so the drug should 
be continued throughout the perioperative period or 
at the least be replaced by close monitoring of arterial 
blood pressure and ready ability to treat hypertension. 
The administration of nonselective β-blockers during 
clonidine withdrawal can worsen hypertension by leav-
ing α1-receptor–mediated vasoconstriction unopposed. 
Labetalol can be used to treat this withdrawal syndrome.

Although experience with α2-agonists as sole anes-
thetics is limited,152 these drugs reduce anesthetic 
requirement and provide a more stable cardiovascular 
course, presumably because of their sympatholytic effect 
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and the need for lower doses of cardioactive anesthet-
ics.153,154 Oral, intravenous, epidural, or intrathecal 
administration of clonidine potentiates the anesthetic 
action of other volatile or intravenous anesthetics and 
reduces general and regional anesthetic requirements 
with correspondingly fewer side effects.153,155-162 Addi-
tionally, a meta-analysis of the perioperative use of 
clonidine and the other α2-agonists dexmedetomidine 
and mivazerol indicated a decrease in MI and periopera-
tive mortality in patients undergoing vascular surgery 
(see Chapter 69).163

Dexmedetomidine has a 1600:1 preference for α2 recep-
tors relative to α1 receptors.164 This drug was introduced 
into clinical practice as an adjunct to regional, local, and 
general anesthetics.165 Dexmedetomidine has a half-life 
of 2.3 hours, although its context-specific half-life is less 
than 5 minutes,166 thus making its clinical effect short.

In healthy volunteers, dexmedetomidine increases 
sedation, analgesia, and amnesia and decreases heart 
rate, cardiac output, and circulating catecholamines in a 
dose-dependent fashion.164 The purported MAC-reducing 
sedative and analgesic effects demonstrated in preclini-
cal and volunteer studies have largely been borne out in 
clinical practice. Although dexmedetomidine infusions 
attenuate the hemodynamic lability of induction, main-
tenance, and emergence, the dose of other anesthetics 
must be carefully reduced167,168 because requirements for 
other anesthetics may decrease. Another use for this drug 
is to provide sedation for mechanically ventilated patients 
during weaning from the ventilator (see Chapter 103).169

In addition to their use in the operative setting, α2-
agonists provide effective analgesia for acute and chronic 
pain, particularly as adjuncts to local anesthetics and 
opioids. The addition of clonidine increases the duration 
of analgesia and reduces dose requirements for local and 
narcotic pain medications.159,170-184 Epidural clonidine 
is indicated for the treatment of intractable pain; that 
is, patients unresponsive to maximum doses of oral or 
epidural opioids may benefit from oral, patch, intramus-
cular, or neuraxial administration of clonidine,185-188 as 
do patients with reflex sympathetic dystrophy189 and 
neuropathic pain.190 The intrinsic analgesic effects of 
α2-agonists have been demonstrated with large doses of 
clonidine alone administered intrathecally (as much as 
450 μg) or epidurally (1 to 2 μg/kg/hour) to control intra-
operative and postoperative pain. Clonidine decreases 
postoperative oxygen consumption and the adrenergic 
stress response.191,192 Although dose-dependent adverse 
effects such as hypotension and sedation and idiosyn-
cratic adverse effects such as bradycardia do occur, cloni-
dine seems to have limited effects on respiratory control 
and only mildly potentiates opiate-induced respiratory 
depression.193,194 The impact of α2-induced sedation on 
respiratory function combined with the short duration 
of action of dexmedetomidine led to several reports of 
the use of dexmedetomidine for awake fiberoptic intu-
bation.195,196 The authors of these reports emphasize the 
ability to maintain spontaneous ventilation in the con-
text of adequate sedation for the procedure as the reason 
for selecting the short-acting α2-agonist for sedation in 
patients with difficult or at-risk airways. For similar rea-
sons, dexmedetomidine infusions have been used for 
the perioperative management of obese patients with 
obstructive sleep apnea to minimize their narcotic needs 
while providing adequate analgesia.197

Aside from its role as an anesthetic adjuvant and anti-
hypertensive agent, clonidine has been used to treat the 
following: panic disorder198; symptoms of opiate, benzo-
diazepine, and ethanol withdrawal199; cigarette craving 
after smoking cessation200; emesis in cancer chemothera-
peutic regimens; and diabetic diarrhea. Experimental data 
also suggest that α2-agonists have protective effects against 
anesthetic neurotoxicity in the developing brain.201

Clonidine may increase blood glucose concentrations 
by inhibiting release of insulin.202 Unlike spinal opioids, 
clonidine does not cause urinary retention and may hasten 
the time to first micturition after spinal anesthesia.203,204 
The breadth of experience with dexmedetomidine is 
much less than with clonidine. Nevertheless, infusions of 
the short-acting intravenous α2-agonist have been used 
for sedation after extubation at the intensive care unit 
(ICU),205 during neurosurgical cases (to facilitate intraop-
erative wake-ups and to improve signal quality during neu-
romonitoring)206 (see Chapters 49 and 70), and as part of 
a postoperative pain management regimen.207 Patients in 
the ICU who are sedated with dexmedetomidine appear to 
have a lower incidence of delirium and/or coma.208,209 An 
important characteristic of dexmedetomidine that makes 
it an attractive choice in these settings is the “rousable” 
sedation that it creates (see also Chapter 102). Specifically, 
patients awaken from apparently deep states of sedation to 
verbal commands or light tactile stimulation.

β-Receptor Agonists
nonselective β-receptor Agonists

Dobutamine. Although at clinical doses it can act at 
β2 and α1 receptors, dobutamine, a synthetic analogue 
of dopamine, has predominantly β1-adrenergic effects. 
When compared with isoproterenol, it is reported to 
affect inotropy more than chronotropy, but it increases 
conduction velocity through nodal tissue to the same 
extent. Dobutamine exerts less of a β2-type effect than 
does isoproterenol and less of an α1-type effect than does 
norepinephrine. Unlike dopamine, dobutamine does not 
directly release endogenous norepinephrine, nor does it 
act at dopaminergic receptors.

Dobutamine may be useful in CHF and MI compli-
cated by a low cardiac output state, although in cases 
of severe hypotension, it may not be effective because it 
lacks a significant α1-pressor effect. It is relatively safe to 
use in patients with myocardial ischemia without increas-
ing the size of the infarct or causing arrhythmias. Doses 
lower than 20 μg/kg/minute do not produce tachycardia, 
but in especially severe CHF, significant tachycardia is 
the primary adverse effect. Because dobutamine directly 
stimulates β1 receptors, it does not rely on norepineph-
rine stores and may still be effective in catecholamine-
depleted states such as chronic CHF. However, in severe 
chronic CHF, the down-regulation of β-adrenergic recep-
tors may hamper the drug’s effectiveness.

The β2-vasodilating effects of dobutamine are almost 
exactly offset by its α1-constricting effects, which can 
be revealed experimentally by administering a nonse-
lective β-blocking drug. Its modest ability to dilate the 
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peripheral vasculature is probably more closely con-
nected with its ability to relieve the high-adrenergic state 
of decompensated CHF than with specific β2-mediated 
vasodilation.210 Clinical situations that call for distinct 
afterload reduction may be better served by an agent 
such as nitroprusside.

Prolonged treatment with dobutamine causes down-
regulation of β receptors; tolerance to its hemodynamic 
effects is significant after 3 days and may be temporarily 
offset by increasing the rate of infusion. 211 Intermittent 
infusions of dobutamine have been used in the long-
term treatment of heart failure and have improved exer-
cise tolerance,212 although not survival.213

isoproterenol. Isoproterenol provides relatively pure 
nonselective β-adrenergic stimulation with no signifi-
cant effect at α receptors. Its β1-adrenergic stimulation is 
significantly stronger than its β2 stimulation, but it still 
causes more β2-adrenergic activity than does dobutamine. 
Since the development of other inotropes, the popular-
ity of isoproterenol has declined because of its adverse 
effects of tachycardia and arrhythmias. Isoproterenol was 
historically used for bradycardia or heart block resistant 
to atropine (see Chapter 108). Its primary use at this time 
is as a chronotropic agent in patients after heart trans-
plantation. These patients are unable to generate an en-
dogenous sympathetic response to challenges because the 
sympathetic fibers are divided when the native heart is 
removed. The availability of superior pharmacologic op-
tions for most clinical indications has led to removal of 
isoproterenol from many hospital formularies. Infusion 
rates start at 0.5 to 5 μg/minute for adults. Because iso-
proterenol is not taken up into adrenergic nerve endings, 
its duration of action is slightly longer than that of the 
natural catecholamines.

selective β2-receptor Agonists. In the past, isoproter-
enol was used in the treatment of bronchospasm for its 
β2-adrenergic–stimulating properties, but unpleasant 
and dangerous β1-mediated adverse effects limited its 
use. The development of β2-selective agents made β stim-
ulants a cornerstone of the treatment of bronchospasm. 
However, this β2 selectivity is only relative, and it may 
be lost at higher doses; in addition, β2 receptors in the 
sinoatrial node may cause tachycardia when stimulated. 
The structures of these drugs have been modified to slow 
their metabolism, thereby prolonging their therapeutic 
benefit and enabling oral administration. In particular, 
the addition of bulky structures on the catecholamine 
amino group increases β2 selectivity, decreases affin-
ity for α receptors, and protects against metabolism by 
COMT. These drugs are aerosolized and given by inhaler 
for rapid onset and to minimize systemic drug levels and 
adverse effects.

An increase in the annual number of deaths from 
asthma has been well documented, and investigators 
have suggested that this increase may be related to β2-
agonist use.214-216 Susceptibility to arrhythmia by direct 
cardiac stimulation or by β2-induced hypokalemia is a 
suggested mechanism of these effects. It has also been 
hypothesized that long-term use of these drugs may 
increase airway hyperreactivity. Nonetheless, their safe 
use in many thousands of patients is well documented.
Commonly used drugs include metaproterenol, terbu-
taline, and albuterol. Metaproterenol is probably less β2 
selective than albuterol or terbutaline. Terbutaline is the 
only β2-selective agent that can be given subcutaneously 
and may therefore have particular use in status asthmat-
icus. The normal subcutaneous dose is 0.25 mg, which 
may be repeated after 15 to 30 minutes.
β2-Agonists are also used to treat premature labor (see 

Chapter 77). β1-Adrenergic adverse effects are common, 
particularly when the drugs are administered intrave-
nously. As a consequence, their use for the purpose of 
tocolysis has been questioned.217

α-Receptor Antagonists
α1-Antagonists have long been used clinically as antihy-
pertensives, but they have become less popular over the 
years. α1 Blockade vasodilates by blocking the arterial 
and venous constriction caused by endogenous catechol-
amines. The effects are potentiated when standing or 
in the presence of hypovolemia. Reflex tachycardia and 
fluid retention can ensue.

Phenoxybenzamine is the prototypic α1-antagonist, 
although it irreversibly binds to α1 and α2 receptors. 
New receptors must be synthesized before complete 
offset of its effects occurs. Its half-life after oral admin-
istration is unknown, but after an intravenous dose 
its half-life is approximately 24 hours. Phenoxyben-
zamine decreases peripheral resistance and increases 
cardiac output, and blood flow to the skin and viscera 
is increased. As expected, the primary adverse effect 
of phenoxybenzamine is orthostatic hypotension; 
nasal stuffiness may also occur. In addition to recep-
tor blockade, phenoxybenzamine inhibits neuronal 
and extraneuronal uptake of catecholamines. Phenoxy-
benzamine is used for the treatment of pheochromo-
cytoma; with extended use, it establishes a “chemical 
sympathectomy” preoperatively that aids in blood 
pressure control, permits correction of the contracted 
plasma volume, and protects against catecholamine-
induced cardiac damage. Thus, phenoxybenzamine 
treatment allows a smoother perioperative course for 
patients undergoing removal of a pheochromocytoma. 
When exogenous  sympathomimetics are administered 
after α1-receptor blockade, their vasoconstrictive effects 
are inhibited. The effect of phenylephrine is completely 
blocked, whereas that of norepinephrine is limited to 
its β1-adrenergic effect of cardiac stimulation. Epineph-
rine reversal caused by unopposed β2 agonism when 
exogenous epinephrine is given is manifested as severe 
hypotension and tachycardia. Despite phenoxybenza-
mine’s irreversible binding to the receptor, the recom-
mended treatment of phenoxybenzamine overdosage 
is norepinephrine infusion because some receptors 
remain free of the drug.218

Phentolamine is a shorter-acting drug that blocks α1 
and α2 receptors. Historically used to treat pulmonary 
hypertension, it has largely been supplanted by epo-
prostenol (prostaglandin I2). It is also used to treat the 
hypertension associated with clonidine withdrawal or 
with tyramine ingestion during MAOI therapy, but few 
data have been collected on its efficacy and safety for 
these indications. Phentolamine has also been infiltrated 



into affected tissues after extravasation of agents such 
as norepinephrine in an attempt to relax vasoconstric-
tion; for this purpose, 5 to 10 mg is diluted in 10 mL of 
saline. Adverse effects of phentolamine include hypoten-
sion and gastrointestinal distress; reflex tachycardia and 
arrhythmias may result from action at α2 receptors. Coro-
nary artery disease and peptic ulcer disease are relative 
contraindications to its use. As in phenoxybenzamine 
overdosage, severe hypotension may require treatment 
with norepinephrine rather than epinephrine.

Prazosin is a potent selective α1-adrenergic blocker 
often used as a prototypic antagonist in pharmacologic 
experiments. It antagonizes the vasoconstrictor effects 
of norepinephrine and epinephrine, thereby causing 
a decline in peripheral vascular resistance and venous 
return to the heart. Although the heart rate does not 
normally increase, orthostatic hypotension is a major 
problem. Unlike other antihypertensive drugs, prazosin 
improves lipid profiles by lowering low-density lipid lev-
els while raising the level of high-density lipids. It is pri-
marily used to treat hypertension. It has also been used in 
patients with CHF, but unlike the angiotensin-converting 
enzyme inhibitors (ACEIs), prazosin does not prolong 
life. It is metabolized by the liver. Supplied as 1-, 2-, and 
5-mg tablets, its starting dose is usually 0.5 to 1 mg given 
at bedtime because of the orthostatic hypotension. Even-
tually, it can be taken twice daily.
α2-Antagonists such as yohimbine increase sympa-

thetic outflow by enhancing release of norepinephrine. 
These drugs have proved to be of little clinical utility in 
anesthesia, although they are used in urology.

β-Receptor Antagonists
phArmAcology. β-Adrenergic receptor antagonists (i.e., 
β-blockers) are among the most commonly prescribed 
drugs and are frequently taken by patients about to 
undergo surgery. Current indications for the use of β 
blockade include ischemic heart disease, postinfarction 
management, arrhythmias, hypertrophic cardiomyopa-
thy, hypertension, heart failure, and prophylaxis for 
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migraine headache. Concern that patients treated with 
β-blockers would be hemodynamically unstable under 
anesthesia has proved to be largely unjustified. These 
drugs are an important part of the armamentarium of 
the anesthesiologist in the ongoing attempt to limit 
stress responses perioperatively and to protect the car-
diovascular system. A comprehensive analysis found 
that the use of β-blockers perioperatively reduces mor-
bidity and mortality in noncardiac surgery for patients 
at risk.219 Several well-known clinical trials,220-224 as well 
as the widespread use and safety of these drugs in heart 
failure,225 have made β blockade an evolving standard 
(see Chapter 38).

A wide spectrum of β-adrenergic blockers is available to 
the clinician. The most important properties to consider 
when choosing a β-blocker for long-term use are cardiose-
lectivity, intrinsic sympathomimetic activity (ISA), and 
lipid solubility. In anesthetic practice, cardioselectivity, 
duration of action, and a formulation suitable for intra-
venous use are crucial factors (Table 16-8). β-Antagonists 
resemble isoproterenol in structure and bind competi-
tively to the β receptor, thereby blocking access by more 
potent β-agonists (Fig. 16-16). Competitive inhibition at 
the β receptor can be overcome by increasing the available 
concentration of β-agonist. The potency of a β-blocker is 
often determined by its ability to inhibit induction of 
tachycardia by isoproterenol. Propranolol is assigned a 
potency of 1, and the other drugs are evaluated in rela-
tion to it.

Nonselective β-adrenergic blockers act at the β1 and 
β2 receptors and include propranolol, nadolol, pindolol, 
sotalol, oxprenolol, penbutolol, and timolol. Cardiose-
lective β-blockers have stronger affinity for β1-adrenergic 
receptors than for β2-adrenergic receptors, and the pre-
dominant effects are therefore cardiac. With β1-selective 
blockade, AV conduction velocity, heart rate, and cardiac 
contractility are decreased, as are release of renin by the 
juxtaglomerular apparatus and lipolysis at adipocytes. 
At larger doses, the relative selectivity for β1-adrenergic 
receptors is lost and β2 receptors are also blocked, with 
TABLE 16-8 PHARMACOKINETICS AND PHARMACOLOGY OF SELECTED β-ADRENOCEPTOR BLOCKERS

Characteristic Atenolol Metoprolol Propranolol HCl Labetalol Esmolol Carvedilol

Relative β sensitivity + + 0 0 + 0
Intrinsic sympathetic 

activity
0 0 0 + 0 0

Membrane-stabilizing 
activity

0 0 ++ 0 0 *

Lipophilicity† Low Moderate High Low Low High
Predominant route of 

elimination
RE (mostly 

unchanged)
HM HM HM Hydrolysis by 

RBC esterase
HM

Drug accumulation in 
renal disease

Yes No No No No No

Elimination half-life (hr) 6-9 3-4 3-4 ≈6 9 min 2-8
Usual oral maintenance 

dose
50-100 mg daily 50-100 mg qid 60 mg qid 100-600 mg 

bid
N/A 25 mg bid

Usual intravenous dose 
(caution)

5 mg q5min × 3 0.1 mg/kg 
(maximum)

1-2 mg/kg 50-300 μg/kg/
min infusion

15 mg

HM, Hepatic metabolism; N/A, not applicable; RBC, red blood cell; RE, renal excretion; 0, no effect; +, mild effect; ++ moderate effect.
*Data not available.
†Determined by the distribution ratio between octanol and water.
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the potential for bronchoconstriction, peripheral vaso-
constriction, and decreased glycogenolysis.

Cardioselective drugs include atenolol, betaxolol, bev-
antolol, esmolol, and metoprolol. These drugs may be 
preferable for patients with obstructive pulmonary dis-
ease, peripheral vascular disease, Raynaud phenomenon, 
and diabetes mellitus. Although previously a matter of 
controversy, a meta-analysis concluded that cardiose-
lective β-blockers can be given safely to patients with 
chronic obstructive pulmonary disease.226 Nevertheless, 
because the selectivity is only relative and may be lost 
at conventional clinical doses, extreme care should be 
taken when administering a β-blocker in the presence of 
pulmonary disease. Some β-antagonists also have vaso-
dilatory effects, thus making them particularly useful in 
the treatment of hypertension and CHF.227,228 Labetalol 
vasodilates by blocking α1 receptors and by direct β2-
receptor agonism.
β-Blockers exerting a partial agonist effect at the recep-

tor while blocking access by more potent agonists pos-
sess ISA. Drugs with ISA include acebutolol, carteolol, 
celiprolol, dilevalol, oxprenolol, penbutolol, and pindo-
lol. These drugs primarily decrease arterial blood pres-
sure and, to a lesser extent, heart rate and left ventricular 
function. When sympathetic activity is high, such as dur-
ing exercise, these drugs behave more like conventional 
β-blockers. The partial β2 agonism of pindolol induces 
bronchodilation. ISA may therefore be useful if β block-
ade is required in a patient with bradycardia, peripheral 
vascular disease, or very mild hyperreactive airway dis-
ease. Drugs with ISA may not be as effective in control-
ling symptoms in severe angina or in reducing mortality 
after MI.229 ISA may protect against β-blocker withdrawal 
syndrome.230

Propranolol and acebutolol possess membrane-stabi-
lizing activity (MSA), also referred to as the quinidine-like 
or local anesthetic effect. This effect reduces the rate of 
rise in cardiac action potential. The MSA of propranolol 
may explain the decrease in the oxygen affinity of hemo-
globin when the drug is administered. However, MSA is 
seen only at concentrations 10 times those required for 
blockade of β receptors and is probably of little clinical 
consequence. Overdose with drugs that exhibit MSA is 
associated with a higher incidence of fatality.231
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Figure 16-16. Structure of isoproterenol and propranolol. (From Tol-
lenaeré JP: Atlas of the three-dimensional structure of drugs. Amster-
dam, 1979, Elsevier North-Holland.)
indicAtions for Use

perioperative β blockaDe. In the late 1990s, two impor-
tant studies established the value of perioperative β block-
ade in patients at risk for coronary ischemia who were 
undergoing noncardiac operations (see Chapters 38 and 
39). Patients were labeled as “at risk” if they fit into one 
of two categories: they were undergoing high-risk vascular 
surgery and had no evidence of inducible coronary isch-
emia, or they were undergoing a nonvascular procedure 
but had traditional risk factors for coronary artery dis-
ease (older age, high cholesterol, hypertension, cigarette 
smoking, family history of coronary disease, or diabe-
tes).232 The Multicenter Study of Perioperative Ischemia 
Research Group enrolled 200 patients about to undergo 
surgery who had risk factors for coronary artery disease 
and randomized these patients to receive placebo or aten-
olol before and after surgery.221 The results of the study 
demonstrated that although no improvement occurred in 
in-hospital outcomes (cardiac death or MI) in the ateno-
lol-treated group, the treated group did have a lower inci-
dence of cardiac events at the 6- to 8-month follow-up 
and a marked decrease in all-cause mortality that persisted 
at 2-year follow-up (survival rate at 2 years: 68% in the 
placebo group and 83% in the atenolol-treated group). 
The second study enrolled patients with known ischemic 
disease demonstrated on preoperative stress echocardiog-
raphy.222 The treatment group in this study was given 
bisoprolol, and the dose was titrated to achieve a heart 
rate less than the patients’ ischemic threshold. The results 
of this study, whose participants were at much higher risk 
for ischemic events than were the patients in the previous 
study, demonstrated a 10-fold decrease in perioperative 
cardiac death and MI (3.4% versus 34%). These power-
ful demonstrations that β blockade could decrease peri-
operative cardiac risk and improve survival out to 2 years 
led to tremendous political and administrative pressure 
to increase the use of β-blockers perioperatively.233 Unfor-
tunately, the value of routine perioperative β blockade is 
now questionable.

The Perioperative Beta-Blockade (POBBLE) study results 
showed no reduction in 30-day cardiovascular morbid-
ity in patients undergoing vascular surgery (one of the 
“at-risk” groups from previous studies).234 Similarly, the 
Diabetic Postoperative Mortality and Morbidity (DIPOM) 
study showed no benefit of β blockade in diabetic patients 
(another “at-risk” group) undergoing major noncardiac 
operations.235 Finally, a large retrospective study looking 
at in-hospital mortality in more than 780,000 patients 
demonstrated a neutral or even negative effect of periop-
erative β blockade in patients without clear-cut coronary 
artery disease. β Blockade was associated with a reduced 
mortality rate in only the 3% of patients who had three 
or more risk factors (based on the revised Cardiac Risk 
Index) for coronary ischemia.236 Thus, until larger stud-
ies are completed, the only strong indications for initiat-
ing β blockade preoperatively are for patients undergoing 
vascular or intermediate-risk surgical procedures who are 
at high cardiac risk as a result of multiple risk factors or 
the finding of ischemia on preoperative testing.233 These 
more stringent standards for initiating preoperative β 
blockade have led to a decrease in the perioperative use 
of these drugs.237
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When perioperative β-blocker therapy is initiated, 
it should be titrated to a non–ischemia-inducing heart 
rate (usually 60 to 70 beats/minute) and not given as a 
standard fixed dose to all patients. β-blockers should be 
continued in patients who are already taking them as 
treatment for their angina, symptomatic arrhythmia, or 
hypertension.

The safety of continuing long-term β blockade periop-
eratively is well established, and initial concerns regard-
ing interaction with general anesthesia have not been 
confirmed. Attempts to discontinue β-blockers increase 
the risk for rebound tachycardia (with or without atrial 
fibrillation) and myocardial ischemia in patients with cor-
onary disease. These drugs should be given up to the time 
of surgery, and intravenous forms in appropriate dosages 
should be used whenever gastrointestinal absorption may 
be in question. If β-blockers have been omitted from the 
preoperative regimen, esmolol or labetalol may be used 
acutely to blunt tachycardia and hypertension. Cardiose-
lective and nonselective β-blockers are effective in block-
ing the chronotropic effects of endotracheal intubation 
and surgical stress.238

myocarDial ischemia. Propranolol was initially intro-
duced for the treatment of myocardial ischemia in the 
1960s, and β-adrenergic blocking drugs remain an im-
portant part of drug therapy for myocardial ischemia 
(see Chapter 39). This class of drugs reduces oxygen de-
mand by decreasing the heart rate and cardiac contractil-
ity. Although initially there was concern that β2-receptor 
blockade could worsen ischemia through unopposed α-
mediated vasoconstriction, this phenomenon is rarely 
seen, even in patients with variant (Prinzmetal) angina. β-
Antagonists are used to treat acute MI and on a long-term 
basis to reduce reinfarction and mortality in patients af-
ter infarction.239-242 Early administration of intravenous 
β-blocking agents to patients receiving thrombolytic 
therapy appears to lower the incidence of ischemia and 
reinfarction,243 and it may reduce the incidence of serious 
ventricular arrhythmias.244 Long-term use of β-blockers 
(i.e., timolol, propranolol, metoprolol, and atenolol) has 
been shown to decrease mortality after MI. In usual clini-
cal practice, the dose is increased until the heart rate is 
60 to 80 beats/minute at rest and no tachycardia occurs 
with exercise.

congestive heart Failure. Since the 1990s, β-blockers 
have become first-line agents for the treatment of CHF 
of ischemic and nonischemic origin. Clinicians had been 
disinclined to use β-blockers for heart failure patients be-
cause of the drugs’ negative inotropic effects. These effects 
have not turned out to be a significant concern in clinical 
practice. Early studies demonstrated a significant decrease 
in all-cause mortality for patients with heart failure who 
were treated with metoprolol or bisoprolol. Several large 
studies were stopped because the decrease in mortality 
in treated patients with moderate to severe heart failure 
was so pronounced.245,246 The benefits of β-blockers in 
patients with heart failure have been attributed to the fol-
lowing: normalization and remodeling of the ventricle, 
which begin after 1 month of β blockade247; reduced nor-
epinephrine-related cardiomyocyte apoptosis in the pres-
ence of β1 blockade248; decreased sudden cardiac death be-
cause of the β-blockers’ antiarrhythmic activity; and, most  
recently, altered expression of genes in the myocardium 
that regulate contractility and pathologic hypertrophy.249 
To avoid worsening a patient’s heart failure symptoms 
and to minimize negative inotropic effects, β-blockers 
are started at very low doses and are titrated to the tar-
get dose.250 If decompensation occurs with the β-blocker, 
phosphodiesterase inhibitors are the inotropes of choice 
because their effects are not antagonized by β blockade.251

hypertension. The mechanisms by which β-antagonists 
treat hypertension are incompletely understood. Arterial 
blood pressure is specifically decreased in hypertensive pa-
tients because long-term treatment of normotensive indi-
viduals does not decrease blood pressure. Reduced cardiac 
output and renin release have been suggested as mecha-
nisms. In hypertensive patients, β-antagonists without ISA 
may cause a 15% to 20% reduction in cardiac output and a 
60% reduction in renin release. However, pindolol, which 
has ISA and minimal effect on renin, is also successful in 
treating hypertension.252 Maximum renin suppression 
precedes significant changes in arterial blood pressure.253 
Initially, β blockade increases peripheral vascular resist-
ance and then over time lowers it.254 The decrease in car-
diac output and eventual lowering of peripheral resistance 
may account for much of the antihypertensive efficacy of 
these drugs. However, this too is an incomplete explana-
tion because labetalol is an effective antihypertensive de-
spite its lack of effect on cardiac output. A primary CNS 
effect is not likely to be a major mechanism because the 
antihypertensive efficacy of lipophilic and hydrophilic 
compounds is similar. Generally, β blockade is ineffective 
as monotherapy in hypertensive African American pa-
tients who are older than 60 years.

carDiac arrhythmias. β-Blockers are widely used in the 
treatment of tachyarrhythmias as class II agents (see Chap-
ters 38, 67, and 68). Two possible mechanisms of action 
are blockade of catecholamine effects and MSA, although 
MSA is most likely not clinically significant because anti-
arrhythmic effects are present in agents without MSA.255 
β-Antagonists slow the rate of depolarization of the si-
nus node and any ectopic pacemakers, slow conduction 
through atrial tissue and the AV node, and increase the 
refractory period of the AV node. These drugs can con-
vert atrial arrhythmias to sinus rhythm,256 but β blockade 
is primarily used to slow the ventricular response. Reen-
trant tachyarrhythmias and those associated with Wolff-
Parkinson-White syndrome, mitral valve prolapse, and a 
prolonged QT interval may also respond to these drugs. 
Care should be exercised if AV block is present, as in digi-
talis toxicity, although these drugs are useful in the treat-
ment of digitalis-associated tachyarrhythmias. Sotalol, a 
β-blocker with added class III activity, is effective against 
ventricular tachyarrhythmias; however, in a trial com-
paring racemic sotalol with d-sotalol in post-MI patients, 
mortality increased with d-sotalol.257 The trial was termi-
nated when patients at lowest risk for arrhythmic events 
after MI had an increased mortality rate with this drug.258

Tachycardia. β-Antagonists are frequently used as adju-
vants to moderate the reflex tachycardia associated with 
vasodilators (see Chapter 68). In addition to potentiating 
a reduction in blood pressure, β blockade also reduces the 
velocity of left ventricular ejection (dP/dt) and attenuates 
the shearing force associated with the increased velocity 
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of ventricular contraction when afterload is reduced with 
nitroprusside without concomitant β blockade.259 This 
is important in the management of aortic dissections, in 
which increased dP/dt can extend the tear. Labetalol has 
been particularly useful in this situation.260

thyrotoxicosis. Cardiac complications are a primary 
cause of morbidity in thyrotoxicosis (see Chapter 85). β 
Blockade can suppress the tachycardia and rhythm dis-
turbances, although very large doses may be required. β-
Antagonists also may be combined with digitalis for their 
synergistic effect on AV node conduction. Propranolol 
inhibits conversion of thyroxine to the active form tri-
iodothyronine in the periphery.261

miscellaneous conDitions. Timolol and betaxolol are 
β-blocking drugs used topically in the eye to treat glauco-
ma. They reduce the production of aqueous humor. Even 
topical use of these agents has been associated with sig-
nificant systemic effects of β blockade. β-Blockers are used 
in patients with idiopathic hypertrophic subaortic steno-
sis to reduce the dynamic obstruction to left ventricular 
outflow. These drugs are also effective in the prophylaxis, 
but not the treatment, of migraine headaches and in con-
trolling acute panic symptoms and essential tremor.

Adverse effects. The adverse effects of most concern are 
those involving cardiopulmonary function. Severe non-
cardiopulmonary reactions such as cutaneous reactions or 
anaphylaxis are rare. Life-threatening bradycardia, even 
asystole, may occur, and decreased contractility may pre-
cipitate CHF in vulnerable individuals. In patients with 
bronchospastic lung disease, β2 blockade may be fatal. CNS 
effects, although an appropriate consideration with long-
term therapy, are not a concern with the usual anesthetic 
use of β-receptor antagonists. Diabetes mellitus is a rela-
tive contraindication to the long-term use of β-antagonists 
because hypoglycemia in the presence of sympathetic 
blockade is not accompanied by warning signs such as 
tachycardia and tremor and because compensatory glyco-
genolysis is blunted. However, most non–insulin-depen-
dent diabetic patients can tolerate these drugs, although 
β blockade may cause insulin resistance in rare cases. In 
addition to the potential worsening of peripheral perfu-
sion by β2 blockade in patients with peripheral vascular 
disease, Raynaud phenomenon may be triggered in suscep-
tible patients. Sudden withdrawal of β-blockers may cause 
myocardial ischemia and possibly infarction, but this is 
less of a problem with β-blockers that have ISA, such as 
pindolol.262 Even though β-antagonists may reduce renal 
blood flow and the glomerular filtration rate, these agents 
can be used in renal failure. For such patients, the doses of 
lipid-insoluble drugs should be reduced. To avoid worsen-
ing of hypertension, use in pheochromocytoma should be 
avoided unless α receptors have previously been blocked. 
Nonselective agents may elicit hypertensive responses in 
cases of high sympathetic stimulation.263

Undesirable drug interactions are possible with 
β-blockers. The rate and contractility effects of verapamil 
are additive to those of β-blockers.264,265 When combining 
these drugs, caution should be taken in acute situations 
such as supraventricular tachycardia. The combination of 
digoxin and β-blockers can have powerful effects on heart 
rate and conduction. Pharmacokinetic interactions are 
predictable from the degree of lipid solubility of the drug. 
Cimetidine and hydralazine may reduce hepatic perfu-
sion, thereby increasing plasma levels and half-lives of 
the lipid-soluble β-antagonists. Barbiturates, phenytoin, 
rifampin, and smoking may induce hepatic enzymes and 
enhance metabolism. Propranolol may reduce hepatic 
clearance of lidocaine and increase the risk for toxicity.

Overdose of β-blocking drugs may be treated with atro-
pine, but isoproterenol, dobutamine, or glucagon infu-
sions (or some combination) may be required along with 
cardiac pacing to ensure an adequate rate of contraction.

specific drUgs. The drugs propranolol, metoprolol, labet-
alol, and esmolol are particularly useful in anesthetic 
practice because they are widely available in intravenous 
formulations and have well-characterized effects. If the 
drug that the patient has taken on a long-term basis is 
propranolol, metoprolol, or labetalol, it may be contin-
ued in intravenous form. In deciding which intravenous 
β-blocker to substitute in a patient taking a β-blocker on a 
long-term basis, the need for cardioselectivity is a primary 
consideration. Cardioselectivity is provided by metopro-
lol or esmolol. If the long-term agent has ISA, oxprenolol 
and acebutolol have intravenous forms, but they are not 
readily available. In many situations, esmolol may be sub-
stituted and titrated to effect, with the expectation that its 
effects will fade relatively rapidly if it is not well tolerated.

propranolol. Propranolol (Inderal, Ipran), the proto-
typic β-blocker, is a nonselective β-blocking drug with 
MSA but no ISA. It readily penetrates the CNS. Because 
of its high lipid solubility, it is extensively metabolized 
in the liver, but metabolism varies greatly from patient to 
patient. Its effective dose is extremely variable: 10 mg to as 
much as 320 mg may be given orally each day. Clearance 
of the drug can be affected by liver disease or altered he-
patic blood flow, which may result in markedly increased 
plasma concentrations during continuous intravenous 
administration if the dose regimen is not adjusted. Re-
nal impairment does not require adjustment of dosing. 
Despite its half-life of 4 hours, its antihypertensive effect 
persists long enough to permit dosing once or twice daily. 
Propranolol is available in an intravenous form and was 
initially given as either a bolus or an infusion. Infusions 
of propranolol have largely been supplanted by esmo-
lol. For bolus administration, doses of 0.1 mg/kg may be 
given, although most practitioners initiate therapy with 
much smaller doses, typically 0.25 to 0.5 mg, and titrate 
to effect. Propranolol shifts the oxyhemoglobin dissocia-
tion curve to the right, an effect that perhaps accounts for 
its efficacy in vasospastic disorders.266

metoprolol. Metoprolol (Lopressor) is approved for 
the treatment of angina pectoris and acute MI. It is car-
dioselective and lacks ISA and MSA. Because it is metabo-
lized in the liver by the monooxygenase system, doses 
need not be adjusted in the presence of liver failure. The 
usual oral dose is 100 to 200 mg/day given once or twice 
daily for hypertension and twice daily for angina pecto-
ris. It may be administered intravenously in doses of 2.5 
to 5 mg every 2 to 5 minutes up to 15 mg, with titration 
to heart rate and blood pressure.

labetalol. Labetalol is representative of a class of 
drugs that act as competitive antagonists at the α1- and 
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β-adrenergic receptors. Labetalol consists of four isomers 
that block the α1, β1, and β2 receptors, inhibit neuronal 
uptake of norepinephrine (uptake-1), act as a partial ago-
nist at β2 receptors, and possibly have some direct dilat-
ing ability. The potency of the mixture for β blockade is 
5- to 10-fold that for α blockade. The usual oral dose of 
labetalol is 200 to 400 mg twice daily, although much 
larger doses have been used. It is metabolized by the liver, 
and clearance is affected by hepatic perfusion. The dose 
need not be adjusted for renal dysfunction. Labetalol may 
be given intravenously every 5 minutes in 5- to 10-mg 
doses or up to a 2 mg/minute infusion. It significantly 
blunts cardiovascular responses to tracheal intubation.267 
This drug can be effective in the treatment of aortic dis-
section,259 hypertensive emergencies,268,269 and postop-
erative cardiac surgical patients,270 particularly because 
v asodilation is not accompanied by tachycardia. It may 
be used in pregnancy to treat hypertension on a long-
term basis and in more urgent situations.271 Uterine 
blood flow is not affected, even with a significant reduc-
tion in blood pressure (see Chapter 77).272

carveDilol. Carvedilol, a mixed α- and β-antagonist, 
has been introduced as therapy for mild or moderate 
hypertension,273-281 for the management of stable or un-
stable angina, and after acute MI.282-286 Clinical trials of 
carvedilol for the treatment of controlled CHF (New York 
Heart Association class II to IV) suggest a significant re-
duction in mortality,244,245,287,288 especially for patients 
with diabetes.289

esmolol. Because of its hydrolysis by esterases, esmo-
lol has a uniquely short half-life of 9 to 10 minutes that 
makes it particularly useful in anesthetic practice. It is ad-
ministered when β blockade of short duration is desired 
or in critically ill patients for whom the adverse effects of 
bradycardia, heart failure, or hypotension may necessitate 
rapid withdrawal of the drug. The peak effects of a loading 
dose are seen within 5 to 10 minutes and diminish rapidly 
(within 20 to 30 minutes). Esmolol is cardioselective and 
may be given as a bolus of 0.5 mg/kg to blunt cardiovas-
cular responses to tracheal intubation. If it is used as an 
infusion for the treatment of supraventricular tachycar-
dia, 500 μg/kg is given over a 1-minute period, followed 
by an infusion of 50 μg/kg/minute for 4 minutes. If the 
rate is not controlled, a repeat loading dose followed by 
a 4-minute infusion of 100 μg/kg/minute is given, and 
this sequence is repeated with the infusion increased in 
50 μg/kg/minute increments up to 200 or 300 μg/kg/min-
ute if needed. The effect may persist for 20 to 30 minutes 
after discontinuation of the infusion. When compared 
with verapamil, esmolol is more likely to convert atrial 
fibrillation to sinus rhythm.255 Esmolol is safe and effec-
tive for the treatment of intraoperative and postoperative 
hypertension and tachycardia.290-292 If continuous use is 
required, esmolol may reasonably be replaced by a longer-
lasting cardioselective drug such as intravenous metopro-
lol. Esmolol has been used safely even in patients with 
compromised left ventricular function.293,294

Drugs that Inhibit Synthesis, Storage, or 
Release of Norepinephrine
Some early antihypertensive drugs acted by replacing 
norepinephrine in the nerve ending with a much less 
potent false transmitter. Methyldopa is such a drug and
was the most popular nondiuretic antihypertensive used
before the development of β-blockers.219 Like DOPA,
methyldopa enters the biosynthetic pathway for nor-
epinephrine (see Fig. 16-7). It is then decarboxylated to
α-methylnorepinephrine. Initially, this chemical was
thought to act as a false transmitter, but it was found to be
almost as potent as norepinephrine. In the CNS, methyl-
dopa may be further metabolized to α-methylepinephrine,
and it acts at α2 receptors to decrease sympathetic out-
flow, which reduces blood pressure. Because of its sedat-
ing qualities, fluid retention, postural hypotension, and
occasional reports of hepatic necrosis, methyldopa is now
used much less often.

Methylparatyrosine is a potent inhibitor of TH, which
catalyzes the formation of DOPA from tyrosine (see Fig.
16-7). Because this is the rate-limiting step in the biosyn-
thesis of norepinephrine, the drug significantly decreases
levels of endogenous catecholamines and is useful in
treating inoperable or malignant pheochromocytomas.

Reserpine affects the uptake of norepinephrine, not at
the neuronal membrane but at the vesicular membrane,
thereby inhibiting transport and storage of norepineph-
rine and dopamine. However, this drug is rarely used in
modern medicine.

Guanethidine acts initially by blocking the release of
norepinephrine, and then it is taken up into adrenergic
nerve endings by the uptake-1 mechanism and depletes
norepinephrine stores. This drug is used to treat hyperten-
sion, usually after many other drugs have been tried. Its
inability to cross the blood-brain barrier accounts for its
lack of sedative effects. Guanadrel is similar to guanethi-
dine, but it has a faster onset and shorter duration of action.

Bretylium, a class III antiarrhythmic used parenterally
to treat life-threatening ventricular tachyarrhythmias, is
now largely of historical interest. Like guanethidine, it is
taken up into adrenergic nerve terminals, but its mecha-
nism of action is otherwise quite different. Bretylium ini-
tially causes release of norepinephrine and subsequently
blocks that release by decreasing sympathetic nerve
excitability. Unlike guanethidine, bretylium does not
deplete norepinephrine stores. The initial catecholamine
release may cause marked hypertension and worsen some
arrhythmias, such as those associated with digitalis toxic-
ity and myocardial ischemia.241 As a consequence, brety-
lium, which had been part of the advanced cardiac life
support protocols for treating ventricular arrhythmias,
has been dropped from the algorithms.

MAO and COMT are enzymes important in degrada-
tion of the catecholamines. MAOIs bind irreversibly to the
enzyme and increase the amine concentration within the
presynaptic terminal. Long-term MAOI use is associated
with antihypertensive, antidepressant, and antinarco-
leptic effects. MAOIs are thought to exert their antihy-
pertensive effect through a false transmitter mechanism.
Tyramine is usually oxidatively deaminated in the gut by
MAO. With administration of an MAOI, tyramine levels
rise. When tyramine is taken up into the sympathetic
nerve terminal by the uptake-1 mechanism, it enters
the varicosities and is transformed by DβH into octopa-
mine. On its subsequent release in place of norepineph-
rine, octopamine is only weakly reactive at sympathetic
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receptors, thereby resulting in lowering of blood pres-
sure. The MAOIs are no longer used as antihypertensives 
because many other drugs with better risk-to-benefit pro-
files have been developed.

MAOIs are primarily used in psychiatric practice. The 
use of MAOIs as antidepressants is based on the theory 
that depression is caused by decreased amine in the syn-
apses of the CNS. Inhibition of MAO makes more amine 
available for release. MAOIs available for the treatment of 
depression include isocarboxazid, phenelzine sulfate, and 
tranylcypromine sulfate.

Based on substrate specificity, at least two forms of 
MAO exist. MAO-A acts on 5-HT, epinephrine, norepi-
nephrine, tyramine, and dopamine, whereas MAO-B is 
specific for tyramine and dopamine. A specific MAO-B 
inhibitor, selegiline hydrochloride, has been developed 
for the treatment of Parkinson disease in the hope that by 
blocking central dopamine breakdown, more dopamine 
will be preserved in the affected areas.295

Drug and food reactions have been of great concern in 
patients taking MAOIs. Tyramine-containing foods such 
as red wine and aged cheese must be avoided by patients 
taking these drugs. Consumption delivers a huge amount 
of tyramine to the adrenergic nerve terminal, with sub-
sequent massive release of norepinephrine. This release 
is manifested clinically as a hypertensive crisis with the 
potential for MI, cerebral hemorrhage, and death. Any 
intake of biogenic amine precursors can be expected to 
increase catecholamine levels greatly, as seen with the 
concurrent administration of levodopa with MAOIs. The 
effects of sympathomimetic amines, particularly the indi-
rectly acting drugs, are enhanced. Narcotics, most nota-
bly meperidine, have been associated with hyperpyrexic 
coma and death in patients treated with MAOIs. The 
depressant effects of agents such as sedatives, alcohol, and 
general anesthetics are enhanced in these patients. Anes-
thetic interactions with deprenyl have not been reported, 
but experience with this drug is limited. Great concern 
has been expressed that patients receiving long-term ther-
apy with an MAOI risk life-threatening drug interactions 
during anesthesia. Emergency surgery in patients given 
an MAOI can be punctuated by marked hemodynamic 
instability. Severe reactions to narcotics and indirect-
acting sympathomimetics, as well as altered metabolism 
of endogenous and exogenous catecholamines, make 
these patients potentially difficult to manage. Because of 
the possibly dangerous interactions of many drugs with 
MAOIs, controversy exists about the best way to anesthe-
tize these patients.296,297 The level of concern expressed 
over the years may be excessive. Although prudence and 
custom dictate discontinuation of MAOIs at least 2 weeks 
in advance of elective procedures, there appear to be 
rational anesthetic choices based on pharmacology and 
risk-to-benefit considerations for patients to continue 
their MAOIs when surgery cannot be delayed or no effec-
tive alternative psychiatric medications are available.

DRUGS AFFECTING THE RENIN-
ANGIOTENSIN SYSTEM

The renin-angiotensin system maintains blood pressure 
and fluid balance. The major end product of the system, 
angiotensin II, is a potent vasoconstrictor that also stimu-
lates release of aldosterone from the adrenal cortex, which 
causes salt and water retention by the kidney. The juxta-
glomerular cells of the renal cortex secrete the proteolytic 
enzyme renin, which cleaves angiotensinogen, a protein 
synthesized in the liver, and produces the decapeptide 
angiotensin I. Angiotensin I is converted almost immedi-
ately to angiotensin II by angiotensin-converting enzyme 
(ACE). This converting enzyme is located predominantly 
in the endothelial tissue of the lung. In addition to its 
direct vasoconstrictive activity, angiotensin II enhances 
the prejunctional release of norepinephrine from adrener-
gic nerve endings and increases efferent sympathetic nerve 
activity. Angiotensin II also affects sodium and water 
homeostasis by directly decreasing tubular reabsorption 
of sodium, increasing antidiuretic and adrenocortico-
tropic hormone secretion, and stimulating the secretion 
of aldosterone. ACE is also a kinase that degrades the 
vasodilator bradykinin. ACE inhibition blocks angioten-
sin II formation and delays the breakdown of bradykinin, 
along with effects on associated prostaglandins.298

Although only a few hypertensive patients have 
high circulating plasma renin levels, 70% of patients 
will respond to the antihypertensive effects of ACEIs. 
In patients who have elevated plasma renin levels (e.g., 
patients with CHF or salt depletion states), ACEI therapy 
must be initiated at lower doses because these patients are 
extremely sensitive to the effects of ACEIs, and significant 
hypotension can follow the administration of a standard 
starting dose of these drugs.219

ACEIs have proved useful in the treatment of hyper-
tension and CHF and have decreased mortality after 
MI.299 Captopril was the first active oral agent available, 
followed by enalapril and lisinopril. ACEIs affect the 
renin-angiotensin-aldosterone system by inhibiting ACE 
activity.300,301 Enalapril is the only ACEI available as an 
intravenous preparation at this time. Lisinopril offers 
once-daily dosing, which is convenient for long-term use, 
but the drug can lead to troublesome hypotension if it is 
not held on the day of surgery and significant intraopera-
tive blood loss occurs.

All the ACEIs are approved for the treatment of hyper-
tension. Captopril, enalapril, ramipril, and trandolapril 
all decrease morbidity and mortality in patients with 
CHF. Captopril is associated with more frequent adverse 
effects than the other agents, may have a few more drug 
interactions, and has a dosing regimen of two or three 
times daily, in contrast to the other ACEIs, which have a 
dosing regimen of once or twice daily.

Some adverse effects observed with ACEIs are com-
mon to the entire class, such as cough, angioedema, 
acute renal failure, and hyperkalemia. Angioedema, 
especially after the first dose, affects the face, extremities, 
lips, mucous membranes, tongue, glottis, or larynx.302,303 
Some occurrences may be fatal.298,304 Rash and taste dis-
turbances are more frequent with captopril than with the 
other ACEIs. Because impairment of renal function with 
an ACEI is usually reversible after withdrawal of the drug, 
renal function must be monitored, and because hyper-
kalemia may result from inhibition of aldosterone secre-
tion, serum potassium levels should be monitored. ACEIs 
can cause fetal morbidity and mortality in humans. 
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These agents should not be used at all during the sec-
ond or third trimester of pregnancy.300 The adverse effect 
profile of the ACEIs led to the development of angioten-
sin II receptor blockers (ARBs). Losartan was the first of 
this newer class of antihypertensive agents, which now 
includes six other ARBs. Initial trials did not demonstrate 
ARBs to be superior to ACEIs; however, the addition of 
these agents during long-term ACEI therapy reduced 
all-cause mortality and hospitalization in patients with 
heart failure.305

CHOLINERGIC DRUGS

Overview of Mechanisms of Action
Cholinergic drugs act by mimicking, amplifying, or inhib-
iting the effects of acetylcholine. Cholinergic drugs do 
not behave exactly like acetylcholine. Their drug action is 
more specific, with fewer sites affected than with acetyl-
choline, and their duration of action is generally longer 
than that of acetylcholine.

Unlike adrenergic pharmacology, in which the clini-
cian can select from a wide choice of drugs, relatively few 
drugs influence parasympathetic function. In general, 
drugs that affect the parasympathetic system act in one 
of four ways:
  

 1.  As an agonist by stimulating cholinergic receptors
 2.  As an antagonist by blocking or inhibiting the actions 

mediated by the cholinergic receptor
 3.  By blocking or stimulating receptors on autonomic 

ganglia
 4.  By inhibiting the enzymatic breakdown of acetylcho-

line and thereby causing an increased and prolonged 
effect

  

No effective clinically used drugs act through mecha-
nisms affecting the synthesis of acetylcholine (by inhib-
iting choline acetyltransferase) or by causing indirect 
release of acetylcholine. Hemicholinium, which inter-
feres with choline uptake and could deplete acetylcho-
line stores, is not used clinically. Adenosine may inhibit 
the release of acetylcholine by decreasing the affinity of 
binding sites for calcium ions; aminoglycoside antibiotics 
compete with calcium for membrane calcium channels, 
as does magnesium. Exocytotic release of acetylcholine 
is inhibited by botulinum toxin. This toxin is sometimes 
given by local injection to treat strabismus and blepharo-
spasm and has also been used for trigger point injections 
in pain clinics and to treat age lines. The popularity of off-
label uses of this toxin increases the chance of botulism 
poisoning. In a full-blown botulism poisoning syndrome, 
fatalities may result from muscle weakness and respira-
tory failure.

Cholinergic Agonists
Cholinergic agonists have limited therapeutic use because 
of their detrimental effects. As a result of its diffuse, non-
selective actions and rapid hydrolysis by acetylcholines-
terase and butyrylcholinesterase, acetylcholine has had 
almost no therapeutic use other than as an intraocular 
medication for transient constriction of the pupil during 
ophthalmic surgery.
Cholinergic agonists in clinical use have been derived 
from acetylcholine, but they resist hydrolysis by cholin-
esterase, which permits a useful duration of action. The 
different systemic effects of the cholinergic agonists are 
more quantitative than qualitative, although some lim-
ited organ selectivity is useful therapeutically, as seen with 
the synthetic choline esters bethanechol and carbachol. 
Methacholine and bethanechol are primarily muscarinic 
agonists; carbachol has significant nicotinic and mus-
carinic effects. Adding a methyl group to the β position 
of the choline in acetylcholine produces methacholine, 
which is almost purely muscarinic and nearly totally resis-
tant to hydrolysis by either of the cholinesterases. An 
intravenous infusion of methacholine causes hypotension 
and bradycardia; a small subcutaneous dose causes tran-
sient hypotension with a reflex increase in heart rate. The 
sole current use of methacholine is as a provocative agent 
in diagnosing hyperreactive airways, thereby making pos-
itive use of the deleterious bronchoconstrictive effect of 
muscarinic agonists. It is administered only by inhalation; 
serious adverse effects include gastrointestinal symptoms, 
chest pain, hypotension, loss of consciousness, and com-
plete heart block when the drug is given orally or paren-
terally. An excessive bronchoconstrictive response should 
be treated by an inhaled β-agonist; coexisting β blockade is 
considered a contraindication to the use of methacholine.

The carbamate derivative of methacholine, bethanechol, 
is occasionally used postoperatively to reinstitute peristaltic 
activity in the gut or to force the extrusion of urine from 
an atonic bladder. Bethanechol shows preferential activity 
at intestinal and urinary receptors relative to cardiac sites, 
so stimulation of the gastrointestinal tract and bladder is 
achieved with minimal cardiovascular effects. Bethanechol 
is usually given orally, but if gastrointestinal function is not 
adequate to permit absorption of an oral dose, the drug can 
be given subcutaneously as well.

Carbachol is used topically or intraocularly to constrict 
the pupil for the long-term treatment of wide-angle glau-
coma. When used topically, this drug is often better toler-
ated than the ophthalmic anticholinesterase agents, and 
it may be effective in patients resistant to pilocarpine and 
physostigmine. The rapid pupillary constriction is caused 
by the combination of ganglionic blockade and muscarinic 
effects. Another natural alkaloid, pilocarpine, was used to 
treat glaucoma until the advent of more modern drugs.

Muscarinic Antagonists
Muscarinic antagonists are the active ingredients in some 
common plants used since antiquity for medicinal and 
poisonous effects. Despite their age, muscarinic antago-
nists still represent important drugs in anesthesia and 
critical care.

Muscarinic antagonists compete with neurally released 
acetylcholine for access to muscarinic cholinoceptors and 
block its effects. They also antagonize the actions of mus-
carinic agonists at noninnervated, muscarinic cholinocep-
tors. Presynaptic muscarinic receptors on the adrenergic 
nerve terminal may inhibit release of norepinephrine, 
and muscarinic antagonists may enhance sympathetic 
activity. With the exception of quaternary ammonium 
compounds that do not readily cross the blood-brain bar-
rier and have few CNS actions, no significant specificity of 
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action exists among these drugs; they block all muscarinic 
effects with equal efficacy, although some quantitative 
differences in effect may be seen (Table 16-9). Research 
has revealed several subtypes of muscarinic receptors, 
and agonists and antagonists have been synthesized that 
bind preferentially to one or another of these subtypes. 
Pirenzepine preferentially blocks the M1 receptor, tripit-
ramine shows highest affinity for the M2 receptor, and 
darifenacin binds preferentially to the M3 receptor. The 
distinctive pharmacology of the various antimuscarinic 
agents has played a major role in the development of new 
treatments of overactive bladder disorders. Oxybutynin, 
tolterodine, darifenacin, solifenacin, and trospium have 
all been developed to optimize the relief of bladder symp-
toms while minimizing effects on muscarinic receptors 
outside the bladder.

Historically, muscarinic antagonists were used to treat 
peptic ulcer disease, various forms of spastic bowel syn-
drome, upper respiratory illness, and asthma. However, 
with the availability of specific histamine (H2)–blocking 
drugs and proton pump inhibitors to treat peptic ulcer 
disease, these uses have markedly decreased. Atropine, 
once used to treat bronchospasm, was displaced with the 
introduction of β2-agonist drugs that did not dry secre-
tions or diminish ciliary motility. Topical use of atropine 
analogues in ophthalmologic practice to dilate the pupil 
is still common.

The addition of a muscarinic anticholinergic drug to 
anesthetic premedication for decreasing secretions and 
preventing harmful vagal reflexes was mandatory in the 
era of ether anesthesia, but it is less important with mod-
ern inhaled agents. Routine preoperative use of these 
drugs as antisialagogues continues in some pediatric and 
otorhinolaryngologic cases or when fiberoptic intubation 
is planned.

Atropine has a tertiary structure that easily crosses the 
blood-brain barrier (Fig. 16-17). CNS effects have been 
seen with the relatively large doses (1 to 2 mg) given to 
block the adverse muscarinic effects of the anticholin-
esterase drugs that reverse neuromuscular blockade (see 
Chapter 35). In contrast, one of the synthetic antimusca-
rinic drugs, glycopyrrolate, does not cross the blood-brain 
barrier because of its quaternary structure and has gained 
popularity for this use. Glycopyrrolate has a longer dura-
tion of action than does atropine.

Scopolamine, which resembles the others of this class 
in peripheral actions, has pronounced CNS effects. It is the 
active ingredient in most over-the-counter preparations 
sold as soporifics, and it is effective in preventing motion 

TABLE 16-9 MUSCARINIC ANTICHOLINERGIC 
DRUGS

Drug Duration

Central 
Nervous 
System* Antisialagogue

Heart  
Rate

Atropine Short Stimulation + ++
Glycopyrrolate Long 0 ++ +
Scopolamine Short Sedation ++ 0/+

0, No effect; +, mild effect; ++, moderate effect.
* The effects of atropine are limited with the usual clinical doses, but they 

can be significant in older patients.
sickness. The patch preparation of scopolamine can be 
used prophylactically for motion sickness and for postop-
erative nausea and vomiting, but like the oral and paren-
teral forms, it may be associated with adverse eye, bladder, 
skin, and cognitive and psychological effects.306,307

The development of ipratropium reestablished anti-
muscarinic drugs for the treatment of asthma and 
bronchospastic disorders.308 Although ipratropium is 
structurally similar to atropine and has essentially the 
same effects when administered parenterally, an impor-
tant difference is that ipratropium is a quaternary ammo-
nium compound. It is very poorly absorbed when inhaled 
and has few extrapulmonary effects, even in extremely 
large doses by this route. Ninety percent of the inhaled 
drug is swallowed, but only 1% of the total dose is 
absorbed systemically.

When administered to normal volunteers, ipratro-
pium provides almost complete protection against bron-
chospasm induced by a variety of provocative agents. 
However, in asthmatic patients, results vary. The bron-
chospastic effects of some agents, such as methacho-
line or sulfur dioxide, are completely blocked, whereas 
ipratropium has little effect on leukotriene-induced 
bronchoconstriction. The onset of bronchodilation is 
slow, and the maximum effect is less than that seen with 
β-agonists. Unlike atropine, ipratropium has no nega-
tive effect on ciliary clearance. In general, the therapeu-
tic effect of antimuscarinics, including ipratropium, is 
greater in patients with chronic obstructive pulmonary 
disease than in asthmatic patients.305 Ipratropium is sup-
plied as a metered-dose inhaler that dispenses 18 μg per 
puff. Two puffs are taken orally four times each day. Max-
imum bronchodilation occurs in 30 to 90 minutes and 
may last 4 hours.

The toxic effects of muscarinic antagonists come 
from the blockade of muscarinic cholinoceptors in the 
periphery and the CNS. The peripheral effects (e.g., dry 
mouth) may be irritating but are not life-threatening in 
healthy adults. However, children depend more than 
adults on sweating for thermoregulation and can become 
dangerously hyperthermic when they are given these 
agents. Moreover, older individuals may not be able to 
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tolerate the cardiac, ocular, or urinary effects of musca-
rinic blockade.

Increasing doses of atropine or scopolamine cause 
greater distortions of mentation that progress from 
thought disorders to hallucinations, delusions, delirium, 
and severe psychoses. These effects are reversible, but the 
mental dysfunction can persist for weeks. Small doses of 
atropine (0.05 mg) can evoke bradycardia, a finding that 
has led some clinicians to increase the dose in children. 
It was thought that a CNS effect of atropine could be 
responsible, but the time course and the fact that brady-
cardia occurred in animals without vagal function cast 
doubt on this explanation. Whether this paradoxical bra-
dycardia is a central or peripheral effect, or both, and the 
role of muscarinic subtypes are still subjects of debate.309

Atropine or scopolamine toxicity (the central anti-
cholinergic syndrome) has been treated for decades with 
the naturally occurring alkaloid physostigmine, which 
is an anticholinesterase that penetrates the blood-brain 
barrier. Use of this drug in doses of 1 to 2 mg given 
intravenously to treat the postoperative CNS effects of 
intravenous atropine or scopolamine has been successful. 
Physostigmine may also reverse the CNS effects of other 
compounds with anticholinergic activity, including the 
tricyclic antidepressants, several major tranquilizers, and 
antihistamine drugs. Physostigmine may also antagonize 
the sedative effects of the benzodiazepines, but a specific 
benzodiazepine antagonist, flumazenil, has supplanted 
physostigmine for this use.310 Physostigmine must be 
administered with care because of its potentially lethal 
nicotinic effects, which are not prevented by the musca-
rinic antagonists, and because its half-life rarely matches 
that of the intoxicant.

Cholinesterase Inhibitors
Anticholinesterase drugs are a common means of produc-
ing sustained, systemic cholinergic agonism. These drugs 
are used to reverse neuromuscular blockade and to treat 
myasthenia gravis and certain tachyarrhythmias.

Three chemical classes of compounds are used as cho-
linesterase inhibitors: carbamates, organophosphates, 
and quaternary ammonium alcohols. Physostigmine, 
neostigmine, and pyridostigmine are carbamates, whereas 
edrophonium is a quaternary ammonium alcohol. The 
cholinesterase enzyme is inhibited as long as the esteratic 
site is bound to an acetate, carbamate, or phosphate. Car-
bamate and phosphate bonds are much more resistant to 
attack by hydroxyl groups than are acetate bonds. The 
acetylated form lasts for only microseconds, whereas the 
carbamylated form lasts for 15 to 20 minutes. Organo-
phosphates include diisopropyl fluorophosphate, para-
thion, malathion, soman, sarin, VX, and a variety of other 
compounds used as insecticides. Although the toxicity of 
the organophosphate insecticides is primarily related to 
their anticholinesterase activity, the mechanism of this 
effect is different from the clinically used anticholines-
terase drugs (see Chapter 83). The organophosphates pro-
duce irreversible enzyme inhibition and have CNS effects. 
Consequently, treatment of organophosphate insecticide 
poisoning relies on chemical compounds capable of dis-
placing the insecticides from the enzyme to reactivate 
the cholinesterase activity. The best documented of these 
chemicals is pralidoxime (2-PAM). Physostigmine and 
most of the organophosphates are not quaternary ammo-
nium compounds and have major effects on cholinergic 
functions in the CNS (see Chapter 83).

Because these compounds can increase the effect and 
duration of neurally released acetylcholine, they are use-
ful in situations in which such release is deficient, such as 
myasthenia gravis. Anticholinesterase drugs are occasion-
ally used to stimulate intestinal function and are applied 
topically in the eye as a miotic. An irreversible organo-
phosphate anticholinesterase that is used clinically is 
echothiophate iodide, which is available as topical drops 
for the treatment of glaucoma. Its major advantage over 
other topical agents is its prolonged duration of action. 
Because this chemical also inactivates plasma cholinester-
ase, it may prolong the action of succinylcholine. Although 
prudence dictates discontinuation of echothiophate for 1 
week before surgery, numerous case reports exist of suc-
cessful anesthesia performed under emergency conditions 
and without discontinuation of echothiophate.

GANGLIONIC DRUGS

Ganglionic Agonists
Ganglionic agonists are essential for analyzing the mech-
anism of ganglionic function, but they have no therapeu-
tic use. Nicotine is the classic ganglionic agonist, and its 
effects have been well described.

Parasympathetic drugs stimulate ganglia, but this 
action is usually masked by the other parasympathomi-
metic effects of these drugs. Experimentally, relatively 
large doses of acetylcholine administered intravenously 
after blockade of muscarinic receptors by atropine cause 
ganglionic stimulation and release of epinephrine by the 
adrenal medulla.

Ganglionic Antagonists
Ganglionic antagonists were the first effective therapy for 
the management of hypertension and were used exten-
sively during the 1950s and 1960s. However, because of 
interference with transmission through sympathetic and 
parasympathetic ganglia, their antihypertensive action 
was accompanied by numerous undesirable effects. Hexa-
methonium, the prototypic drug of this class, has mini-
mal neuromuscular and muscarinic activity. The systemic 
effects of ganglionic blockade are determined by the rest-
ing tone of a specific body system before the initiation of 
ganglionic blockade (see Table 16-2). With the disappear-
ance of trimethaphan from clinical use, these drugs are 
largely of historical interest.

AUTONOMIC DYSFUNCTION

ASSESSMENT OF AUTONOMIC FUNCTION

The increased operative risk for patients with autonomic 
dysfunction that may occur with aging and diabetes311 
makes the diagnosis of autonomic neuropathy extremely 
important. A panel of five tests of cardiovascular func-
tion was developed to evaluate autonomic function in 
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diabetic patients (see Chapter 39).312 The tests include 
heart rate responses to the Valsalva maneuver, standing 
up, and deep breathing and blood pressure responses to 
standing up and sustained handgrip. The tests involving 
changes in heart rate measure injury to the parasympa-
thetic system, which precedes changes in the measures 
of blood pressure that reflect sympathetic injury. Early 
autonomic dysfunction is defined as a single abnormal 
or two borderline-abnormal results on the tests involv-
ing changes in heart rate. Definite involvement is diag-
nosed when the results are abnormal on two of the tests 
of changes in heart rate. Severe dysfunction is defined as 
abnormality in blood pressure assessments. Application 
of these standards requires that the investigator under-
stand the proper techniques for performing the five tests 
and the expected results in patients without autonomic 
neuropathy (Table 16-10). The simplicity and effective-
ness of this clinical assessment led to its use in the evalu-
ation of patients with nondiabetic causes of autonomic 
dysfunction as well. The validity of the tests in the “non-
standardized” setting of a preoperative clinic was also 
demonstrated, a finding suggesting that the tests can be 
used in preoperative screening for surgical patients at risk 
for autonomic dysfunction.313

PLASMA CATECHOLAMINES

Accurate and sensitive techniques for measuring plasma 
catecholamines have existed since the 1970s, but inter-
pretation of the data that they yield has been controver-
sial. Normal plasma epinephrine and norepinephrine 
levels are typically in the range of 100 to 400 pg/mL, and 
they can increase sixfold or more with stress.

Plasma concentrations of epinephrine, which reflect 
adrenal medullary activity if not overall sympathetic activ-
ity, are labile. Significant isolated adrenal medullary secre-
tion results from certain stressful situations, such as public 
speaking.5 Moreover, venous samples may reflect epineph-
rine kinetics in the organ being sampled rather than in the 
whole body, so arterial samples may be more reliable.

The significance of the norepinephrine concentration in 
plasma is even more controversial. Even though the adre-
nal medulla secretes some norepinephrine, levels in plasma 
generally reflect spillover from sympathetic stimulation that 
was not taken up again by the nerve terminal. Although 
reuptake may be tissue specific and markedly influenced by 
alterations in physiology or diseases, spillover in humans is 
10% to 20% of the synthesis rate of norepinephrine at base-
line and may be greatly enhanced in periods of sympathetic 
activation.314 The most compelling argument for the use of 
plasma norepinephrine as a marker of sympathetic activity 
comes from animal studies in which plasma norepinephrine 
levels directly mirrored nerve stimulation. Many important 
studies correlated increases in plasma catecholamines with 
acute and chronic stress, which led to the concept of stress-
free anesthesia. A striking relationship between mortality 
rates for patients with CHF and elevated plasma norepi-
nephrine levels resulted in the use of β-adrenergic antago-
nists to treat ventricular dysfunction.315,316

The development of experimental radiotracer tech-
niques to assess the in vivo kinetics of catecholamines 
provided additional information that is of clinical 
importance, particularly in relation to regional kinetics. 
For example, studies relying only on arterial and venous 
catecholamines suggested that the hepatomesenteric bed 
contributes significantly to total-body clearance of cate-
cholamines but only minimally (<8%) to spillover. How-
ever, later studies of regional norepinephrine kinetics 
demonstrated that release of norepinephrine from the gut 
(≤25% of the total body) was largely obscured by efficient 

TABLE 16-10 NONINVASIVE TESTS FOR ASSESSING 
THE AUTONOMIC NERVOUS SYSTEM

Clinical 
Examination Technique Normal Value
Parasympathetic

HR response 
to a Valsalva 
maneuver

The seated subject blows 
into a mouthpiece (while 
maintaining a pressure of 
40 mm Hg) for 15 sec; the 
Valsalva ratio is the ratio of the 
longest R-R interval (which 
comes shortly after release) to 
the shortest R-R interval (which 
occurs during the maneuver)

Ratio of >1.21

HR response 
to standing

HR is measured as the subject 
moves from a resting supine 
position to standing; a 
normal tachycardic response 
is maximal around the 
fifteenth beat after rising; a 
relative bradycardia follows 
that is most marked around 
the thirtieth beat after 
standing; the response to 
standing is expressed as a 
30:15 ratio and is the ratio 
of the longest R-R interval 
around the thirtieth beat 
to the shortest R-R interval 
around the fifteenth beat

Ratio of >1.04

HR response 
to deep 
breathing

The subject takes six deep 
breaths in 1 min; the 
maximum and minimum 
heart rates during each cycle 
are measured, and the mean 
of the differences (maximum 
HR − minimum HR) during 
three successive breathing 
cycles is taken as the 
maximum-minimum HR

Mean difference 
>15 beats/min

Sympathetic

BP response 
to standing

The subject moves from resting 
supine to standing, and 
standing SBP is subtracted 
from supine SBP

Difference  
<10 mm Hg

BP response 
to sustained 
handgrip

The subject maintains a handgrip 
of 30% of the maximum 
handgrip squeeze for up to 
5 min; BP is measured every 
minute, and the initial DBP is 
subtracted from the DBP just 
before release

Difference  
>16 mm Hg

BP, Blood pressure; DBP, diastolic blood pressure; HR, heart rate; SBP, 
systolic blood pressure.
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extraction (>80%) in the liver. Similarly, selective eleva-
tions in release of norepinephrine from the heart, which 
may be associated with ischemia, early onset of CHF, and 
tachyarrhythmias, may not be apparent in measured arte-
rial or venous levels.317 Observations involving regional 
spillover led to the realization that although stress may 
activate a generalized sympathetic response, there may be 
different patterns contingent on the stimulus. It is possi-
ble that the lack of consistency of plasma norepinephrine 
levels in the presence of clinically significant sympathetic 
activation may be a function of the measurement tech-
nique or the particular stressor.

On balance, given the effects of age, posture, and 
hydration, small changes in plasma catecholamine levels 
correlate poorly with hemodynamic changes and merit 
cautious interpretation, whereas significant increases 
(>1000 pg/mL) in levels are good markers of activation of 
the sympathetic nervous system.

CLINICAL SYNDROMES

Surgical Stress Response
Surgical stress, particularly that associated with major 
operations, results in profound metabolic and endocrine 
responses. The combination of autonomic, hormonal, 
and catabolic changes that accompany surgery has been 
called the surgical stress response.318 Despite widespread 
clinical intuition that attenuation of the stress response 
is beneficial, there has been long-standing debate about 
whether such a strategy affects outcome. Three separate 
lines of evidence suggest that attenuation of the surgical 
stress response can lead to improved outcomes. In a series 
of studies, interruption of the sympathetic response to 
surgery markedly reduced surgical stress intraoperatively 
and postoperatively. The use of continuous thoracic epi-
dural infusions of local anesthetics minimized the rise 
in plasma catecholamines, cortisol, and glucagon and 
improved outcomes. Improved outcome was indepen-
dent of the patient’s level of pain because metabolic and 
endocrine responses to surgery were not similarly reduced 
in patients receiving other methods of pain relief, includ-
ing nonsteroidal anti inflammatory drugs and opioids.319 
Continuation of epidural infusions well into the postop-
erative period was regarded as essential to improving out-
come. Inflammatory and immunologic responses, which 
are necessary for infection control and wound healing, 
appear to be unaffected. With the use of similar tech-
niques and other stress-reducing maneuvers, faster and 
more complete recovery was achieved in older patients 
undergoing colon resection.320

A separate line of evidence supporting the hypothesis 
that long-term attenuation of the stress response alters 
surgical outcomes comes from the pediatric literature. 
When neonates with complex congenital heart disease 
underwent cardiac surgery, those who received high-dose 
sufentanil infusions intraoperatively and for the first 24 
hours postoperatively to reduce the stress response had 
lower β-endorphin, norepinephrine, epinephrine, gluca-
gon, aldosterone, and cortisol levels than did controls.318 
The mortality rate in the high-dose opiate group was sig-
nificantly lower than in the study or historical controls, 
a finding suggesting that anesthetic techniques can 
have profound effects on the metabolic and endocrine 
responses to surgery and that effective management of 
these reflexes can alter outcomes.

A third line of evidence involves results from the mul-
ticenter study of the Perioperative Ischemia Research 
Group (see the earlier discussion of perioperative β block-
ade).221 The ability to alter overall survival at 2 years 
with a perioperative regimen of β blockade provided 
compelling evidence of the benefit of attenuating the 
stress response,222,223,225 and it changed clinical practice 
in patients at risk for cardiac morbidity. Similar results 
were achieved when perioperative α2-agonists were given 
to “at-risk” patients as well.321 Presumably, the decrease 
in sympathetic tone that accompanied administration 
of the β-blocker or the α2-agonist suppressed the stress 
response and improved outcomes.

Diabetes Mellitus
Diabetic autonomic neuropathy is the most common 
form of autonomic neuropathy and the most extensively 
investigated (see Chapter 39). It occurs in 20% to 40% 
of all insulin-dependent diabetic patients. The symptoms 
associated with diabetic autonomic neuropathy confer 
an increased risk during anesthesia and surgery by direct 
and secondary mechanisms. Common manifestations of 
diabetic autonomic neuropathy include impotence, pos-
tural hypotension, gastroparesis, diarrhea, and sweating 
abnormalities. Early small-fiber damage is revealed by loss 
or impairment of vagally controlled normal heart rate 
variability, decreased peripheral sympathetic tone with a 
subsequent increase in blood flow, and diminished sweat-
ing. In a diabetic neuropathic foot, the senses of pain and 
temperature are lost before touch or vibration is affected. 
With sympathetic denervation, the sympathetic nerves 
normally found supplying small arterioles are entirely 
absent or are abnormally distant from their effector sites. 
When impotence or diarrhea is the sole manifestation, 
little effect is seen on survival; however, with postural 
hypotension or gastroparesis, 5-year mortality rates are 
greater than 50%.

Most clinicians recognize that diabetic patients with 
autonomic neuropathy may be at additional risk during 
general anesthesia.322 Gastroparesis is probably caused by 
vagal degeneration and is of clinical relevance because 
awake or rapid-sequence intubation may be required. Sys-
temic injury to the vasa vasorum in patients with pos-
tural hypotension increases the risk for hemodynamic 
instability and cardiovascular collapse in the periopera-
tive period. Mechanisms that maintain normal standing 
blood pressure are altered, and normal precapillary vaso-
constriction in the foot on standing may be diminished. 
Baroreceptors in the carotid sinus and aortic arch are 
compromised by diabetic neuropathy. Diabetic patients 
with orthostatic hypotension usually have lower norepi-
nephrine levels.

Even in seemingly minor surgery, diabetic autonomic 
neuropathy can lead to significant complications.

Diabetic patients with autonomic neuropathy may 
have a significantly greater decline in blood pressure with 
induction and a greater need for vasopressors than do dia-
betic patients without autonomic dysfunction.322 Page 
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and Watkins reported five cases of unexpected cardiorespi-
ratory arrest in young diabetic patients, all of whom had 
symptoms of autonomic neuropathy.323 In a large, pro-
spective study of diabetic autonomic neuropathy involv-
ing use of the five evocative clinical tests discussed earlier, 
parasympathetic dysfunction preceded sympathetic fail-
ure in 96% of the patients.324 This battery of autonomic 
tests identifies patients with autonomic neuropathy and 
is highly predictive of mortality and perioperative risk.311

AUTONOMIC CHANGES WITH AGING

Aging is associated with alterations in vascular reactiv-
ity manifested clinically as exaggerated changes in blood 
pressure—hypertension and orthostatic hypotension (see 
Chapter 80). Orthostatic hypotension is quite common 
(≈20%) in older persons and may result largely from dimin-
ished baroreceptor responsiveness. Heart rate responses to 
changes in blood pressure, the Valsalva maneuver, and the 
respiratory cycle are blunted with aging.325

Resting and exercise-induced norepinephrine lev-
els increase with age in healthy subjects (by ≈13% per 
decade), in part because of decreased clearance.326 Previ-
ously a matter of controversy, it now appears that besides 
the well-documented reduction in vagal function associ-
ated with aging,327 the primary autonomic defect in aging 
is an impairment in reuptake of norepinephrine, perhaps 
as a function of decreased nerve density. Although no 
apparent age-dependent decrement in nerve firing rates 
from sympathetic efferents in skeletal muscle occurs,328 
kinetic studies reveal selective and dramatic increases 
in cardiac norepinephrine spillover attributable to the 
decreased reuptake in older patients subjected to mental 
stress or exercise. 314 This situation can precipitate clinical 
complications (i.e., arrhythmogenesis and sudden cardiac 
death) in patients with cardiac disease. However, end-
organ responsiveness is blunted by compensatory down-
regulation of β1 adrenoreceptors (i.e., decreased receptor 
density and affinity) and uncoupling of β2 adrenoreceptors 
through decreased Gs activity.329 Despite increased cardiac 
spillover, cardiac oxygen consumption is not altered.330

Attenuation of presynaptic α2-adrenoreceptor–mediated 
inhibition of neuronal norepinephrine release also 
accounts for the increased norepinephrine levels observed 
with age.331-333 Reduced postsynaptic α-adrenoreceptor 
activity decreases contractile responses and further attenu-
ates vasoconstrictor tone. In a seemingly vicious cycle, the 
increase in circulating norepinephrine levels is associated 
with down-regulation of platelet α2-adrenoreceptor density 
and responsiveness. The loss of adrenergic control through 
the reduction of α2- and β-receptor–mediated responses 
with age causes a decrease in the sympathetic nervous 
system’s ability to maintain cardiovascular homeostasis, 
thus implying a relationship with or an explanation for 
the increased incidence of cardiovascular disorders such as 
CHF in older adults.

AUTONOMIC CHANGES IN SPINAL CORD 
TRANSECTION

The most drastic alteration in the ANS that an anesthe-
siologist may encounter is in patients with complete 
spinal cord transection (see Chapters 52, 70, and 81). Spi-
nal cord transection affects motor and sensory function, 
and it may also result in profound changes in autonomic 
activity that can alter anesthetic care. Spinal cord injuries 
or transection can cause various degrees of autonomic 
dysfunction, depending on the site, extent, and timing of 
the lesion. Many autonomic reflexes are inhibited by the 
supraspinal feedback that is lost after spinal cord transec-
tion. Thus, in paraplegic patients, small stimuli can evoke 
exaggerated sympathetic discharges.

In patients with cervical spinal cord transection, sym-
pathetic and parasympathetic outflow is detached from 
central control mechanisms. In addition to the expected 
motor and sensory changes, profound abnormalities alter 
the cardiovascular, thermoregulatory, gastrointestinal, 
and urinary systems. The autonomic consequences of 
transection are not always apparent because the distal 
portion of the spinal cord may retain some function and 
thereby result in unanticipated autonomic abnormalities.

Fundamental differences exist between the acute 
and chronic effects of spinal cord transection. Initially, 
a transient state of decreased excitability occurs. This 
phenomenon, known as spinal shock, usually takes 
place immediately after the lesion and may last for days 
to weeks. In these patients, the periphery is generally 
atonic, and the peripheral vascular bed is dilated. In 
patients with high thoracic lesions who have sustained 
recent injury, basal supine blood pressure is usually low 
and is accompanied by plasma catecholamine levels that 
are approximately 35% of normal.334 Patients with recent 
low spinal injuries may exhibit compensatory tachycar-
dia from intact parts of the ANS.

Patients with chronic high spinal lesions may fail to 
respond to hypovolemia with an increased heart rate and 
may exhibit bradycardia. The only intact efferent compo-
nent of the baroreflex pathways in quadriplegic patients 
is the vagus. Bradycardia occurs with changes in position 
and with Valsalva maneuvers or increased intrathoracic 
pressure.335

One aspect of care that is frequently overlooked is the 
effect of tracheal suctioning on patients with high spinal 
transection. Given that many of these patients depend on 
artificial respiration because of their respiratory muscle 
paralysis, unopposed vagal stimuli may contribute to pro-
found bradycardia. This vagal response is accentuated by 
hypoxemia.

Because the sympathetic nervous system may be 
dysfunctional in these patients, the renin-angiotensin-
aldosterone system compensates for the maintenance 
of blood pressure. Patients with spinal cord transection 
may be exquisitely sensitive to ACEIs, even with modest 
changes in intravascular volume or posture. The release 
of renin may be independent of sympathetic stimulation 
and may be caused by the renal baroreceptor stimulation 
that accompanies the decline in renal perfusion pressure.

Although pressure stimuli above the lesion do not usu-
ally change arterial blood pressure, the phenomenon of 
autonomic dysreflexia can occur with stimulation below 
the lesion. Bladder or bowel distention can elicit the 
so-called mass reflex. This autonomic reflex includes a 
dramatic rise in blood pressure, a marked reduction in 
flow to the periphery, and flushing and sweating in areas 



above the lesion. In addition, contraction of the bladder 
and rectum, skeletal muscle spasms, and penile erection 
often occur.

The heart rate may decline as a reflex. Surprisingly, 
evidence from microneurography studies indicates only 
a modest rise in sympathetic nerve activity during activa-
tion of the mass reflex,336 as well as a modest increase in 
plasma norepinephrine levels. Speculation has arisen that 
the exaggerated blood pressure response may be caused 
by supersensitivity of adrenoreceptors. As anticipated, 
quadriplegic patients exhibit an increase in sensitivity 
to exogenously administered pressors.334 Blood pressure 
in quadriplegic patients may increase dramatically in 
response to the exogenous administration of angioten-
sin and to catecholamines. Impairment of the descend-
ing inhibitory reflex pathways that are activated during 
hypertension may contribute to the supersensitivity. 
This hypothesis is supported by the finding that sensitiv-
ity is rarely increased when the lesion is below T5. These 
patients with lower spinal lesions, even those patients 
with long-standing quadriplegia, apparently have a nor-
mal level of adrenoceptors.

Management of autonomic dysreflexia is of clini-
cal importance. Although the anesthesiologist may be 
tempted to opt for minimal anesthesia in a patient without 
sensory or motor function, significant visceral reflexes can 
be evoked. The anesthesiologist may use spinal anesthesia, 
general anesthesia, or a vasodilator such as nitroprusside 
or nitroglycerin to attenuate this reflex, even if pain is not 
appreciated. There has been some enthusiasm for using 
clonidine prophylactically to diminish this response.

An additional problem arising from the autonomic 
denervation of spinal cord transection is thermogenesis. 
In these patients, hypothermia may result from cutane-
ous vasodilation and the inability to shiver. Similarly, 
hyperthermia can occur because the normal sweating 
mechanism is impaired. It is therefore important to mon-
itor temperature assiduously in these patients during the 
course of anesthesia.

NEW CONCEPTS IN AUTONOMIC 
ACTIVITY

GENETIC CONTRIBUTORS TO AUTONOMIC 
FUNCTION AND DRUG RESPONSIVENESS

As this chapter is being written, an explosion of scien-
tific research is taking place to identify single nucleotide 
polymorphisms (SNPs) in β-adrenergic receptor genes 
and to relate them to autonomic pathophysiology.337 In 
general, these studies are statistical, associating the inci-
dence of SNPs with disease entities, including hyperten-
sion, asthma, CHF, and arrhythmias. However, in some 
instances, the underlying biologic links have been more 
intensively explored, and therapeutic implications are 
beginning to emerge. A U.S. Food and Drug Administra-
tion conference on genomics summarized the first rec-
ommendations for genetic testing before initiating drug 
therapies. At this time, the recommendations are limited 
to chemotherapeutic agents, and work with drugs affect-
ing the ANS is labeled as purely informational.
Chapter 16: The Autonomic Nervous System 383

Although the association between asthma suscepti-
bility and β-adrenergic polymorphisms in the general 
population has not been confirmed, asthma phenotypes, 
including severity of asthma and bronchial hyperrespon-
siveness, have been associated with β2-receptor poly-
morphisms. Most notably, changes in the coding region 
may alter response to short-acting and long-acting ago-
nists, a finding suggesting the possibility of a different 
therapeutic response contingent upon the underlying 
genetic makeup. Similarly, increasing interest has been 
shown in the extent to which adrenergic receptor poly-
morphisms play a role in hypertension, heart failure,338 
sudden death, and response to β-adrenergic antagonists. 
Whereas intensive studies of β-receptor polymorphisms 
have led to a greater understanding of important clinical 
syndromes such as postural tachycardia syndrome339 and 
sudden death, specific changes in clinical management 
have lagged considerably. Nowhere has this been more 
evident than in heart failure, in which receptor function 
has been studied for decades340 but for which investiga-
tors remain unable to translate pharmacogenetic insights 
into therapeutic recommendations.341

More recently, however, emerging data have suggested 
that differences in the underlying signaling and recovery 
mechanism beyond receptors may play a role in auto-
nomic pathophysiology.342 It has been proposed that 
variability in the genetics of the arrestin system, which 
not only participates in the regeneration of adrenergic 
function but also can act as a second messenger, could 
account for differences in therapeutic efficacy of various 
cardiac drugs.

Therefore, although the ANS could fairly be called 
primitive (it is largely preserved across all mammalian 
species), its incredible complexity leaves it incompletely 
understood. As the understanding of the genetic deter-
minants of autonomic activity and of the functional and 
cellular interactions of the ANS grows, the ability to inter-
rupt or augment various autonomic effects with greater 
and greater precision will increase. This, in turn, will 
allow for improvements in both the long-term health and 
the acute perioperative safety of our patients.
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K e y  P o i n t s

 •  The brain has a high metabolic rate and receives approximately 15% of cardiac 
output. Under normal circumstances, cerebral blood flow (CBF) is approximately 
50 mL/100 g/min. Gray matter receives 80% and white matter receives 20% of 
this blood flow.

 •  Approximately 60% of the brain’s energy consumption supports electrophysiologic 
function. The remainder of the energy consumed by the brain is involved in 
cellular homeostatic activities.

 •  CBF is tightly coupled to local cerebral metabolism. When cerebral activity in a 
particular region of the brain increases, a corresponding increase in blood flow to 
that region takes place. Conversely, suppression of cerebral metabolism leads to a 
reduction in blood flow.

 •  CBF is autoregulated and remains constant over a mean arterial pressure (MAP) 
range estimated at 65 to 150 mm Hg, given normal venous pressure. Appreciable 
intersubject variability exists. CBF becomes pressure passive when MAP is either 
less than the lower limit or more than the upper limit of autoregulation.

 •  CBF is also under chemical regulation. CBF varies directly with arterial carbon 
dioxide tension in the arterial partial pressure of carbon dioxide (Paco2) range of 
25 to 70 mm Hg. When arterial partial pressure of oxygen (Pao2) decreases to 
less than 60 mm Hg, CBF dramatically increases. Reductions in body temperature 
influence CBF primarily by suppression of cerebral metabolism.

 •  Systemic vasodilators (e.g., nitroglycerin, nitroprusside, hydralazine, calcium 
channel blockers) vasodilate the cerebral circulation and can, depending on 
the MAP, increase CBF. Vasopressors such as phenylephrine, norepinephrine, 
ephedrine, and dopamine do not have direct effects on the cerebral circulation. 
Their effect on CBF is via their effect on arterial blood pressure. When the MAP 
is less than the lower limit of autoregulation, vasopressors increase the MAP 
and thereby increase CBF. If the MAP is within the limits of autoregulation, then 
vasopressor-induced increases in systemic pressure have little effect on CBF.

 •  All volatile anesthetics suppress the cerebral metabolic rate (CMR) and, 
with the exception of halothane, can produce burst suppression of the 
electroencephalogram. At that level, the CMR is reduced by approximately 60%. 
Volatile anesthetics have dose-dependent effects on CBF. In doses less than the 
minimal alveolar concentration (MAC), CBF is modestly decreased. In doses larger 
than 1 MAC, direct cerebral vasodilation results in an increase in CBF and cerebral 
blood volume.

 •  Barbiturates, etomidate, and propofol decrease the CMR and can produce burst 
suppression of the electroencephalogram. At that level, the CMR is reduced by 
approximately 60%. Because blood flow and metabolism coupling are preserved, 
CBF is decreased. Opiates and benzodiazepines effect minor decreases in CBF 
and CMR. In contrast, ketamine can significantly increase the CMR with a 
corresponding increase in blood flow.

 •  Brain stores of oxygen and substrates are limited, and the brain is extremely 
sensitive to decreases in CBF. Severe decreases in CBF (less than 6 to 10 mL/100 
g/min) lead to rapid neuronal death. Ischemic injury is characterized by early 
excitotoxicity and delayed apoptosis.
387
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K e y  P o i n t s — c o n t ’ d

 •  Barbiturates, propofol, ketamine, volatile anesthetics, and xenon have 
neuroprotective efficacy and can reduce ischemic cerebral injury in experimental 
models. This anesthetic neuroprotection is sustained only when the severity of the 
ischemic insult is mild; with moderate-to-severe injury, long-term neuroprotection 
is not achieved. The neuroprotective efficacy of anesthetics in humans is limited. 
Administration of etomidate can decrease regional blood flow, which can 
exacerbate ischemic brain injury.
This chapter reviews the effects of anesthetic drugs and 
techniques on cerebral physiology, in particular, their 
effects on cerebral blood flow (CBF) and metabolism. The 
final section presents a brief discussion of pathophysi-
ologic states, including cerebral ischemia and cerebral 
protection. Prime attention is directed to the immediate 
relevance of the rationale for use of the anesthetic and 
the intensive care management of patients with intracra-
nial pathologic conditions. Chapter 70 presents the clini-
cal management of these patients in detail. Neurologic 
monitoring, including the effects of anesthetics on the 
electroencephalogram (EEG) and evoked responses, is 
reviewed in Chapter 49.

ANATOMY OF THE CEREBRAL 
CIRCULATION

The arterial blood supply to the brain is composed of 
paired right and left internal carotid arteries, which give 
rise to the anterior circulation, and paired right and left 
vertebral arteries, which give rise to the posterior circula-
tion. The connection of the two vertebral arteries forms 
the basilar artery. The internal carotid arteries and the 
basilar artery connect to form a vascular loop called the 
circle of Willis that permits collateral circulation between 
both the right and left and the anterior and posterior per-
fusing arteries. Three paired arteries that originate from 
the circle of Willis perfuse the brain: anterior, middle, and 
posterior cerebral arteries. The posterior communicating 
arteries and the anterior communicating artery complete 
the loop. The anterior and the posterior circulations con-
tribute equally to the circle of Willis.

Under normal circumstances, blood from the anterior 
and posterior circulations does not admix because the pres-
sures in the two systems are equal. Similarly, side-to-side 
admixing of blood across the circle is limited. The vessels 
that originate from the circle provide blood flow to well-
delineated regions of the brain. However, in pathologic cir-
cumstances during which occlusion of one of the arterial 
branches occurs, the circle of Willis can act as an antero-
posterior or side-to-side shunt to increase collateral blood 
flow to the region of the brain with reduced perfusion.

A complete circle of Willis is shown in Figure 17-1, A. 
However, substantial variability exists in the anatomy 
of the circle of Willis, and a significant proportion of 
individuals may have an incomplete circular loop.1 The 
variations in the circle and their prevalence are shown in 
Figure 17-1, B.
Three sets of veins drain blood from the brain. The 
superficial cortical veins are within the pia mater on the 
brain surface. Deep cortical veins drain the deeper struc-
tures of the brain. These veins drain into dural sinuses, 
of which the superior and inferior sagittal sinuses and 
the straight, transverse and sigmoid sinuses are the major 
dural sinuses. These ultimately drain into the right and 
left internal jugular veins. A schematic representation of 
the cerebral venous circulation is shown in Figure 17-1, C.

REGULATION OF CEREBRAL BLOOD FLOW

Anesthetic drugs cause dose-related and reversible altera-
tions in many aspects of cerebral physiology, including 
CBF, cerebral metabolic rate (CMR), and electrophysi-
ologic function (EEG, evoked responses). The effects of 
anesthetic drugs and techniques have the potential to 
adversely affect the diseased brain and are thus of clinical 
importance in patients with neurosurgical disease. Con-
versely, the effects of general anesthesia on CBF and CMR 
can be altered to improve both the surgical course and the 
clinical outcome of patients with neurologic disorders.

The adult human brain weighs approximately 1350 
g and therefore represents approximately 2% of total 
body weight. However, it receives 12% to 15% of cardiac 
output. This high flow rate is a reflection of the brain’s 
high metabolic rate. At rest, the brain consumes oxygen 
at an average rate of approximately 3.5 mL of oxygen 
per 100 g of brain tissue per minute. Whole-brain oxy-
gen consumption (50 mL/min) represents approximately 
20% of total body oxygen utilization. Normal values for 
CBF, CMR, and other physiologic variables are provided 
in Box 17-1.

Approximately 60% of the brain’s energy consumption 
supports electrophysiologic function. The depolarization-
repolarization activity that occurs, reflected in the EEG, 
requires expenditure of energy for the maintenance and 
restoration of ionic gradients and for the synthesis, trans-
port, and reuptake of neurotransmitters. The remainder 
of the energy consumed by the brain is involved in cel-
lular homeostatic activities. Local CBF and CMR within 
the brain are very heterogeneous, and both are approxi-
mately four times greater in gray matter than in white 
matter. The cell population of the brain is also hetero-
geneous in its oxygen requirements. Glial cells make up 
approximately one half of the brain’s volume and require 
less energy than neurons. Besides providing a physically 
supportive latticework for the brain, glial cells are impor-
tant in the reuptake of neurotransmitters, in the delivery 
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the brain.
and removal of metabolic substrates and wastes, and in 
blood-brain barrier (BBB) function.

The brain’s substantial demand for substrate must be 
met by adequate delivery of oxygen and glucose. How-
ever, the space constraints imposed by the noncom-
pliant cranium and meninges require that blood flow 
not be excessive. Not surprisingly, elaborate mecha-
nisms regulate CBF. These mechanisms, which include 
chemical, myogenic, and neurogenic factors, are listed 
in Table 17-1.

CHEMICAL REGULATION OF CEREBRAL 
BLOOD FLOW

Several factors, including changes in CMR, arterial par-
tial pressure of carbon dioxide (Paco2), and arterial partial 
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pressure of oxygen (Pao2), cause alterations in the cerebral 
biochemical environment that result in adjustments in CBF.

Cerebral Metabolic Rate
Increased neuronal activity results in increased local brain 
metabolism, and this increase in the CMR is associated 
with a proportional change in CBF that is referred to as 
flow-metabolism coupling. The traditional view of this cou-
pling is that it is a positive feedback mechanism wherein 
increased neuronal activity results in a demand for energy; 
this demand is met by an increase in CBF. More recent 
data indicate that coupling is based on a feed-forward 
mechanism wherein neuronal activity directly increases 
CBF, thereby increasing energy supply.2 Although the 

TABLE 17-1 FACTORS INFLUENCING CEREBRAL 
BLOOD FLOW*

Factor Comment

Chemical, Metabolic, Humoral
CMR CMR influence assumes intact 

flow-metabolism coupling, 
the mechanism of which is 
not fully understood.

 Anesthetics
 Temperature
 Arousal; seizures
Paco2

Pao2

Vasoactive drugs
 Anesthetics
 Vasodilators
 Vasopressors
Myogenic
Autoregulation; MAP The autoregulation mechanism 

is fragile; in many pathologic 
states, CBF is regionally 
pressure passive.

Rheologic
Blood viscosity
Neurogenic
Extracranial sympathetic and 

parasympathetic pathways
Contribution and clinical 

significance are poorly 
defined.

Intraaxial pathways

*See text for discussion.
CBF, Cerebral blood flow; CMR, cerebral metabolic rate; MAP, mean 

 arterial pressure; Paco2, arterial partial pressure of carbon dioxide;  
Pao2, arterial partial pressure of oxygen.

CBF
 Global 45-55 mL/100 g/min
 Cortical (mostly gray matter) 75-80 mL/100 g/min
 Subcortical (mostly white matter) ≈20 mL/100 g/min
CMRO2 3-3.5 mL/100 g/min
CVR 1.5-2.1 mm Hg/100 

g/min/mL
Cerebral venous Po2 32-44 mm Hg
Cerebral venous So2 55%-70%
SjVo2 ≈65%
ICP (supine) 8-12 mm Hg

BOX 17-1 Normal Cerebral Physiologic Values

CBF, Cerebral blood flow; CMRO2, cerebral metabolic rate of oxygen; CVR, 
cerebral vascular resistance; ICP, intracranial pressure; Po2, partial pres-
sure of oxygen; SjVo2, jugular venous oxygen saturation; So2, oxygen 
saturation.
precise mechanisms that mediate flow-metabolism cou-
pling have not been defined, the data available implicate 
local by-products of metabolism (potassium ion [K+], 
hydrogen ion [H+], lactate, adenosine, and adenosine 
triphosphate [ATP]). Increased synaptic activity with the 
attendant release of glutamate leads to the downstream 
generation of a variety of mediators that affect vascular 
tone (Fig. 17-2). Glutamate, released with increased neu-
ronal activity, results in the synthesis and release of nitric 
oxide (NO), a potent cerebral vasodilator that plays an 
important role in coupling of flow and metabolism. Glia 
play an important role in flow-metabolism coupling, and 
their processes make contact with neurons. These pro-
cesses may serve as conduits for the coupling of increased 
neuronal activity to increases in blood flow. Glutamate 
activation of metabotropic glutamate receptors (mGluR) 
in astrocytes leads to arachidonic acid (AA) metabolism 
and the subsequent generation of prostaglandins and 
epoxyeicosatrienoic acids (EETs). Local by-products of 
metabolism (K+, H+, lactate, adenosine, and ATP) can also 
directly modulate vascular tone. Oxygen modulates the 
relative contribution of these pathways, and in the set-
ting of reduced oxygen tension at the tissue level, the 
release of adenosine can contribute to vascular dilation. 
The net result therefore on vascular tone is determined by 
the relative contribution of multiple signaling pathways. 
In addition, nerves that innervate cerebral vessels release 
peptide neurotransmitters such as vasoactive intestinal 
peptide (VIP), substance P, cholecystokinin, somatostatin, 
and calcitonin gene–related peptide. These neurotrans-
mitters may also potentially be involved in neurovascular 
coupling. Flow-metabolism coupling within the brain is 
a complex physiologic process that is regulated, not by 
a single mechanism, but by a combination of metabolic, 
glial, neural, and vascular factors.

CMR is influenced by several phenomena in the neu-
rosurgical environment, including the functional state of 
the nervous system, anesthetic drugs, and temperature.

Functional State. CMR decreases during sleep and 
increases during sensory stimulation, mental tasks, or 
arousal of any cause. During epileptic activity, increases 
in the CMR may be extreme, whereas regionally after 
brain injury and globally with coma, the CMR may be 
substantially reduced.

aneSthetic DrugS. The effect of individual anesthetic 
drugs on the CMR is presented in greater detail in the 
second section of this chapter. In general, anesthetic 
drugs suppress the CMR, with the exception of ketamine 
and nitrous oxide (N2O). The component of the CMR on 
which they act is electrophysiologic function. With sev-
eral anesthetics, including barbiturates, isoflurane, sevo-
flurane, desflurane, propofol, and etomidate, increasing 
plasma concentrations cause progressive suppression of 
EEG activity and a concomitant reduction in the CMR. 
However, increasing the plasma level beyond what is 
required to first achieve suppression of the EEG results in 
no further depression of the CMR. The component of the 
CMR required for the maintenance of cellular integrity, 
the “housekeeping” component, is unaltered by anes-
thetic drugs (Fig. 17-3).
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Figure 17-2. Cerebral flow-metabolism coupling. Synaptic activity leads to glutamate release, activation of glutamatergic receptors, and calcium 
entry in neurons. This results in a release of arachidonic acid (AA), prostaglandins (PGs), and nitric oxide (NO). Adenosine and lactate are gener-
ated from metabolic activity. These factors all lead to vascular dilation. Glutamate also activates metabotropic glutamate receptors (mGluR) in 
astrocytes, causing intracellular calcium entry, phospholipase A2 (PLA2) activation, release of AA and epoxyeicosatrienoic (EET) acid and prosta-
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When complete suppression of EEG is achieved, the 
cerebral metabolic rate of oxygen (CMRO2) is similar irre-
spective of the anesthetic agent used to achieve EEG sup-
pression. Yet, anesthetic-induced EEG suppression is not a 
single physiologic state and is influenced by the drug that 
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Figure 17-3. Interdependency of cerebral electrophysiologic func-
tion and cerebral metabolic rate (CMR). Administration of various 
anesthetics, including barbiturates, results in a dose-related reduc-
tion in the CMR of oxygen (CMRO2) and cerebral blood flow (CBF). 
The maximum reduction occurs with the dose that results in electro-
physiologic silence. At this point, the energy utilization associated 
with electrophysiologic activity has been reduced to zero, but the 
energy utilization for cellular homeostasis persists unchanged. Addi-
tional barbiturates cause no further decrease in CBF or CMRO2. EEG, 
Electroencephalogram.
is used to produce suppression. When barbiturates are 
administered to the point of EEG suppression, a uniform 
depression in the CBF and CMR occurs throughout the 
brain. When suppression occurs during the administra-
tion of isoflurane and sevoflurane, the relative reductions 
in the CMR and CBF are more intense in the neocortex 
than in other portions of the cerebrum. Electrophysio-
logic responsiveness also varies. Cortical somatosensory-
evoked responses to median nerve stimulation can be 
readily recorded at doses of thiopental far in excess of 
those required to cause complete suppression of the EEG 
but are difficult to elicit at concentrations of isoflurane 
associated with a burst-suppression pattern (∼1.5 MAC) 
(Fig. 17-43,4). In addition, the EEG characteristics of the 
burst-suppression states that occur just before complete 
suppression differ among anesthetic drugs. These differ-
ences may be of some relevance to discussions of differ-
ences in the neuroprotective potential of drugs that can 
produce EEG suppression.

temperature. The effects of hypothermia on the brain 
have been reviewed in detail5 (also see Chapter 54). The 
CMR decreases by 6% to 7% per degree Celsius of tem-
perature reduction. In addition to anesthetic drugs, hypo-
thermia can also cause complete suppression of the EEG 
(at approximately 18° C to 20° C). However, in contrast 
to anesthetic drugs, temperature reduction beyond that 
at which EEG suppression first occurs does produce a fur-
ther decrease in the CMR (Fig. 17-5). This decrease occurs 
because anesthetic drugs reduce only the component 
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of the CMR associated with neuronal function, whereas 
hypothermia decreases the rate of energy utilization asso-
ciated with both electrophysiologic function and the basal 
component associated with the maintenance of cellular 
integrity. Mild hypothermia preferentially suppresses the 
basal component of the CMR. The CMRO2 at 18° C is less 
than 10% of normothermic control values, which may 
explain the brain’s tolerance for moderate periods of cir-
culatory arrest at these and cooler temperatures.

Hyperthermia has an opposite influence on cerebral 
physiologic function. Between 37° C and 42° C, CBF and 
CMR increase. However, above 42° C, a dramatic reduc-
tion in cerebral oxygen consumption occurs, an indica-
tion of a threshold for a toxic effect of hyperthermia that 
may occur as a result of protein (enzyme) denaturation.

paco2. CBF varies directly with Paco2 (Fig. 17-6), espe-
cially within the range of physiologic variation of Paco2. 
CBF changes 1 to 2 mL/100 g/min for each 1 mm Hg 
change in Paco2 around normal Paco2 values. This 
response is attenuated at a Paco2 less than 25 mm Hg. 
Under normal circumstances, the sensitivity of CBF to 
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Figure 17-4. Cortical somatosensory-evoked responses to median 
nerve stimulation in humans before induction and during anesthesia 
with thiopental–nitrous oxide (N2O) and isoflurane-N2O. Despite an 
equivalent or greater degree of reduction in the cerebral metabolic 
rate with thiopental, cortical evoked responses are better preserved3 
than during anesthesia with isoflurane,4 which suggests that the elec-
troencephalographic suppression achieved with different anesthetic 
drugs should not be assumed to be equivalent electrophysiologic 
states. The cumulative thiopental doses and expired concentrations of 
isoflurane and N2O are indicated in this figure.
changes in Paco2 (ΔCBF/ΔPaco2) is positively correlated 
with resting levels of CBF. Accordingly, anesthetic drugs 
that alter resting CBF cause changes in the response of 
the cerebral circulation to carbon dioxide (CO2). The 
magnitude of the reduction in CBF caused by hypocap-
nia is more intense when resting CBF is rapid (as might 
occur during anesthesia with volatile agents). Con-
versely, when resting CBF is slow, the magnitude of the 
hypocapnia-induced reduction in CBF is decreased. How-
ever, CO2 responsiveness has been observed in normal 
brain during anesthesia with all of the anesthetic drugs 
that have been studied.

The changes in CBF caused by Paco2 are dependent 
on pH alterations in the extracellular fluid of the brain. 
NO, in particular NO of neuronal origin, is an important 
although not exclusive mediator of CO2-induced vasodi-
lation.6 The vasodilatory response to hypercapnia is also 
mediated in part by prostaglandins. The changes in extra-
cellular pH and CBF rapidly occur after Paco2 adjustments 
because CO2 freely diffuses across the cerebrovascular 
endothelium. In contrast with respiratory acidosis, acute 
systemic metabolic acidosis has little immediate effect on 
CBF because the BBB excludes H+ from the perivascu-
lar space. The CBF changes in response to alterations in 
Paco2 rapidly occur, but they are not sustained. Despite 
the maintenance of an increased arterial pH, CBF returns 
toward normal over a period of 6 to 8 hours because 
the pH of cerebrospinal fluid (CSF) gradually returns to 
normal levels as a result of extrusion of bicarbonate (see  
Fig. 70-6). Consequently, a patient who has had a sus-
tained period of hyperventilation or hypoventilation 
deserves special consideration. Acute restoration of a 
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Figure 17-5. Effect of temperature reduction on the cerebral meta-
bolic rate of oxygen (CMRO2) in the cortex. Hypothermia reduces both 
of the components of cerebral metabolic activity identified in Figure 
17-3―that associated with neuronal electrophysiologic activity (Func-
tion) and that associated with the maintenance of cellular homeostasis 
(Integrity). This is in contrast to anesthetics that alter only the func-
tional component. The ratio of cerebral metabolic rate (CMR) at 37° 
C to that at 27° C, the Q10 ratio, is shown in the graph. Note that 
the CMRO2 in the cortex (grey matter) is greater than global CMRO2, 
considering the lower metabolic rate in white matter. (Modified from 
Michenfelder JD: Anesthesia and the brain: clinical, functional, meta-
bolic, and vascular correlates. New York, 1988, Churchill Livingstone.)
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normal Paco2 value will result in a significant CSF aci-
dosis (after hypocapnia) or alkalosis (after hypercapnia). 
The former results in increased CBF with a concomitant 
increase in intracranial pressure (ICP) that depends on 
the prevailing intracranial compliance. The latter con-
veys a theoretic risk for ischemia.

pao2. Changes in Pao2 from 60 to more than 300 mm 
Hg have little influence on CBF. Less than a Pao2 of 60 
mm Hg rapidly increases CBF (see Fig. 17-6). The mecha-
nisms mediating cerebral vasodilation during hypoxia 
may include neurogenic effects initiated by peripheral 
and neuraxial chemoreceptors, as well as local humoral 
influences. At least part of the hyperemic response to 
hypoxia is mediated by NO of neuronal origin. Hypoxia-
induced opening of ATP-dependent K+ channels in vas-
cular smooth muscle also leads to hyperpolarization and 
vasodilation. The rostral ventrolateral medulla (RVM) 
serves as an oxygen sensor within the brain. Stimula-
tion of the RVM by hypoxia results in an increase in CBF 
(but not the CMR), and lesions of the RVM suppress the 
magnitude of the CBF response to hypoxia. The response 
to hypoxia is synergistic with the hyperemia produced 
by hypercapnia and acidosis. At high Pao2 values, CBF 
modestly decreases. At 1 atmosphere of oxygen, CBF is 
reduced by 12%.

MYOGENIC REGULATION (AUTOREGULATION) 
OF CEREBRAL BLOOD FLOW

Autoregulation refers to the capacity of the cerebral cir-
culation to adjust its resistance to maintain CBF constant 
over a wide range of mean arterial pressure (MAP) values. 
In normal human subjects, the limits of autoregulation 
likely occur at MAP values of approximately 70 and 150 
mm Hg (see Fig. 17-6). The lower limit of autoregula-
tion (LLA) may be a MAP value of 50 mm Hg. Although 
this number was derived from animal studies, the LLA is 

100

75

50

25

0
0 50 150100 200

C
B

F
 (

m
L/

10
0 

g/
m

in
)

PaO2

PaO2, PaCO2, MAP (mm Hg)

PaCO2
MAP

Figure 17-6. Changes in cerebral blood flow (CBF) caused by inde-
pendent alterations in arterial partial pressure of carbon dioxide 
(Paco2), partial pressure of oxygen (Pao2), and mean arterial pressure 
(MAP).
 Cerebral Physiology and the Effects of Anesthetic Drugs 393

likely higher in humans.7 The units used on the x axis 
of autoregulation curves will influence the correct inflec-
tion points of the curve. When the x axis is the MAP, the 
normal average LLA is not less than 70 mm Hg (with con-
siderable interindividual variation). Because ICP is not 
usually measured in normal subjects, cerebral perfusion 
pressure (CPP) (MAP − ICP) is rarely available. Assuming a 
normal ICP of 5 to 10 mm Hg in a supine subject, an LLA 
of 65 mm Hg expressed as MAP corresponds to an LLA of 
55 to 60 mm Hg expressed as CPP.

Above and below the autoregulatory plateau, CBF is 
pressure dependent (pressure passive) and linearly varies 
with CPP. Autoregulation is influenced by various patho-
logic processes, as well as the time course over which the 
changes in CPP occur. Even within the range over which 
autoregulation normally occurs, a rapid change in arte-
rial pressure will result in a transient (i.e., 3 to 4 minutes) 
alteration in CBF.

The limits of autoregulation are conceptual constructs 
for the purpose of analysis. They do not represent physi-
ologic “all-or-none” responses. A continuum of vascular 
responsiveness in both the lower and upper limits prob-
ably exists as the ability of the arteriolar bed to dilate or 
constrict is exhausted. Furthermore, the morphologic 
form of the autoregulation is strongly influenced by the 
background level of vasodilation or vasoconstriction 
(e.g., Paco2 or anesthetic conditions).

The precise mechanisms, by which autoregulation is 
accomplished and its overlap with flow-metabolism cou-
pling are not known. According to the myogenic hypoth-
esis, changes in CPP lead to direct changes in the tone 
of vascular smooth muscle; this process appears to be 
passive. NO may participate in the vasodilation associ-
ated with hypotension (also see Chapter 104). Autonomic 
innervation of cerebral blood vessels may also contribute 
to the autoregulation of blood flow (discussed in the next 
section).

NEUROGENIC REGULATION OF CEREBRAL 
BLOOD FLOW

The cerebral vasculature is extensively innervated.8 The 
density of innervation declines with vessel size, and the 
greatest neurogenic influence appears to be exerted on 
larger cerebral arteries. This innervation includes cholin-
ergic (parasympathetic and nonparasympathetic), adren-
ergic (sympathetic and nonsympathetic), serotoninergic, 
and VIPergic systems of extraaxial and intraaxial origin. 
An extracranial sympathetic influence via the superior 
cervical ganglion, as well as parasympathetic innerva-
tion via the sphenopalatine ganglion, certainly exists in 
animals. The intraaxial pathways likely result from inner-
vation arising from several nuclei in animals, including 
the locus coeruleus, the fastigial nucleus, the dorsal raphe 
nucleus, and the basal magnocellular nucleus of Meynert. 
Evidence of the functional significance of neurogenic 
influences has been derived from studies of CBF autoreg-
ulation and ischemic injury. Hemorrhagic shock, a state 
of high sympathetic tone, results in less CBF at a given 
MAP than occurs when hypotension is produced with 
sympatholytic drugs. During shock, a sympathetically 
mediated vasoconstrictive effect shifts the lower end of 
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the autoregulatory plateau to the right. It is not clear what 
the relative contributions of humoral and neural mecha-
nisms are to this phenomenon; however, a neurogenic 
component certainly exists because sympathetic denerva-
tion increases CBF during hemorrhagic shock. Moreover, 
sympathetic denervation produced by a blockade of the 
stellate ganglion can increase CBF in humans.9 Activa-
tion of cerebral sympathetic innervation also shifts the 
upper limit of autoregulation to the right and offers some 
protection against hypertensive breakthrough of the BBB. 
Experimental interventions that alter these neurogenic 
control pathways influence outcome after standardized 
ischemic insults, presumably by influences on vascular 
tone and therefore CBF. The nature and influence of such 
pathways in humans are not known, and their manipula-
tion for the purposes of clinical management remains to 
be systematically investigated.

EFFECTS OF BLOOD VISCOSITY  
ON CEREBRAL BLOOD FLOW

Blood viscosity can influence CBF. Hematocrit is the 
single most important determinant of blood viscosity.10 
In healthy humans, variation of the hematocrit within 
the normal range (33% to 45%) probably results in only 
modest alterations in CBF. Beyond this range, changes are 
more substantial. In anemia, cerebral vascular resistance 
is reduced and CBF increases. However, this may result 
not only from a reduction in viscosity but also as a com-
pensatory response to reduced oxygen delivery.11 The 
effect of a reduction in viscosity on CBF is more impor-
tant with focal cerebral ischemia, a condition in which 
vasodilation in response to impaired oxygen delivery is 
probably already maximal. In this situation, reducing 
viscosity by hemodilution increases CBF in the ischemic 
territory. In patients with focal cerebral ischemia, a hema-
tocrit of 30% to 34% will result in optimal delivery of 
oxygen. However, manipulation of viscosity in patients 
with acute ischemic stroke is not of benefit in reducing 
the extent of cerebral injury.12 Therefore viscosity is not 
a target of manipulation in patients at risk as a result of 
cerebral ischemia, with the possible exception of those 
with hematocrit values higher than 55%.

VASOACTIVE DRUGS

Many drugs with intrinsic vascular effects are used in con-
temporary anesthetic practice, including both anesthetic 
drugs and numerous vasoactive drugs specifically used for 
hemodynamic manipulation. This section deals with the 
latter. The actions of anesthetics are discussed in the sec-
tion, “Effects of Anesthetics on Cerebral Blood Flow and 
Cerebral Metabolic Rate.”

Systemic Vasodilators
Most drugs used to induce hypotension, including sodium 
nitroprusside, nitroglycerin, hydralazine, adenosine, and 
calcium channel blockers, also cause cerebral vasodila-
tion. As a result, CBF either increases or is maintained 
at prehypotensive levels. In addition, when hypoten-
sion is induced with a cerebral vasodilator, CBF is main-
tained at lower MAP values than when induced by either 
hemorrhage or a noncerebral vasodilator. In contrast to 
direct vasodilators, the angiotensin-converting enzyme 
(ACE) inhibitor enalapril does not have any significant 
impact on CBF.13 Anesthetics that simultaneously vaso-
dilate the cerebral circulation cause increases in cerebral 
blood volume (CBV) with the potential to increase ICP. 
The effects of these anesthetics on ICP are less dramatic 
when hypotension is slowly induced, which probably 
reflects the more effective interplay of compensatory 
mechanisms (i.e., shifts in CSF and venous blood) when 
changes occur more slowly.

Catecholamine Agonists and Antagonists
Numerous drugs with agonist and antagonist activity at 
catecholamine receptors (α1, α2, β1, β2, and dopamine) 
are in common use. The effects of these vasoactive drugs 
on cerebral physiology are dependent on basal arterial 
blood pressure, the magnitude of the drug-induced arte-
rial blood pressure changes, the status of the autoregula-
tion mechanism, and the status of the BBB. A drug may 
have direct effects on cerebral vascular smooth muscle 
or indirect effects mediated by the cerebral autoregula-
tory response to changes in systemic blood pressure (or 
both types of effects). When autoregulation is preserved, 
increases in systemic pressure should increase CBF if basal 
blood pressure is outside the limits of autoregulation. 
When basal pressure is within the normal autoregula-
tion range, an increase in systemic pressure does not sig-
nificantly affect CBF because the normal autoregulatory 
response to a rising MAP entails cerebral vasoconstriction 
(i.e., an increase in cerebral vascular resistance) to main-
tain a constant CBF. When autoregulation is defective, 
CBF will vary in direct relation to arterial pressure. The 
information in the following paragraphs and in Table 
17-2 emphasizes data obtained from investigations of 
vasopressors in intact preparations and gives priority to 
the results obtained in humans and higher primates.

TABLE 17-2 BEST ESTIMATES OF THE INFLUENCE 
OF PURE CATECHOLAMINE RECEPTOR AGONISTS 
AND SPECIFIC PRESSOR SUBSTANCES ON CEREBRAL 
BLOOD FLOW AND CEREBRAL METABOLIC RATE*

Agonist
Cerebral 
Blood Flow

Cerebral 
Metabolic Rate

Pure
α1 0/− 0
α2 − −
β + +
β (BBB open) +++ +++
Dopamine ++ 0
Dopamine (high dose) − ?0
Fenoldopam − ?0
Mixed
Norepinephrine 0/− 0/+
Norepinephrine (BBB open) + +
Epinephrine + +
Epinephrine (BBB open) +++ +++

BBB, Blood-brain barrier; +, increase; −, decrease; 0, no effect.
*Where species differences occurred, data from primates were given 

preference. See text for complete discussion.
The number of symbols indicates the magnitude of the effect.
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α1-agoniStS. Will the administration of α1-agonists 
(phenylephrine, norepinephrine) reduce CBF?

Studies in humans and nonhuman primates do not 
confirm this concern. Intracarotid infusions of norepi-
nephrine in doses that significantly increase the MAP 
result in no change in CBF. Administration of phenyleph-
rine to patients undergoing cardiopulmonary bypass does 
not decrease CBF.14 There are, however, some species dif-
ferences with regard to the CBF response to α-agonists. 
α1-Agonists also do not cause cerebral vasoconstriction 
in rats but do produce modest decreases in CBF in dogs 
and goats; this decrease in CBF can be blocked by α1-
antagonists (also see Chapter 16).

Norepinephrine can increase CBF. Such increases 
might occur if autoregulation were defective or its limit 
exceeded. In some instances the increases may be the 
result of abnormalities in the BBB. β-Mimetic drugs (nor-
epinephrine has β1 activity) may cause activation of cere-
bral metabolism15 with a coupled increase in CBF. This 
effect is more apparent when these drugs can gain greater 
access to the brain parenchyma via a defective BBB (see 
Table 17-2).

The traditional view that CBF can be maintained by 
the administration of α1-agonists without any adverse 
effect on cerebral oxygenation has been challenged. In 
anesthetized patients,16-18 phenylephrine administration 
by bolus modestly reduced cerebral oxygen saturation 
(Sco2), measured by near-infrared oximetry. Ephedrine, 
although increasing arterial blood pressure to a similar 
extent as phenylephrine, did not reduce Sco2, presum-
ably because of its ability to maintain cardiac output. In 
human volunteers, a norepinephrine-induced increase in 
arterial blood pressure slightly reduced middle cerebral 
artery (MCA) flow velocity and Sco2 and jugular venous 
oxygen saturation (SjVo2).19 By contrast, although phenyl-
ephrine decreased Sco2, MCA flow velocity was increased 
and SjVo2 was unchanged.20 Do phenylephrine and nor-
epinephrine administration negatively impact cerebral 
oxygenation? Several factors argue against this possibil-
ity. The first concern is methodology. Near-infrared spec-
troscopy (NIRS) measures oxygenated and deoxygenated 
blood in a defined region of brain and is a composite of 
arterial, capillary, and venous blood. Vasopressors affect 
both arterial and venous tone. Even a minor change in the 
volume of arterial and venous volumes within the region 
of the brain can affect the Sco2 measurement. Moreover, 
extracranial contamination is a significant component of 
the Sco2 values reported by the currently available NIRS 
monitors.21 This contamination is more important than 
the slight reduction in Sco2 observed in these investiga-
tions. In the absence of direct measurement of brain tis-
sue oxygenation, a modest reduction in Sco2 in the face 
of increasing arterial blood pressure cannot be taken 
as evidence of impairment of cerebral oxygenation. In 
addition, phenylephrine did not decrease SjVo2, a more 
global measurement of cerebral oxygenation. Although 
norepinephrine decreased SjVo2 by approximately 3% (a 
mild reduction at best), its administration has been previ-
ously shown to increase the CMRO2. Finally, the minor 
reduction in Sco2 effected by phenylephrine is no longer 
apparent when an increase in the CMRO2 is concurrent. 
Phenylephrine apparently does not prevent an increase 
in CBF when such an increase is warranted by increased 
brain metabolism.

These studies were conducted in patients with a nor-
mal central nervous system (CNS). Although unlikely, 
the concern is that α1-agonists might reduce cerebral 
perfusion in the injured brain. For example, in patients 
with a head injury, the administration of phenylephrine 
increased CPP and did not reduce regional CBF.22 Tran-
sient changes may occur in CBF and Sco2 (on the order of 
2 to 5 minutes) in response to bolus doses of phenyleph-
rine; however, with a continuous infusion, α1-agonists 
have little direct influence on CBF and cerebral oxygen-
ation in humans.23 Thus maintenance of CPP with these 
vasopressors does not have an adverse effect on the brain.

α2-agoniStS. α2-Agonists have both analgesic and seda-
tive effects. This class of drugs includes dexmedetomi-
dine and clonidine, with the latter being a significantly 
less specific and less potent α2-agonist. Two investiga-
tions in human volunteers have confirmed the ability of 
dexmedetomidine to decrease CBF. Dexmedetomidine 
dose- dependently decreased MCA flow velocity, with 
the maximum reduction being approximately 25%.24 
Dexmedetomidine (1-μg/kg loading dose and infusion 
at either 0.2 or 0.6 μg/kg/hr) decreased CBF by approxi-
mately 30%25 in healthy human volunteers. In both these 
investigations, the CMR was not measured; whether the 
reduction in CBF was due to a direct vasoconstrictor activ-
ity of dexmedetomidine or to suppression of the CMR 
with a corresponding reduction in CBF is not clear. In 
a more recent study of dexmedetomidine during which 
both MCA flow velocity and the CMR were measured in 
healthy humans, dexmedetomidine decreased MCA flow 
velocity in parallel with a reduction in the CMR.26 The 
effects of dexmedetomidine on CBF were primarily medi-
ated by its ability to suppress the CMR. The well-known 
effect of dexmedetomidine to decrease arterial blood pres-
sure merits careful consideration if used in patients who 
are critically dependent on collateral perfusion pressure, 
especially in the recovery phase of an anesthetic.

β-agoniStS. β-Receptor agonists, in small doses, have little 
direct effect on the cerebral vasculature. In larger doses 
and in association with physiologic stress, they can cause 
an increase in the CMR with an accompanying increase 
in CBF.27 The β1-receptor is probably the mediator of 
these effects. In doses that do not result in substantial 
changes in the MAP, intracarotid epinephrine does not 
change CBF in unanesthetized humans. However, with 
larger doses that lead to an increase in the MAP, both CBF 
and CMRO2 can increase by approximately 20%.

Evidence suggests that a defect in the BBB enhances 
the effect of β-agonists.28 Intracarotid norepinephrine, 
which does not normally affect CBF and CMR, increases 
CBF and CMR when BBB permeability is increased with 
hypertonic drugs. Epinephrine caused an elevation in the 
CMRO2, but only when the BBB was made permeable.28 
These observations beg the interpretation that β-agonists 
will increase CBF and CMR only when the BBB is injured. 
However, when epinephrine was given in doses that did 
not significantly increase the MAP, increases in CBF and 
CMR occurred.29 Accordingly, BBB injury may exaggerate 
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but not be a necessary condition in humans for the occur-
rence of β-mediated increases in CBF and CMR.

β-BlockerS. β-Adrenergic blockers either reduce or have 
no effect on CBF and CMR. In two investigations in 
humans, propranolol, 5 mg intravenously,30 and labet-
alol, 0.75 mg/kg intravenously,31 had no effect on CBF 
and cerebral blood flow velocity (CBFV), respectively. 
Modest reductions in CBF occur after the administra-
tion of labetalol to patients undergoing craniotomy who 
become hypertensive during emergence from anesthesia. 
Esmolol shortens seizures induced by electroconvulsive 
therapy (ECT), which suggests that esmolol does cross the 
normal BBB. Catecholamine levels at the time of β-blocker 
administration or the status of the BBB (or both) may 
influence the effect of these drugs. β-Adrenergic block-
ers are unlikely to have adverse effects on patients with 
intracranial pathologic abnormalities, other than effects 
secondary to changes in perfusion pressure.

Dopamine. Dopamine can treat hemodynamic dysfunc-
tion. It also augments the function of the normal cardio-
vascular system when an increase in the MAP is desired 
as an adjunct to the treatment of focal cerebral ischemia, 
especially in the setting of vasospasm. Nonetheless, its 
effects on CBF and CMR have not been defined with cer-
tainty. The likely predominant effect of dopamine in the 
normal cerebral vasculature, when administered in small 
doses, is probably slight vasodilation with a minimal 
change in the CMR.32 Increased CMR in discrete regions 
of the brain, such as the choroid plexus and basal gan-
glia, can occur. However, overall cortical blood flow is 
not influenced.33 Vasoconstriction of the cerebral circu-
lation is not observed even when dopamine is admin-
istered in doses of up to 100 μg/kg/min. In that same 
investigation, dobutamine increased CBF and CMR by 
20% and 30%, respectively.32 Fenoldopam is a dopamine 
agonist with activity at the DA1-receptor and α2-receptor. 
The administration of fenoldopam leads to systemic 
vasodilation and a decrease in arterial blood pressure. 
In humans, fenoldopam decreased systemic blood pres-
sure to a level that was above the LLA; however, a mod-
est (≈15%) reduction was observed in CBF that did not 
increase to normal levels when systemic blood pressure 
was supported.34 This reduction in CBF was attributed to 
the α2 activity of fenoldopam; its effect on the injured 
brain is not known.

angiotenSin-converting enzyme inhiBitorS anD angio-
tenSin receptor antagoniStS. Both ACE inhibitors and 
angiotensin-receptor antagonists (ARAs) are commonly 
used to treat hypertension. In the surgical setting and 
in the neurocritical care unit, these drugs are admin-
istered to control arterial blood pressure acutely. ACE 
inhibitors and ARAs reduce arterial blood pressure 
when hypertension is present. However, they do not 
affect resting CBF, and autoregulation is maintained.35 
In patients with acute stroke, ACE inhibitors and ARAs 
reduce arterial blood pressure but do not acutely affect 
CBF.36-38 Apparently, these drugs did not reduce CBF 
when arterial blood pressure modestly decreased (also 
see Chapter 16).
AGE

The loss of neurons is progressive in the normally aging 
brain from young adulthood to advanced age. Initial stud-
ies showed a reduction in neuronal density of as much 
as 60%.39 More recent investigations reveal neuronal loss 
of approximately 10%.40 The loss of myelinated fibers 
results in reduced white matter volume.41 By contrast, the 
loss of synapses in the aged brain is considerably greater. 
The majority of excitatory synapses in the brain are on 
dendritic spines. Dendrite branching and volume pro-
gressively decrease, and the number of dendritic spines is 
reduced by approximately 25% to 35%.41 Attendant with 
the loss of neuropil, both CBF and CMRO2 decrease by 
15% to 20% at the age of 80 years42 (also see Chapters 80 
and 93).

EFFECTS OF ANESTHETICS ON  
CEREBRAL BLOOD FLOW AND  
CEREBRAL METABOLIC RATE

This section discusses the effects of anesthetic drugs on 
CBF and CMR. It includes limited mentions of the influ-
ences on autoregulation, CO2 responsiveness, and CBV. 
Effects on CSF dynamics, the BBB, and epileptogenesis are 
discussed in the section, “Epileptogenesis.”

In neuroanesthesia, the manner in which anesthetic 
drugs and techniques influence CBF receives prime atten-
tion. The rationale is twofold. First, the delivery of energy 
substrates is dependent on CBF, and modest alterations 
in CBF can substantially influence neuronal outcome in 
the setting of ischemia. Second, control and manipula-
tion of CBF are central to the management of ICP because 
as CBF varies in response to vasoconstrictor-vasodilator 
influences, CBV varies with it.43 With respect to ICP, CBV 
is the more critical variable. In the normal brain, CBV is 
approximately 5 mL/100 g of brain,44 and over a Paco2 
range of approximately 25 to 70 mm Hg, CBV changes by 
approximately 0.049 mL/100 g for each 1 mm Hg change 
in Paco2. In an adult brain weighing approximately 1400 
g, this change can amount to 20 mL in total CBV for a 
Paco2 range of 25 to 55 mm Hg. Because CBV is more 
difficult to measure than CBF few data exist, especially in 
humans.

Although CBV and CBF usually vary in parallel, the 
magnitude of change in CBV is less than the magnitude of 
change in CBF (Fig. 17-7). In addition, CBV and CBF inde-
pendently vary under some circumstances. During cere-
bral ischemia, for example, CBV increases, whereas CBF is 
significantly reduced.45 Autoregulation normally serves to 
prevent MAP-related increases in CBV. In fact, as the cere-
bral circulation constricts to maintain a constant CBF in 
the face of an increasing MAP, CBV actually decreases.46 
When autoregulation is impaired or its upper limit (≈150 
mm Hg) is exceeded, CBF and CBV then increase in par-
allel as arterial blood pressure increases (see Fig. 17-6). A 
declining MAP results in a progressive increase in CBV 
as the cerebral circulation dilates to maintain constant 
flow, and exaggerated increases in CBV occur as the MAP 
decreases to less than the LLA.46 In normal subjects, the 
initial increases in CBV do not increase ICP because there 
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is latitude for compensatory adjustments by other intra-
cranial compartments (e.g., translocation of venous blood 
and CSF to extracerebral vessels and the spinal CSF space, 
respectively). When intracranial compliance* is reduced, 
an increase in CBV can cause herniation or sufficiently 
reduce CPP to cause ischemia.

INTRAVENOUS ANESTHETIC DRUGS

The action of most intravenous anesthetics leads to paral-
lel reductions in CMR and CBF. Ketamine, which causes an 
increase in the CMR and CBF, is the exception. The effects 
of selected intravenous anesthetic drugs on human CBF 
are compared in Figure 17-825,47-59 (also see Chapter 30).

Changes in CBF induced by intravenous anesthetics 
are largely the result of the effects on the CMR with paral-
lel (coupled) changes in CBF. If this were the entire expla-
nation, then the CBF/CMR ratio would be the same for 
all anesthetics. Unfortunately, it is not. In addition, direct 
effects on cerebral vascular smooth muscle (e.g., vaso-
constriction, vasodilation, alteration of autoregulatory 
function) contribute to the net effect. For instance, bar-
biturates are cerebral vasoconstrictors, yet some barbitu-
rates actually cause relaxation of cerebral vascular smooth 
muscle in isolated vessel preparations.60 However, a sub-
stantial reduction in the CMR occurs in vivo, and the net 
effect at the point of EEG suppression is vasoconstriction 
and a substantial decrease in CBF.61 In general, autoregu-
lation and CO2 responsiveness are preserved during the 
administration of intravenous anesthetic drugs.

* Note a well-entrenched misuse of terminology.206 The “compli-
ance” curve that is commonly drawn to describe the ICP-volume 
relationship (see Fig. 70-3) actually depicts the relationship ΔP/ΔV 
(elastance) and not ΔV/ΔP (compliance). The reference to “reduced 
compliance” in this text is more correctly described as “increased 
elastance.” However, because the existing literature most commonly 
uses the “compliance” terminology, the authors have left the misuse 
uncorrected herein.
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Figure 17-7. Relationship between cerebral blood flow (CBF) and 
cerebral blood volume (CBV). Although a linear relationship exists 
between CBF and CBV, the magnitude of the change in CBV for a 
given change in CBF is considerably less. An increase in CBF of 50% 
results in a change in CBV of only 20%.
Barbiturates
A dose-dependent reduction in CBF and CMR occurs with 
barbiturates. With the onset of anesthesia, both CBF and 
CMRO2 are reduced by approximately 30%.62 When large 
doses of thiopental cause complete EEG suppression, CBF 
and CMR are reduced by approximately 50%.61,63 Further 
increases in the barbiturate dose have no additional effect 
on the CMR.61 These observations suggest that the major 
effect of nontoxic doses of depressant anesthetics is a 
reduction in the component of cerebral metabolism that 
is linked to electrical brain function (e.g., neurophysi-
ologic activity) with only minimal effects on the second 
component, which is related to cellular homeostasis (see 
Fig. 17-3).

Tolerance to the CBF and CMR effects of barbiturates 
may quickly develop.64 In patients with severe head injury 
in whom barbiturate coma was maintained for 72 hours, 
the blood concentration of thiamylal required to maintain 
EEG burst suppression was observed to be increased by the 
end of the first 24 hours and continued to increase over 
the next 48 hours.65 During deep pentobarbital anesthesia, 
autoregulation is maintained at mean arterial pressures as 
low as 60 mm Hg. CO2 responsiveness also persists.
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Figure 17-8. Changes in cerebral blood flow (CBF) and the cerebral 
metabolic rate of oxygen (CMRO2) caused by intravenous anesthetic 
drugs. The data are derived from human investigations and are pre-
sented as percent change from unanesthetized control values. Dexme-
detomidine CMR values were determined on a background of 0.5% 
isoflurane anesthesia (see the text for details). No data for the CMRO2 
effects of midazolam in humans are available. (Data from references 
25, 47-59.)
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Propofol
The effects of propofol (2,6-diisopropylphenol) on CBF 
and CMR are similar to those of barbiturates. Both CBF 
and CMR decrease after the administration of propofol in 
humans.66 In healthy volunteers, surgical levels of propo-
fol reduced regional CBF by 53% to 79% in co-mparison 
with the awake state.67,68 Alkire and co-workers69 assessed 
cerebral glucose metabolism in volunteers by positron-
emission tomography (PET) before and during infusion 
of propofol to the point of unresponsiveness. The whole-
brain metabolic rate decreased by 48% to 58%, with lim-
ited regional heterogeneity observed. When compared 
with isoflurane-fentanyl or sevoflurane-fentanyl anesthe-
sia, a combination of propofol and fentanyl decreased 
subdural pressure in patients with intracranial tumors 
and decreased the arteriovenous oxygen content differ-
ence (AVDO2).70 Collectively, these investigations in 
human subjects indicate that propofol effects reductions 
in the CMR and secondarily decreases CBF, CBV, and ICP.

Both CO2 responsiveness and autoregulation are pre-
served in humans during the administration of propo-
fol,71,72 even when administered in doses that produce 
burst suppression of the EEG.73 The magnitude of the 
reduction in CBF during hypocapnia is decreased dur-
ing propofol administration. This effect is probably due 
to the cerebral vasoconstriction induced by suppres-
sion of CMR, which further limits hypocapnia-mediated 
vasoconstriction.

Etomidate
The effects of etomidate on CBF and CMR are also simi-
lar to those of barbiturates. Roughly parallel reductions 
in CBF and CMR occur in humans,47,74 and, in general, 
they are accompanied by progressive suppression of the 
EEG. Induction of anesthesia with either thiopental or 
etomidate resulted in a similar reduction in MCA flow 
velocity of approximately 27%.75 The changes in CBF 
and CMR are substantial. Renou and colleagues47 admin-
istered approximately 0.2 mg/kg of etomidate to adults 
and observed mean reductions in CBF and CMR of 34% 
and 45%, respectively. As is the case with barbiturates, 
no further reduction in the CMR occurs when additional 
drug is administered beyond a dose sufficient to produce 
EEG suppression. This latter phenomenon has not been 
demonstrated in humans. However, Bingham and associ-
ates76 observed that etomidate lowered ICP when admin-
istered to patients with severe head injuries in whom EEG 
activity was well preserved but was ineffective when sub-
stantial antecedent EEG suppression existed. The global 
CMR suppression attainable with etomidate is slightly 
less profound than that achieved with isoflurane and 
barbiturates. This finding is consistent with the observa-
tion that unlike barbiturates, which cause CMR suppres-
sion throughout the brain, the CMR suppression caused 
by etomidate is regionally variable and predominantly 
occurs in forebrain structures.

Etomidate is effective in reducing ICP without causing 
a reduction in CPP in patients with intracranial tumors77 
and patients with head injuries.78 However, the adminis-
tration of etomidate resulted in an exacerbation of brain 
tissue hypoxia and acidosis in patients in whom the MCA 
was temporarily occluded during surgery.79 Additional 
concerns regarding the occurrence of adrenocortical sup-
pression caused by enzyme inhibition and renal injury 
caused by the propylene glycol vehicle80 will probably 
preclude more than episodic use.

Reactivity to CO2 is preserved in humans during the 
administration of etomidate.47,74 Autoregulation has not 
been evaluated. Myoclonus and epileptogenesis are dis-
cussed in the section, “Epileptogenesis.”

Narcotics
Inconsistencies can be found in the available information, 
but narcotics likely have relatively little effect on CBF and 
CMR in the normal, unstimulated nervous system. When 
changes do occur, the general pattern is one of modest 
reductions in both CBF and CMR. The inconsistencies in 
the literature probably largely arise because the control 
states entailed paralysis and nominal sedation in many 
studies, often with N2O alone. In these studies, in which 
substantial reductions in CBF and CMR were frequently 
observed, the effect of the narcotic was probably a combi-
nation of the inherent effect of the drug plus a substantial 
component attributable to reduction of arousal. Compa-
rable effects related to reduction of arousal may occur 
and can be clinically important. However, they should be 
viewed as nonspecific effects of sedation or pain control, 
or both, rather than specific properties of narcotics. The 
following discussion emphasizes investigations in which 
control measurements were unlikely to have been signifi-
cantly influenced by arousal phenomena.

morphine. When morphine (∼1 mg/kg) was adminis-
tered as the sole drug to humans, Moyer and associates81 
observed no effect on global CBF and a 41% decrease in 
the CMRO2. The latter is a substantial reduction, and 
the absence of a simultaneous adjustment in CBF is sur-
prising. No other investigations of morphine have been 
conducted in humans alone. Jobes and co-workers48 gave 
morphine (1 and 3 mg/kg) with 70% N2O to patients 
and observed no significant change in CBF or CMR. The 
N2O that was used might be expected to have caused a 
tendency toward increases in CBF and CMR. The relative 
absence of net changes in these variables from awake con-
trol measurements suggests a small-to-moderate depres-
sive effect of morphine on CBF and CMR at this large 
dose. However, morphine can cause a substantial release 
of histamine in individual patients. Histamine is a cere-
bral vasodilator that will cause an increase in CBV and 
a CBF effect that will vary, depending on the systemic 
blood pressure response.

Autoregulation was observed to be intact between 
MAP values of 60 and 120 mm Hg in human volunteers 
anesthetized with morphine, 2 mg/kg, and 70% N2O.82

Fentanyl. Limited human data are available. Vernhiet and 
colleagues49 measured CBF and CMRO2 before and during 
anesthesia with 12 to 30 (mean, 16) μg/kg of fentanyl and 
50% N2O in patients about to undergo cerebral angiog-
raphy. Atropine and pancuronium were the only other 
agents administered. Neither CBF nor CMRO2 signifi-
cantly changed from awake control values in their group 
of six subjects. However, one of the patients (with epi-
lepsy and with normal results on computed  tomography 
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[CT]) had dramatic and unexplained increases in both 
CBF and CMRO2. For the remaining five patients, CBF 
and CMRO2 decreased by 21% and 26%, respectively (P < 
.05). The data for fentanyl-N2O presented in Figure 17-8 
are derived from these patients, who received an average 
of 17 μg/kg of fentanyl. Murkin and associates83 measured 
CBF before and after induction of anesthesia with high-
dose fentanyl, 100 μg/kg, and diazepam, 0.4 mg/kg. CBF 
fell by 25%, although part of this effect may well have 
been a result of benzodiazepine (see later discussion in 
the section, “Benzodiazepine”) rather than fentanyl. Fire-
stone and co-workers,84 using PET, observed a heteroge-
neous CBF response to 1.5 μg/kg of fentanyl in healthy 
volunteers. Increases occurred in the frontal, temporal, 
and cerebellar areas simultaneous with decreases in dis-
crete areas associated with pain-related processing. CO2 
responsiveness and autoregulation are unaffected, and 
the hyperemic CBF response to hypoxia remains intact.

In conclusion, fentanyl will cause a moderate global 
reduction in CBF and CMR in the normal quiescent brain 
and will, similar to morphine, cause larger reductions 
when administered during arousal.

alFentanil. McPherson and associates85 administered 
alfentanil, 320 μg/kg, to pentobarbital-anesthetized dogs. 
They observed no changes in CBF, CMR, CO2 responsive-
ness, autoregulation, or CBF response to hypoxia. No 
studies of the effects of alfentanil on the CMR in humans 
have been conducted. Schregel and colleagues86 admin-
istered 25 to 50 μg/kg of alfentanil to patients receiving 
60% N2O after induction of anesthesia with thiopental. 
CBFV transiently decreased. A Doppler measure of MCA 
diameter was simultaneously unchanged, thus suggesting 
that the reduction in CBFV was indicative of a decrease in 
CBF. Mayberg and co-workers87 also observed no change 
in CBFV in response to 25 to 50 μg/kg of alfentanil given 
to patients during maintenance of anesthesia with isoflu-
rane-N2O.

Although data are few, the general pattern is similar 
and the conclusions should be the same as for sufentanil 
(see the next paragraph).88-92 Alfentanil was included 
with fentanyl and sufentanil in two of the investigations 
of conditions in the surgical field mentioned in connec-
tion with sufentanil.93,94 No adverse effects were noted.

SuFentanil. Studies in animals95,96 and humans indicate 
that sufentanil causes, depending on the dose, either no 
change or a reduction in CBF and CMR. Stephan and col-
leagues50 measured CBF and CMRO2 in patients before 
and after induction of anesthesia with 10 μg/kg of sufen-
tanil. They observed a 29% reduction in CBF and a 22% 
reduction in CMRO2. Murkin and co-workers,97 in a study 
involving the same dose of sufentanil and a similar design, 
made essentially identical observations. Mayer and asso-
ciates98 gave 0.5 μg/kg of sufentanil to volunteers and 
observed no change in CBF. Weinstabl and co- workers99 
observed reductions in CBFV when 1.0 and 2.0 μg/kg  
of sufentanil were given to patients with increased ICP 
who were in the intensive care unit (ICU).99 Neither 
Weinstabl and colleagues99 nor Mayer and associates,98 
who administered sufentanil to healthy volunteers, 
observed changes in CBFV after 0.5 μg/kg of sufentanil.
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A logical conclusion is that no change and no reduc-
tion in ICP occurs as a result of the administration of 
either sufentanil or alfentanil.99-104 However, in some 
investigations in humans, sufentanil was associated with 
modest increases in ICP. The increases in ICP associated 
with sufentanil are likely the consequence, in part, of a 
normal autoregulatory response to the sudden reduction 
in the MAP that can occur as a consequence of sufentanil 
administration.105 Therefore sufentanil and fentanyl102 
should be administered in a manner that does not pro-
duce a sudden reduction of MAP. Such a decrease will 
reduce CPP and may increase ICP, each of which, in 
sufficient extreme, may be deleterious. However, ICP 
increases attributed to sufentanil are small. Furthermore, 
four investigations93,94,106,107 that compared conditions 
in the surgical field, including pressure under brain 
retractors,93 identified no adverse influences attributable 
to sufentanil. Accordingly, sufentanil need not be viewed 
as contraindicated in any way, although its effect on the 
MAP should be closely followed.

remiFentanil. Investigations of moderate doses of remi-
fentanil in patients have revealed similar effects to that of 
other synthetic narcotics (with the exception of its substan-
tially shorter duration of action). In patients undergoing 
craniotomy for supratentorial space-occupying lesions, 1 
μg/kg of remifentanil caused no change in ICP.108 In a sec-
ond investigation in patients undergoing craniotomies, 
approximately 0.35 μg/kg/min of remifentanil resulted in 
CBF values comparable to those observed with moderately 
deep anesthesia with either isoflurane-N2O or fentanyl-
N2O,109 and CO2 responsiveness was preserved. Greater 
doses of remifentanil may have more substantial effects. 
CBFV in the MCA decreased 30% in response to 5 μg/kg, 
followed by 3 μg/kg/min of remifentanil at a constant 
MAP in patients being anesthetized for bypass surgery.51 A 
lower dose of 2 μg/kg, followed by an infusion of 3 μg/kg/
min, however, did not affect CBFV. Quantitatively similar 
observations were made after a large dose of sufentanil in 
patients undergoing cardiac anesthesia (see earlier discus-
sion in the section, “Sufentanil”).50

Remifentanil was administered with other drugs that 
might influence cerebral hemodynamics. More recent 
studies in human volunteers have demonstrated that 
the infusion of small (sedative) doses of remifentanil can 
increase CBF. A PET study in human subjects to whom 
remifentanil, 0.05 and 0.15 μg/kg/min, was administered 
revealed increases in CBF in the prefrontal, inferior pari-
etal, and supplementary motor cortices; reductions in 
CBF were observed in the cerebellum, superior temporal 
lobe, and midbrain gray matter.108 The relative increase 
in CBF was greater with the administration of the larger 
dose of remifentanil. Similar data were obtained by Lorenz 
and colleagues,110 who used magnetic resonance imag-
ing (MRI) to determine CBF.110 In a PET investigation 
in human volunteers, Kofke and co-workers111 observed 
remifentanil-induced increases in regional CBF within 
the limbic system. Although the underlying mechanisms 
of the increases in CBF are not clear, disinhibition pro-
duced by the small-dose remifentanil infusion, or per-
haps the sensation of side effects (e.g., warmth, comfort, 
pruritus),110 may have contributed. When combined with 
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N2O, CBF and CO2 reactivity is similar in patients given 
remifentanil or fentanyl.109 In conclusion, sedative doses 
of remifentanil alone can cause minor increases in CBF. 
With larger doses or with the concomitant administra-
tion of anesthetic adjuvants, CBF is either unaltered or 
modestly reduced.

Benzodiazepines
Benzodiazepines cause parallel reductions in CBF and 
CMR in humans. CBF and CMRO2 decreased by 25% 
when 15 mg of diazepam was given to patients with 
head injuries.52 The effects of midazolam on CBF (but 
not on CMR) have also been studied in humans. Forster 
and associates53,112 observed a 30% to 34% reduction in 
CBF after the administration of 0.15 mg/kg of midazolam 
to awake healthy human volunteers. Veselis and co- 
workers,113 using PET, observed a global 12% reduction in 
CBF after a similar dose and noted that the decreases pref-
erentially occurred in the brain regions associated with 
arousal, attention, and memory. CO2 responsiveness was 
preserved.114

In conclusion, benzodiazepines cause a moderate 
reduction in CBF in humans, which may be metaboli-
cally coupled. The extent of the maximal reductions of 
CBF and CMR produced by benzodiazepines is probably 
intermediate between the decreases caused by narcotics 
(modest) and barbiturates (substantial). It appears that 
benzodiazepines should be safe to administer to patients 
with intracranial hypertension, provided that respiratory 
depression and an associated increase in Paco2 do not 
occur.

Flumazenil
Flumazenil is a highly specific, competitive benzodiaz-
epine receptor antagonist. It had no effect on CBF when 
administered to unanesthetized human volunteers.112,115 
However, flumazenil reverses the CBF-, CMR-, and ICP-
lowering effects of midazolam. Whereas Knudsen and 
colleagues116 observed no change in either CBF or CMR 
when patients were aroused from midazolam anesthesia 
with flumazenil at the conclusion of craniotomy for brain 
tumor resection, Chiolero and coauthors117 reported 
severe increases in ICP when flumazenil was given to 
patients with head injuries who were sedated with mid-
azolam and in whom ICP was poorly controlled before the 
administration of flumazenil. These latter observations 
are consistent with animal investigations during which 
flumazenil not only reversed the CBF and CMR effects 
of midazolam, but it also caused a substantial, although 
short-lived, overshoot above premidazolam levels in both 
CBF and ICP by 44% to 56% and 180% to 217%, respec-
tively. The CMR did not rise above control levels, thus 
indicating that the increase in CBF was not metabolically 
coupled. The CBF overshoot effect is unexplained, but it 
may be a neurogenically mediated arousal phenomenon. 
Flumazenil should be very cautiously used to reverse ben-
zodiazepine sedation in patients with impaired intracra-
nial compliance.

Droperidol
No human investigations of the CBF and CMR effects of 
droperidol have been conducted in isolation. However, 
the information available from animal investigations and 
combination drug administration in humans,118,119 taken 
together, suggests that droperidol is not a cerebral vasodilator 
and probably has little effect on CBF and CMR in humans. 
The occasional increases in ICP that have been observed118 
probably reflect normal autoregulation-mediated vasodila-
tion in response to an abrupt decrease in the MAP.

Ketamine
Among the intravenous anesthetics, ketamine is unique 
in its ability to cause increases in both CBF and CMR.120 
Animal studies indicate that the changes in the CMR are 
regionally variable. In rats, substantial increases occur 
in limbic system structures with modest changes or 
small decreases in cortical structures.121 PET studies in 
humans have demonstrated that subanesthetic doses of 
ketamine (0.2 to 0.3 mg/kg) can increase global CMR by 
approximately 25%.122 The greatest increase in the CMR 
occurred in the frontal and anterior cingulate cortex. A 
relative reduction in the CMR in the cerebellum was also 
observed. Commercially available formulations of ket-
amine contain both the (S)- and (R)-ketamine enantio-
mers. The (S)-ketamine enantiomer substantially increases 
CMR, whereas the (R) enantiomer tends to decrease the 
CMR, particularly in the temporomedial cortex and in 
the cerebellum.123 These changes in the CMR are accom-
panied by corresponding changes in CBF.124 Global, as 
well as regional, increases in CBF in humans that were 
not accompanied by similar increases in the CMRO2 
after the administration of (S)-ketamine enantiomer have 
been observed. Both subanesthetic and anesthetic doses 
of ketamine increased global CBF by approximately 14% 
and 36%, respectively, without altering global CMRO2. 
As expected, the oxygen extraction ratio was reduced, 
considering the unchanged CMR and increased CBF. 
CBV increased by approximately 50%.59 The majority of 
investigations indicate that autoregulation is maintained 
during ketamine anesthesia,125 and CO2 responsiveness 
is preserved.

The anticipated ICP correlate of the increase in CBF 
and CBV has been confirmed to occur in humans. How-
ever, anesthetic drugs (e.g., diazepam, midazolam, iso-
flurane-N2O, propofol) blunt or eliminate the increases 
in ICP or CBF associated with ketamine.120,126,127 In fact, 
decreases in ICP occur when relatively large doses of ket-
amine (1.5 to 5 mg/kg) are administered to patients with 
head injuries who are sedated with propofol.128 Accord-
ingly, although ketamine is probably best avoided as the 
sole anesthetic drug in patients with impaired intracra-
nial compliance, it may be cautiously given to patients 
who are simultaneously receiving the drugs mentioned 
earlier (e.g., propofol, opioids).

Lidocaine
Lidocaine produces a dose-related reduction in the 
CMRO2 in experimental animals.129 In dogs, 3 mg/kg 
decreased the CMRO2 by 10%, and 15 mg/kg decreased 
it by 27%. When very large doses (160 mg/kg) were given 
to dogs maintained on cardiopulmonary bypass, the 
reduction in the CMRO2 was apparently more than that 
observed with large-dose barbiturates.130 In addition, the 
membrane-stabilizing effect of lidocaine likely reduces 



Chapter 17: C
the energy required for the maintenance of membrane 
integrity. In unanesthetized human volunteers, Lam and 
colleagues131 observed reductions in CBF and CMR of 
24% and 20%, respectively, after the administration of 5 
mg/kg of lidocaine over a 30-minute period, followed by 
an infusion of 45 μg/kg/min.

Bedford and co-workers132 compared the effective-
ness of bolus doses of thiopental, 3 mg/kg, and lidocaine, 
1.5 mg/kg, in controlling the acute increase in ICP that 
occurred after the application of a pin head holder or skin 
incision in patients undergoing craniotomies. The two 
regimens were equally effective in causing a reduction in 
ICP. However, the decrease in the MAP was greater with 
thiopental. Accordingly, a bolus dose of lidocaine is a rea-
sonable adjunct to the prevention or treatment of acute 
increases in ICP and can prevent increases in ICP associ-
ated with endotracheal suctioning. Although large doses 
of lidocaine can produce seizures in humans and in some 
experimental animals, lidocaine-induced seizures have 
not been reported in anesthetized humans. Nonetheless, 
lidocaine doses should be adjusted to those that achieve 
serum levels less than the seizure threshold (>5 to 10 μg/mL)  
in awake humans. After a 2-mg/kg bolus, peak serum 
concentrations of 6.6 to 8.5 μg/mL are below the seizure 
threshold. Bolus doses of 1.5 to 2.0 mg/kg therefore seem 
appropriate.

INHALED ANESTHETICS

Volatile Anesthetics
The pattern of volatile anesthetic effects on cerebral 
physiology is quite different than the pattern from intra-
venous anesthetics, which generally cause parallel reduc-
tions in CMR and CBF. All volatile anesthetics, similar 
to intravenous sedative-hypnotic drugs, suppress cere-
bral metabolism in a dose-related manner.133-136 Volatile 
anesthetics also possess intrinsic cerebral vasodilatory 
activity as a result of direct effects on vascular smooth 
muscle. The net effect of volatile anesthetics on CBF is 
therefore a balance between a reduction in CBF caused by 
CMR suppression and an augmentation of CBF caused by 
the direct cerebral vasodilation. When administered at a 
dose of 0.5 MAC, CMR suppression–induced reduction in 
CBF predominates, and net CBF decreases in comparison 
with the awake state. At 1 MAC, CBF remains unchanged; 
at this dose, CMR suppression and vasodilatory effects 
are in balance. Beyond 1 MAC, the vasodilatory activ-
ity predominates, and CBF significantly increases, even 
though the CMR is substantially reduced (Fig. 17-9137). 
Vasodilation with increasing doses of volatile agents leads 
to an attenuation of cerebral autoregulation. With large 
doses, autoregulation is abolished and cerebral perfusion 
becomes pressure passive (Fig. 17-10).

The increase in CBF produced by volatile anesthetics 
at doses larger than 1 MAC could reflect uncoupling of 
flow and metabolism. However, coupling (CBF adjust-
ments paralleling changes in the CMR) persists during 
anesthesia with volatile anesthetics.138-141 Accordingly, 
the conclusion should be that the CBF/CMR ratio is 
altered (increased) by volatile anesthetics. This altera-
tion is dose related, and, under steady-state conditions, 
erebral Physiology and the Effects of Anesthetic Drugs 401
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Figure 17-9. Relationship between changes in the cerebral meta-
bolic rate of glucose (CMRg) and cerebral blood flow (CBF) in the 
motor-sensory cortex in rats during isoflurane anesthesia. The major-
ity of the suppression in the CMR caused by isoflurane has occurred 
by 1 minimum alveolar concentration (MAC); CBF is not increased in 
this concentration range. Thereafter, additional isoflurane causes little 
further reduction in the CMR, and cerebral vasodilation occurs. These 
data (± standard deviation [SD]) from Maekawa and colleagues137 
suggest the importance of metabolic coupling in determining the 
effects of isoflurane on CBF. MAP, Mean arterial pressure.
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Figure 17-10. Schematic representation of the effect of increasing 
concentrations of a typical volatile anesthetic drug on autoregulation 
of cerebral blood flow. Dose-dependent cerebral vasodilation results 
in attenuation of autoregulatory capacity. Both the upper and lower 
thresholds are shifted to the left. MAP, Mean arterial pressure.
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increasing doses of volatile agents lead to greater CBF/
CMRO2 ratios134,142; that is, higher MAC levels cause 
more luxury perfusion.

The important clinical consequences of the administra-
tion of volatile anesthetics are derived from the increases 
in CBF and CBV—and consequently ICP—that can occur. 
Of the commonly used volatile anesthetics, the order of 
vasodilating potency is approximately halothane ≫ enflu-
rane > desflurane ≈ isoflurane > sevoflurane.

eFFectS on cereBral BlooD Flow. Volatile anesthetics 
possess intrinsic vasodilatory activity, and they not only 
modify cerebral autoregulation, but they also produce 
a dose-dependent decrease in arterial blood pressure. 
Hence, their effects on CBF and CMR are best evaluated 
when arterial blood pressure is maintained at the same 
level. In addition, the cerebrovascular effects of volatile 
anesthetics are modulated by the simultaneous admin-
istration of other CNS-active drugs. The control state, 
awake, sedated, or anesthetized, against which the CBF 
and CMR effects of volatile anesthetics are compared, is 
important to recognize. The best information concern-
ing the cerebrovascular effects of volatile anesthetics is 
obtained in studies during which a nonanesthetized 
awake control state is used.

Data on the cerebrovascular effects of halothane and 
enflurane are limited. Initial studies in humans dem-
onstrated that the administration of 1 MAC halothane 
significantly increases CBF, even when systemic blood 
pressure is substantially reduced, in comparison with pre-
anesthetic CBF.143 The same investigators subsequently 
showed that in humans, when the MAP is maintained 
at 80 mm Hg, 1.1 MAC levels of halothane increase CBF 
by as much as 191% and decrease the CMR by approxi-
mately 10% (Fig. 17-11).143,144,146,148 When compared 
with awake values, 1.2 MAC enflurane also increased CBF 
and decreased CMR by 45% and 15%, respectively.145 
The dramatic increases in CBF with a simultaneous mod-
est reduction in the CMR attest to the cerebral vasodi-
latory properties of halothane and enflurane. Isoflurane, 
by contrast, does not increase CBF as much as halothane 
or enflurane. At doses of 1.1 MAC, isoflurane increases 
CBF by approximately 19% when arterial blood pres-
sure is maintained within the normal range. The CMR is 
reduced by approximately 45%.141

Both sevoflurane and desflurane can significantly 
reduce CBF in humans when compared with CBF in 
awake, nonanesthetized patients. At 1 MAC concentra-
tions, sevoflurane147 and desflurane145 decreased CBF by 
38% and 22% and CMR by 39% and 35%, respectively. 
These results, which suggest that the cerebral vasodila-
tion produced by isoflurane is greater than that produced 
by sevoflurane and desflurane, were obtained with CBF 
measured by the inert gas technique. This technique pri-
marily measures CBF within the cortex and therefore may 
have substantially underestimated global CBF. PET stud-
ies in healthy humans have shown that sevoflurane dose-
dependently suppresses the CMRO2 and CBF; at 1 MAC 
levels, the reduction in CBF and CMRO2 is approximately 
50% and 50% to 60%, respectively.67,68 Even with a sig-
nificant reduction in CBF, the administration of sevoflu-
rane does not cause a decrease in CBV. In addition, other 
investigations in humans, most using the measurement 
of MCA flow velocity by transcranial Doppler, indicate 
that differences in the effects of isoflurane, desflurane 
(Fig. 17-12, A), and sevoflurane are, at best, modest.149-151 
Unfortunately, a strictly quantitative comparison among 
these volatile anesthetics is not possible, considering the 
variations in arterial blood pressure among study group 
patients. In addition, some discrepancy exists among 
studies in the literature regarding the magnitude of the 
effects of volatile anesthetics on CBF. Much of this incon-
sistency may occur as a result of the interaction of region-
ally selective CBF methods with the heterogeneity within 
the cerebrum of the CBF effects of volatile anesthetics. 
(See the later section, “Distribution of Changes in Cere-
bral Blood Flow/Cerebral Metabolic Rate.”)

The anesthetic properties of xenon were recognized 
several decades ago, but this anesthetic is only now 
being evaluated for possible use in patients. The MAC of 
xenon has been estimated to be 63% to 71%, with female 
patients having significantly lower MAC values (51%).152 
Xenon primarily exerts its anesthetic effect via noncom-
petitive antagonism of the N-methyl-d-aspartate receptor 
(NMDAR),153 although activation of the TREK two-pore 
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Figure 17-11. Estimated changes in cerebral blood flow (CBF) and 
the cerebral metabolic rate of oxygen (CMRO2) caused by volatile 
anesthetics. The CBF data for halothane, enflurane, and isoflurane were 
obtained during anesthesia (with blood pressure support) at 1.1 mini-
mum alveolar concentration (MAC) in humans144 and are expressed 
as percent change from awake control values. The CMRO2 data for 
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anesthetized control state.136 CBF values were obtained in patients 
who received 1 MAC sevoflurane anesthesia.147 Desflurane data were 
obtained in patients to whom 1 MAC desflurane was administered.148
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Figure 17-12. Effect of volatile anesthetics on cerebral blood flow (CBF) (A) and the cerebral metabolic rate of oxygen (CMRO2) (B) in awake 
humans. The results are a composite of CBF and CMRO2 values obtained from a number of separate investigations.54,96,134,135,139-151 In these stud-
ies, arterial partial pressure of carbon dioxide (Paco2) was maintained in the normocapnic range (∼35 to 40 mm Hg), and mean arterial pressure 
was supported. In most of the investigations, CBF was measured by the inert gas technique. This technique primarily measures cortical CBF and, 
as such, may underestimate global CBF.
K+ channel might also play a role.154 In healthy humans, 
the administration of 1 MAC xenon resulted in a reduc-
tion in CBF by approximately 15% in the cortex and by 
35% in the cerebellum; interestingly, CBF in white mat-
ter increased by 22%.155 This reduction in CBF is accom-
panied by a parallel reduction of the cerebral metabolic 
rate of glucose (CMRg) by 26%.156 Cerebral autoregu-
lation and CO2 reactivity are preserved during xenon 
anesthesia in animals.157 Under background pentobar-
bital anesthesia in an experimental model of increased 
ICP, the administration of xenon did not increase ICP, 
and the response to both hypocapnia and hypercapnia 
was preserved.158 Diffusion of xenon into air-containing 
spaces such as the bowel does occur, although the mag-
nitude of air expansion is considerably less than that 
with N2O.159 Accordingly, caution will have to be exer-
cised with the use of xenon in patients with intracranial 
air. These data indicate that it has a favorable profile for 
neuroanesthesia.

eFFectS on cereBral metaBolic rate. All of the volatile 
anesthetics cause reductions in the CMR. The degree of 
reduction in the CMRO2 that occurs at a given MAC is 
less with halothane than with the other four anesthet-
ics. Sevoflurane’s effect on the CMRO2 is very similar to 
that of isoflurane. The available information, derived in 
separate investigations, suggests that desflurane causes 
slightly less suppression of the CMRO2 than isoflurane, 
especially at concentrations above 1 MAC.135 Although a 
direct comparison of the CMRO2 effects of all of the vola-
tile anesthetics has not been performed in humans, doses 
of 1 MAC isoflurane, sevoflurane, and desflurane clearly 
reduce the CMRO2 (AVDO2 in arterial and jugular bulb 
blood samples) by 25%,160 38%,148 and 22%,161 respec-
tively. Halothane (0.9 MAC) and isoflurane (0.5 MAC) can 
decrease the CMRg by 40% and 46%, respectively, in PET 
studies.69,162 The decrease in the CMRO2 is dose related. 
With isoflurane (and almost certainly desflurane and 
sevoflurane as well), the maximal reduction is simultane-
ously attained with the occurrence of EEG suppression,135 
which occurs at clinically relevant concentrations, such 
as 1.5 to 2 MAC in humans. Additional isoflurane up to 
6% end-tidal volume results in no further reduction in 
the CMR and no indication of metabolic toxicity. Halo-
thane presents a contrast to this pattern. Halothane con-
centrations in excess of 4 MAC are required to achieve 
EEG suppression in animals, and additional halothane 
causes a further reduction in the CMRO2 in concert with 
alterations in energy charge. The latter changes, which 
are reversible, suggest interference with oxidative phos-
phorylation. These data indicate that, unlike isoflurane, 
halothane can produce reversible toxicity when adminis-
tered in very high concentrations.

Some nonlinearity exists in the CBF and CMR dose-
response relationships for volatile anesthetics. The initial 
appearance of an EEG pattern associated with the onset 
of anesthesia with halothane, enflurane, and isoflurane is 
accompanied by a precipitous decline in the CMRO2.135 
Thereafter, the CMRO2 declines in a slower dose-depen-
dent manner. Such an effect has also been demonstrated 
for sevoflurane. In a dose escalation study in humans, 
the greatest reduction in entropy (i.e., a measure of 
anesthetic depth) was observed with 1 MAC sevoflurane 
anesthesia, with lesser reductions occurring at increasing 
concentrations.163 Other studies during anesthetic induc-
tion with halothane found significant increases in CBF 
before any alteration in the CMR. This finding suggests 
that the direct effect of a volatile agent on smooth muscle 
may develop more rapidly than influences related to the 
depression of the CMR.
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DiStriBution oF changeS in cereBral BlooD Flow anD 
cereBral metaBolic rate. The regional distribution 
of anesthetic-induced changes in CBF and CMR signifi-
cantly differs with halothane and isoflurane. Halothane 
produces relatively homogeneous changes throughout 
the brain. CBF is globally increased, and CMR is glob-
ally depressed. The changes caused by isoflurane are 
more heterogeneous. Increases in CBF are greater in sub-
cortical areas and hindbrain structures than in the neo-
cortex.140,164,165 The converse is true for the CMR, with 
a larger reduction in the neocortex than in the subcor-
tex.137 In humans, 1 MAC sevoflurane (Fig. 17-13) results 
in a reduction in CBF within the cortex and the cerebel-
lum. With an increase in sevoflurane dose, CBF within 

Figure 17-13. Dose-dependent redistribution of cerebral blood 
flow (CBF) in humans. Positron-emission tomography (PET) scans 
demonstrate a dose-dependent reduction in CBF in both sevoflurane-
anesthetized (left) and propofol-anesthetized (right) subjects. During 
sevoflurane anesthesia, an increase in concentration from 1.5 to 2 
minimum alveolar concentration (MAC) leads to an increase in CBF 
within the subcortex, particularly in the cerebellum. A gradual reduc-
tion in the mean arterial pressure (MAP) occurred with increasing 
concentrations of sevoflurane, and the MAP was not supported. The 
CBF values would be expected to be considerably greater had blood 
pressure been maintained within the normal range. Therefore the CBF 
values represented in this figure probably underestimate true CBF dur-
ing sevoflurane anesthesia. In propofol-anesthetized subjects, CBF was 
uniformly decreased and redistribution of CBF was not observed. EC50, 
Half-maximal effective concentration. (From Kaisti K, Metsähonkala L, 
Teräs M, et al: Effects of surgical levels of propofol and sevoflurane anes-
thesia on cerebral blood flow in healthy subjects studied with positron 
emission tomography, Anesthesiology 96:1358-1370, 2002.)
the cortex decreases further. By contrast, flow increases 
in the cerebellum with doses greater than 1.5 MAC.67 
These effects of sevoflurane are similar to those produced 
by isoflurane.67,165 Desflurane has not been evaluated 
by local CBF studies. However, considering the similar-
ity of its effects on the EEG (suggesting similar cortical 
CMR and CBF effects), the interim assumption of simi-
lar heterogeneity in CBF distribution seems reasonable. 
These distribution differences may explain certain appar-
ent contradictions in reported CBF effects in the exist-
ing literature for isoflurane. Methods that assess global 
hemodynamic effects reveal greater changes than those 
that emphasize the cortical compartment. For instance, 
Eintrei and co-workers166 found no increase in CBF by 
surface xenon washout when isoflurane was administered 
to patients undergoing craniotomy, yet others167-169 have 
reported that the administration of isoflurane to normo-
capnic subjects with intracranial pathologic conditions 
can result in increases in CSF pressure.

time DepenDence oF cereBral BlooD Flow eFFectS. The 
effects of volatile anesthetics on CBF are time dependent 
in animal investigations. After an initial increase, CBF 
substantially decreases and reaches a steady state near 
pre–volatile agent levels between 2.5 and 5 hours after 
exposure.164,170,171 The mechanism of this effect is not 
understood, and the phenomenon was not evident in 
humans studied during a 3- or 6-hour exposure to halo-
thane, isoflurane, desflurane, or sevoflurane.151,172

cereBral BlooD volume. The extensive investigation of 
the influence of volatile anesthetics on CBF has been pri-
marily based on the concern that the cerebral vasodila-
tion produced by volatile anesthetics might increase ICP. 
However, it is CBV and not CBF, per se, that influences 
ICP. Most of the intracranial blood is within the cerebral 
venous circulation; although a reasonable correlation 
exists between vasodilation-induced increases in CBF and 
CBV, the magnitude of changes in CBF is considerably 
greater than that in CBV (see Fig. 17-7). Hence, changes 
in CBF do not reliably predict changes in CBV and, by 
extension, in ICP. Nonetheless, CBV is considerably 
greater during isoflurane anesthesia than during propo-
fol or pentobarbital anesthesia.43 In human volunteers, 1 
MAC sevoflurane reduced regional CBF but not regional 
CBV; by contrast, propofol reduced both regional CBF and 
regional CBV (Fig. 17-14).68 In addition, CBV responds to 
changes in Paco2 by a reduction in CBV with hypocapnia 
and an increase in CBV with hypercapnia. The magnitude 
of the change in CBV is, however, less than the change 
in CBF. In aggregate, although the effect of anesthetics 
and interventions on CBF may parallel the effect on CBV, 
substantial qualitative and quantitative differences may 
well be observed.

carBon DioxiDe reSponSiveneSS anD autoregulation. CO2 
responsiveness is well maintained during anesthesia with 
all volatile anesthetics.173-175 As with all vasodilators, CBF 
is preserved up to lower MAP values during the administra-
tion of volatile anesthetics with no evidence of differences 
among the various anesthetics. Direct comparisons of CBF 
with isoflurane, desflurane, and  sevoflurane  anesthesia 
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during hypotension are not available. By contrast, auto-
regulation of CBF in response to increasing arterial blood 
pressure is impaired, which is most apparent with the 
anesthetics that cause the most cerebral vasodilation 
and are dose related. Sevoflurane may cause less impair-
ment of autoregulation than other volatile anesthetics. 
Recent studies surprisingly report no change in CBFV in 
response to phenylephrine-induced increases in the MAP 
during anesthesia with 1.2 to 1.5 MAC sevoflurane176,177 
or in CBF during hemorrhagic hypotension.178 The auto-
regulatory response to increasing blood pressure may be 
pertinent during acute episodes of hypertension, such as 
during laryngoscopy or mismatch of surgical stimulation 
to anesthetic depth. Some relevance to hyperemic states 
after carotid endarterectomy (CEA) or resection of arterio-
venous malformations might exist (also see Chapter 70).

cereBral vaSoDilation By aneStheticS—clinical impli-
cationS. Isoflurane, desflurane, and sevoflurane may have 
a modest cerebral vasodilating effect in the human cor-
tex when administered at doses of 1 MAC or less. In fact, 
the administration of volatile anesthetics can effect net 
decreases in CBF (see Fig. 17-12, A). These data, however, 
should be interpreted with considerable caution because 
the critical variable that is of interest in the clinical set-
ting is CBV. Although a direct correlation exists between 
CBF and CBV, as noted earlier, the relationship is not 
strictly 1:1. The magnitude of the changes in CBV is sig-
nificantly less than the magnitude of the changes in CBF, 
and modest reductions in CBF may not necessarily be 
accompanied by reductions in CBV. This finding is exem-
plified by clinical investigations in which a significant 
increase in ICP (and by extension, CBV) was observed in 
patients to whom isoflurane was administered at doses 
that should reduce CBF.167,169 Although induction of 
hypocapnia mitigated the increase in ICP, hyperventila-
tion may not be effective in blunting isoflurane-induced 
increases in ICP in patients with intracranial tumors.168 
In experimental investigations of cerebral injury, volatile 
anesthetics significantly increased ICP, which was not 
ameliorated by hypocapnia.179 Collectively, these data 
suggest that volatile anesthetics have minimal effects on 
cerebral hemodynamics in patients with normal intra-
cranial compliance. However, in patients with abnormal 
intracranial compliance, the potential for volatile anes-
thetic–induced increases in CBV and ICP exist. Accord-
ingly, volatile anesthetics should be used with caution 
in the setting of large or rapidly expanding mass lesions, 
unstable ICP, or other significant cerebral physiologic 
derangements in which CO2 responsiveness and flow-
metabolism coupling may be impaired. When they occur 
(e.g., a somnolent, vomiting patient with papilledema; a 
large mass; compressed basal cisterns), the clinician may 
well be advised to use a predominantly intravenous tech-
nique until such time when the cranium and dura are 
open and the effect of the anesthetic technique can be 
directly assessed. Such circumstances will be relatively 
rare in elective neurosurgery.

Situations in which the CMR has been decreased by 
drug administration or disease processes should also jus-
tify caution in the use of volatile anesthetics. If a vola-
tile anesthetic has a substantial direct vasodilating effect 
on the cerebral vasculature that is normally offset by 
an opposing metabolically mediated vasoconstricting 
influence, then a near-maximal reduction of the CMR 
may have occurred; a volatile anesthetic will have a pre-
dominantly vasodilating effect.73,139 These data suggest 
that isoflurane is a significant cerebral vasodilator when 
administered in situations during which the component 
of the CMR that is associated with electrophysiologic 
function is already suppressed by other drugs73,139 or 
pathologic processes, such as traumatic brain injury.

The net vasodilating effects of equi-MAC concentra-
tions of isoflurane, desflurane, and sevoflurane are less in 
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Figure 17-14. Effect of anesthetic drugs on cerebral blood flow (CBF) and cerebral blood volume (CBV). A, When compared with isoflurane, 
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indicate that the magnitude of the effect of anesthetics on rCBF is substantially greater than on rCBV. Hence, decreases in rCBF may not lead to 
equivalent reductions in rCBV. MAP, Mean arterial pressure; N2O, nitrous oxide.
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humans than that of halothane, and the former are prob-
ably therefore preferable if a volatile anesthetic is to be 
used in the setting of impaired intracranial compliance. 
When hypocapnia is established before the introduction 
of halothane, the increases in ICP that might otherwise 
occur in a normocapnic patient with poor intracranial 
compliance can be prevented or greatly attenuated. 
Nonetheless, isoflurane, desflurane, or sevoflurane are 
preferred because the margin for error is probably wider 
than with halothane.

Nitrous Oxide
N2O can cause increases in CBF, CMR, and ICP. At least 
a portion of the increases in CBF and CMR may be the 
result of a sympathoadrenal-stimulating effect of N2O. 
The magnitude of the effect considerably varies accord-
ing to the presence or absence of other anesthetic drugs 
(Fig. 17-15180-182). When N2O is administered alone, 
very substantial increases in CBF and ICP can occur. 
In sharp contrast, when N2O is administered in combi-
nation with intravenous drugs, including barbiturates, 
benzodiazepines, narcotics, and propofol, its cerebral-
vasodilating effect is attenuated or even completely 
inhibited. The addition of N2O to anesthesia estab-
lished with a volatile anesthetic will result in moderate 
increases in CBF.

nitrouS oxiDe aDminiStereD alone. The most dramatic 
reported increases in ICP or CBF in humans183 and experi-
mental animals184 have occurred when N2O was adminis-
tered alone or with minimal background anesthesia. For 
instance, Henriksen and Jorgensen183 recorded ICP before 
and during spontaneous breathing of 66% N2O by patients 
with intracranial tumors. Mean ICP increased from 13 to 
40 mm Hg. The increases in CBF observed in humans are 
more modest than those observed in animals but are still 
substantial.180 Whether these substantial increases repre-
sent the effects of N2O, per se, or whether they reflect the 
nonspecific effects of a second-stage arousal phenomenon 
is not known.
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to 60% nitrous oxide (N2O) after control recording in three condi-
tions: awake180; 1.1 minimum alveolar concentration (MAC) of isoflu-
rane181; and propofol, 150 μg•kg-1•min-1.182
nitrouS oxiDe aDminiStereD with intravenouS aneS-
theticS. When N2O is administered in conjunction 
with certain intravenous anesthetics, its CBF effect 
may be considerably attenuated. Phirman and Shap-
iro185 observed that a reproducible increase in ICP that 
occurred in response to the administration of 70% N2O to 
a comatose patient was prevented by the previous admin-
istration of a combination of thiopental and diazepam, 
despite no change in baseline ICP. In an investigation of 
patients with intracranial tumors and poor intracranial 
compliance (mean preinduction ICP, 27 mm Hg),186 50% 
N2O introduced during barbiturate anesthesia and after 
the induction of hypocapnia had a negligible effect on 
ICP. Jung and associates187 compared lumbar CSF pres-
sure in patients with brain tumors during the administra-
tion of 0.7% isoflurane or 70% N2O after the induction 
of anesthesia with a barbiturate. Lumbar CSF pressure 
was modestly but significantly greater with N2O. The 
fact that the increase was less dramatic than those cited 
earlier for N2O alone may reflect the presence of residual 
barbiturate. Benzodiazepines administered alone have 
been shown to blunt the CBF response to N2O in both 
animals and humans.110 Narcotics appear to have a simi-
lar effect. Jobes and coauthors48 reported that anesthe-
sia with 1 mg/kg morphine plus 70% N2O resulted in no 
change in CBF from awake control values. Because of the 
very minor effect of morphine on CBF, these data suggest 
that N2O did not cause substantial cerebral vasodilation. 
Although the addition of N2O to propofol anesthesia in 
children increased MCA flow velocity,188 such increases 
have not been demonstrated by other investigators182 
(also see Chapter 93).

nitrouS oxiDe aDminiStereD with volatile aneStheticS.  
In most investigations, including several in humans, 
during which N2O has been added to an anesthetic of 1 
MAC or greater, substantial increases in CBF have been 
recorded.181,189-192 Algotsson and associates193 examined 
the effect of an approximately equi-MAC substitution of 
N2O for isoflurane. They compared CBF in patients anes-
thetized with 1.5 MAC isoflurane and 0.75 MAC isoflu-
rane with 65% N2O. They observed 43% greater CBF with 
the latter, again consistent with a substantial vasodilating 
effect of N2O in the presence of a volatile agent. Simi-
lar observations were made by Lam and coauthors181 and 
Strebel and colleagues.192 Several investigations have con-
firmed that CBF will be less with 1 MAC isoflurane than 
with a 1 MAC combination achieved with 50% to 65% 
N2O and isoflurane.181,193,194

This vasodilating effect of N2O may be positively corre-
lated with the concentration of inhaled drug192 and sug-
gests that, in general, the increase in CBF caused by N2O 
is exaggerated at higher concentrations of both halothane 
and isoflurane. Of importance, however, is the observa-
tion of Reinstrup and co-workers,195 who demonstrated 
that the administration of 50% N2O to healthy volun-
teers did not significantly alter CBV. In support of this 
observation, Kaisti and colleagues68 did not observe any 
effect of N2O on CBV when added to a background of 1 
MAC sevoflurane anesthesia. Although N2O can increase 
CBF, these data indicate that its effect on CBV is modest 
at best.
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eFFectS oF nitrouS oxiDe on cereBral metaBolic rate. 
No uniform agreement has been reached concerning 
the effect of N2O on the CMR. Parallel changes in CBF 
and CMR,184 increases in CBF without alteration of the 
CMR,196 and CMR alteration occurring without changes 
in CBF143 have all been reported. These findings are, 
doubtless, the product of differences in species, methods, 
depth of background anesthesia, and interactions with 
simultaneously administered anesthetics. In a recent 
investigation in humans, the administration of 70% N2O 
on a background of either sevoflurane or propofol anes-
thesia resulted in modest increases in the CMRO2, thus 
indicating that N2O does indeed increase cerebral metab-
olism.68

The CBF response to CO2 is preserved during the 
administration of N2O.197

clinical implicationS. Despite the inconsistencies that 
are evident, the vasodilatory action of N2O can be clini-
cally significant in neurosurgical patients with reduced 
intracranial compliance. However, N2O-induced cerebral 
vasodilation can be considerably blunted by the simul-
taneous administration of intravenous anesthetics. By 
contrast, the addition of N2O to a volatile drug–based 
anesthetic can modestly increase cerebral metabolism and 
blood flow. N2O has been widely used in neurosurgery, 
and banishing it is inconsistent with the accumulated 
experience. Nonetheless, in circumstances wherein ICP 
is persistently elevated or the surgical field is persistently 
tight, N2O should be viewed as a potential contributing 
factor. Because N2O rapidly enters a closed gas space, it 
should be avoided or omitted when a closed intracranial 
gas space may exist or intravascular air is a concern.

MUSCLE RELAXANTS

Nondepolarizing Relaxants
The only recognized effect of nondepolarizing muscle 
relaxants on the cerebral vasculature occurs via the release 
of histamine (also see Chapters 34 and 53). Histamine can 
result in a reduction in CPP because of the simultaneous 
increase in ICP (caused by cerebral vasodilation) and a 
decrease in the MAP.198 When the BBB is intact, it is not 
entirely clear whether histamine directly causes cerebral 
vasodilation or whether it is a secondary (autoregulatory) 
response to a reduction in the MAP. d-Tubocurarine is the 
most potent histamine releaser among available muscle 
relaxants. Metocurine, atracurium, and mivacurium 
also release histamine in lesser quantities. This effect is 
likely to be clinically inconsequential unless these muscle 
relaxants are administered in the large doses necessary to 
achieve endotracheal intubating conditions rapidly. Of 
this group of drugs, cisatracurium has the least histamine-
releasing effect. No evidence of histamine release was 
observed after the administration of 0.15 mg/kg (three 
times the 95% effective dose [ED95] for twitch depression) 
of cisatracurium to neurosurgical patients in the ICU.199 
Yet, cisatracurium’s slow onset of action makes it not use-
ful for a rapid-sequence induction of anesthesia.

Vecuronium, in relatively large doses of 0.1 to 0.14 
mg/kg, had no significant effect on cerebral physiology in 
Cerebral Physiology and the Effects of Anesthetic Drugs 407

patients with brain tumors.200 The other aminosteroids, 
pipecuronium and rocuronium, should be similarly 
without direct effect, and no adverse events have been 
reported.

The indirect actions of relaxants may also have effects 
on cerebral physiology. Pancuronium given as a large 
bolus dose can cause an abrupt increase in arterial pres-
sure, which might increase ICP in patients with impaired 
intracranial compliance and defective autoregulation; 
however, no significant clinical event has ever been 
reported. Muscle relaxation may reduce ICP because 
coughing and straining are prevented, which decreases 
central venous pressure with a concomitant reduction in 
cerebral venous outflow impedance.

A metabolite of atracurium, laudanosine, may be epi-
leptogenic. However, although large doses of atracurium 
caused an EEG arousal pattern in dogs, CBF, CMR, and 
ICP were unaltered.201 In rabbits, the administration of 
laudanosine did not increase the severity of the epilep-
toid activity caused by the direct application of a ceph-
alosporin to the cortical surface.202 It appears highly 
unlikely that epileptogenesis will occur in humans with 
atracurium.203

In summary, vecuronium, pipecuronium, rocuronium, 
atracurium, mivacurium, cisatracurium, metocurine, and 
pancuronium (if acute MAP increases are prevented with 
the latter) are all reasonable muscle relaxants for use in 
patients with or at risk for intracranial hypertension. 
Doses of metocurine, atracurium, and mivacurium should 
be limited to ranges not associated with hypotension.

Rocuronium will probably be increasingly used for 
the induction of anesthesia, as well as for intraopera-
tive relaxation. It has the most rapid onset time of any 
nondepolarizing muscle relaxant. With sugammadex, 
even a profound neuromuscular blockade can be rapidly 
reversed (see Chapters 34 and 35).

Succinylcholine
Succinylcholine can produce modest increases (∼5 mm 
Hg) in ICP in lightly anesthetized humans. This effect 
appears to be the result of cerebral activation (as evidenced 
by EEG changes and increases in CBF) caused by afferent 
activity from the muscle spindle apparatus.204 However, a 
poor correlation between the occurrence of visible muscle 
fasciculations and an increase in ICP have been noted. 
As might be expected with what appears to be an arousal 
phenomenon, deep anesthesia has been observed to pre-
vent succinylcholine-induced increases in ICP in the dog. 
In humans, the increase in ICP is also blocked by paralysis 
with vecuronium and by defasciculation with metocurine, 
0.03 mg/kg.200 The efficacy of other defasciculating anes-
thetics has not been examined in humans.

Although succinylcholine can produce increases in ICP, 
it can still be used for a rapid-sequence induction of anes-
thesia. Kovarik and coauthors205 observed no change in 
ICP after the administration of succinylcholine, 1 mg/kg,  
to 10 nonparalyzed, ventilated neurosurgical patients in 
the ICU, 6 of whom had sustained a head injury. Their 
observations are very relevant because it is in precisely 
this population of patients that the issue of the use of 
succinylcholine arises most frequently. Considering that 
the ICP effects of succinylcholine may be an arousal 
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phenomenon caused by increased afferent traffic from 
muscle spindles,204 it is not unreasonable to assume that 
disease processes that substantially blunt the level of con-
sciousness might similarly blunt this response. As with 
many anesthetics, the concern should not be whether it 
is used but how it is used. If administered with proper 
attention to the control of CO2 tension, arterial blood 
pressure, and depth of anesthesia and after defascicula-
tion, then little hazard should attend its use.

OTHER EFFECTS OF ANESTHETICS  
ON CEREBRAL PHYSIOLOGY

CEREBROSPINAL FLUID DYNAMICS

Approximately 150 mL of CSF is in the adult human, one-
half within the cranium and one-half in the spinal CSF 
space. CSF, which is formed in the choroid plexuses and, 
to a lesser extent, in the brain’s interstitium with transep-
endymal diffusion into the ventricular system, is replaced 
approximately three to four times per day. It functions 
both as a cushion for the CNS and as an excretory path-
way. Anesthetics have been shown to influence both the 
rate of formation and the rate of reabsorption of CSF. Table 
17-3 provides nonquantitative information about the 
direction of the influences of common anesthetic drugs. 
All the information has been derived from animals,207-213 
and these processes have not been examined in humans. 
Of the volatile anesthetics, halothane decreases secretion 
of CSF, isoflurane has no effect, and enflurane and desflu-
rane increase secretion. Absorption of CSF is reduced by 
halothane and enflurane, unchanged by desflurane, and 
increased by isoflurane. Although probably of minimal 
relevance to clinical practice, a theoretic concern might 
be in the setting of a prolonged closed-cranium procedure 
in a patient with poor intracranial compliance. The most 
deleterious potential combination of effects in a patient 
with poor intracranial compliance is increased CSF pro-
duction and decreased reabsorption. This pattern occurs 
with enflurane in the dog, which is perhaps another rea-
son (in addition to the potential for epileptogenesis in 
the presence of cerebral injury and hypocapnia) for omis-
sion of enflurane in this circumstance.

BLOOD-BRAIN BARRIER

In the majority of the body’s capillary beds, fenestra-
tions between endothelial cells are approximately 65 Å in 
diameter. In the brain, with the exception of the choroid 
plexus, in the pituitary, and in the area postrema, tight 
junctions reduce this pore size to approximately 8 Å. As a 
result, large molecules and most ions are prevented from 
entering the brain’s interstitium (BBB). A limited number 
of studies of anesthetic effects on the BBB have been con-
ducted. In experimental animals, 1% isoflurane leads to 
extravasation of albumin into the thalamus, indicating 
some compromise of the BBB integrity. At higher doses, 
isoflurane (3%) significantly increases protein extravasa-
tion, not only in the thalamus but also in the cortex.214 
This disruption of the BBB is quantitatively similar to 
what is achieved by mannitol. In experimental models of 
brain injury, isoflurane has been reported to both exacer-
bate215 and ameliorate216 edema formation in the injured 
brain. Whether these effects are the result of isoflurane 
action at the BBB, per se, or to hemodynamic perturba-
tions attendant with anesthesia is not known. The clinical 
relevance of the potential BBB modulation by anesthetics 
is not clear. To the authors’ knowledge, no peer-reviewed 
investigation has attempted a comparison of anesthetic 
effects on BBB function during anesthesia in normoten-
sive humans.

EPILEPTOGENESIS

An extensive review of the convulsant and anticonvul-
sant effects of anesthetics and adjuvants is available.217,218 
Several commonly used anesthetics have some epilepto-
genic potential, particularly in predisposed individuals. A 
concern is that seizure activity may go unrecognized in 
an anesthetized and paralyzed patient and may result in 
neuronal injury if substrate demand (CMR) exceeds sup-
ply for a prolonged period.219 A second concern is that 
the epileptogenic effect will persist in the postanesthesia 
period when seizures may occur in less well-controlled 
circumstances than those that exist in the surgical unit. 
In practice, it appears that spontaneous seizures during or 
after anesthesia have been extremely rare events. None-
theless, in patients with processes that might predispose 
them to seizures, the use of potentially epileptogenic 
drugs should be avoided in situations during which rea-
sonable alternatives are available.

Volatile Anesthetics
Enflurane is potentially epileptogenic in the clinical set-
ting. Of particular relevance to neuroanesthesia is the 
observation that hypocapnia potentiates seizure-type dis-
charges during enflurane anesthesia.220 A 50% decrease 
in the CMRO2 was noted in human volunteers anes-
thetized with 3% enflurane; however, with the onset of 
seizure activity, the CMRO2 returned to normal,221 thus 
indicating preservation of flow-metabolism coupling. No 
evidence suggests that this type of EEG activity is dele-
terious when oxygen delivery is maintained during the 
event. However, because seizure activity can elevate brain 
metabolism by as much as 400%, the use of enflurane, 
TABLE 17-3 EFFECTS OF ANESTHETIC AGENTS ON THE RATE OF CSF SECRETION AND ABSORPTION

Halothane Enflurane Isoflurane Desflurane Fentanyl Etomidate

Secretion ↓ ↑ --- ↑ --- ↓
Absorption ↓ ↓ ↑ --- ↑ ↑

Upward arrows indicate an increase in the rate of cerebrospinal fluid (CSF) absorption or secretion, and downward arrows indicate a decrease. The infor-
mation is presented nonquantitatively, and effects may vary with dose.
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especially at high doses and with hypocapnia, should 
probably be avoided in patients predisposed to seizures or 
those with occlusive cerebrovascular disease.

The EEG-activating property of enflurane has been 
intraoperatively used to activate and identify seizure 
foci that are to be surgically resected; and, in this situ-
ation, spike activity not preoperatively present has been 
observed to persist after surgery.222 In addition, two 
reports of seizures in the immediate postoperative period 
after enflurane anesthesia in both predisposed223 and 
nonpredisposed224 individuals have been recounted. No 
permanent sequelae appeared to occur as a result of these 
events, and, in fact, this association is not a rigorously 
proven one. At worst, such occurrences are extremely 
uncommon.

Isoflurane can cause EEG spiking and myoclonus, but 
it has not been associated in the experimental setting 
with the frank epileptoid activity induced by enflurane. 
The clinical experience with isoflurane is extremely large, 
and unexplained seizurelike activity has been reported in 
only two patients. One occurrence was intraoperative,225 
and the other incidence was immediately postopera-
tive.226 Therefore epileptogenesis does not appear to be 
a clinical concern with isoflurane. In fact, isoflurane has 
been successfully used to control EEG seizure activity in 
refractory status epilepticus.227

Seizures occur during the induction of anesthesia with 
high concentrations of sevoflurane in children, includ-
ing those without a recognized seizure diathesis.228 In 
two healthy humans, EEG burst suppression with 2 MAC 
sevoflurane was accompanied by epileptiform discharges 
that were observed during EEG monitoring.229 These 
discharges were associated with a significant increase in 
CBF, thus demonstrating that flow-metabolism coupling 
was preserved. In patients with temporal lobe epilepsy, 
the administration of 1.5 MAC sevoflurane elicited wide-
spread paroxysmal EEG activity. Of note was the obser-
vation that paroxysmal activity was not restricted to the 
ictal focus and that the administration of sevoflurane did 
not provide any assistance in localizing the epileptogenic 
region of the brain.230 The development of tonic-clonic 
movements indicative of seizure activity has also been 
reported in otherwise healthy patients on emergence 
from sevoflurane anesthesia.231,232 In all of the reported 
cases of seizure activity attributable to sevoflurane anes-
thesia, untoward sequelae have not been documented. 
These reports highlight sevoflurane’s ability, albeit small, 
to evoke epileptiform activity; accordingly, the use of 
sevoflurane in patients with epilepsy should be under-
taken with appropriate caution.

Methohexital
Myoclonic activity is sometimes observed with metho-
hexital. Accordingly, this anesthetic has been used to 
activate seizure foci during cortical mapping.229,233 In 
neurosurgical patients to whom larger doses of methohex-
ital were administered to produce burst suppression of the 
EEG, refractory seizures have occurred.234 Accordingly, 
it appears that patients with seizures of temporal lobe 
origin, typically of the psychomotor variety or those to 
whom large doses are administered, are at risk for seizure 
activation by methohexital. However, prolonged seizure 
activity after single-dose methohexital administration has 
not been reported in patients who undergo ECT.

Ketamine
Ketamine can elicit seizures in patients with an epilep-
tic diathesis.235 Depth electrode recordings in epileptic 
patients have revealed the occurrence of isolated subcorti-
cal seizure activity originating in the limbic and thalamic 
areas during ketamine anesthesia and demonstrated that 
this subcortical activation may not be reflected in surface 
EEG recordings.236 Seizures have also been reported to 
occur after ketamine anesthesia in subjects who are neu-
rologically normal on only two occasions237,238; seizure 
thresholds may have been lowered by aminophylline in 
one of these instances.

Etomidate
Etomidate frequently produces myoclonus that is not 
associated with epileptiform activity on the EEG.239 A 
single instance of severe, sustained myoclonus imme-
diately after anesthesia with etomidate by infusion has 
been reported.240 Etomidate has also been shown to pre-
cipitate generalized epileptic EEG activity in epileptic 
patients,241 and its use in this population should prob-
ably be avoided. However, it has been electively used in 
low doses to activate seizure foci for the purposes of intra-
operative EEG localization.242 In the experience of the 
authors (unpublished), selective activation of a quiescent 
focus can be achieved with 0.1 mg/kg etomidate. Larger 
doses are more likely to lead to generalized activation.

Etomidate is also associated with longer seizures in 
response to ECT than seizures that occur after the admin-
istration of methohexital or propofol. Remarkably, 
etomidate, in the dose range of 0.15 to 0.3 mg/kg, does 
not cause dose-related seizure inhibition during ECT as 
is readily demonstrated with methohexital or propofol.

The preceding information notwithstanding, no con-
vincing reports indicate epileptogenesis in subjects who 
are neurologically normal, and the use of etomidate need 
not be restricted on this basis. In fact, etomidate has been 
used to control refractory status epilepticus.

Propofol
Seizures and opisthotonos can occur after propofol anes-
thesia. However, systematic studies in both humans243 
and animals,244 although identifying the occurrence of 
occasional dystonic and choreiform movements, have 
failed to confirm propofol as a proconvulsant. In fact, 
propofol appears to be anticonvulsant in mice.244 Fur-
thermore, ECT seizures were shorter after induction with 
propofol than after induction with methohexital,245 
which is more consistent with an anticonvulsant effect. 
In addition, propofol sedation has been widely used dur-
ing awake resection of seizure foci and other intracranial 
lesions. Although pronounced high-amplitude beta- 
frequency activity in the EEG has been observed,246 unex-
pected incidences of seizures have not been reported.

Narcotics
Seizures or limbic system hypermetabolism (or both) 
can be readily elicited in some animal species with 
narcotics. Although an increase in CBF in deep brain 
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structures associated with pain processing has been 
observed in human volunteers,84 humans do not have 
a clinically apparent correlate of the hypermetabolism 
effect observed in animals. Several anecdotal accounts, 
unaccompanied by EEG recordings, have reported the 
occurrence of grand mal convulsions in patients who 
received both high and low doses of fentanyl. However, 
systematic investigations of EEG changes during the 
administration of relatively large doses of fentanyl, suf-
entanil, and alfentanil in humans have not documented 
neuroexcitatory activity,247-249 and the seizures may 
have been an exaggerated rigidity phenomenon. There 
are exceptions. Tempelhoff and coauthors250 reported 
partial complex seizures on the induction of anesthesia 
with fentanyl in patients undergoing anterior temporal 
lobectomy. Eight of the nine patients displayed electri-
cal seizure activity at a range of clinically relevant fen-
tanyl doses (mean, 26 μg/kg).250 Another study found 
that alfentanil, 50 μg/kg, augmented temporal lobe 
spike activity in patients with temporal lobe epilepsy.251 
Untreated rigidity may, itself, also have important CNS 
consequences. ICP elevation can occur during narcotic-
induced rigidity, probably as a consequence of cerebral 
venous congestion.

NEONATAL ANESTHETIC NEUROTOXICITY

This subject is discussed in detail in Chapter 93.

CEREBRAL PHYSIOLOGY IN PATHOLOGIC 
STATES

CEREBRAL ISCHEMIA—PATHOPHYSIOLOGIC 
CONSIDERATIONS

Critical Cerebral Blood Flow Thresholds
The brain has a high rate of energy utilization and very 
limited energy storage capacity. The brain is therefore 
extremely vulnerable in the event of interruption of sub-
strate (e.g., oxygen, glucose) supply. Under normal cir-
cumstances, global CBF is maintained at approximately 
50 mL/100 g/min. In the face of a declining CBF and 
therefore oxygen supply, neuronal function deteriorates 
in a progressive manner rather than in an all-or-none 
fashion (Fig. 17-16256,257). There is substantial reserve 
below normal CBF levels, and not until EEG evidence of 
ischemia begins to appear is CBF decreased to approxi-
mately 20 mL/100 g/min. At a CBF level of approximately 
15 mL/100 g/min, the cortical EEG is isoelectric. How-
ever, only when CBF is reduced to approximately 6 to 10 
mL/100 g/min are indications of potentially irreversible 
membrane failure, such as increased extracellular potas-
sium252 and a loss of the direct cortical response, rapidly 
evident. As CBF decreases in the flow range between 15 
and 10 mL/100 g/min, a progressive deterioration in 
energy supply occurs and eventually leads to membrane 
failure and neuronal death at a time course that may 
last hours rather than minutes. The brain regions falling 
within this CBF range (6 to 15 mL/100 g/min) encompass 
brain tissue in which neuronal dysfunction is temporar-
ily reversible but within which neuronal death will occur 
if flow is not restored; such regions are referred to as the 
ischemic penumbra.252,253 Studies defining progression to 
cerebral infarction within the penumbra have been prin-
cipally performed in the cerebral cortex of primates, and 
the actual CBF levels at which the various decrements in 
function occur may vary with both anesthetic254 and spe-
cies. However, in humans anesthetized with halothane 
and N2O, the CBF threshold for the initial EEG change255 
is similar to that observed in the animal investigations.

Models of Cerebral Ischemia
How different is complete cerebral ischemia, as occurs 
during cardiac arrest, and incomplete cerebral ischemia, 
as may occur during occlusion of a major cerebral ves-
sel or severe hypotension? From the clinician’s vantage, 
the important difference is that the residual (i.e., collat-
eral) blood flow during incomplete ischemia may result 
in enough delivery of oxygen to allow some generation 
of ATP and thereby stave off the catastrophic irreversible 
membrane failure that occurs within minutes during nor-
mothermic complete cerebral ischemia. This difference in 
the rate of failure of the energy supply258,259 (Fig. 17-17) 
can result in significantly more apparent tolerance for 
focal or incomplete ischemia than for complete global 
ischemia (e.g., cardiac arrest).

Energy Failure and Excitotoxicity
Energy failure is the central event that occurs during cere-
bral ischemia.260 ATP is required for the maintenance of 
the normal membrane ionic gradient, and energy fail-
ure is rapidly attended by membrane depolarization and 
influx of sodium (Na+) and calcium (Ca2+) into the neu-
ron. Voltage-dependent Ca2+ channels are then activated, 
and Ca2+ gains entry into the cytosol. Depolarization of 
presynaptic terminals also results in the release of massive 
quantities of excitatory neurotransmitters, particularly 
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Figure 17-16. Relationships between cerebral perfusion, cerebral 
blood flow (CBF), the electroencephalogram (EEG), and the func-
tional status and viability of neurons. Note that in the approximate 
CBF range of 6 to 12 mL/100 g/min, the energy supply is insufficient 
to support electrophysiologic activity (i.e., flat EEG) but can prevent 
complete membrane failure and neuronal death for extended periods. 
These areas are referred to as the ischemic penumbra.252 The data are 
derived from studies on the cerebral cortex of barbiturate-anesthetized 
baboons252,256 and unanesthetized monkeys.257 The CBF and mean 
arterial pressure thresholds may vary with anesthetic and species.254
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glutamate, into the synaptic cleft. Activation of glutama-
tergic receptors, the NMDAR and the α-amino-3-hydroxy-
5-methyl-4-isoxazopropionic acid receptors (AMPAR), 
adds to the influx of Na+ and Ca2+ (Fig. 17-18). Initiation 
of cellular signaling by the activation of mGluR leads to 
the release of stored Ca2+ from the endoplasmic reticu-
lum (ER) via inositol 1,4,5-triphosphate (IP3) receptors. 
Ionic influx is accompanied by an influx of water, and 
neuronal swelling rapidly occurs after membrane depo-
larization. The injury that is initiated by excessive mGluR 
activity is referred to as excitotoxicity.

Ca2+ is a ubiquitous second messenger in cells and 
is a cofactor required for the activation of a number of 
enzyme systems. The rapid, uncontrolled increase in 
cytosolic Ca2+ levels initiates the activation of a number 
of cellular processes that contribute to injury. Cytoskel-
etal proteins such as actin are cleaved by activated prote-
ases. These enzymes also degrade a number of the protein 
constituents of the neuron. Lipases attack cellular lipids 
and produce membrane damage. An important lipase, 
phospholipase A2, releases fatty acids such as AA from 
membranes. Metabolism of AA to prostaglandins and leu-
kotrienes by cyclooxygenase and lipoxygenase is accom-
panied by the generation of superoxide free radicals. The 
latter, in combination with other free radicals generated 
in response to mitochondrial injury, can lead to lipid 
peroxidation and membrane injury. Prostaglandins and 
leukotrienes also evoke an inflammatory response and 
are powerful chemotactic drugs. Activation of platelets 
within cerebral microvessels, as well as an influx of white 
blood cells into damaged areas, aggravates the ischemic 
injury by occluding the vasculature.

DNA damage is also an important event during isch-
emic neuronal injury. Generation of free radicals from AA 
metabolism, from injured mitochondria, and from the 
production of peroxynitrite from NO leads to oxidative 
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(adenosine triphosphate [ATP]) in complete global ischemia in dogs 
(produced by decapitation259) and in incomplete focal ischemia in 
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injury to DNA. Activation of endonucleases also produces 
DNA strand breaks. Under normal circumstances, DNA 
injury results in the activation of poly–adenosine diphos-
phate [ADP]–ribose polymerase (PARP), an enzyme that 
participates in DNA repair. With excessive DNA injury, 
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Figure 17-18. During ischemia, depletion of adenosine triphosphate 
(ATP) leads to neuronal depolarization and the subsequent release of 
supranormal quantities of neurotransmitters, especially glutamate. 
Excessive stimulation of ligand-gated channels and the simultaneous 
opening of voltage-dependent calcium (Ca2+) channels permit rapid 
entry of Ca2+ into neurons. Stimulation of metabotropic glutamate 
receptors (mGluR) generates inositol 1,4,5-triphosphate (IP3), which 
causes the release of Ca2+ from the endoplasmic reticulum (ER) and 
mitochondria. Activation of the α-amino-3-hydroxy-5-methyl-4-
isoxazopropionic acid receptors (AMPAR)–gated subset of glutamate 
receptors also permits excessive entry of sodium (Na+). Excessive free 
Ca2+ results in the activation of numerous enzymes: protease activa-
tion causes the breakdown of the cytoskeleton of the neuron; lipases 
damage plasma membrane lipids and release arachidonic acid (AA), 
which is metabolized by cyclooxygenases and lipoxygenases to yield 
free radicals and other mediators of cell injury; activation of nitric oxide 
synthase (NOS) leads to the release of nitric oxide (NO) and, in turn, 
the generation of peroxynitrite (ONOO), a highly reactive free radical; 
and activated endonucleases damage DNA, thereby rendering the neu-
ron susceptible to apoptosis. Injury to the mitochondria leads to energy 
failure, generation of free radicals, and the release of cytochrome c (cyt 
c) from the mitochondria; the latter is one of the means by which neu-
ronal apoptosis is initiated. mGluR, Metabotropic glutamate receptor; 
NAD+, oxidized form of nicotinamide adenine dinucleotide; NMDAR, 
N-methyl-d-aspartate receptor; PARP, poly-ADP-ribose polymerase; ROS, 
reactive oxygen species; VGCC, voltage-gated calcium channel.
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PARP activity dramatically increases, which can lead 
to the depletion of nicotinamide adenine dinucleotide 
(NAD+), a substrate of PARP. NAD+ is also an important 
coenzyme in energy metabolism, and its depletion fur-
ther exacerbates energy failure.

Lactate formation is an additional element of the 
pathophysiologic process. Lactic acid is formed as a result 
of the anaerobic glycolysis that takes place after failure of 
the supply of oxygen. The associated decline in pH con-
tributes to the deterioration of the intracellular environ-
ment. An increased preischemic serum glucose level may 
accelerate this process by providing additional substrate 
for anaerobic glycolysis.

NO, which has emerged as a probable mediator of 
CBF changes in many normal physiologic states (see the 
preceding section, “Cerebral Metabolic Rate”), is also of 
relevance to pathophysiologic ischemia. NO is, in fact, a 
weak free radical that in turn leads to the generation of 
a more reactive species (peroxynitrite), and it is the killer 
substance used by macrophages. In cerebral ischemia, NO 
is probably both friend and foe. During a period of focal 
ischemia, the vasodilating effect of NO (probably consti-
tutively elaborated NO of endothelial origin) likely serves 
to augment collateral CBF. However, in the postischemic 
phase, NO (probably derived from neurons or macro-
phages) contributes to neuronal injury.

Collectively, the simultaneous and unregulated activa-
tion of a number of cellular pathways overwhelms the 
reparative and restorative processes within the neuron 
and ultimately leads to neuronal death.

Nature of Neuronal Death
Neuronal death that occurs in response to these processes 
has been categorized as necrotic or apoptotic in nature. 
Necrotic death of neurons, mediated by excitotoxic injury, 
is characterized by rapid cellular swelling, condensation 
and pyknosis of the nucleus, and swelling of the mito-
chondria and ER. A characteristic of these necrotic neu-
rons is the presence of acidophilic cytoplasm.261 Necrotic 
neuronal death results in local infiltration of the brain by 
inflammatory cells. A consequence of this inflammation 
is a considerable amount of collateral damage.

Neuronal apoptosis, a form of cellular suicide, has also 
been demonstrated in a variety of models of cerebral 
ischemia. Apoptosis is characterized by chromatin con-
densation, involution of the cell membrane, swelling of 
mitochondria, and cellular shrinkage. In the later stages 
of apoptosis, neurons fragment into several apoptotic 
bodies, which are then cleared from the brain.261 The lack 
of a substantial inflammatory response to apoptotic death 
limits injury to surrounding neurons that have survived 
the initial ischemic insult.

A number of biochemical pathways that lead to apop-
tosis have been described. Initiation of apoptosis by 
the release of cytochrome c from injured mitochondria 
has been studied the most (Fig. 17-19). Cytochrome c is 
restricted from the cytoplasm by the outer mitochondrial 
membrane.262 When mitochondria are injured, pores 
within the outer membrane allow cytochrome c to be 
released into the cytoplasm, where it interacts with pro-
caspase-9 and apoptosis-activating factor (APAF) to pro-
duce an apoptosome. Procaspase-9 undergoes activation 
by proteolytic cleavage. Activated caspase-9 then activates 
caspase-3. The latter serves as an executor of apoptosis by 
cleaving a number of protein substrates that are essential 
in DNA repair (such as PARP). Activation of caspase-3 can 
also occur by inflammatory signaling via tumor necrosis 
factor alpha (TNF-α) and the activation of caspase-8.263 It 
should be noted that the neuronal injury that occurs in 
response to ischemia cannot be easily divided into necro-
sis or apoptosis. The nature of neuronal death probably 
encompasses a spectrum in which some neurons undergo 
necrosis or apoptosis whereas others undergo cell death 
that has features of both necrosis and apoptosis.

Timing of Neuronal Death
The traditional concept of ischemic injury was that neu-
ronal death was restricted to the time of ischemia and 
during the early reperfusion period. However, more 
recent data indicate that postischemic neuronal injury 
is a dynamic process during which neurons continue to 
die for a long period after the initiating ischemic insult 
(Fig. 17-20).264 This delayed neuronal death, which was 
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Figure 17-19. Cellular processes that lead to neuronal apopto-
sis. Cytochrome c (cyt c), which is normally restricted to the space 
between the inner and outer mitochondrial membranes, is released 
in response to mitochondrial injury. Cyt c, in combination with apop-
tosis-activating factor (APAF), activates caspase-9 by proteolytic cleav-
age. Activated caspase-9 then leads to the activation of caspase-3. 
This enzyme cleaves a number of substrates, including those neces-
sary for DNA repair. Within the mitochondria, Bax augments and Bcl 
prevents the release of cyt c. The release of cyt c can also be initiated 
by Bid, a substance that is activated by caspase-8 via tumor necro-
sis factor (TNF) signaling. In addition, caspase-8 can directly activate 
caspase-3. Excessive activation of poly-ADP-ribose polymerase (PARP), 
an enzyme integral to DNA repair, depletes cellular stores of oxidized 
nicotinamide adenine dinucleotide (NAD+). Depletion of NAD+ fur-
ther exacerbates the energy failure because of its critical role in energy 
metabolism.
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first demonstrated in models of global cerebral ischemia, 
has been demonstrated during focal ischemia as well. 
The extent of delayed neuronal death depends on the 
severity of the ischemic insult. With severe ischemia, 
most neurons undergo rapid death. With more moder-
ate insults, neurons that survive the initial insult undergo 
delayed death. This ongoing neuronal loss contributes to 
the gradual expansion of cerebral infarction after focal 
ischemia. In experimental studies, evidence of cerebral 
inflammation, which can theoretically contribute to fur-
ther injury, has been demonstrated even 6 to 8 months 
after the primary ischemia.

The occurrence of delayed neuronal death has impor-
tant implications for the evaluation of studies in which 
neuroprotective strategies are being investigated. A wide 
variety of interventions have shown neuroprotective effi-
cacy in studies in which the extent of injury is evaluated 
within 3 to 4 days after ischemia. However, this neuropro-
tective efficacy may not be sustained. Recent data indi-
cate that cerebral infarction undergoes gradual expansion 
and that a reduction in injury attributed to a particular 
therapeutic intervention is no longer apparent when the 
injury is evaluated after a long postischemic recovery 
period.264 Long-term (>1 month) evaluation of the effi-
cacy of a particular intervention is therefore important.

Much of the literature on the pathophysiologic pro-
cess of cerebral ischemia has primarily been focused on 
neuronal injury. However, recent work has highlighted 
the importance of the contribution of astrocytes, microg-
lia, vascular cells (e.g., endothelium, smooth muscle cells, 
pericytes), basement membranes, and extracellular matrix 
to stroke. These individual components in aggregate form 
the neurovascular unit. A detailed understanding of the 
contribution of each component of the neurovascular 
unit is a prerequisite, not only for the protection of the 
brain against ischemic and traumatic injury, but also for 
therapeutic approaches for the regeneration of the CNS.

BRAIN PROTECTION

The literature on cerebral ischemia and brain protection 
is vast, and a detailed discourse on this topic is beyond 
the scope of the present discussion. A number of excel-
lent recent reviews on the subject are available.265-273

Considerations Relevant to Complete 
Global Ischemia (Cardiac Arrest)
Maintaining adequate perfusion pressure after cardiac 
arrest is of considerable importance. Hypotension devel-
oping after resuscitation from cardiac arrest may aggra-
vate the microcirculatory and vasospastic processes 
occurring at this time and may increase brain damage. 
A late phase of intracranial hypertension may occur and 
is due to the development of extensive cerebral edema 
(probably both vasogenic and cytotoxic edema) associ-
ated with brain necrosis. Attempts to control this type of 
intracranial hypertension with osmotherapy usually fail. 
ICP monitoring is not generally used because the patients 
in whom these delayed increases in ICP develop have sus-
tained massive tissue damage.

Both barbiturates and calcium channel blockers have 
been administered after cardiac arrest. The former are 
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ineffective.274 In a small cohort (51 patients) of patients 
after cardiac arrest, nimodipine was shown to improve 
CBF but not neurologic outcome.275 In a second trial with 
approximately 150 patients after cardiac arrest, no overall 
benefit in neurologic outcome was observed.276 However, 
a subset of patients in whom the initiation of advanced life 
support was delayed for longer than 10 minutes demon-
strated improved survival. This single study cannot serve 
as justification for the administration of nimodipine after 
cardiac arrest, especially in the face of the unequivocally 
negative results of the multicenter lidoflazine cardiac 
arrest study.277 Once again, the important therapeutic 
objectives are the maintenance of normocapnia and nor-
motension, normalization of systemic pH, avoidance of 
hyperthermia, and prevention and treatment of seizures.

Induced mild hypothermia is effective in reducing 
mortality and morbidity in patients who sustain a car-
diac arrest that is followed by altered mental status with 
a Glasgow coma scale of 7 or less.278 Induction of mild 
hypothermia in the range of 32° C to 34° C for a period 
of approximately 24 hours improved neurologic outcome 
and survival 6 months after cardiac arrest in compari-
son with a normothermic group. Mild hypothermia was 
induced without difficulty. Passive rewarming of patients 
was slowly accomplished over a period of 8 hours. The inci-
dence of complications was similar to that in the control 
normothermic group. This important study is one of the 
first to demonstrate the feasibility and efficacy of induced 
hypothermia as a treatment to prevent injury from global 
ischemia. In neonates who sustained hypoxic-ischemic 
encephalopathy, induction of whole body hypothermia 
(33.5° C) for 72 hours resulted in a reduced incidence of 
mortality.279 Long-term follow-up of patients enrolled 
in the study confirmed the potentially beneficial effects 
of mild hypothermia.280 In many institutions, induced 
hypothermia has been added to the armamentarium for 
the treatment of cerebral complications of cardiac arrest 
or global neonatal hypoxic-ischemic encephalopathy.

Considerations Relevant to Focal 
(Incomplete) Ischemia
Before discussing individual anesthetics, it should be 
noted that anesthesia, per se, is protective. For undefined 
reasons, reducing the level of systemic stress associated 
with a standardized experimental insult results in an 
improved outcome.281,282 In reviewing the protection-
by-anesthetics literature, readers should be conscious of 
the possibility that the protective benefit ascribed to an 
intervention with an anesthetic drug may, in fact, be the 
product of exaggeration of the injury in a high-stress con-
trol state, such as N2O sedation.

BarBiturateS. Numerous demonstrations have revealed 
the protective efficacy of barbiturates in focal cerebral 
ischemia in animals,283-285 and a single demonstration 
confirmed the effectiveness in a human.286 The effect has 
been principally attributed to suppression of the CMR. 
However, the effects of CBF redistribution and free radi-
cal scavenging287 have been suggested to contribute, and 
evidence indicates that CMR suppression is not the sole 
mechanism.288 Suppression of the CMR might logically 
be expected to be of benefit to brain regions in which 
oxygen delivery is inadequate to meet normal demands 
but is sufficient to allow energy consumption by some 
ongoing electrophysiologic activity (i.e., in which the 
EEG was abnormal but not flat). Such regions are likely to 
be limited in size in the setting of focal ischemia, yet sev-
eral of the animal investigations suggest a very substan-
tial protective effect.283,284 Review of these experiments 
reveals that the methods used to monitor and maintain 
temperature, although accepted at the time, were below 
the standards that have evolved from a more recent 
understanding of the effects of both deliberate289,290 and 
inadvertent hypothermia. Unrecognized cerebral hypo-
thermia may well have been a factor in some of the cited 
investigations, and it is therefore possible that the protec-
tive efficacy of barbiturates may have been overestimated. 
Although more recent publications involving suitable 
temperature control methods do, in fact, indicate a pro-
tective effect of barbiturates,288,291,292 the magnitude of 
that effect was modest when compared with the results 
of earlier studies. Barbiturate-induced EEG suppression in 
an already anesthetized patient may still be logical ther-
apy when it can be applied before or early in the course 
of a period of temporary focal ischemia (e.g., temporary 
occlusion during aneurysm surgery). However, the deci-
sion to institute such therapy should be made only after 
considering the risk of the occlusive event, the patient’s 
cardiovascular status, and the physician’s willingness 
to accept the possibility of delayed emergence, together 
with an objective view of the probable magnitude of the 
protective effect.

Numerous investigations in animals and humans have 
failed to demonstrate any protective effect of barbiturates 
in the setting of global cerebral ischemia (e.g., cardiac 
arrest).274

Because CMR suppression has been the presumed 
mechanism of effect, barbiturates have traditionally been 
administered to produce maximal reduction of the CMR 
(which is nearly complete when EEG burst suppression 
has been achieved). However, data presented by Warner 
and colleagues288 demonstrated that the same protective 
benefit (expressed as a reduction of infarct volume) could 
be achieved with a third of the burst-suppression dose, 
which raises a clinically important issue. The various 
barbiturates (e.g., thiopental, thiamylal, methohexital, 
pentobarbital) have similar effects on the CMR and have 
generally been assumed to have equal protective efficacy. 
However, if the mechanism of protection is a pharmaco-
logic effect other than a reduction in the CMR, then is 
it reasonable to assume equivalence among the barbitu-
rates? Recent data suggest that the neuroprotective effi-
cacy of barbiturates is not similar. In a direct comparison 
of three clinically used barbiturates, methohexital and 
thiopental, but not pentobarbital, reduced injury in an 
animal model of focal ischemia.293 These data suggest 
that mechanisms other than or at least in addition to 
metabolic suppression may contribute to the protective 
effect of barbiturates.

volatile aneStheticS. Isoflurane is also a potent sup-
pressant of the CMR in the cerebral cortex, and EEG 
evidence suggestive of a protective effect in humans 
has been reported.254 In comparison with the awake 
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or N2O-fentanyl–anesthetized state, isoflurane is neu-
roprotective in models of hemispheric,294 focal,295 and 
nearly complete ischemia.296,297 Of interest is the recent 
observation that isoflurane’s neuroprotective efficacy is 
not sustained.298 When injury is evaluated 2 days after 
ischemia, a robust reduction in injury is observed with 
isoflurane anesthesia. However, by 14 days this reduc-
tion in injury was not apparent. These data indicate that 
neuronal injury continues well into the postischemic 
recovery period and that the neuroprotective benefit 
that is evident shortly after ischemia may not persist for 
the long term. More recent data have shown that iso-
flurane treatment can improve neuronal survival when 
the severity of ischemia is limited and the restoration 
of blood flow after ischemia is complete.299 The neuro-
protective effect of isoflurane is not substantially differ-
ent from that of other volatile anesthetics. Sevoflurane 
reduces ischemic injury in animal models of focal300 
and hemispheric ischemia301; its efficacy is not differ-
ent from that of halothane. Desflurane also reduces neu-
ronal injury to the same extent that isoflurane does.302 
The available data therefore suggest that adequate anes-
thesia, per se, may have a protective effect281,282 versus 
the awake state, but there does not appear to be any dif-
ference in neuroprotective efficacy among the volatile 
anesthetics.

xenon. The inert gas xenon exerts its anesthetic action 
by noncompetitive blockade of NMDAR. As such, it is 
logical to suspect that it might provide neuroprotection 
against excitotoxic injury. The neuroprotective efficacy 
of xenon has been demonstrated against oxygen-glucose 
deprivation in vitro,303 focal ischemia in vivo in mice,304 
and cardiopulmonary bypass–induced cognitive dysfunc-
tion in rats.305 Of interest are observations that simulta-
neous administration of subanesthetic doses of xenon in 
combination with either hypothermia or isoflurane306 
significantly reduces neuronal injury and improves neu-
rologic function in a neonatal rodent model of hypoxia-
ischemia; this protective effect was apparent as late as 30 
days after injury. Moreover, the administration of xenon 
has been shown to have a preconditioning effect on the 
brain307; previous exposure reduces the vulnerability of 
the brain to ischemic injury. Anesthetic drugs that have 
activity at NMDAR (ketamine) and γ-aminobutyric acid 
A (GABAA) receptors (e.g., volatile anesthetics, barbitu-
rates, benzodiazepines, propofol) have been shown to 
cause neuronal injury in rodent neonatal pups during the 
critical period of synaptogenesis.308 Although xenon has 
antagonist activity at NMDAR, the evidence to date sug-
gests that it does not lead to apoptosis in the developing 
brain.309 Note should be made, however, that long-term 
neuroprotection with xenon has not yet been demon-
strated in experimental adult subjects. The specific use of 
xenon for the purpose of neuroprotection awaits results 
from outcome studies in humans.

propoFol. EEG suppression can also be achieved with 
clinically feasible doses of propofol. Anecdotal informa-
tion suggests that it is being used to provide protection 
during both aneurysm surgery310 and CEA. In experimen-
tal models of cerebral ischemia, the extent of neurologic 
injury in propofol-anesthetized animals was similar to 
that in halothane-anesthetized animals.311 Given the pre-
vious demonstration that halothane can reduce injury, 
these data provide indirect evidence of propofol’s neu-
roprotective efficacy. In a more recent investigation, 
cerebral infarction was significantly reduced in propo-
fol-anesthetized animals in comparison with awake ani-
mals.312 Direct comparison of propofol to pentobarbital 
has also demonstrated that cerebral injury after focal 
ischemia is similar in animals anesthetized with the two 
drugs.313 Similar to the situation with volatile anesthetics, 
initial investigations revealed that propofol protection 
is not sustained.314 Durable protection with propofol is 
achievable if the severity of the ischemic insult is mild.302 
Collectively, these data are consistent with the premise 
that propofol can reduce ischemic cerebral injury.

etomiDate. Etomidate was proposed as a potential protec-
tive anesthetic in the setting of aneurysm surgery.315 It, 
too, produces CMR suppression to an extent equivalent 
to barbiturates, and, similar to the barbiturates, etomi-
date is an agonist at the (inhibitory) GABAA receptor. To 
the contrary, in an experimental model of focal ischemia, 
the volume of injury was not reduced by etomidate rela-
tive to a 1.2 MAC halothane-anesthetized control group. 
In fact, the volume of injury with etomidate was signifi-
cantly larger than that in the control group. In patients 
subjected to temporary intracranial vessel occlusion, 
the administration of etomidate results in greater tissue 
hypoxia and acidosis than does equivalent desflurane 
anesthesia. The aggravation of injury produced by etomi-
date (an imidazole) may be related to direct binding of 
NO as a consequence of etomidate-induced hemolysis316 
combined with direct inhibition of the NO synthase 
enzyme by etomidate. Therefore no scientific studies sup-
port the current use of etomidate for cerebral protection.

calcium channel antagoniStS. Orally administering 
nimodipine (the intravenous preparation is not approved 
for clinical use in North America) for 21 days beginning 
as soon as possible after subarachnoid hemorrhage (SAH) 
is now established clinical practice.317 Other calcium 
channel blockers have reduced vasospasm after SAH but 
have not improved patient outcome, suggesting that 
nimodipine’s benefit is a cellular rather than a vascular 
effect. However, routinely administering nimodipine or 
any other calcium channel blocker after neurologic stroke 
that has occurred in the surgical unit or in any other envi-
ronment has not yet become standard practice. Despite 
favorable results in small trials, not all investigations of 
those who sustain stroke have confirmed the benefits of 
nimodipine.318

other aneStheticS. A remarkable number of anesthetics 
have shown neuroprotective efficacy in animal studies. 
However, to date, large-scale randomized trials of a vari-
ety of anesthetics in patients with stroke have not demon-
strated neuroprotection for any drug. With the exception 
of tissue plasminogen activator (tPA) for thrombolysis and 
the calcium channel blockers nimodipine and nicardip-
ine for the management of SAH, pharmacologic neuro-
protective anesthetics are not available for the treatment 
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of patients with cerebral ischemia. Details about drugs 
that have undergone clinical trials and those that are cur-
rently being investigated in humans can be found at the 
Stroke Trials Registry (www.strokecenter.org/trials/TrialD
etail.aspx?tid=338) of Washington University in St. Louis.

Cerebral Ischemia: Influence of Physiologic 
Variables
cereBral perFuSion preSSure. Measures designed to aug-
ment CBF (an important determinant of energy supply) 
are also important. In the ischemic penumbra (described in 
the section, “Critical Cerebral Blood Flow Thresholds”), 
small improvements in CBF have the potential to pro-
long neuronal survival substantially. Maintenance of 
high-normal CPP can augment collateral perfusion pres-
sure and maintain CBF319 and has been shown to result 
in improvement in various neurophysiologic parameters, 
including neurologic function.320,321 By contrast, hypo-
tension can reduce CBF and exacerbate injury. In trials of 
nimodipine in patients with acute stroke, a reduction in 
blood pressure of 10% to 20% increased the probability 
of an adverse outcome (either death or dependency) four-
fold,322 thus emphasizing the adverse impact of blood 
pressure reduction on an injured brain. Therefore in 
patients with cerebral ischemia, hypotension should be 
promptly treated and normotension restored. Although 
the target MAP should obviously be based on knowledge 
of a patient’s preexisting blood pressure, data to provide 
specific guidelines are insufficient in humans. In the 
majority of patients, maintenance of the MAP in the 70 to 
80 mm Hg range should be adequate. The available data 
provide support for reducing blood pressure to less than 
180/105 mm Hg in patients with stroke who have been 
treated with tPA in the hope of reducing the incidence 
of hemorrhage into the ischemic brain.323,324 In addition, 
blood pressure augmentation to a systolic pressure of 180 
to 220 mm Hg in patients with SAH-induced vasospasm 
and to a CPP greater than 60 mm Hg in patients with 
traumatic brain injury is reasonable.323 Note, however, 
that augmentation of CPP in the high-normal range car-
ries the inadequately explored risks of increased edema 
and hemorrhagic infarction if used as support during 
more than brief periods of ischemia, particularly when 
several hours has elapsed since the onset of ischemia.

carBon DioxiDe tenSion. Hypercapnia has the potential 
to cause intracerebral steal and may worsen intracellular 
pH. Despite some support for the occurrence of a favor-
able so-called Robin Hood or inverse steal,325 hypocapnia 
has not generally proved effective in either laboratory 
or clinical settings.326-328 Pending further information 
and in the absence of a means of verifying the perfusion 
response to the manipulation of Paco2, normocapnia 
remains standard practice.

temperature. Hypothermia is the principal cerebral pro-
tective technique for circulatory arrest procedures (also 
see Chapter 54). It unequivocally enhances cerebral tol-
erance for episodes of ischemia. For deep hypothermia, 
this effect is largely a function of the reduction in the 
CMR. Although barbiturates reduce only the compo-
nent of the CMR associated with electrophysiologic work 
(approximately 60% of the CMRO2 in the awake state), 
 hypothermia causes a reduction in both electrophysi-
ologic energy consumption and energy utilization related 
to the maintenance of cellular integrity; mild hypother-
mia may preferentially suppress the latter.329,330 A sub-
stantial number of laboratory studies have demonstrated 
that mild degrees of hypothermia (2° C to 4° C) during an 
episode of ischemia can confer substantial protection as 
histologically measured.289,290 In addition, evidence from 
animal studies suggests that hypothermia initiated in the 
immediate postischemic period confers a protective ben-
efit.331,332

In light of this dramatic protective effect of mild 
hypothermia in the laboratory, its use in the surgical set-
ting may be advocated. Proponents of its use argue that 
hypothermia is readily achieved and not accompanied 
by significant myocardial depression or arrhythmias. In 
addition, the patient can be easily rewarmed in the surgi-
cal unit after the risk of ischemia has subsided. Results of a 
pilot study clearly demonstrated a trend toward improved 
neurologic outcome in hypothermic patients undergo-
ing intracranial aneurysm clipping.333 Unfortunately, 
the subsequent definitive trial did not demonstrate any 
improvement in outcome that could be attributable to 
hypothermia.334 However, it should be noted that the 
majority of the patients in that study had SAH of grades 
I, II, and III. In addition, the number of patients who had 
temporary clips applied in excess of 20 minutes was quite 
small (five to six patients). Consequently, an argument 
has been made that mild hypothermia may well be of 
benefit in patients with high-grade aneurysms or in those 
in whom the complexity of the aneurysm clipping is such 
that prolonged temporary clipping may be required. Con-
sidering that temperature reduction takes time, the deci-
sion to induce hypothermia must be made in advance. 
Therefore the therapeutic use of hypothermia may be 
considered in such high-risk patients.

The application of mild hypothermia after head injury 
reduced ICP335 and improved neurologic outcome336 
in pilot trials. Of note is the finding that complications 
attributable to hypothermia were not observed. A subse-
quent multicenter trial of hypothermia in patients with 
head injuries, however, failed to confirm the findings of 
the pilot studies.337 Induction of mild hypothermia did 
not improve long-term neurologic outcome. Note should 
be made, however, of the post hoc finding that the out-
comes in patients younger than 45 years of age who were 
initially hypothermic were worse if these patients were 
rewarmed; these data suggest that such patients should be 
rewarmed over a prolonged period.

A number of clinical trials of induced hypothermia 
in a limited number of patients with stroke have been 
conducted. To date, these trials have demonstrated the 
feasibility of inducing hypothermia in the range of 33° C  
to 35° C, even in patients who are not subjected to endo-
tracheal intubation and mechanical ventilation.338 Hypo-
thermia was associated with improved ICP and CPP. 
However, complications, particularly thrombocytopenia, 
bradycardia, ventricular ectopy, hypotension, and infec-
tion, are frequent. In addition, an intractable increase in 
ICP can occur during rewarming, even if the elevation in 
temperature is gradual and accomplished over a period of 

http://www.strokecenter.org/trials/TrialDetail.aspx?tid=338
http://www.strokecenter.org/trials/TrialDetail.aspx?tid=338
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several hours. These side effects attest to the need to con-
duct randomized trials to evaluate properly the efficacy of 
mild hypothermia in patients with stroke. Such trials are 
currently under way.

Data regarding the application of mild hypothermia in 
survivors of cardiac arrest are more positive. Two recent 
trials have demonstrated that the induction of hypother-
mia (32° C to 34° C) after successful resuscitation from 
cardiac arrest resulted in a significantly better neurologic 
outcome 6 months after the arrest.278,339 These studies 
demonstrate the clinical efficacy of hypothermia for the 
purposes of reducing ischemic cerebral injury and to pro-
vide support for the use of intraoperative hypothermia in 
patients who are considered to be at high risk.

By contrast, increases in brain temperature during and 
after ischemia aggravate injury.340 An increase of as little 
as 1° C can dramatically increase injury. Ischemia that 
normally results in scattered neuronal necrosis produces 
cerebral infarction when body temperature is elevated. 
Therefore avoiding hyperthermia in patients who have 
suffered an ischemic insult or in those who are at risk for 
cerebral ischemia seems prudent. In the surgical setting, 
hyperthermia is seldom a problem (witness the authors’ 
efforts to prevent hypothermia). One situation in which 
body temperature is often allowed to increase is during 
rewarming after hypothermic cardiopulmonary bypass. 
In this situation, hyperthermia (core body temperature 
in excess of 38° C) is not uncommon. The suggestion that 
increases in temperature in excess of 37° C to 38° C are 
detrimental has some merit, considering the recent infor-
mation regarding the deleterious effect of hyperthermia.

glucoSe. Withholding glucose-containing solutions in 
situations during which cerebral ischemia may occur 
is now an established practice. The practice is based on 
numerous demonstrations in animal models of brain 
and spinal cord ischemia that elevation of plasma glu-
cose before episodes of either complete or incomplete 
ischemia results in aggravation of neurologic injury. 
However, it should be noted that the majority of inves-
tigations involved adult animals and that certainty con-
cerning the adverse effects of hyperglycemia in immature 
subjects, such as neonates, is less.341 Furthermore, it 
should be noted that only some342,343 and not all344 of 
the investigations in humans have provided confirma-
tion of an independent effect of serum glucose on neu-
rologic outcome. Nonetheless, in long-term outcome 
studies, diabetic and nondiabetic hyperglycemia has 
been shown to be an independent predictor of poor out-
come.343 In the National Institutes of Health–sponsored 
recombinant tPA stroke trial, hyperglycemia was associ-
ated with significantly lower odds for desirable clinical 
outcomes and a higher incidence of intracranial hemor-
rhage.345 These data prompted a randomized clinical trial 
of the efficacy of insulin administration to patients with 
acute stroke. Although the trial was underpowered, the 
results showed that the administration of insulin to con-
trol blood glucose levels in patients with stroke did not 
improve outcome 3 months after stroke.346 A recurrent 
theme in the discussion of these studies is that glucose 
elevation may be the result of the stress associated with 
a severe insult, either ischemic or traumatic, rather than 
its cause. In addition, the inevitable questions of whether 
and how quickly immediate prerisk treatment of an ele-
vated plasma glucose level with insulin reduces risk to 
normoglycemic levels have not been thoroughly exam-
ined. It is the opinion of the authors that, at this juncture, 
acute insulin administration (with its attendant risk of 
hypoglycemia) in patients with modest glucose elevation 
(∼150 mg/dL) in the surgical setting is not yet justified.

By contrast, hypoglycemia is also associated with 
cerebral injury. With a gradual reduction in blood glu-
cose values to approximately 40 mg/dL, a shift in EEG 
frequencies occurs from alpha and beta toward delta and 
theta.347 Below a blood glucose level of 20 mg/dL, sup-
pression of the EEG (flat) is observed. Persistence of this 
level of hypoglycemia results in seizure activity and neu-
ronal injury, particularly to the hippocampus.

SeizureS. Normalization of systemic pH, prevention and 
treatment of seizures, which dramatically increase the 
CMR, and control of the ICP and CPP are all important 
elements of brain protection and resuscitation, although 
mundane and lacking in appeal of the pharmacologic sil-
ver bullet.

intravaScular volume anD hematocrit manipulation. 
Although hemodilution has not proved effective in stud-
ies of human stroke, both laboratory and human data 
support the practice; hemodilution is an established part 
of the management of ischemia associated with vaso-
spasm. However, the data do not currently justify rou-
tine hemodilution (a hematocrit of 30% to 35% is the 
theoretic optimum) in patients in whom focal ischemia 
might occur in the surgical unit.348 On the other hand, 
the potentially deleterious effects of hemoconcentration 
should help further suppress the out-of-date notion that 
neurosurgical patients should be run dry. An increased 
hematocrit, because of viscosity effects, reduces CBF.10  
In anticipation of a procedure wherein incomplete isch-
emia might occur, such as CEA, a hematocrit in excess of 
55% should be considered for decrease by preoperative 
phlebotomy.

Summary of Anesthetics and Neuroprotection
In comparison to the awake or lightly sedated state, the 
vulnerability of the brain to ischemic injury is reduced 
under anesthesia. Volatile anesthetics, barbiturates, pro-
pofol, xenon, and ketamine reduce injury in experimental 
models and may reduce injury in comparison with a pure 
N2O-narcotic anesthetic. However, direct comparison has 
not demonstrated the superiority of any one anesthetic 
(or combination of anesthetics) over another. Therefore, 
based on the available data, the use of a specific anes-
thetic or anesthetic regimen for the purpose of brain pro-
tection in the clinical setting cannot be recommended.

There is a paucity of information about anesthetic 
neuroprotection in humans and the lack of clinical tri-
als is understandable, considering the low frequency of 
stroke and ischemic injury in the perioperative setting. 
There are, however, a few clinical investigations from 
which inferences about anesthetic neuroprotection can 
be made. In the Intraoperative Hypothermia for Aneu-
rysm Surgery Trial (IHAST), a subset of patients received 
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supplemental doses of thiopental, etomidate, or propofol 
for the purposes of neuroprotection. The neurologic out-
come in these patients was no different than those who 
did not receive these anesthetics.349 In the general anes-
thesia versus local anesthesia trial,350 patients undergoing 
CEA were randomized to receive either general anesthe-
sia or local anesthesia (also see Chapter 70); in the latter 
group, patients were lightly sedated but were arousable 
during surgery. The outcome between the two groups was 
not different, indicating that the general anesthetic state 
did not provide any protective benefit.350 Finally, in a 
recent retrospective trial of thrombolysis for acute stroke, 
patients who were anesthetized had a worse outcome 
than those who were only mildly sedated. Although the 
worse outcome with general anesthesia was attributed to 
a lower CPP in that group,351 the results do not provide 
evidence of anesthetic neuroprotection. In aggregate, 
these data suggest that supplemental drugs that produce 
burst suppression of the EEG do not provide protection in 
anesthetized patients and that the state of general anes-
thesia does not improve neurologic outcome.

The neuroprotective efficacy of anesthetic drugs in 
experimental studies is achieved only by strict attention 
to the maintenance of physiologic homeostasis; in fact, 
the potential for exacerbation of cerebral injury, either 
traumatic or ischemic, with physiologic mismanagement 
is significantly more likely than the modest protection 
afforded by pharmacologic drugs—these are important 
observations. Accordingly, with respect to brain protec-
tion, efforts should be focused on the maintenance of 
physiologic parameters (e.g., perfusion pressure, oxygen-
ation, normocapnia, temperature management, control 
of hyperglycemia, seizure prophylaxis) within the appro-
priate ranges and less on pharmacologic or anesthetic 
drugs to reduce cerebral injury.

Deferring Elective Procedures After Stroke
The risk of extension of cerebral infarction in the event of 
subsequent anesthesia and surgery has not been system-
atically studied. In patients who have suffered a stroke, 
CBF undergoes significant changes. Areas of both high 
and low CBF occur, and stabilization of regional CBF 
and CMR is apparent after approximately 2 weeks.352 
Loss of normal vasomotor responses (e.g., CO2 respon-
siveness, autoregulation) in the early postinsult period is 
very common,353-355 and these changes persist beyond 2 
weeks in a small percentage of patients with stroke.354,355 
BBB abnormalities, as reflected by the accumulation of CT 
contrast material or brain scan isotopes, are still present 
4 weeks after the insult,356 and the histologic resolution 
of large infarcts is not complete for several months. Early 
CEA after stroke in patients with large strokes and neuro-
logic disability was accompanied by an increased risk of 
intracerebral hemorrhage.357 Based on early CEA experi-
ence, deferring CEA for 4 to 6 weeks after stroke is recom-
mended.357 A 6-week delay should give some assurance of 
the probable recovery of autoregulation, CO2 responsive-
ness, and BBB integrity.

A delay in CEA after stroke, however, poses risks. In 
patients who have sustained a stroke, the incidence of 
a second stroke is approximately 12%.358 The risk of a 
complete carotid occlusion is considerable with delayed 
surgery. In addition, early CEA can restore cerebral per-
fusion to the ischemic penumbra, possibly improving 
long-term functional recovery. 359 However, the size and 
location of the infarction should be weighed. A small 
infarction in silent cortex may offer wider latitudes than 
a large lesion that has resulted in a paresis that is still 
resolving. A small prospective study suggests that in 
patients with nondisabling stroke, early CEA can be safely 
performed within 2 weeks of the stroke.360 Candidates for 
early CEA after stroke may include patients with relatively 
small cerebral infarctions, resolution (either complete or 
near complete) of neurologic symptoms, and ipsilateral 
carotid artery stenosis.361 Delaying CEA in patients who 
have had large strokes with significant neurologic disabil-
ity, reduced level of consciousness, and displaying a mid-
line shift on the CT scan is generally preferable.

Outcome data to inform the decision about surgery for 
the patient after stroke, other than CEA, is lacking. With 
the extrapolation of the information from the CEA stud-
ies, pending other information, deferring elective surgery 
for at least 4 weeks after a cerebral vascular accident and 
preferably for 6 weeks from the point at which a stable 
postinsult neurologic state has been achieved seems 
reasonable.

CHRONIC ARTERIAL HYPERTENSION

A recurrent concern is that of acceptable levels of arterial 
blood pressure reduction in patients who are chronically 
hypertensive. Firm guidelines have not been established. 
However, from the vantage of cerebral well-being, lim-
iting elective MAP reduction to 30% to 35% of resting 
mean levels seems appropriate for both hypertensive 
and normotensive patients. The same guidelines might 
apply in both populations because in chronic hyperten-
sion, both the lower and upper limits of autoregulation 
are shifted to the right with apparently little distortion.362

The rationale for a limit of 30% to 35% is as follows. 
MAP reductions of 50% in nonanesthetized patients, both 
normotensive and hypertensive, will commonly produce 
reversible symptoms of cerebral hypoperfusion.362-364 
Although even greater reductions will probably be tol-
erated provided that exposures are brief, the hematocrit 
is reasonable, and the cerebral vasculature is patent, the 
authors counsel against it. A reduction in the MAP of this 
magnitude will significantly increase the probability of 
CPP being close to or below the LLA, thereby reducing 
cerebrovascular reserve. It has been demonstrated that a 
25% reduction in the MAP will bring both normotensive 
and hypertensive patients to the LLA.362 As the reduction 
in the MAP exceeds 25% of baseline, CBF values will be 
below normal, albeit in patients free of occlusive vascular 
disease, above the threshold for neurophysiologic dys-
function or injury (see Fig. 17-6). However, physiologic 
reserve is being encroached upon, thereby leaving little 
margin for error or for other causes of impaired cerebral 
oxygen delivery such as low hematocrit or unrecognized 
cerebrovascular disease.

In animals, treatment of chronic hypertension can 
restore the LLA to normal.365,366 A similar phenomenon 
has been observed in humans by Strandgaard, although 
restoration was incomplete and had failed to occur after 
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as long as 12 months of treatment in some patients.362 It 
is an unexplored possibility that the extent of restoration 
of the LLA with antihypertensive therapy is agent depen-
dent. Some may restore the LLA more effectively than 
others. In particular, ACE inhibitors have been shown 
to decrease the LLA acutely in both normotensive and 
hypertensive subjects.367,368

Intracranial Hypertension
Control of intracranial hypertension is discussed in detail 
in Chapter 70.

BRAIN TUMORS

There are few data regarding the physiologic function 
of intracranial tumors. Arbit and colleagues369 measured 
CBF in cerebral tumors with laser Doppler technology. 
In general, they found that tumors had lower CBF than 
the normal brain. Autoregulation was occasionally appar-
ent. Vascular responsiveness to changes in Pao2

370 and 
Paco2

371 are generally preserved in patients with gliomas. 
However, in some circumstances, hyperventilation can 
at times be associated with paradoxical increases in MCA 
flow velocity ipsilateral to the tumor.372 Measurement of 
regional CBF in the area of the tumor might also be a 
useful predictor of the grade of intracranial gliomas; both 
regional CBF and regional CBV are greater with high-
grade gliomas.373 Considerable edema is often associated 
with intracranial tumors, and the radiologic extent of 
the edema, which presumably represents the extent of 
abnormal vessel leakiness, correlates with the severity 
of the elevation in ICP that occurs in association with 
intubation-related hypertension.374 Edema formation in 
the peritumoral region can be characterized as vasogenic 
with leakage of plasma proteins from the vascular space, 
hydrocephalic secondary to obstruction of CSF flow, 
or static as a result of venous obstruction by tumor.375 
Although the precise mechanisms by which edema for-
mation occurs are not clear, the loss of integrity of the 
tight junctions of components of the BBB, an increased 
permeability induced by vascular endothelial growth 
factor expressed by tumors, and an increased expression 
of leukotriene C4 in peritumoral fluid probably play a 
role.376 Osmotherapy with mannitol will affect a reduc-
tion in edema; however, with a permeable BBB, man-
nitol can diffuse into the peritumoral space and lead to 
rebound edema formation.375 For acute reduction of ICP 
in the surgical unit, this concern is not significant. Dexa-
methasone remains the mainstay of treatment of tumor 
edema; it causes a reduction in edema formation with 
little effect on edema reabsorption, a reduction in per-
meability of the BBB that can be recognized as rapidly as  
1 hour after administration,377 and a modest reduction 
in tumor size. See Chapter 70 for a complete discussion.

COMA AND EPILEPSY

Regardless of its cause, coma reduces brain metabolism. 
In the case of lesions occurring in the reticular activat-
ing system, the reduction in the CMR probably represents 
a normal physiologic adjustment to reduced functional 
activity. During generalized seizure activity, CMR and 
CBF may dramatically increase.202 The intensive motor 
and brain activity associated with generalized seizures 
leads to the development of systemic and cerebral acido-
sis, often accompanied by a reduction in arterial oxygen-
ation, an increase in Paco2, and peripheral lactic acidosis. 
If generalized seizure activity continues unabated, then 
arterial hypotension ensues. With muscular relaxation 
and measures ensuring adequate oxygenation and ven-
tilation, the systemic acidosis and hypotension can be 
avoided and the severity of the cerebral acidosis dimin-
ished. During relatively brief episodes of continuous sei-
zures, the brain seems able to meet the high metabolic 
demands.219 However, even with effective ventilation 
and maintenance of perfusion pressure, when seizures 
continue for a prolonged period, they can lead to the 
development of irreversible neuronal damage.378 Therapy 
aimed at interrupting the seizure and restoring a normal 
balance between cerebral metabolic demand and blood 
flow is indicated. Barbiturates, benzodiazepines, or other 
potent anticonvulsants are appropriate. Adequate venti-
lation, oxygenation, and maintenance of arterial blood 
pressure are important adjunctive measures. Muscle 
relaxants must be viewed as purely symptomatic therapy 
because they do not alter the abnormal cerebral electrical 
activity.

The potentially injurious nature of seizures justi-
fies attention to prevention. Practices vary. However, 
patients who have sustained a severe head injury or SAH 
and any patient on whom a substantial cortical incision 
is planned are at risk, and prophylactic anticonvulsants 
should be considered.
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Neuromuscular Physiology  
and Pharmacology
J.A. JEEVENDRA MARTYN

K e y  P o i n t s

 •  The neuromuscular junction contains the distal nerve terminal, synaptic cleft, 
and muscle end plate and provides an array of receptors and substrates for drug 
action. Neuromuscular transmission is predominately dependent on acetylcholine 
as the natural transmitter. Acetylcholine, when released from the prejunctional 
nerve terminal, binds to typical acetylcholine receptors (AChRs) that are present 
either prejunctionally or postjunctionally within the neuromuscular junction and, 
depending on their structural composition, are classified into the usual muscle 
subtype AChRs or a variety of neuronal subtype AChRs.

 •  Muscle relaxants have multiple sites of action. Although the major actions occur 
by mechanisms and at sites described as agonistic and antagonistic actions at 
postjunctional receptors for depolarizing and nondepolarizing muscle relaxants 
(NDMRs), this description of neuromuscular drug action is a simplistic one. 
Neuromuscular transmission is impeded by NDMRs because they prevent access of 
acetylcholine to its preferred recognition site on the postjunctional nicotinic AChR.

 •  If the concentration of NDMR is increased, another, noncompetitive action—block 
of the ion channel—is superimposed. The postjunctional paralytic effects of muscle 
relaxants can be enhanced by the actions of the relaxant on prejunctional AChRs, 
which modulate the release of acetylcholine. The latter can be documented as fade 
that occurs with increased frequency of stimulation. Fade can also be seen when 
the postjunctional AChRs alone are functionally blocked (e.g., by bungarotoxin) 
or when the number of AChRs (e.g., myasthenia gravis) is decreased. Hence, 
the neuromuscular junction is a complex and dynamic system in which the 
phenomena produced by drugs are composites of actions that vary with the drug, 
dose, activity at the nerve terminal and muscle, time after administration, presence 
of anesthetics or other drugs, and age and condition of the patient.

 •  Inhibition of muscle acetylcholinesterase enzyme by anticholinesterases (e.g. 
neostigmine) increases the concentration of acetylcholine, which can compete with 
and displace the NDMRS and thus reverse the paralysis. These anticholinesterase 
drugs (e.g., neostigmine) also have other effects, including those on nerve 
terminals and on the receptor, by an allosteric mechanism. Acute bolus or 
prolonged administration of anticholinesterases can have deleterious effects on 
neuromuscular function in otherwise healthy patients. A modified cyclodextrin such 
as sugammadex is a novel and innovative class of compound that reverses paralysis 
of only steroidal muscle relaxants by encapsulation of this series of compounds.

 •  Depolarizing compounds (e.g., succinylcholine) initially react with the 
acetylcholine recognition site and, like the transmitter, open AChR ion channels 
during depolarization of the end-plate membrane. Unlike the transmitter, they 
are not subject to hydrolysis by acetylcholinesterase and therefore remain in the 
junction. Soon after the administration of succinylcholine, some receptors are 
desensitized, and, although occupied by the agonist, they do not open to allow 
current to flow to depolarize the muscle membrane area.

 •  If the depolarizing relaxant is applied in higher-than-usual concentrations or is 
allowed to remain at the junction for a long time, then other neuromuscular 
effects occur. Depolarizing relaxants have effects on prejunctional structures, and 
423



PART II: Anesthetic Physiology424
K e y  P o i n t s — c o n t ’ d

the combination of prejunctional and postjunctional effects plus secondary ones 
on muscle and nerve homeostasis results in the complicated phenomenon known 
as phase II blockade.

 •  Intense research in the area of neuromuscular transmission continues at a rapid 
pace. Newer observations on muscle and neuronal types of AChRs, ion channels, 
membranes, and prejunctional function reveal a much broader range of sites and 
mechanisms of action for agonists and antagonists.

 •  Some of the other drugs used clinically (e.g., Botox) have effects on the nerve 
and therefore indirectly on muscle. Systemic infection with clostridial toxins 
(Clostridium botulinum, gas gangrene) can lead to systemic paralysis as a result of 
decreased release of acetylcholine from the nerve terminal. NDMRs administered 
even for 12 hours or for prolonged periods can have effects on the postsynaptic 
receptor and simulate denervation (chemical denervation). Magnesium given 
to preeclamptic mothers decreases the release of acetylcholine with a potential 
for muscle weakness in the mother or newborn. In recognizing these sites and 
mechanisms, we begin to bring our theoretical knowledge closer to explaining the 
phenomena observed when these drugs are exposed to living humans.

 •  Contemporary research work has focused on the control of AChR expression on 
the postjunctional membrane in normal and diseased states. The presence or 
absence of mature and immature isoforms seems to complicate matters further. In 
certain pathologic states (e.g., denervation, stroke, sepsis, burns, immobilization, 
chronic use of NMDRs), AChRs are upregulated, with increased expression of 
the immature isoform. More recently, another isoform of the nicotinic AChR, 
previously described in neuronal tissues only, the α7 neuronal AChR, has been 
identified in muscle. These receptors have different functional and pharmacologic 
properties than conventional muscle postsynaptic receptors. The altered functional 
and pharmacologic characteristics of the immature (γ-subunit) and neuronal 
(α7-subunit) receptors result in increased sensitivity to succinylcholine with 
hyperkalemia and resistance to NDMRs.

 •  An area of increasing attention is control of the expression of mature versus the 
other two receptor isoforms (immature γ- and α7-subunits). Re-expression of the 
immature γ- and α7-subunit receptors is probably related to aberrant growth 
factor signaling. Genetic mutations in the AChR that result in prolonged or fast 
open-channel time, can lead to a myasthenia-like state, even in the presence 
of normal receptor numbers. The weakness is usually related to ineffective 
depolarization or to the altered open-channel time, or to both.
Despite the fact that cholinergic neurotransmission in 
the neuromuscular junction is the most widely studied 
synapse within the nervous system, complete knowledge 
of its workings has not yet been achieved. This is an area 
of continuing interest for many researchers worldwide.

The physiology of neuromuscular transmission could 
be analyzed and understood at the most simple level 
by using the classic model of nerve signaling to muscle 
through the acetylcholine receptor (AChR). The mamma-
lian neuromuscular junction is the prototypical and most 
extensively studied synapse. Research has provided more 
detailed information on processes that, within the clas-
sic scheme, can modify neurotransmission and response 
to drugs. One example is the role of qualitative or quan-
titative changes in AChRs that modify neurotransmis-
sion and the response to drugs.1-3 In myasthenia gravis, 
for example, the decrease in AChRs results in decreased 
efficiency of neurotransmission (and therefore muscle 
weakness)4 and altered sensitivity to neuromuscular 
relaxants.3 Another example is the importance of nerve-
related (prejunctional) changes that alter neurotransmis-
sion and the response to anesthetic drugs.5-7 Yet, muscle 
relaxants act in ways that are not encompassed by the 
classic scheme of a unitary site of action. The observa-
tion that muscle relaxants can have prejunctional effects5 
or that some nondepolarizing muscle relaxants (NDMRs) 
can also have agonist-like stimulatory actions on the 
receptor,8 whereas others have effects not explainable by 
purely postsynaptic actions on muscle,9-11 has provided 
new insight into some previously unexplained obser-
vations. Although muscle relaxants are known to have 
effects on the presynaptic and postsynaptic receptors 
of the neuromuscular junction, recent evidence indi-
cates that they can react with nicotinic and muscarinic 
AChRs other than those in muscle, including receptors 
on the carotid sinus, on the vagus to the heart, and on 
bronchial smooth muscle.9-13 Although this multifac-
eted action-response scheme makes the physiologic and 
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pharmacologic neurotransmission more complex, these 
added insights also bring experimentally derived knowl-
edge much closer to clinical observations.

Crucial to the seminal concepts that have developed, 
relative to the neurotransmitter acetylcholine and its 
receptor systems, is the introduction of powerful and 
contemporary techniques in molecular biology, immu-
nology, electrophysiology, and genetic manipulation, as 
well as more elegant techniques for the observation of the 
neuromuscular junction in vivo.14 These techniques have 
augmented the more traditional pharmacologic, protein 
chemical, morphologic, and cytologic approaches.15-17 
Research has elucidated the manner in which the nerve 
ending regulates the synthesis and release of transmitter 
and trophic factors, both of which control muscle func-
tion, as well as explained how exogenous and endoge-
nous substances influence these processes.15-17 Research 
continues to reveal how receptors are synthesized and 
anchored at the end plate, the role of the nerve termi-
nal in the maturation processes, and the synthesis and 
control of acetylcholinesterase, the enzyme that breaks 
down acetylcholine. Several reviews that provide detailed 
insight into these areas are available.16-19

NEUROMUSCULAR TRANSMISSION

Neuromuscular transmission occurs by a fairly simple 
and straightforward mechanism. The nerve synthesizes 
acetylcholine and stores it in small, uniformly sized pack-
ages called vesicles. Stimulation of the nerve causes these 
vesicles to migrate to the surface of the nerve, rupture, 
and discharge acetylcholine into the cleft separating the 
nerve from muscle. AChRs in the end plate of the muscle 
respond by opening their channels for influx of sodium 
ions into the muscle to depolarize the muscle. The end-
plate potential created is continued along the muscle 
membrane by the opening of sodium channels present 
throughout the muscle membrane to initiate a contrac-
tion.16,17 The acetylcholine immediately detaches from 
the receptor and is destroyed by the enzyme, acetylcholin-
esterase, which is also present in the cleft. Drugs, notably 
depolarizing muscle relaxants or nicotine and carbachol 
(a synthetic analog of acetylcholine not destroyed by 
acetylcholinesterase), can also act on these receptors to 
mimic the effect of acetylcholine and cause depolariza-
tion of the end plate. These drugs are therefore called ago-
nists of the receptor because they turn the receptor into 
an active state, at least initially. NDMRs also act on the 
receptors, but they prevent acetylcholine from binding to 
the receptor and thus prevent depolarization by agonists. 
Because these NDMRs prevent the action of agonists (e.g., 
acetylcholine, carbachol, succinylcholine), they belong 
to the class of compounds known as antagonists at the 
muscle AChRs. Other compounds, frequently called rever-
sal drugs or antagonists of neuromuscular paralysis (e.g., 
neostigmine, prostigmine), inhibit acetylcholinesterase 
and therefore impair the hydrolysis of acetylcholine. The 
increased accumulation of undegraded acetylcholine can 
effectively compete with NDMRs and thereby displace 
the latter from the receptor (i.e., law of mass action) and 
antagonize the effects of NDMRs.
MORPHOLOGY

The neuromuscular junction is specialized on both 
the nerve side and on the muscle side to transmit and 
receive chemical messages.15-19 Each motor neuron runs 
without interruption from the ventral horn of the spi-
nal cord or medulla to the neuromuscular junction as 
a large, myelinated axon (Fig. 18-1, A). As the motor 
neuron approaches the muscle, the neuron repeat-
edly branches to contact many muscle cells and gather 
them into a functional group known as a motor unit (see  
Fig. 18-1, B). The architecture of the nerve terminal is quite 
different from that of the rest of the axon. As the terminal 
reaches the muscle fiber, it loses its myelin, forms a spray 
of terminal branches against the muscle surface, and is 
covered by Schwann cells. This arrangement conforms to 
the architecture on the synaptic area of the muscle mem-
brane (see Fig. 18-1, C). The nerve is separated from the 
surface of the muscle by a gap of approximately 20 nm, 
called the junctional cleft or synaptic cleft. The nerve and 
muscle are held in tight alignment by protein filaments 
called basal lamina that span the cleft between the nerve 
and end plate. The muscle surface is heavily corrugated, 
with deep invaginations of the junctional cleft—the 
primary and secondary clefts—between the folds in the 
muscle membrane; thus the end plate’s total surface area 
is very large. The depths of the folds also vary between 
muscle types and species. Human neuromuscular junc-
tions, relative to muscle size, are smaller than those of 
the mouse, although the junctions are located on muscle 
fibers that are much larger. Human junctions have longer 
junctional foldings and deeper gutters.14,17 The sodium 
channels, which propagate the wave of depolarization, 
are located in the depths of the folds (see Fig. 18-1, D). 
The shoulders of the folds are densely populated with 
AChRs, approximately 5 million of them in each junc-
tion. AChRs are sparse in the depths between the folds.

The trophic function of the nerve is vital for the develop-
ment and maintenance of adequate neuromuscular func-
tion. Before birth, each muscle cell commonly has contacts 
with several nerves and has several neuromuscular junc-
tions.14,19 At birth, all but one of the nerves retract, and a 
single end plate remains (see “Neuromuscular Junction at 
Extremes of Age” later in this chapter). Once formed, the 
nerve-muscle contact, especially the end plate, is durable. 
Even if the original nerve dies, the one replacing it inner-
vates exactly the same region of the muscle. The nerve 
endings on fast muscles are larger and more complicated 
than those on slow muscles. The reason for this is unclear. 
These differences in the nerve endings on muscle surfaces 
may play a role in the difference in response of fast- and 
slow-twitch muscle fibers to muscle relaxants.

Because all the muscle cells in a unit are excited by a 
single neuron, stimulation of the nerve electrically or by 
an action potential originating from the ventral horn or 
by any agonist, including depolarizing relaxants (e.g., suc-
cinylcholine), causes all muscle cells in the motor unit to 
contract synchronously. Synchronous contraction of the 
cells in a motor unit is called fasciculation and is often vig-
orous enough to be observed through the skin. Although 
most adult human muscles have only one neuromuscu-
lar junction per cell, an important exception is some of 
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the cells in extraocular muscles. The extraocular muscles 
are tonic muscles, and, unlike other mammalian striated 
muscles, they are multiply innervated with several neuro-
muscular junctions strung along the surface of each mus-
cle fiber.20-23 Quite in contrast to other muscles, even the 
adult ocular muscle contains mature and immature fetal 
receptors (see “Biology of Prejunctional and Postjunctional 
Nicotinic Acetylcholine Receptors” later in this chapter) 
segregated into distinct synapses on different fibers.20,22 
The ocular muscles slowly contract and relax rather than 
quickly as do other striated muscles; they can maintain a 
steady contraction, or contracture, the strength of which 
is proportional to the stimulus received. Physiologically, 
this specialization apparently holds the eye steadily in 
position. Ocular muscles are important to an anesthesiol-
ogist because depolarizing muscle relaxants (e.g., succinyl-
choline) affect them differently than they do most skeletal 
muscles. Instead of causing a brief contraction, followed 
by paralysis, the drug causes a long-lasting contracture 
response that pulls the eye against the orbit and could 
contribute to an increase in intraocular fluid pressure.22,23 
The clinical significance of the succinylcholine-induced 
increase in intraocular pressure has been questioned. 
Although many textbooks invoke the reported extrusion 
of intraocular content with succinylcholine, the basis 
for this effect seems to be anecdotal.24 Clinical studies, 
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Figure 18-1. Structure of the adult neuromuscular junction shows the three cells that constitute the synapse: the motor neuron (i.e., nerve termi-
nal), muscle fiber, and Schwann cell. A, The motor nerve originates in the ventral horn of the spinal cord or brainstem. B, As the nerve approaches 
its muscle fibers and before attaching itself to the surface of the muscle fiber, the nerve divides into branches that innervate many individual 
muscle fibers. C, Each muscle receives only one synapse. The motor nerve loses its myelin and further subdivides into many presynaptic boutons 
to terminate on the surface of the muscle fiber. D, The nerve terminal, covered by Schwann cells, has vesicles clustered about the membrane thick-
enings, which are the active zones, toward its synaptic side and mitochondria and microtubules toward its other side. A synaptic gutter or cleft 
made up of a primary and many secondary clefts separates the nerve from the muscle. The muscle surface is corrugated, and dense areas on the 
shoulders of each fold contain acetylcholine receptors. Sodium (Na+) channels are present at the bottom of the clefts and throughout the muscle 
membrane. The acetylcholinesterase and proteins and proteoglycans that stabilize the neuromuscular junction are present in the synaptic clefts.
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however, have indicated that succinylcholine-induced 
contractions of the extraocular muscles can last as long as 
1 to 2 minutes and isometric tensions larger than 12 g can 
develop for each extraocular muscle.23 Thus succinylcho-
line probably should not be given to patients with open 
eye injuries (also see Chapters 34 and 84).

The perijunctional zone is the area of muscle immedi-
ately beyond the junctional area and is critical to the func-
tion of the neuromuscular junction. The perijunctional 
zone contains a mixture of receptors, including a smaller 
density of AChRs and a high density of sodium channels 
(see Fig. 18-1, D). The admixture enhances the capacity of 
the perijunctional zone to respond to the depolarization 
(i.e., end-plate potential) produced by the AChRs and to 
transduce it into the wave of depolarization that travels 
along the muscle to initiate muscle contraction. The den-
sity of sodium channels in the perijunctional area is richer 
than in more distal parts of the muscle membrane.25,26 
The perijunctional zone is close enough to the nerve 
ending to be influenced by transmitter released from it. 
Moreover, special variants (i.e., isoforms) of receptors and 
sodium channels can appear in this area at different stages 
of life and in response to abnormal decreases in nerve 
activity (see “Biology of Prejunctional and Postjunctional 
Nicotinic Acetylcholine Receptors” later in this chapter). 
Congenital abnormalities in the AChRs or in the sodium 
and calcium channels (i.e., mutations) are also known.25-

27 These variabilities seem to contribute to the differences 
in response to relaxants that are observed in patients with 
different pathologic conditions and ages.17,27

QUANTAL THEORY

The contents of a nerve ending are not homogeneous. As 
illustrated in Figures 18-1 and 18-2, vesicles are congre-
gated in the portion toward the junctional surface, whereas 
microtubules, mitochondria, and other support structures 
are located toward the opposite side. The vesicles contain-
ing transmitter are ordered in repeating clusters alongside 
small, thickened, electron-dense patches of membrane 
referred to as active zones or release sites. This thickened 
area is a cross section of a band running across the width 
of the synaptic surface of the nerve ending that is believed 
to be the structure to which vesicles attach (active zones) 
before they rupture into the junctional cleft (see “Pro-
cess of Exocytosis” later in this chapter). High-resolution 
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scanning electron micrographs reveal small protein par-
ticles arranged alongside the active zone between vesicles. 
These particles are believed to be special channels—volt-
age-gated calcium channels—that allow calcium to enter 
the nerve and cause the release of vesicles.28,29 The rapid-
ity with which the neurotransmitter is released (200 μsec) 
suggests that voltage-gated calcium channels are close to 
the release sites. Proteomic studies suggest that at least 26 
genes encode presynaptic proteins, and mutations in 12 of 
them cause defects in presynaptic structure that can lead 
to decreased acetylcholine release and muscle weakness.30 
These defects can be related to exocytosis, endocytosis, 
formation of active and periactive zones, vesicle transport, 
and neuropeptide modulation.30

When observing the electrophysiologic activity of a skel-
etal muscle, small, spontaneous depolarizing potentials at 
neuromuscular junctions can be seen. These potentials have 
only one hundredth the amplitude of the evoked end-plate 
potential produced when the motor nerve is stimulated. 
Except for amplitude, these potentials resemble the end-
plate potential in the time course and manner in which 
they are affected by drugs. These small-amplitude poten-
tials are called miniature end-plate potentials (MEPPs). Sta-
tistical analysis led to the conclusion that they are unitary 
responses; that is, there is a minimum size for the MEPP, 
and the sizes of all MEPPs are equal to or multiples of this 
minimum size. Because MEPPs are too large to be produced 
by a single molecule of acetylcholine, it was deduced that 
they are produced by uniformly sized packages, or quanta, 
of transmitter released from the nerve (in the absence of 
stimulation). The stimulus-evoked end-plate potential is 
the additive depolarization produced by the synchronous 
discharge of quanta from several hundred vesicles. The 
action potential that is propagated to the nerve ending 
allows the entry of calcium into the nerve through voltage-
gated calcium channels, which causes vesicles to migrate 
to the active zone, fuse with the neural membrane, and 
discharge their acetylcholine into the junctional cleft.28,29 
Because the release sites are located immediately opposite 
the receptors on the postjunctional surface, little transmit-
ter is wasted, and the response of the muscle is coupled 
directly with the signal from the nerve.17,28

Alignment of the presynaptic receptor site is achieved 
by adhesion molecules or specific cell-surface proteins 
located on both sides of the synapse that grip each other 
across the synaptic cleft and hold together the prejunc-
tional and postjunctional synaptic apparatuses.14,19,31 
One such protein implicated in synapse adhesion is 
neurexin, which binds to neuroligins on the postsynap-
tic membrane. The amount of acetylcholine released by 
each nerve impulse is large, at least 200 quanta of approx-
imately 5000 molecules each, and the number of AChRs 
activated by transmitter released by a nerve impulse is 
also large, approximately 500,000 molecules. The ions 
(mostly sodium and some calcium) that flow through 
the channels of activated (open) AChRs cause maximum 
depolarization of the end plate, which results in an end-
plate potential that is greater than the threshold for stim-
ulation of the muscle. This system is extremely vigorous. 
The signal is carried by more molecules of transmitter 
than are needed, and they evoke a response that is larger 
than needed. At the same time, only a small fraction of 
the available vesicles and receptors or channels are used 
to send each signal. Consequently, transmission has a 
substantial margin of safety, and, at the same time, the 
system has substantial capacity in reserve.16-18,32

NEUROMUSCULAR JUNCTION

FORMATION OF NEUROTRANSMITTER  
AT MOTOR NERVE ENDINGS

The axon of the motor nerve carries electrical signals 
from the spinal cord to muscles and has all of the bio-
chemical apparatus needed to transform the electrical sig-
nal into a chemical one. All the ion channels, enzymes, 
other proteins, macromolecules, and membrane compo-
nents needed by the nerve ending to synthesize, store, 
and release acetylcholine and other trophic factors are 
made in the cell body and transmitted to the nerve end-
ing by axonal transport (see Fig. 18-2).15,28,29 The simple 
molecules, choline and acetate, are obtained from the 
environment of the nerve ending, where choline is trans-
ported by a special system from extracellular fluid to the 
cytoplasm and acetate in the form of acetyl coenzyme A 
from mitochondria. The enzyme choline acetyltransferase 
brings about the reaction of choline and acetate to form 
acetylcholine. After synthesis, acetylcholine is stored in 
cytoplasm until it is transported and incorporated into 
vesicles, which are better positioned for release when an 
action potential reaches the nerve terminal.

NERVE ACTION POTENTIAL

During a nerve action potential, sodium from outside 
flows across the membrane, and the resulting depolar-
izing voltage opens the calcium channels, which allows 
entry of calcium ions into the nerve and causes acetyl-
choline to be released. A nerve action potential is the 
normal activator that releases the transmitter acetyl-
choline. The number of quanta released by a stimulated 
nerve is greatly influenced by the concentration of ion-
ized calcium in extracellular fluid. If calcium is not pres-
ent, then depolarization of the nerve, even by electrical 
stimulation, will not produce the release of transmitter. 
Doubling the extracellular calcium results in a 16-fold 
increase in the quantal content of an end-plate poten-
tial.33 The calcium current persists until the membrane 
potential is returned to normal by outward fluxes of 
potassium from inside the nerve cell. Along with calcium 
channels on the nerve terminal are potassium channels, 
including the voltage-gated and calcium-activated potas-
sium channels, whose function is to limit entry of cal-
cium into the nerve and therefore depolarization.26,32 The 
calcium current can be prolonged by potassium channel 
blockers (e.g., 4-aminopyridine, tetraethylammonium), 
which slow or prevent the efflux of potassium out of the 
nerve. The increase in quantal content produced in this 
way can reach astounding proportions.17,34 An effect of 
increasing calcium in the nerve ending is also clinically 
observed as the so-called posttetanic potentiation, which 
occurs after a nerve of a patient paralyzed with an NDMR 
is stimulated at high, tetanic frequencies. Calcium enters 
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the nerve with every stimulus, but it accumulates dur-
ing the tetanic period because it cannot be excreted as 
quickly as the nerve is stimulated. Because the nerve end-
ing contains more than the normal amount of calcium 
for some time after the tetanus, a stimulus applied to the 
nerve during this time causes the release of more than the 
normal amount of acetylcholine. The abnormally large 
amount of acetylcholine antagonizes the relaxant and 
causes the characteristic increase in the size of the twitch.

Calcium enters the nerve through specialized proteins 
called calcium channels.15,35 Of the several types of calcium 
channels, two seem to be important for the release of trans-
mitter: P channels and the slower L channels. P channels, 
probably the type responsible for the normal release of 
transmitter, are found only in nerve terminals.13,35 In motor 
nerve endings, they are located immediately adjacent to 
the active zones (see Fig. 18-2). They are voltage dependent 
and are opened and closed by changes in membrane volt-
age caused by the nerve action potential. In addition to 
calcium channels, several forms of potassium channels are 
present in the nerve terminal, including voltage-gated and 
calcium-activated potassium channels. Potassium chan-
nels limit the duration of nerve terminal depolarization 
and hence the entry of calcium and the release of transmit-
ter.26 Alterations in entry of calcium into the nerve ending 
can also alter the release of transmitter. The Eaton-Lambert 
myasthenic syndrome, which should not be confused with 
myasthenia gravis, is an acquired autoimmune disease in 
which antibodies are directed against voltage-gated calcium 
channels at nerve endings.36 In this syndrome, decreased 
function of the calcium channel causes decreased release 
of transmitter, which results in inadequate depolarization 
and muscle weakness. Patients with the Eaton-Lambert 
syndrome exhibit increased sensitivity to depolarizing and 
nondepolarizing relaxants.37

Higher-than-normal concentrations of bivalent inor-
ganic cations (e.g., magnesium, cadmium, manganese) 
can also block the entry of calcium through P channels 
and profoundly impair neuromuscular transmission. This 
mechanism is behind the typical muscle weakness and 
potentiation of the effect of muscle relaxants in a mother 
and fetus when magnesium sulfate is administered to 
treat preeclampsia. P channels, however, are not affected 
by calcium entry–blocking drugs such as verapamil, dilti-
azem, and nifedipine. These drugs have profound effects 
on the slower L channels present in the cardiovascular 
system. As a result, the L-type calcium channel blockers 
have no significant effect at therapeutic doses on the nor-
mal release of acetylcholine or on the strength of normal 
neuromuscular transmission. However, calcium entry–
blocking drugs may increase the block in neuromuscu-
lar transmission induced by NDMRs. The effect is small, 
and not all investigators have been able to observe it. The 
explanation may lie in the fact that nerve endings also 
contain L-type calcium channels.

SYNAPTIC VESICLES AND RECYCLING

Two pools of vesicles seem to release acetylcholine, a 
readily releasable pool and a reserve pool, sometimes 
called VP2 and VP1, respectively.38,39 Vesicles in the for-
mer are a bit smaller and limited to an area very close to 
the nerve membrane, where they are bound to the active 
zones. These vesicles are the ones that ordinarily release 
transmitter. Electron microscopic studies have demon-
strated that the majority of synaptic vesicles (VP1) are 
sequestered in the reserve pool and tethered to the cyto-
skeleton in a filamentous network made up of primarily 
actin, synapsin (an actin-binding protein), synaptotag-
min, and spectrin.38,39

Release occurs when calcium ions enter the nerve 
through the P channels lined up on the sides of the active 
zones by soluble N-ethylmaleimide–sensitive attach-
ment protein receptor (SNARE) proteins.38,39 The SNARE 
proteins are involved in fusion, docking, and release 
of acetylcholine at the active zone. Calcium needs to 
move only a very short distance (i.e., a few atomic radii) 
to encounter a vesicle and activate the proteins in the 
vesicle wall involved in a process known as docking (see 
“Process of Exocytosis” later in this chapter).39 The reac-
tivated proteins seem to react with the nerve membrane 
to form a pore through which the vesicle discharges its 
acetylcholine into the junctional cleft. Studies using flu-
orescent proteins have visualized how synaptic vesicles 
fuse with release sites and release their contents, which 
are then retrieved. Some vesicles stay open briefly before 
retrieval and do not completely collapse into the surface 
membrane (“kiss and run”). Others stay open longer and 
probably do not completely collapse (“compensatory”). 
Still others completely collapse and are not retrieved until 
another stimulus is delivered (“stranded”).38,39

The larger reserve (VP1) vesicles, from their position 
deep from the nerve ending and firmly tethered to the cyto-
skeleton by many proteins, including actin, synapsin (an 
actin-binding protein), synaptotagmin, and spectrin,37,38 
may be moved to the readily releasable store to replace 
worn-out vesicles or to participate in transmission when 
the nerve is called on to work especially hard (e.g., when 
it is stimulated at very high frequencies or for a very long 
time). Under such strenuous circumstances, calcium may 
penetrate more deeply than normal into the nerve or may 
enter through L channels to activate calcium-dependent 
enzymes that break the synapsin links holding the vesicles 
to the cytoskeleton, thereby allowing the vesicles to be 
moved to the release sites. Repeated stimulation requires 
the nerve ending to replenish its store of vesicles filled with 
transmitter, a process known as mobilization. The term is 
commonly applied to the aggregate of all steps involved in 
maintaining the nerve ending’s capacity to release trans-
mitter—everything from the acquisition of choline and 
the synthesis of acetate to the movement of filled vesicles 
to release sites. Uptake of choline and the activity of cho-
line acetyltransferase, the enzyme that synthesizes acetyl-
choline, are probably the rate-limiting steps.15,29

PROCESS OF EXOCYTOSIS

The readily releasable pool of synaptic vesicles constitutes 
the vesicles directly available for release. During an action 
potential and calcium influx, neurotransmitter is released. 
Studies have shed some light on the inner workings by 
which the vesicle releases its contents. The whole process is 
called exocytosis. The SNARE proteins include the synaptic-
vesicle protein, synaptobrevin; the plasmalemma-associated 
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protein, syntaxin; and the synaptosome-associated protein 
of 25-kd (SNAP-25).38,39 The current model of protein-medi-
ated membrane fusion in exocytosis is as follows. When 
there is an action potential and calcium ions enter, synap-
sin becomes phosphorylated, which frees the vesicle from 
its attachment to the cytoskeleton. Syntaxin and SNAP-25 
are complexes attached to the plasma membrane. After the 
initial contact, the synaptobrevin on the vesicle forms a 
ternary complex with syntaxin and SNAP-25. Synaptotag-
min is the protein on the vesicular membrane that acts as 
a calcium sensor, localizes the synaptic vesicles to synaptic 
zones rich in calcium channels, and stabilizes the vesicles 
in the docked state.38 Assembly of the ternary complex 
forces the vesicle to move close to the underlying nerve 
terminal membrane (i.e., the active zone), and the vesicle 
is then ready for release (see Fig. 18-3). The close proximity 
of release sites, calcium channels, and synaptic vesicles and 
the use of the calcium sensor lead to a burst of release of 
new transmitter synchronous with the stimulus.37-40 The 
vesicle can release part or all of its contents, some of which 
can be recycled to form new vesicles as previously described 
(“kiss and run,” “compensatory,” “stranded”).37-40

Botulinum neurotoxin selectively digests one or all of 
these SNARE proteins and blocks exocytosis of the vesi-
cles,41-42 which ultimately results in muscle weakness or 
more profound muscle paralysis. This toxin may produce 
a partial or complete chemical denervation. Botulinum 
toxin is therapeutically used to treat spasticity or spasm 
in several neurologic and surgical diseases, to prevent 
hyperhidrosis in patients with excessive sweating, and 
cosmetically to correct wrinkles.43,44 Botulinum toxin 
consists of two protein segments known as heavy and 
light chains. The heavy chain interacts with lipid mol-
ecules called polysialogangliosides in the cell membrane 
and synaptotagmin on the vesicle to enter the vesicle. 
Once in the vesicle, the light chain inactivates neuromus-
cular transmission by breakdown and thereby inhibits 
the function of SNARE proteins (Fig. 18-4). Some reports 
indicate an increased incidence of clostridial infections 
in both Canada and the United States, with Clostridium 
botulinum infection being particularly common after trau-
matic injuries, in drug abusers, and after musculoskeletal 
allografts.6,7 Thus systemic paralysis can occur after clos-
tridial infection. Local injection for therapeutic purposes 
will usually result in localized paresis, although systemic 
effects have been reported.7,45

ACETYLCHOLINESTERASE

The acetylcholine released from the nerve diffuses across 
the junctional cleft and reacts with specialized receptor 
proteins in the end plate to initiate muscle contraction. 
Transmitter molecules that do not immediately react 
with a receptor or those released after binding to the 
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receptor are almost instantly destroyed by acetylcholin-
esterase in the junctional cleft. Acetylcholinesterase at 
the junction is the asymmetric or A12-form protein made 
in the muscle under the end plate. Acetylcholinesterase 
(enzyme classification 3.1.1.7) is a type B carboxylesterase 
enzyme. A smaller concentration of the enzyme is found 
in the extrajunctional area. The enzyme is secreted from 
the muscle but remains attached to it by thin stalks of 
collagen fastened to the basement membrane.15,37 Most 
of the molecules of acetylcholine released from the nerve 
initially pass between the enzymes to reach the postjunc-
tional receptors; however, as they are released from the 
receptors, they invariably encounter acetylcholinesterase 
and are destroyed. Under normal circumstances, a mole-
cule of acetylcholine reacts with only one receptor before 
it is hydrolyzed. Acetylcholine is a potent messenger, but 
its actions are very short lived because it is destroyed in 
less than 1 millisecond after it is released.

Some congenital and acquired diseases are caused by 
altered activity of acetylcholinesterase. The congeni-
tal absence of the secreted enzyme (in knock-out mice) 
leads to impaired maintenance of the motor neuronal 
system and organization of nerve terminal branches.46 
Many syndromes caused by congenital abnormalities in 
cholinesterase function have been described and result 
in neuromuscular disorders whose symptoms and signs 
usually resemble those of myasthenia gravis or myas-
thenic syndromes.27,47 Denervation decreases acetylcho-
linesterase at the junctional and extrajunctional areas.37 
Other acquired diseases involving cholinesterases are 
related to chronic inhibition of acetylcholinesterase by 
organophosphate pesticides or nerve gas (e.g., sarin) or 
to chronic pyridostigmine therapy given as prophylaxis 
against nerve gas poisoning.48,49 Symptoms ranging from 
chronic fatigue to muscle weakness have been attributed 
to chronic cholinesterase inhibition, thus underscor-
ing the importance of acetylcholinesterase in normal 
and abnormal neuromuscular function. A recent rodent 
study confirms that the muscle weakness associated with 
chronic pyridostigmine therapy is related to both AChRs 
downregulation and to receptor-independent factors.50

POSTJUNCTIONAL ACETYLCHOLINE 
RECEPTORS

The similarity of AChRs among many species and the 
abundance of AChRs from Torpedo electric fish have greatly 
facilitated research in this area. The availability of mes-
senger RNA from humans and other species and DNA has 
allowed the study of the receptor in artificial systems such 
as oocytes from frogs and in mammalian cells that do 
not express the receptor, such as COS or fibroblast cells. 
Receptors can also be mutated by molecular techniques to 
simulate pathologic states; the study receptor function in 
these artificial systems can then be studied. By using these 
and related techniques, much has been learned about the 
synthesis, composition, and biologic function and mecha-
nisms that underlie the physiologic and pharmacologic 
responses in AChRs.51-53 Three isoforms of postjunctional 
nicotinic AChRs exist: a junctional or mature receptor, an 
extrajunctional or immature (fetal) receptor, and the more 
recently described neuronal α7 receptor2,16,18 (see “Biology 
of Prejunctional and Postjunctional Nicotinic Receptors” 
later in this chapter). The differences between receptor sub-
types, however, can be neglected in a general discussion of 
the role of receptors in neuromuscular transmission.
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AChRs are synthesized in muscle cells and are anchored 
to the end-plate membrane by a special 43-kd protein 
known as rapsyn. This cytoplasmic protein is associated 
with the AChR in a 1:1 ratio.16-19 The receptors, formed 
of five subunit proteins, are arranged like the staves of a 
barrel into a cylindrical receptor with a central pore for ion 
channeling (the key features are illustrated in Fig. 18-4). 
The receptor protein has a molecular mass of approxi-
mately 250,000 daltons. Each receptor has five subunits. 
The mature receptor consists of α1-, β1-, δ-, and ε-subunits, 
and the fetal (immature, extrajunctional) receptor con-
sists of α1-, β1-, δ-, and γ-subunits; there are two subunits 
of α and one each of the others. The neuronal α7 AChR 
consists of five α7-subunits.16,18 Each of all receptor sub-
units consists of approximately 400 to 500 amino acids. 
The receptor-protein complex passes entirely through the 
membrane and protrudes beyond the extracellular surface 
of the membrane and into the cytoplasm. The binding site 
for acetylcholine is on each of the α1-subunits, which is 
located on the extracellular component and α1-subunit, 
and these are the sites of competition between recep-
tor agonists and antagonists. Agonists and antagonists 
are attracted to the binding site, and either may occupy 
the site, which is located near cysteine residues (unique 
to the α-chain) at amino acid positions 192-193 of the 
α-subunit.16-18 Radiolabeled α-bungarotoxin from the 
cobra, used to quantitate or fluorescent stain the receptor, 
binds to heptapeptide region 185-199 of the α-subunit.54 
Motor neuron–derived neuregulin-1β (NRβ-1), originally 
described as AChR-inducing activity (ARIA), induces AChR 
gene transcription in subsynaptic myonuclei by activating 
ErbB receptors.16-19

SYNTHESIS AND STABILIZATION  
OF POSTJUNCTIONAL RECEPTORS

Muscle tissue is formed from the mesoderm and ini-
tially appears as myoblasts. Myoblasts fuse to produce 
myotubes, which therefore have multiple nuclei. As the 
myotubes mature, the sarcomere, which is the contractile 
element of the muscle consisting of actin and myosin, 
develops.55 The protein β-integrin seems to be essential 
for myoblast fusion and sarcomere assembly.55 Shortly 
afterward, motor nerve axons grow into the developing 
muscle, and these axons bring in nerve-derived signals 
(i.e., growth factors), including agrin and neuregulins 
(NRβ-1 and NRβ-2), which are key to the maturation of 
myotubes to muscle.19 Agrin is a protein from the nerve 
that stimulates postsynaptic differentiation by activating 
muscle-specific tyrosine kinase (MuSK), a tyrosine kinase 
expressed selectively in muscle. With signaling from 
agrin, the AChRs, which have been scattered through-
out the muscle membrane, cluster at the area immedi-
ately beneath the nerve. Agrin, together with neuregulins 
and other growth factors, induce the clustering of other 
critical muscle-derived proteins, including MuSK, rapsyn, 
and ErbB proteins, all of which are necessary for matura-
tion and stabilization of AChRs at the junction. In addi-
tion to the effects on postsynaptic differentiation, agrin 
and MuSK display effects on presynaptic differentiation 
as well. Agrin and MuSK induce retrograde signals that 
instruct axons to undergo neuron outgrowth and terminal 
differentiation.19 Current understanding of presynaptic 
development of the neuromuscular junction, however, 
is significantly less advanced than the understanding of 
postsynaptic development. Just before and shortly after 
birth, the immature, γ-subunit–containing AChRs are 
replaced by the mature, ε-subunit–containing receptors. 
Although the mechanism of this change is unclear, a neu-
regulin, NRβ-1, also called ARIA, that binds to one of the 
ErbB receptors seems to play a role.19,56

BASIC ELECTROPHYSIOLOGY  
OF NEUROTRANSMISSION

Progress in electrophysiologic techniques has moved at 
a pace equal with the advances in molecular approaches 
for studying prejunctional and postjunctional recep-
tors. Patch-clamping is a technique during which a 
glass micropipette is used to probe the membrane sur-
face until a single functional receptor is encompassed. 
The tip of the pipette is pressed into the lipid of the 
membrane, and the electronic apparatus is arranged 
to keep the membrane potential clamped (i.e., fixed), 
and the current that flows through the channel of the 
receptor is measured. The solution in the pipette can 
contain acetylcholine, muscle relaxant, another drug, 
or a mixture of drugs. By applying these drugs to the 
receptor through the micropipette, electrical changes 
can be monitored.

Figure 18-5 illustrates the results of the classic depo-
larizing action of acetylcholine on end-plate receptors. 
Normally, the pore of the channel is closed by approxi-
mation of the cylinders (i.e., subunits). When an ago-
nist occupies both α-subunit sites, the protein molecule 
undergoes a conformational change with a twisting 
movement along the central axis of the receptor that 
results in the opening of the central channel through 
which ions can flow along a concentration gradient. 
When the central channel is open, sodium and calcium 
flow from the outside of the cell to the inside and potas-
sium flows from the inside to the outside. The channel 
in the tube is large enough to accommodate many cat-
ions and electrically neutral molecules, but it excludes 
anions (e.g., chloride). The current transported by the 
ions depolarizes the adjacent membrane. The net cur-
rent is depolarizing and creates the end-plate potential 
that stimulates the muscle to contract. In this instance, 
downward-going (i.e., depolarizing) current can be 
recorded by the patch-clamp electrophysiologic tech-
nique previously described (see Fig. 18-4).

The pulse stops when the channel closes by a reversed 
mechanical conformation (see earlier discussion), 
which is typically initiated when one or both agonist 
molecules detach from the receptor. In the activated, 
open state, the current that passes through each open 
channel is minuscule, only a few picoamperes (approx-
imately 104 ions/msec). However, each burst of acetyl-
choline from the nerve normally opens approximately 
500,000 channels simultaneously, and the total cur-
rent is more than adequate to produce depolarization 
of the end plate and contraction of muscle. Opening of 
a channel causes conversion of chemical signals from 
a nerve to the flow of current on the muscle disease to 
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CurareAcetylcholine
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A B C D
Figure 18-5. Actions of acetylcholine or curare on end-plate receptors. A, The ion channel is inactive and does not open in the absence of 
acetylcholine. B, Although one acetylcholine molecule (filled circle) is binding to one of two binding sites, the central channel does not open.  
C, When acetylcholine simultaneously binds to the recognition sites of both α-subunits (filled circles), a conformation change is triggered that 
opens the channel and allows the cations to flow across the membrane. D, Action of antagonists such as curare (filled square). Acetylcholine is 
in competition with tubocurarine for the receptor’s recognition site but may also react with acetylcholinesterase. Tubocurarine is a prototypical 
nondepolarizing muscle relaxant. Inhibiting the acetylcholinesterase enzyme increases the lifetime of acetylcholine and the probability that it will 
react with a receptor. When one of the two binding (recognition) sites is occupied by curare, the receptor will not open, even if the other binding 
site is occupied by acetylcholine. Ca2++, Calcium ion; K+, potassium ion; Na+, sodium ion.
cause end-plate potentials, thereby leading to muscle 
contraction. The end-plate potential has been viewed 
as a graded event that may be reduced in magnitude or 
extended in time by drugs, but, in reality, the end-plate 
potential is the summation of many all-or-nothing 
events simultaneously occurring at myriad ion chan-
nels. It is these tiny events that are affected by drugs.

Receptors that do not have two molecules of ago-
nist (e.g., acetylcholine) bound remain closed. Both 
α-subunits must be simultaneously occupied by agonist; 
if only one of them is occupied, then the channel remains 
closed (see Fig. 18-5). This is the basis for preventing 
depolarization by antagonists. NDMRs act by binding to 
either or both α-subunits and thus preventing acetylcho-
line from binding and opening the channel. This inter-
action between agonists and antagonists is competitive, 
and the outcome—transmission or block—depends on 
the relative concentrations and binding characteristics of 
the drugs involved (see “Drug Effects on Postjunctional 
Receptors”).

Individual channels are also capable of a wide vari-
ety of conformational states.17,57 They may stay open or 
remain closed and thereby affect total current flow across 
the membrane, but they can do more. They may open 
for a longer or shorter time than normal, open or close 
more gradually than usual, open briefly and repeatedly 
(i.e., chatter), or pass fewer or more ions per opening 
than they usually do. Their function is also influenced 
by drugs, changes in fluidity of the membrane, tem-
perature, electrolyte balance in the milieu, and other 
physical and chemical factors.38,39 Receptor channels are 
dynamic structures that are capable of a wide variety of 
interactions with drugs and of entering a wide variety of 
current-passing states. All these influences on channel 
activity are ultimately reflected in the strength or weak-
ness of neuromuscular transmission and the contraction 
of a muscle.
DRUG EFFECTS ON POSTJUNCTIONAL 
RECEPTORS

CLASSIC ACTIONS OF NONDEPOLARIZING 
MUSCLE RELAXANTS

Neurotransmission occurs when acetylcholine released 
by the nerve action potential binds to nicotinic AChRs. 
All NDMRs impair or block neurotransmission by com-
petitively preventing the binding of acetylcholine to the 
muscle AChR. The final outcome—block or transmission—
depends on the relative concentrations of the chemicals 
and their comparative affinities for the receptor. Figure 
18-5 shows a system exposed to acetylcholine and the non-
depolarizing neuromuscular blocking compound, tubo-
curarine. All other muscle relaxants (e.g., pancuronium, 
vecuronium) (also see Chapter 34) have similar actions as 
that of tubocurarine. One receptor has attracted two ace-
tylcholine molecules and has opened its channel, where 
current will flow to depolarize that segment of membrane. 
Another has attracted one tubocurarine molecule; its chan-
nel will not open, and no current will flow, even if one 
acetylcholine molecule binds to the other site. The third 
receptor has acetylcholine on one α-subunit and nothing 
on the other. What will happen depends on which of the 
molecules binds. If acetylcholine binds, then the channel 
will open and the membrane will be depolarized; if tubo-
curarine binds, then the channel will remain closed and 
the membrane will not be depolarized. At other times, one 
or two tubocurarine molecules may attach to the receptor, 
in which case the receptor is not available to agonists; no 
current flow is recorded. In the presence of moderate con-
centrations of tubocurarine, the amount of current flowing 
through the entire end plate at any instant is reduced from 
normal, which results in a smaller end-plate potential and, 
if carried far enough, a block in neurotransmission or the 
production of neuromuscular paralysis.
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Normally, acetylcholinesterase destroys acetylcholine 
and removes it from competition for a receptor; there-
fore tubocurarine has a better chance of inhibiting trans-
mission. If, however, an inhibitor of acetylcholinesterase 
such as neostigmine is added, then the cholinesterase 
cannot destroy acetylcholine. The concentration of ago-
nist in the cleft remains high, and this high concentra-
tion shifts the competition between acetylcholine and 
tubocurarine in favor of the former, thereby improving 
the chance of two acetylcholine molecules binding to a 
receptor even though tubocurarine is still in the environ-
ment. This mechanism causes the cholinesterase inhibi-
tors to overcome the neuromuscular paralysis produced 
by NDMRs. The channel opens only when acetylcholine 
attaches to both recognition sites. A single molecule of 
antagonist, however, is adequate to prevent depolariza-
tion of that receptor. This modifies the competition by 
strongly biasing it in favor of the antagonist (relaxant). 
Mathematically, if the concentration of tubocurarine is 
doubled, then the concentration of acetylcholine must 
be increased fourfold if acetylcholine is to remain com-
petitive. Paralysis produced by high concentrations of 
muscle relaxants (antagonist) is more difficult to reverse 
with cholinesterase inhibitors than that produced by 
low concentrations. After large doses of NDMRs, cholin-
esterase inhibitors may be ineffective until the concen-
tration of relaxant in the perijunctional area decreases 
to a lower level by the redistribution or elimination of 
the drug. In contrast to reversal with a cholinesterase 
inhibitor, cyclodextrin encapsulation takes place at any 
concentration of a steroid-based compound, such as 
vecuronium or rocuronium, and reversal by this novel 
mechanism can therefore be achieved at any level of 
neuromuscular block provided the amount of cyclodex-
trin (sugammadex) is large enough (for further details, 
see also Chapter 35).

CLASSIC ACTIONS OF DEPOLARIZING 
MUSCLE RELAXANTS

Depolarizing relaxants (e.g., succinylcholine, decame-
thonium) initially simulate the effect of acetylcholine 
and can therefore be considered agonists, despite the 
fact that they block neurotransmission after the initial 
stimulation. Structurally, succinylcholine is very similar 
to the natural ligand acetylcholine and consists of two 
molecules of acetylcholine bound together through their 
backbones. It is thus not surprising that succinylcholine 
can mimic the effects of acetylcholine.

Succinylcholine or decamethonium can bind to the 
receptor, open the channel, pass current, and depolarize 
the end plate. These agonists, similar to acetylcholine, 
attach only briefly; each opening of a channel is very 
short in duration―1 millisecond or less. The response 
to acetylcholine, however, is over in milliseconds 
because of its rapid degradation by acetylcholinesterase, 
and the end plate resets to its resting state long before 
another nerve impulse arrives. In contrast, the depolar-
izing relaxants characteristically have a biphasic action 
on muscle—an initial contraction, followed by relax-
ation lasting from minutes to hours. Because they are 
not susceptible to hydrolysis by acetylcholinesterase, 
Na+

Figure 18-6. Illustration of a sodium (Na+) channel. The bars rep-
resent parts of the molecule that act as gates. The upper bar is volt-
age dependent; the lower bar is time dependent. The left side of the 
drawing represents the resting state. Once activated by a change in 
voltage, the molecule and its gates progress as illustrated (left to right). 
See text for details.

the depolarizing relaxants are not eliminated from the 
junctional cleft until after they are eliminated from 
plasma. The time required to clear the drug from the 
body is the principal determinant of how long the drug 
effect lasts. Whole-body clearance of the relaxant is very 
slow in comparison to acetylcholine, particularly when 
plasma (pseudo) cholinesterase is abnormal. Because the 
relaxant molecules are not quickly cleared from the cleft, 
compared with acetylcholine, they repeatedly react with 
receptors even with normal levels of plasma cholines-
terase, almost immediately attaching to a receptor after 
separating from another, thereby repeatedly depolariz-
ing the end plate and opening channels. For details on 
the effect of succinylcholine in patients with cholines-
terase deficiency, also see Chapter 34.

The quick shift from excitation of muscle contrac-
tion to block of transmission by depolarizing relaxants 
occurs because the end plate is continuously depolar-
ized. This comes about as a result of the juxtaposition 
of the edge of the end plate with a different kind of ion 
channel, the sodium channel that does not respond to 
chemicals but opens when exposed to a transmembrane 
voltage change. The sodium channel is also a cylindrical 
transmembrane protein through which sodium ions can 
flow. Two parts of its structure act as gates that allow 
or stop the flow of sodium ions.58 Both gates must be 
open if sodium is to flow through the channel; closing 
of either cuts off the flow. Because these two gates act 
sequentially, a sodium channel has three functional 
conformational states and can progressively move from 
one state to another (Fig. 18-6).

When the sodium channel is in its resting state, the 
lower gate (i.e., the time-dependent or inactivation gate) 
is open, but the upper gate (i.e., the voltage-dependent 
gate) is closed, and sodium ions cannot pass. When the 
molecule is subjected to a sudden change in voltage by 
the depolarization of the adjacent membrane, the top 
gate opens; because the bottom (time-dependent) gate 
is still open, sodium flows through the channel. The 
voltage-dependent gate stays open as long as the mol-
ecule is experiencing a depolarizing influence from the 
membrane around it; it will not close until the depolar-
ization disappears. However, shortly after the voltage-
dependent gate opens, the bottom gate closes and again 
cuts off the flow of ions. It cannot open again until the 
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voltage-dependent gate closes. When depolarization of 
the end plate stops, the voltage-dependent gate closes, 
the time-dependent gate opens, and the sodium channel 
returns to its resting state. This whole process is short 
lived when depolarization occurs with acetylcholine.58 
The initial response of a depolarizing muscle relaxant 
resembles that of acetylcholine, but because the muscle 
relaxant is not rapidly hydrolyzed, depolarization of the 
end plate is not brief.

Depolarization of the end plate by the depolarizing 
relaxant initially causes the voltage gate in adjacent 
sodium channels to open, thereby producing a wave of 
depolarization that sweeps along the muscle and gen-
erates a muscle contraction. Shortly after the voltage-
dependent gate opens, the time-dependent inactivation 
gate closes. Because the relaxant is not removed from the 
cleft, the end plate continues to be depolarized. Because 
the sodium channels immediately adjacent to the end 
plate are influenced by depolarization of the end plate, 
their voltage-dependent gates stay open and their inac-
tivation gates stay closed. Since sodium cannot flow 
through a channel that has a closed inactivation gate, 
the perijunctional muscle membrane does not depolar-
ize. When the flow of ions through sodium channels in 
the perijunctional zone stops because of a closure of the 
inactivation gates, the channels downstream (beyond 
the perijunctional zone) are freed of depolarizing influ-
ence. In effect, the perijunctional zone becomes a buf-
fer that shields the rest of the muscle from events at the 
end plate. Consequently, the muscle membrane is sepa-
rated into three zones: (1) the end plate, which is depo-
larized by succinylcholine; (2) the perijunctional muscle 
membrane, in which the sodium channels are frozen in 
an inactivated state; and (3) the rest of the muscle mem-
brane, in which the sodium channels are in the resting 
state. Because a burst of acetylcholine from the nerve 
cannot overcome the inactivated sodium channels in 
the perijunctional zone, neuromuscular transmission is 
blocked. This phenomenon is also called accommodation. 
During accommodation, when the synapse is inexcitable 
through the nerve (transmitter), direct electrical stimu-
lation of muscle causes muscle contraction because the 
sodium channels beyond the junctional area are in the 
resting excitable state.

The extraocular muscles are tonic muscles, which 
are multiply innervated and chemically excitable along 
most of its surface.20-23 Despite its innervated state, 
the ocular muscles express both mature and immature 
receptors.20,22 Accommodation does not occur, and 
these muscles can undergo a sustained contracture in 
the presence of succinylcholine. The tension thus devel-
oped forces the eye against the orbit and accounts for 
part of the increase in intraocular pressure produced by 
depolarizing relaxants (also see Chapter 34). The extra-
ocular muscles contain a special type of receptor that 
does not become desensitized (see later discussion) dur-
ing the continued presence of acetylcholine or other 
agonists.21,23 A single dose of succinylcholine can cause 
contracture lasting several minutes.23 Whether it is the 
immature γ-subunit AChR or the α7 AChR subunit that 
plays a role in this resistance to desensitization in the 
ocular muscles is unknown.
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NONCLASSIC AND NONCOMPETITIVE 
ACTIONS OF NEUROMUSCULAR DRUGS

Several drugs can interfere with the receptor, directly or 
through its lipid environment, and can change transmis-
sion. These drugs react with the neuromuscular receptor 
to change its function and impair transmission, but they 
do not act through the acetylcholine binding site. These 
reactions cause drug-induced changes in the dynamics of 
the receptor; instead of sharply opening and closing, the 
modified channels are sluggish. They open more slowly 
and stay open longer, or they close slowly and in sev-
eral steps, or both. These effects on channels cause cor-
responding changes in the flow of ions and distortions 
of the end-plate potential. The clinical effect depends on 
the molecular events. For example, procaine, ketamine, 
inhaled anesthetics, or other drugs that dissolve in the 
membrane lipid may change the opening or closing char-
acteristics of the channel.57,59 If the channel is prevented 
from opening, then transmission is weakened. If, how-
ever, the channel is prevented from or slowed in clos-
ing, then transmission may be enhanced. These drugs do 
not fit the classic model, and the impaired neuromuscu-
lar function is not antagonized by increasing perijunc-
tional acetylcholine concentrations with cholinesterase 
inhibitors. Such drugs can be involved in two clinically 
important reactions: receptor desensitization and chan-
nel blockade. The former occurs in the receptor molecule, 
whereas the latter occurs in the ion channel.

DESENSITIZATION BLOCK

The AChR, as a result of its flexibility and the fluidity of 
the lipid around it, is capable of existing in a number of 
conformational states.57-61 Because the resting receptor 
is free of agonist, its channel is closed. The second state 
exists when two molecules of agonist are bound to the 
α-subunit of the receptor and the receptor has undergone 
the conformational change that opens the channel and 
allows ions to flow. These reactions are the bases of nor-
mal neuromuscular transmission. Some receptors that 
bind to agonists, however, do not undergo the confor-
mational change to open the channel. Receptors in these 
states are called desensitized (i.e., they are not sensitive to 
the channel-opening actions of agonists). They bind ago-
nists with exceptional avidity, but the binding does not 
result in the opening of the channel. The mechanisms by 
which desensitization occurs are not known. The recep-
tor macromolecule, 1000 times larger by weight than 
most drugs or gases, provides many places at which the 
smaller molecules may act. The interface between lipid 
and receptor protein provides additional potential sites of 
reaction. Several different conformations of the protein 
are known, and because acetylcholine cannot cause the 
ion channel to open in any of them, they all are included 
in the functional term desensitization. Desensitization is 
accompanied by phosphorylation of a tyrosine unit in 
the receptor protein.61,62

Although agonists (e.g., succinylcholine) induce 
desensitization, the receptors are in a constant state 
of transition between resting and desensitized states, 
regardless of whether agonists are present. Agonists do 
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promote transition to a desensitized state or, because 
they bind very tightly to desensitized receptors, trap a 
receptor in a desensitized state. Antagonists also tightly 
bind to desensitized receptors and can trap molecules 
in these states. This action of antagonists is not com-
petitive with that of acetylcholine; it may be augmented 
by acetylcholine if the latter promotes the change to a 
desensitized state. Desensitization can lead to significant 
misinterpretation of data. Superficially, the preparation 
seems to be normal, but its responsiveness to agonists 
or antagonists is altered. One variety occurs very rap-
idly, within a few milliseconds after application of an 
agonist, which may explain the increased sensitivity to 
nondepolarizing relaxant after the prior administration 
of succinylcholine. Desensitization may also be a part of 
the phenomenon known as phase II block (see “Phase II 
Block,” later in this chapter), which is caused by a pro-
longed administration of depolarizing relaxants. Phase II 
block is frequently referred to as a desensitization block, 
but it should not be because desensitization of receptors 
is only one of many phenomena that contribute to the 
process.

Many other drugs used by anesthetists also promote 
the shift of receptors from a normal state to a desensi-
tized state.58-60 These drugs, some of which are listed in 
Box 18-1, can weaken neuromuscular transmission by 
reducing the margin of safety that normally exists at the 
neuromuscular junction, or they can cause an appar-
ent increase in the capacity of nondepolarizing agents 
to block transmission. These actions are independent 
of the classic effects, based on competitive inhibition 
of acetylcholine. The presence of desensitized recep-
tors means that fewer receptor channels than usual are 
available to carry transmembrane current. The produc-
tion of desensitized receptors decreases the efficacy 
of neuromuscular transmission. If many receptors are 
desensitized, then insufficient normal ones are left to 
depolarize the motor end plate, and neuromuscular 
transmission will not occur. Even if only some recep-
tors are desensitized, neuromuscular transmission will 
be impaired, and the system will be more susceptible to 
block by conventional antagonists such as atracurium 
or rocuronium.

CHANNEL BLOCK

Local anesthetics and calcium entry blockers prevent 
the flow of sodium or calcium through their respec-
tive channels, thus explaining the term channel-blocking 
drugs. Similarly, block of the flow of ions can occur at 
the AChR with concentrations of drugs used clinically 
and may contribute to some of the phenomena and 
drug interactions observed at the receptor. Two major 
types, closed-channel and open-channel block, can 
occur.60,63,64 In a closed-channel block, certain drugs can 
occupy the mouth of the channel and prevent ions from 
passing through the channel to depolarize the end plate. 
The process can take place even when the channel is not 
open. In an open-channel block, a drug molecule enters 
a channel that has been opened by reaction with acetyl-
choline but does not necessarily penetrate all the way 
through. Open-channel blockade is a use-dependent 
Volatile anesthetics
Halothane
Sevoflurane
Isoflurane

Antibiotics
Polymyxin B

Cocaine
Alcohols

Ethanol
Butanol
Propanol
Octanol

Barbiturates
Thiopental
Pentobarbital

Agonists
Acetylcholine
Decamethonium
Carbachol
Succinylcholine

Acetylcholinesterase inhibitors
Neostigmine
Pyridostigmine
Difluorophosphate
Edrophonium

Local anesthetics
Dibucaine
Lidocaine
Prilocaine
Etidocaine

Phenothiazines
Chlorpromazine
Trifluoperazine
Prochlorperazine

Phencyclidine
Calcium channel blockers

Verapamil  

BOX 18-1 Drugs That Can Cause or Promote 
Desensitization of Nicotinic Cholinergic 
Receptors

block, which means that molecules can enter the chan-
nel only when it is open. In open- and closed-channel 
blocks, the normal flow of ions through the receptor is 
impaired, thereby resulting in the prevention of depo-
larization of the end plate and a weakened or blocked 
neuromuscular transmission. However, because the 
action is not at the acetylcholine recognition site, it is 
not a competitive antagonism of acetylcholine and is 
not relieved by anticholinesterases that increase concen-
trations of acetylcholine. Increasing the concentration 
of acetylcholine may cause the channels to open more 
often and, consequently, become more susceptible to 
blockade by use-dependent compounds. Evidence sug-
gests that neostigmine and related cholinesterase inhibi-
tors can act as channel-blocking drugs.17,63

Channel block may account for the antibiotic-, cocaine, 
quinidine-, piperocaine-, tricyclic antidepressant–, nal-
trexone-, naloxone-, and histrionicotoxin-induced altera-
tions in neuromuscular function. Muscle relaxants, in 
contrast, can bind to the acetylcholine recognition site 
of the receptor and occupy the channel. Pancuronium 



Chapter 18: Neuromuscular Physiology and Pharmacology 437
preferentially binds to the recognition site. Gallamine 
seems to act equally at the two sites (channel-blocking 
and acetylcholine-blocking sites). Tubocurarine is in 
between; at small doses that clinically produce minimal 
blockage of transmission, the drug is essentially a pure 
antagonist at the recognition site; at larger doses, it also 
enters and blocks channels. Decamethonium and succi-
nylcholine, as agonists, can open channels and, as slender 
molecules, also enter and block them. Decamethonium 
and some other long, thin molecules can penetrate all the 
way through the open channel and enter the cytoplasm 
of muscle cells. Whether prolonged administration of 
NDMRs, as used in an intensive care unit, can result in 
the NDMR occupation of the channel, and even entry of 
drug into the cytosol is unknown.

PHASE II BLOCK

A phase II block is a complex phenomenon associated 
with a typical fade in muscle during continuous exposure 
to depolarizing drugs. This fade phenomenon is likely 
due to the interaction of depolarizing action of succi-
nylcholine on distinct neuronal (prejunctional) AChRs; 
these prejunctional receptors are blocked by higher 
than usual concentrations of succinylcholine. This fade 
after succinylcholine is at least partly dependent on a 
presynaptic interaction with cholinergic transmission 
of importance for neurotransmitter mobilization and 
release. However, fade in muscle during repetitive nerve 
stimulation can also be attributable to postjunctional 
AChR block.65

Other factors may also be involved. The repeated 
opening of channels allows a continuous efflux of potas-
sium and influx of sodium, and the resulting abnormal 
electrolyte balance distorts the function of the junctional 
membrane. Calcium entering the muscle through the 
opened channels can cause disruption of receptors and 
the sub–end-plate elements themselves. The activity of 
the sodium-potassium adenosine triphosphatase pump 
in the membrane increases with increasing intracellu-
lar sodium and, by pumping sodium out of the cell and 
potassium into it, works to restore the ionic balance and 
membrane potential toward normal. As long as the depo-
larizing drug is present, the receptor channels remain 
open and ion flux through them remains frequent.66

Factors influencing the development of a phase II 
block include the duration of exposure to the drug, the 
particular drug used and its concentration, and even 
the type of muscle (i.e., fast or slow twitch). Interac-
tions with anesthetics and other agents also affect the 
process. All of these drugs may also have prejunctional 
effects on the rate and amount of transmitter released 
and mobilized. With so many variables involved in the 
interference with neuromuscular transmission, a phase 
II block is a complex and ever-changing phenomenon. 
The reversal response of a phase II block produced by 
a depolarizing muscle relaxant to the administration 
of cholinesterase inhibitors is difficult to predict. It is 
therefore best that reversal by cholinesterase inhibitors 
not be attempted, although the response to tetanus or 
train-of-four stimulation resembles that produced by 
NDMRs.
BIOLOGY OF PREJUNCTIONAL 
AND POSTJUNCTIONAL NICOTINIC 
ACETYLCHOLINE RECEPTORS

POSTJUNCTIONAL CONVENTIONAL 
ACETYLCHOLINE RECEPTORS IN MUSCLE 
VERSUS NEURONAL ACETYLCHOLINE 
RECEPTORS IN MUSCLE

Currently, three variants of postjunctional AChRs have 
been identified. The AChR isoform present in the inner-
vated, adult neuromuscular junction is referred to as the 
adult, mature, or junctional receptor. Another AChR iso-
form, also described more than 4 decades ago, is expressed 
when activity in muscle is decreased, as observed in the 
fetus before innervation or after chemically or physi-
cally induced immobilization; after lower or upper motor 
neuron injury, burns, or sepsis; or after other events that 
cause increased muscle protein catabolism, including 
sepsis or generalized inflammation.1-3 In contrast with 
the mature or junctional receptors, the other isoform is 
referred to as the immature, extrajunctional, or fetal form 
of AChR. Some evidence suggests that the immature iso-
form is not observed in the muscle protein catabolism 
and wasting that occur with malnutrition.67 Qualitative 
differences in the mature isoform can occur as a result 
of gene mutations, which therefore alters the subunit 
protein structure. These qualitative changes in AChR can 
also cause abnormalities in neurotransmission (e.g., slow- 
or fast-channel syndrome)27,47 and therefore the response 
to muscle relaxants.

At the molecular level, the mature and immature 
receptors consists of five subunits (see Fig. 18-4).1-3 The  
mature junctional receptor is a pentamer of two α1-
subunits and one each of the β1-, δ7-, and ε-subunits. 
The immature receptor consists of two α-subunits and 
one each of the β7-, δ7-, and γ-subunits; that is, in the 
immature receptor, the γ-subunit is present instead of 
the ε-subunit. The γ- and ε-subunits differ very little from 
each other in amino acid homology, but the differences 
are great enough to affect the physiologic function and 
pharmacologic characteristics of the receptor and its ion 
channel. Junctional receptors are always confined to the 
end-plate region of the muscle membrane. The immature, 
or extrajunctional, receptor may be expressed anywhere 
on the muscle membrane, although their junctional 
expression seems minimal.16 During development and in 
certain pathologic states, junctional and extrajunctional 
receptors can coexist in the perijunctional area of the 
muscle membrane (Fig. 18-7).

Quite in contrast to the conventional muscle AChRs 
consisting of α1-, β1-, δ-, and ε/γ-subunits described earlier, 
receptors formed of α7 AChR subunits have recently been 
found in skeletal muscle during immobilization, sepsis, 
and denervation.68,69 Two recent studies have evidenced 
the increased expression of α7 AChR subunits in muscle 
by Western blotting, ligand binding or genetic techniques 
after sepsis, and burn injury or immobilization, during 
which no overt denervation occurs.16,70 These α7 AChR 
subunits are homomeric (i.e., formed of the same sub-
units) channels arranged as pentameres (see Fig. 18-4). 
Ligand (drug)–binding pockets are thought to be formed 
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Figure 18-7. Distribution of acetylcholine receptors in developing 
adult, mature, denervated muscle or in immobilized or inflammation-
induced catabolic muscle. A and B, In the early fetal stage, mononucle-
ated myoblasts, derived from the mesoderm, fuse with each other to 
form multinucleated myotubes. The γ-subunit–containing immature 
acetylcholine receptors (AChRs) and the neuronal α7-subunit AChRs 
are scattered throughout the muscle membrane before innervation. 
C, As the nerve makes contact with muscle, clustering of the receptors 
occurs at the synapse and is associated with some loss of extrasyn-
aptic receptors. D, Maturation of the junction is said to occur when 
ε-subunit–containing receptors replace γ-subunit– and α7-subunit–
containing AChRs at the neuromuscular junction. Even mature muscle 
is multinucleated, but it is devoid of extrasynaptic AChRs. E, Denerva-
tion and some other pathologic states, even without anatomic dener-
vation (e.g., burns, immobilization, chronic muscle relaxant therapy, 
stroke, sepsis), lead to the re-expression of the γ-subunit–containing 
AChRs mostly at the extrajunctional areas. The α7-subunit AChRs are 
expressed in the junctional areas and are also most likely in the extra-
junctional areas. These receptor changes are potentially reversible if 
muscle immobilization, catabolism, and inflammation are restored to 
normal.
at negative and positive faces of the α7-subunit assembly 
interphases. As expected, the endogenous agonist, ace-
tylcholine, binds to α7 AChR subunits, and each of the 
five subunits has the potential to bind acetylcholine or 
succinylcholine molecules.18,69 Other agonists, including 
nicotine and choline, and antagonists, including muscle 
relaxants, cobra toxin, and α-bungarotoxin, also bind to 
the α7 AChR.18,69-72

The α7 AChRs in muscle display unusual functional 
and pharmacologic characteristics when compared with 
conventional muscle (α1, β1, δ, ε/γ) AChRs or neuronal 
α7 AChRs in the brain. Choline, a precursor and metabo-
lite of acetylcholine (and succinylcholine), is a weak ago-
nist of conventional muscle AChRs but is a full agonist of 
muscle α7 AChRs; that is, concentrations of choline that 
do not open conventional AChR channels will open α7 
AChR channels.69 Furthermore, no desensitization of the 
α7 AChRs occurs even during the continued presence of 
choline,69 thus allowing a greater chance for potassium to 
efflux (approximately 145 mEq/L) from within the cell to 
the extracellular space, including plasma (approximately 
4.5 mEq/L), down its concentration gradient. The chemi-
cal α-conotoxin GI from the snail specifically inhibits the 
conventional (mature and immature) AChRs in muscle 
but does not inhibit α7 AChRs. The important role of  
α7 AChRs in resistance to NDMRs is evidenced by the  
presence of immobilization-induced resistance in wild-
type mice and the absence of resistance in α7 AChRs 
knockout mice.73 The α7 AChRs expressed in neuronal 
tissue are also readily desensitized with choline, a feature 
that contrasts with muscle α7 AChRs, which do not desen-
sitize with choline.69 The α7 AChRs in muscle also have 
lower affinity for its antagonists, including pancuronium, 
rocuronium, atracurium, or α-bungarotoxin; higher con-
centrations of these drugs are therefore required to block 
agonist-induced depolarization in α7 AChRs in vitro or 
cause neuromuscular paralysis in vivo or ex vivo when α7 
AChRs are upregulated.69-72 In the conventional muscle 
AChRs, binding of even one of the α1-subunits by an 
antagonist results in inactivation of that receptor because 
acetylcholine needs both α1-subunits of the AChR for its 
activation. In α7 AChRs, however, even when three sub-
units are bound by an antagonist (e.g., muscle relaxant), 
two other subunits are still available for binding by ago-
nist and cause depolarization. This feature may account 
for some of the resistance to muscle relaxants when α7 
AChRs are expressed in muscle and other tissues in patho-
logic states.69-73

The clinical pharmacologic characteristics of the mus-
cle α7 AChR have not yet been completely studied, but 
its basic composition also provides some insight into suc-
cinylcholine-related hyperkalemia. Chemical or physical 
denervation of muscle results in not only upregulation 
and qualitative (ε-subunit → γ-subunit) changes in AChRs, 
but it also results in upregulation of α7 AChRs in muscle. 
Succinylcholine, a synthetic analog of acetylcholine that 
consists of two molecules of acetylcholine joined together, 
is capable of depolarizing not only conventional AChRs 
but also α7 AChRs in muscle.72 In addition, the metabo-
lite of succinylcholine, choline, can depolarize α7 AChRs 
with little desensitization. The depolarizing effects of suc-
cinylcholine and choline on upregulated α7 AChRs can 
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result in continued leakage of intracellular potassium and 
flooding of extracellular fluid, including plasma, thereby 
leading to hyperkalemia. Thus differences in the subunit 
composition and number of the three isoforms junction-
ally and extrajunctionally expressed may account for 
aberrant responses to muscle relaxants clinically observed 
as resistant only to NDMRs and hyperkalemic response to 
succinylcholine.2,72,73

MAINTENANCE OF MATURE 
NEUROMUSCULAR JUNCTIONS

Quite unlike other cells, muscle cells are unusual in that 
they have many, usually hundreds, of nuclei per cell. 
Each nucleus has the genes to make all three isoform 
receptors. Multiple factors, including electrical activity, 
growth factor signaling (e.g., insulin, agrin, neuregulins), 
and the presence or absence of innervation, control the 
expression of the three types of receptor isoforms.19,37 
This control is most clearly observed in the developing 
embryo as the neuromuscular junction is formed. Before 
they are innervated, the muscle cells of a fetus synthe-
size only immature and α7 AChRs—hence the term fetal 
isoform for the former receptor. Synthesis is directed by 
nearly all of the nuclei in the cell, and the receptors are 
expressed throughout the membrane of the muscle cell 
(Fig. 18-8). As the fetus develops and the muscles become 
innervated, muscle cells begin to synthesize the mature 
isoform of receptors, which are exclusively inserted into 
the developing (future) end-plate area.14-19 The nerve 
releases several growth factors that influence the syn-
thetic apparatus of the nearby nuclei. First, nerve-sup-
plied factors induce the subsynaptic nuclei to increase 
synthesis of AChRs. Next, the nerve-induced electrical 
activity results in the repression of receptors in the extra-
junctional area. Nerve-derived growth factors, including 
agrin and ARIA/neuregulin, cause the receptors to clus-
ter in the subsynaptic area and prompt the expression 
of the mature isoform (see Fig. 18-8).19,37 Several lines of 
evidence indicate that clustering, expression, and stabi-
lization of mature receptors are triggered by at least two 
growth factors: agrin, neuregulin/ARIA, and possibly cal-
citonin gene–related peptide.56,74,75 Neuregulin and agrin 
are also released from muscle, but muscle-derived agrin 
is not as important in clustering and maturation of the 
receptor. ARIA is made in the nerve and plays a role in 
the maturation of vesicular arrangement and conversion 
of the γ-to-ε switch.75 All of these growth factors interact 
with distinct membrane and cytosolic receptor proteins 
to cause phosphorylation and activation of nuclear (gene) 
transcriptional systems. Agrin signals through MuSK and 
neuregulins through ErbB receptors (see Fig. 18-8). These 
receptors control qualitative and quantitative changes at 
the junction. Once begun, the process is very stable, and 
nuclei in the junctional area continue to express mature 
receptors. In certain pathologic state–induced insulin 
resistance, a concomitant proliferation of AChRs seems 
to occur beyond the junctional area. Conditions in which 
this form of insulin resistance (i.e., decreased growth fac-
tor signaling) has been observed include immobilization, 
burns, and denervation75-78; in these conditions, not 
only does upregulation of total AChRs occur, but de novo 
upregulation of the immature and α7 AChR isoforms are 
also observed.1-3 This upregulation may be related to the 
fact that agrin and possibly neuregulin signal via some of 
the same downstream signaling proteins as insulin (e.g., 
phosphoinositide 3-kinase [PI3K]).56,76-79 Therefore agrin 
and neuregulin signaling may be important for the sup-
pression of α7 AChRs and immature AChRs in the normal 
neuromuscular junction.

Before innervation, as in the fetus, AChRs are pres-
ent throughout the muscle membrane. After innerva-
tion, AChRs become more and more concentrated at 
the postsynaptic membrane and are virtually absent in 
the extrasynaptic area at birth. The innervation process 
progresses somewhat slowly during fetal life and matures 
during infancy and early childhood.14-19 With time, the 
immature receptors diminish in concentration and disap-
pear from the peripheral part of the muscle. In the active, 
adult, and normal innervated muscle, just the nuclei 
under and very near the end plate direct the synthesis of 
the receptor; only the genes for expressing mature recep-
tors are active. Nuclei beyond the junctional area are not 
active, and therefore no receptors are expressed anywhere 
in the muscle cells beyond the perijunctional area. Con-
version of all of the γ-subunit– to ε-subunit–containing 
AChRs in the perijunctional area continues to take place 
after birth. In the rodent, conversion takes approximately 
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Figure 18-8. Diagram of agrin- and acetylcholine receptor–inducing 
activity (ARIA)/neuregulin-dependent events during maturation of the 
neuromuscular junction. After the establishment of a nerve on the 
muscle, growth factors, including agrin and neuregulins, are released. 
Neuregulin signaling is essential for Schwann cell survival, and 
Schwann cells are essential for axonal maintenance. Agrin interact-
ing with its receptor muscle-specific tyrosine kinase (MuSK) enhances 
the clustering of synaptic proteins, including acetylcholine receptors 
(AChRs), rapsyn, and ErbB receptors. ARIA/neuregulin is the best can-
didate for the involvement in the conversion of γ-subunit–containing 
immature receptor to ε-subunit–containing mature (innervated) 
receptor, which is synapse specific and therefore not inserted in the 
extrajunctional area.
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2 weeks.14-19 In humans, this process takes longer. The 
timeframe for the disappearance of α7 AChRs in the fetus 
or newborn is also unknown. Proteins implicated in the 
linking of mature receptors to the cytoskeleton include 
integrin, syntrophin, utrophin, α- and β-dystroglycan, 
and rapsyn, just to name a few.14-19

RE-EXPRESSION OF IMMATURE (FETAL) 
γ-SUBUNIT AND α7-SUBUNIT AChRs IN 
ADULT LIFE

The extrajunctional immature receptors can reappear 
soon after upper and lower motor denervation and in 
certain pathologic states (e.g., burns, sepsis, immobi-
lization, chronic muscle relaxant therapy or botulism, 
loss of muscle electrical activity). Stimulation of a 
denervated muscle with an external electrical stimu-
lus can prevent the appearance of immature receptors. 
It has been suggested that the calcium that enters the 
muscle during activity is important in the suppression 
process.16,17 In the pathologic states previously enu-
merated, if the process is severe and prolonged, then 
extrajunctional receptors are inserted all over the sur-
face of the muscle, including the perijunctional area 
(see Fig. 18-7). The junctional nuclei also continue 
to make mature receptors. The synthesis of immature 
receptors is initiated within hours of inactivity, but it 
takes several days for the whole muscle membrane to 
be fully covered with receptors. This upregulation of 
receptors has implications for the use of depolarizing 
and possibly NDMRs. The changes in α7 AChRs parallel 
the expression of immature receptors, although this has 
not been well studied.

The changes in subunit composition (γ versus ε) in 
the receptor confer certain changes in electrophysiologic 
(functional), pharmacologic, and metabolic characteris-
tics.16-18 Mature receptors are metabolically stable, with 
a half-life approximating 2 weeks, whereas immature 
receptors have a metabolic half-life of less than 24 hours. 
Immature receptors have a smaller single-channel con-
ductance and a twofold to tenfold longer mean chan-
nel open time than do mature receptors (see Fig. 18-4). 
The changes in subunit composition may also alter the 
sensitivity or affinity, or both, of the receptor for specific 
ligands. Depolarizing or agonist drugs such as succinyl-
choline and acetylcholine more easily depolarize imma-
ture receptors, thereby resulting in cation fluxes; doses 
one tenth to one hundredth of those needed for mature 
receptors can effect depolarization.2 The potency of non-
depolarizers is also reduced, as demonstrated by the resis-
tance to nondepolarizers documented in patients with 
burns, denervation, and immobilization.1,3 In light of 
recent research, however, it seems that the resistance to 
nondepolarizers is more likely due to the junctional area 
expression of the α7 AChRs, which has a decreased affin-
ity NDMRs.16,69-73 Some NDMRs may also cause a partial 
agonist response in immature receptors, thus explaining 
the decreased potency in conditions in which upregula-
tion of AChRs occurs.8 The upregulation of immature 
AChRs in the perijunctional and extrajunctional areas 
may have a buffering effect for diffusion of relaxants, 
contributing to resistance to NDMRs.80
The altered sensitivity to muscle relaxants may occur 
in only certain parts of the body or certain muscles if only 
some muscles are affected by the diminution in nerve 
activity (e.g., after a stroke). Sensitivity to relaxants can 
begin to change between 48 and 72 hours after an injury 
or hospitalization. The most serious side effect with the 
use of succinylcholine in the presence of upregulated 
AChRs in one or more muscles is hyperkalemia.1-3 In 
these subjects, the receptors can be scattered over a large 
surface of the muscle. The AChR channels opened by the 
agonist (succinylcholine) allow potassium to escape from 
the muscle and enter the blood (Fig. 18-9).2,3 If a large 
part of the muscle surface consists of upregulated (imma-
ture) receptor channels, each of which stays open for a 
longer time, then the amount of potassium that moves 
from muscle to blood can be considerable. The resulting 
hyperkalemia can cause dangerous disturbances in car-
diac rhythm, including ventricular fibrillation. Moreover, 
hyperkalemia probably cannot be prevented by prior 
administration of NDMRs because large doses required 
to block the AChRs, in and of itself, will cause paralysis, 
obviating the need for succinylcholine.3 Larger-than-nor-
mal doses of NDMRs may attenuate the increase in blood 
potassium concentrations but cannot completely prevent 
it. However, hyperkalemia and cardiac arrest can occur 
after the administration of succinylcholine, even in the 
absence of denervation states. These effects are observed 
in certain congenital muscle dystrophies in which the 
muscle membrane is prone to damage by the depolariza-
tion produced by succinylcholine, resulting in potassium 
release via the membrane damage.81

PREJUNCTIONAL ACETYLCHOLINE 
RECEPTORS

Nicotinic AChRs exist in a variety of forms apart from 
that observed in muscle.16,18 The classic muscle-type 
nicotinic AChR is postsynaptically present, whereas 
neuronal subtype receptors may be presynaptically and 
postsynaptically present. The neuronal subtype nico-
tinic AChRs expressed prejunctionally are usually het-
eromeric and built up by only α- and β-subunits. This 
family of nicotinic AChRs is widely expressed in the 
peripheral and central nervous systems, on autonomous 
nerves and ganglia on oxygen-sensing cells within the 
carotid bodies. There are also α7 AChRs in immune-
competent cells, such as macrophages, lymphocytes 
and granulocytes, and fibroblasts and chondrocytes.16,18 
Diverse genes encode the heterogeneous AChRs, and the 
ion channel is formed of multiple subunits (multimers). 
Seventeen AChR genes have been cloned from verte-
brates. They include various combinations of α-subunits 
(α1 through α10) and β-subunits (β1 through β4) and one 
each of γ-, δ-, and ε-subunits. The γ-, δ-, and ε-subunits 
are found only in muscle.16-18

Prejunctional- or nerve terminal–associated choliner-
gic receptors have been demonstrated by morphologic 
pharmacologic and by molecular biologic techniques, 
but their form and functions are not as completely under-
stood as those in the postjunctional area. Many drugs 
with an abundance of potential targets for drug action 
can affect the capacity of the nerve terminal to carry out 
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Figure 18-9. Schematic of the succinylcholine (SCh)–induced potassium (K+) release in an innervated (top) and denervated muscle (bottom). In 
the innervated muscle, the systemically administered SCh reaches all of the muscle membrane but depolarizes only the junctional (α1, β1, δ/ε) 
receptors because acetylcholine receptors (AChRs) are located only in this area. With denervation, the muscle nuclei express not only extrajunc-
tional (α1, β1, δ/γ) AChRs but also α7-nicotinic AChRs throughout the muscle membrane. Systemic SCh, in contrast to acetylcholine released 
locally, can depolarize all of the up-regulated AChRs, which leads to massive efflux of intracellular K+ into the circulation, resulting in hyperkale-
mia. The metabolite of SCh, choline, and possibly succinylmonocholine can maintain this depolarization via α7-nicotinic AChRs, enhancing the 
K+ release and maintaining the hyperkalemia. (From Martyn JAJ, Richtsfeld M: Succinylcholine-induced hyperkalemia in acquired pathologic states: 
etiologic factors and molecular mechanisms, Anesthesiology 104: 158-169, 2006.)
its functions. The trophic function to maintain nerve-
muscle contact involves the release and replenishment 
of acetylcholine together with other trophic factors that 
require signaling through many receptors, of which the 
prejunctional nicotinic AChR is just one. Succinylcholine 
produces fasciculations that can be prevented by NDMRs. 
Because a fasciculation is, by definition, the simultaneous 
contraction of the multitude of muscle cells in a single 
motor unit and because only the nerve can synchronize 
all the muscles in its motor unit, it became apparent that 
succinylcholine must also act on nerve endings. Because 
NDMRs prevent fasciculation, it was concluded that they 
acted on the same prejunctional receptor. Very small 
doses of cholinergic agonists (e.g., succinylcholine) and 
antagonists (e.g., NDMRs) affect nicotinic receptors on 
the nerve ending, the former by depolarizing the ending 
and sometimes inducing repetitive firing of the nerve and 
the latter by preventing the action of agonists.5

By the use of specific monoclonal antibodies, the pres-
ence of nicotinic α3-subunits has been demonstrated 
in the nerve terminal.82 Another clue to the differences 
between prejunctional and postjunctional AChRs was 
the finding that some drugs (e.g., dihydro-β-erythroidine) 
bind only to prejunctional AChRs, whereas other drugs 
(e.g., α-bungarotoxin) bind only to postjunctional 
receptors.65 Additional clues were found in the many 
demonstrations of quantitative differences in the reac-
tion of prejunctional and postjunctional nicotinic recep-
tors to other cholinergic agonists and antagonists.65,82-84 
For instance, it was known that tubocurarine binds 
with lower affinity to the recognition sites of ganglionic 
nicotinic cholinoceptors and is not a competitive antago-
nist of acetylcholine at this site. Decamethonium (i.e., a 
depolarizing muscle relaxant no longer clinically used) is 
a selective inhibitor of the muscle receptor, and hexame-
thonium is a selective inhibitor of nicotinic receptors in 
the autonomic ganglia.80-85 Instead, d-tubocurarine and 
hexamethonium can block the opened channels of these 
receptors and owe their ability to block ganglionic trans-
mission to this property. The functional characteristics 
of prejunctional receptor channels may also be different. 
For example, the depolarization of motor nerve endings 
initiated by the administration of acetylcholine can be 
prevented by tetrodotoxin, a specific blocker of sodium 
flux with no effect on the end plate.

Specific information on the molecular organization of 
neuronal nicotinic receptors on the motor neuron terminal 
is still lacking. Some of the subunit composition is similar, 
but other subunits do not resemble those of the postjunc-
tional receptor. Of the 16 different nicotinic AChR gene 
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products identified, only 12 (α2 to α10 and β2 to β4) are 
thought to contribute nicotinic receptors expressed on neu-
rons. Most strikingly, nervous tissue does not express γ-, δ-, 
or ε-receptor subunits; it contains genes only for the α- and 
β-subunits. The α- and β-subunit genes in nerve and muscle 
are not exactly the same; they are variants. To emphasize 
the distinction between neural and muscle nicotinic recep-
tors, the former are sometimes designated Nn and the lat-
ter Nm. With so many different subunits available, possible 
combinations are many, and it is not known which combi-
nations are found in motor nerves. Their physiologic roles 
have also not been completely characterized. Expression of 
neuronal nicotinic AChRs in in vitro systems has confirmed 
that muscle relaxants and their metabolites can bind to 
some of these neuronal AChRs.53,83-85

The nicotinic receptor on the junctional surface of 
the nerve (nerve terminal) senses transmitter in the cleft 
and, by means of a positive-feedback system, causes the 
release of more transmitter. In other parts of the nervous 
system, this positive feedback is complemented by a neg-
ative-feedback system that senses when the concentra-
tion of transmitter in the synaptic cleft has appropriately 
increased and shuts down the release system. It is believed 
that tetanic fade and train-of-four fade during neuromus-
cular blockade with NDMRs arise from presynaptic cho-
linergic autoreceptors at the motor nerved ending.5,52

The neuronal AChR subtype that is critically involved 
in acetylcholine release and subsequent fade phenom-
enon (as observed in tetanic or train-of-four stimulus pat-
terns) has been identified as the α3β2-subtype nicotinic 
AChR.10,84 When this prejunctional receptor is specifically 
blocked by a nondepolarizing relaxant such as tubocura-
rine, a reduction in neurotransmitter release occurs upon 
repeated stimulation with subsequent fade phenomenon. 
It should be noted, however, block of the prejunctional 
AChRs alone is not necessary and sufficient to induce fade; 
concomitant reduction in the safety of neurotransmis-
sion prejunctionally or postjunctionally must be present 
for it to be noticeable.65 Although all clinically used non-
depolarizing neuromuscular blocking drugs inhibit this 
prejunctional nicotinic AChR, as well as several other neu-
ronal nicotinic AChRs, in the clinically relevant concentra-
tion range, succinylcholine neither activates nor inhibits 
the presynaptic α3β2 autoreceptor at clinically relevant 
concentrations.53,85 This observation may be the reason 
for the typical lack of fade during succinylcholine-induced 
neuromuscular block. Succinylcholine, however, does not 
interact with α3β4 AChR found in autonomic ganglia.53 
It has also been shown that NDMRs reduce the hypoxic 
ventilatory response in partially paralyzed humans,86 and 
the mechanism behind the depression might be related 
to inhibition of nicotine receptors on the carotid body.11 
Nicotinic α3, 7, and β2 AChRs have recently been docu-
mented in the human carotid body.87 Whether the inhibi-
tion of these receptors plays a role in attenuated response 
to hypoxia drive needs further investigation. The motor 
nerve terminal is also known to bear several other recep-
tors, such as opioid, adrenergic, dopamine, purine, and 
adenosine receptors, as well as receptors for endogenous 
hormones, neuropeptides, and a variety of proteins.88,89 
The physiologic roles of these receptors and the effects of 
anesthetics on them are unknown.

NEUROMUSCULAR JUNCTION AT EXTREMES 
OF AGE

NEWBORN

Just before birth, the AChRs are all clustered around the 
nerve in the junctional area, and minimal extrajunc-
tional AChRs are present. The newborn postsynaptic 
membrane, itself, is not specialized, having almost no 
synaptic folds, a widened synaptic space, and a reduced 
number of AChRs.14,19 The early postnatal AChR cluster 
appears as an oval plaque (Fig. 18-10). Within a few days, 
P30 (adult)P14P5PO (newborn)

Figure 18-10. Maturation of the postsynaptic apparatus. Postnatal day 0 (PO): At the time of birth, the aggregates of AChRs have consolidated to 
form an oval-like plaque with irregular borders. At this point, each junction may have more than one nerve terminal innervating it. Postnatal day 5  
(P5): Approximately 5 days after birth, the postsynaptic membrane invaginates to form a gutter and small perforations develop on the plaque. 
Postnatal day 14 (P14): At approximately 14 days after birth, the immature γ-subunit–containing acetylcholine receptors (AChRs) are completely 
replaced by mature AChRs containing α-subunit. The invaginations or clefts increase in numbers, resulting in more perforations in the pretzel-
shaped junction. The perforations correspond to the synaptic clefts or folds. Postnatal day 30 (P30): The neuromuscular junction is completely 
developed at 30 days after birth. The AChRs have maximal density. A distinct set of postsynaptic proteins and signaling molecules are selectively 
transcribed in the subsynaptic area, providing integrity to the neuromuscular junction and efficient neurotransmission. (Modified from Shi L, Fu 
AK, Ip NY: Molecular mechanisms underlying maturation and maintenance of the vertebrate neuromuscular junction, Trends Neurosci 35:441-453, 
2012; and Sanes JR, Lichtman JW: Induction, assembly, maturation and maintenance of a postsynaptic apparatus, Nat Rev Neurosci 2:791-805, 2001.)
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simplified folds appear. With continued maturation, the 
plaque is transformed to a multiperforated pretzel-like 
structure. The polyinnervated end plate is converted to 
a singly innervated junction because of a retraction of 
all but one terminal. In the adult, the terminals perfectly 
align with the AChR clusters. Morphologically, the post-
synaptic membrane of the newborn and that from the 
patient with myasthenia gravis is not too different; the 
AChR number is decreased, and the postsynaptic folds 
are decreased. It is not surprising therefore that neuro-
transmission is not as efficient in the newborn and in 
patients with myasthenia gravis. For this reason, neo-
nates and infants behave similar to patients with myas-
thenia gravis when NDMRs are administered to them.90 
In humans, maturation of the neuromuscular junction 
probably occurs at approximately 2 years of age90 (see 
also Chapter 93).

OLD AGE

Old age–associated functional denervation, muscle wast-
ing, and weakness is now well established.91,92 Ana-
tomic changes involve increased preterminal and axonal 
branching within the individual neuromuscular junc-
tion, either with or without an increase in the junctional 
size. The points of contacts between the prejunctional 
and postjunctional membrane decrease, resulting in a 
decline in trophic interactions between nerve and muscle 
and stimulus transmission. Muscle weakness associated 
with aging is not entirely peripheral in origin.93 The abil-
ity to communicate neural activity from brain to skeletal 
muscle is impaired with age. Despite these structural and 
functional changes associated with aging, the overall 
margin of safety is better in the older individual than in 
the neonate.94 (Also see Chapter 80.)
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K e y  P o i n t s

 •  Removal of CO2 is determined by alveolar ventilation, not by total (minute) 
ventilation.

 •  Dead space ventilation can be dramatically increased in patients with chronic 
obstructive pulmonary disease and pulmonary embolism to more than 80% of 
minute ventilation.

 •  Breathing at small lung volumes increases airway resistance and promotes closure 
of airways.

 •  Hypoxemia can be caused by alveolar hypoventilation, diffusion impairment, 
ventilation-perfusion mismatch, and right-to-left shunt.

 •  Almost all anesthetics reduce skeletal muscle tone, which decreases functional 
residual capacity (FRC) to levels close to the awake residual volume (RV).

 •  Atelectasis during anesthesia is caused by decreased FRC and the use of high 
inspired oxygen concentrations (Fio2), including breathing oxygen before 
induction of anesthesia.

 •  General anesthesia causes ventilation-perfusion mismatch (airway closure) and 
shunts (atelectasis).

 •  Venous admixture is due to V̇A/Q̇  mismatch (response to increased Fio2) and 
shunts (unresponsive to increased Fio2).

 •  Hypoxic pulmonary vasoconstriction is blunted by most anesthetics, and this 
results in increased ventilation-perfusion mismatching.

 •  Respiratory work is increased during anesthesia as a consequence of reduced 
respiratory compliance and increased airway resistance.
444

RESPIRATORY PHYSIOLOGY IS CENTRAL 
TO THE PRACTICE OF ANESTHESIA

Respiratory function is inextricably linked to the practice 
of anesthesia. Adverse respiratory effects can occur during 
anesthesia,1 and the most serious cases of adverse events 
involve hypoxemia. These events range from intractable 
hypoxemia caused by loss of airway patency to postop-
erative respiratory depression from opioids or regional 
anesthesia (see Chapter 96).2,3 In the absence of adverse 
outcomes, general anesthesia has significant effects on 
respiratory function and lung physiology by observations 
made in the operating room. Improved appreciation of 
anesthesia-induced physiologic alterations (e.g., mecha-
nisms of bronchospasm,4 impact of mechanical ventila-
tion),5 as well as pioneering developments in monitoring 
(e.g., pulse oximetry and capnography; see Chapter 44),6 
together are associated with the specialty of anesthesiolo-
gy’s emergence as a leader in patient safety (see Chapter 6).7  
Finally, integrative measures of respiratory function, 
ranging from exercise capacity,8 spirometry to tissue oxy-
genation,9 or global O2 consumption,8 are likely predic-
tors of outcome following anesthesia and surgery.

PULMONARY PHYSIOLOGY IN HEALTH

The mechanisms by which anesthesia-associated respira-
tory dysfunction are caused can be determined with an 
examination of the normal functions and mechanisms of 
respiration in health. We briefly review cellular respira-
tion whereby O2 is consumed and CO2 is produced, the 
transport of O2 and CO2 in the blood, and the principles 
by which the lung oxygenates blood and eliminates CO2.
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RESPIRATION IN THE CELL

The partial pressure of oxygen (PaO2) in normal arterial 
blood is approximately 100 mm Hg, and decreases to 4 to 22 
mm Hg in the mitochondrion where it is consumed. Glu-
cose (C6H12O6) is converted into pyruvate (CH3COCOO–)  
and H+ by glycolysis in the cytoplasm, and the pyru-
vate diffuses into the mitochondria and forms the initial 
substrate for Krebs cycle, which in turn produces nico-
tinamide adenine dinucleotide (NADH), as well as ade-
nosine triphosphate (ATP), CO2, and H2O. The NADH is 
a key electron (and H+) donor in the process of oxidative 
phosphorylation, wherein O2 and adenosine diphosphate 
(ADP) are consumed and ATP and H2O are produced. 
Thus, the net effect is oxidation of glucose to produce 
energy (ultimately as ATP), H2O, and CO2.10

TRANSPORT OF O2 IN THE BLOOD

O2 reaches the cells following transport by arterial blood, 
and the overall delivery of O2 (ḊO2) is the product of the 
arterial blood O2 content (CaO2) and blood flow (cardiac 
output, Q̇) as:

 ḊO2 = CaO2 × Q̇  

The carriage in the blood is in two forms: O2 bound 
to hemoglobin (the vast bulk), and O2 dissolved in the 
plasma, and is expressed as the sum of these components 
as follows:

 
CaO2 =

[
(SaO2 × Hb × O2 combining capacity of Hb)
+ (O2 solubility × PaO2)

]

 

where CaO2 (O2 content) is the milliliters of O2 per 100 
mL of blood, SaO2 is the fraction of hemoglobin (Hb) that 
is saturated with O2, O2-combining capacity of Hb is 1.34 
mL of O2 per gram of Hb, Hb is grams of Hb per 100 mL 
of blood, Pao2 is the O2 tension (i.e., dissolved O2), and 
solubility of O2 in plasma is 0.003 mL of O2 per 100 mL 
plasma for each mm Hg Pao2

The binding of O2 to hemoglobin is a complex, allo-
steric mechanism. Important insights can be gained by 
understanding how characteristic abnormalities of blood 
O2 carriage (e.g., carbon monoxide [CO] poisoning, methe-
moglobinemia) affect on O2 tension, content, and delivery.

Methemoglobin (MetHb), formed by the oxidation to 
Fe3+ (ferric) instead of the usual Fe2

+ (ferrous), is less able 
to bind O2, resulting in diminished O2 content and less O2 
delivery. Here, the Pao2 (in the absence of lung disease) 
will be normal: if the O2 content is calculated from the 
Pao2, it will appear normal, but if measured it will be low. 
In contrast, MetHb level will be elevated. In severe cases, 
lactic acidosis develops because of impaired O2 delivery. 
In addition, because MetHb has a blue-brown color, the 
patient will appear blue, even if the fraction of MetHb is 
modest and specialized oximetry can separately measure 
MetHb levels.11,12 The apparent cyanosis is not respon-
sive to supplemental O2, and therapy involves converting 
(i.e., reducing) the MetHb to Hb (e.g., by using methylene 
blue). Important medical causes of MetHb include benzo-
caine; dapsone; or in susceptible patients, inhaled nitric 
oxide (NO).
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In CO poisoning, the CO binds to Hb, with far greater 
(over ×200-fold) avidity than molecular O2, tightly form-
ing CO-Hb and resulting in two main effects.13 First, for-
mation of CO-Hb results in fewer sites available for O2 
binding, and this reduces the blood O2 content. Second, 
the formation of CO-Hb causes conformational changes 
in the Hb molecule such that the tendency to release 
bound O2 is reduced. This effect corresponds to a leftward 
shift of the Hb-O2 dissociation curve, and although this 
aspect of CO binding does not reduce the O2 content or 
“global” delivery of O2, it does reduce the release of O2 
and its delivery to the cells. Because the color of CO-Hb 
closely resembles that of O2-Hb, the color of the blood 
(and the patient) is bright red; however, as with Met-Hb, 
the PaO2 will be normal (assuming no pulmonary disease) 
as will the calculated CaO2; however, the measured CaO2 
will be low and if severe, a lactic acidosis will be present. 
Modern can distinguish between Hb-O2 and CO-Hb.13

Finally, the Bohr effect refers to a shift of the Hb-O2 dis-
sociation curve caused by changes in CO2 or pH.14 In the 
systemic capillaries, the Pco2 is higher than in the arte-
rial blood (and the pH correspondingly lower) because 
of local CO2 production. These circumstances shift the 
Hb-O2 dissociation curve to the right, which increases 
the offloading of O2 to the tissues. The opposite occurs in  
the pulmonary capillaries; the Paco2 is lower (and the pH 
correspondingly higher) because of CO2 elimination, and 
the dissociation curve is shifted to the left to facilitate O2 
binding to Hb.

TRANSPORT OF CO2 IN THE BLOOD

CO2 is produced by metabolism in the mitochondria, 
where the CO2 levels are highest. The transport path 
(involving progressively decreasing pressure gradients) 
is from mitochondria through cytoplasm, into venules 
and finally, in mixed venous blood from where it is elim-
inated through the alveoli. In the blood, CO2 is trans-
ported in three main forms: dissolved (reflected as Paco2, 
partial pressure; accounts for approximately 5% of trans-
ported CO2), bicarbonate ion (HCO3

–; almost 90%), and 
carbamino CO2 (CO2 bound to terminal amino groups 
in Hb molecules; approximately 5%).10 The usual quanti-
ties of CO2 in the arterial and (mixed) venous blood are 
approximately 21.5 and 23.3 mmol of CO2 per liter of 
blood, respectively.

Breathing O2 can sometimes induce hypercapnia, as 
occurs in patients with severe chronic lung disease who 
are breathing supplemental O2. Although traditionally 
thought to occur because increased Pao2 reduces venti-
latory drive, this is now known not to be the case15; it 
results from the Haldane effect, as well as from impair-
ment of hypoxic pulmonary vasoconstriction (HPV). 
The Haldane effect16 is the difference in the amount of 
CO2 carried in oxygenated versus deoxygenated blood, 
and two mechanisms explain this. First, increased Pao2 
decreases the ability to form carbamino compounds—
reducing the amount of CO2 bound to Hb—thereby rais-
ing the amount of dissolved CO2 (i.e., elevated Pco2). 
Second, the amino acid histidine, which has an imidaz-
ole group that is an effective H+ buffer at physiologic pH, 
is an important linking molecule between heme groups  
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and the Hb chains. Increasing the partial pressure of oxy-
gen (PO2) increases the amount of O2 bound to Hb; this 
changes the conformation of the Hb molecule, which in 
turn alters the heme-linked histidine and reduces its H+ 
buffering capacity. Therefore, more H+ is free (not buff-
ered) and binds to HCO3

–, releasing stored CO2. Impair-
ment of HPV by elevated O2 allows increased perfusion to 
poorly ventilated regions; this has the effect of decreas-
ing perfusion (and delivery of CO2) to better ventilated 
regions, diminishing the efficiency of CO2 elimination. 
Patients with impaired ability to increase alveolar ven-
tilation (V̇A) cannot compensate for the increased CO2 
availability, and therefore, in these patients, adding sup-
plemental O2 can result in elevated Paco2.

OXYGENATION IN THE LUNG

Systemic venous blood (central venous blood) enters 
the right ventricle via the right atrium. The O2 satura-
tion (SO2) differs among the major veins: higher venous 
SO2 reflects greater blood flow, less tissue oxygen uptake, 
or both.17 SO2 is usually higher in the inferior vena cava 
(IVC) than in the superior vena cava (SVC), possibly 
because of the high renal and hepatic flow relative to O2 
consumption. In the right ventricle, the central venous 
blood (ScvO2) from the SVC and IVC, is joined by addi-
tional venous blood from the coronary circulation (via 
the coronary sinuses). In the right ventricle, an additional 
small amount of venous drainage from the myocardium 
enters through the Thebesian veins, and as all this venous 
blood enters the pulmonary artery it is well mixed and 
is termed mixed-venous blood (SvO2); thus, SvO2 < ScvO2, 
although the trends of each usually run in parallel.18

VENTILATION

Ventilation refers to the movement of inspired gas into  

and exhaled gas out of the lungs.
ALVEOLAR VENTILATION

Fresh gas enters the lung by cyclic breathing at a rate 
and depth (tidal volume, VT) determined by metabolic 
demand, usually 7 to 8 L/min.19 While most inspired 
gas reaches the alveoli, some (100 to 150 mL) of each 
VT remains in the airways and cannot participate in gas 
exchange. Such dead space (VD) constitutes approxi-
mately one third of each VT.20 Anatomic VD is the frac-
tion of the VT that remains in the “conducting” airways, 
and physiologic VD is any part of a VT that does not par-
ticipate in gas exchange (Fig. 19-1).

For a single tidal volume (VT, mL), the following is true:

 VT = VA + VD 

The product of VT (mL) times the respiratory rate (per 
minute) is the minute ventilation (V̇E). Aggregated over 
time, minute ventilation (V̇E, mL/min) is:

 V̇E = V̇A + f × VD 

The portion of the V̇E that reaches the alveoli and 
respiratory bronchioles each minute and participates in 
gas exchange is called the alveolar ventilation (V̇A), and it 
is approximately 5 L/min. Because this is similar to the 
blood flow through the lungs (i.e., the cardiac output, 
also 5 L/min), the overall alveolar ventilation-perfusion 
ratio is approximately 1.

DEAD SPACE VENTILATION

Maintenance of Paco2 is a balance between CO2 production 
(V̇CO2, reflecting metabolic activity) and alveolar ventila-
tion (V̇A. If V̇E is constant but VD is increased, V̇A will natu-
rally be reduced, and the Paco2 will therefore rise. Therefore, 
if VD is increased, V̇E must also increase to prevent a rise 
in Paco2. Such elevations in VD occur when a mouthpiece 
or facemask is used, and in such cases, the additional VD is 
termed “apparatus deadspace” (which can be up to 300 mL; 
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anatomic VD of the airways is 100 to 150 mL).
Figure 19-1. Dead space and 
alveolar ventilation in normal and 
diseased lungs. Either cessation of 
blood flow or excessive alveolar 
ventilation relative to perfusion will 
cause an increase in dead space. If 
VD is increased, a large compensa-
tory increase in minute ventilation 
is required to preserve V̇A. VD/VT, 
dead space to tidal volume ratio; V̇A,  
alveolar ventilation; V̇E, minute venti-
lation. V̇E = V̇A + f × VD . Double arrows 
indicate normal CO2 exchange. 
COPD, Chronic obstructive pulmo-
nary disease. (From Hedenstierna G: 
Respiratory measurement. London, 
1998, BMJ Books, 1998, p. 184; 
see also book review of Respiratory 
Measurement in Thorax 53:1096, 
1998.)

Anatomic dead
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Aveolar dead
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VD 0.3/VT

VA 5 (L/min)(rest)

VE 7.1 (L/min)

0.4-0.9

5 (L/min)

8.3-50.0 (L/min)
.
.

Pulmonary
artery occlusion
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Increases in the volume of the conducting airways 
(e.g., bronchiectasis) increase the overall VD only slightly. 
Far more significant increases in VD occur when perfusion 
to a large number of ventilated alveoli is interrupted, as 
occurs in a pulmonary embolus (see Fig. 19-1). Indeed, 
with multiple pulmonary emboli, VD/VT can exceed 0.8 
(2.7-fold normal). In such a case, to maintain a normal 
V̇A (5 L/min), the V̇E would have to increase (also 2.7-
fold) to almost 20 L/min. This effort would cause consid-
erable dyspnea, in addition to the dyspnea induced by 
the lowered PaO2.

Obstructive lung disease can result in diversion 
of inspired air into (nonobstructed) ventilated, but 
poorly perfused, regions of the lung. This results in 
local excesses of ventilation versus perfusion (high 
V̇A/Q̇  ratio) in such regions,22 which is equivalent to 
an increase in VD/VT (see Fig. 19-1). Patients with severe 
chronic obstructive pulmonary disease (COPD) may 
have a VD/VT ratio of up to 0.9, and would have to hyper-
ventilate massively (30 to 50 L/min) to maintain normal 
Paco2, which is not possible where ventilator reserve is 
diminished. Such patients demonstrate reduced V̇A but 
often have an elevated V̇E. An important compensa-
tory mechanism is that a lower level of V̇A will main-
tain stable CO2 excretion where the Paco2 is increased  
(Box 19-1).

STATIC LUNG VOLUMES—FUNCTIONAL 
RESIDUAL CAPACITY

The amount of air in the lungs after an ordinary expira-
tion is called functional residual capacity (Fig. 19-2); it 
is usually 3 to 4 L and occurs because of the balance 
of inward (lung) forces and outward (chest wall) forces. 
The inward force is the “elastic recoil” of the lung and 
emanates from the elastic lung tissue fibers, contractile 
airway smooth muscle, and alveolar surface tension. 
The outward force is developed by passive recoil from 
the ribs, joints, and muscles of the chest wall. FRC is 
greater with increased height and age (loss of elastic 
lung tissue), and smaller in women and in obesity (see 
Chapter 71).19,23

There are two reasons why maintenance of gas in the 
lung at end-expiration (i.e., FRC) is important. First, 
inflating an already opened (inflated) lung is easier 
than when the lung is already deflated. This is because 
complete collapse results in liquid-only surfaces inter-
facing in alveoli (high surface tension), whereas alve-
oli in partially inflated lung have air-liquid interfaces 
(lower surface tension). Second, although perfusion in 
the lung is phasic, the frequency is rapid and the oscil-
lations in flow are low, resulting in nearly continuous 
flow. Ventilation is different: the frequency is far slower 
and the size of the oscillations far larger. If the lung (or 
large parts of it) completely deflate between breaths, the 
blood flowing from closed alveoli (that contain zero O2) 
would have very low SO2 (the same as mixed venous 
blood); this would mix into the overall blood flow from 
the lungs and cause a major O2 desaturation after every 
exhalation.
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RESPIRATORY MECHANICS

The study of respiratory mechanics tells us how inspired 
air is distributed within the lung and permits quantita-
tion of the severity of lung disease. The components of 
overall impedance to breathing results from elastance 
(the reciprocal of compliance), resistance, and inertia.

COMPLIANCE OF THE RESPIRATORY 
SYSTEM

The lung is like a rubber balloon that can be distended by 
positive pressure (inside) or negative pressure (outside). 
Under normal circumstances, inflation of the lung is 
maintained because although the pressure inside (alveo-
lar pressure) is zero, the outside pressure (i.e., the pleu-
ral pressure) is sufficiently negative. The net distending 
pressure, which is the difference of the (positive) airway 
pressure (PAW) and the (negative) pleural pressure (PPL) is 
termed the transpulmonary pressure (PTP). Thus:

 PTP = PAW − PPL 

Clearly, increasing the PAW increases the PTP. In addi-
tion, lowering the PPL (which is usually negative and 
making it more negative) making it more negative) also 
increases the PTP.

Compliance—the reciprocal of elastance—is the term that 
expresses how much distention (volume in liters) occurs for 
a given level of PTP (pressure, cm H2O); it is usually 0.2 to 0.3 

AlveolAr oxygen Tension (PAo2)

PAO2 = PIO2 −
PACO2

R
+

[
PACO2 × FiO2 ×

1 − R

R

]

where Pio2 is inspired oxygen tension, Paco2 is alveolar CO2 
tension (assumed to equal arterial Pco2), R is the respiratory ex-
change ratio (normally in the range of 0.8 to 1.0), and FiO2 is the 
inspired oxygen fraction. The term within brackets compensates 
for the larger O2 uptake than CO2 elimination over the alveolar 
capillary membranes.

A simplified equation can be written without the compensa-
tion term:

PAO2 = PIO2 −
PACO2

R

AlveolAr venTilATion

Alveolar ventilation (V̇A) can be expressed as

V̇A = f × (VT − VDS)

where f is breaths/min, Vt is tidal volume, and Vds is physiologic 
dead space.

Alveolar ventilation can also be derived from:

V̇CO2 = c × V̇A × FACO2

where V̇co2 is CO2 elimination, c is a conversion constant, and 
Faco2 is the alveolar CO2 concentration.

If V̇A is expressed in L/min, V̇co2 in mL/min, and Faco2 is re-
placed by Paco2 in mm Hg, c = 0.863. By rearranging:

V̇A =
V̇CO2 × 0.863

PACO2

BOX 19-1 Alveolar Gas Equations
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L/cmH2O.24 However, although higher values of PTP main-
tain greater levels of lung opening, the relationship—as with 
most elastic structures—between applied pressure and resul-
tant volume is curvilinear (Fig. 19-3).24 Lung compliance 
depends on the lung volume; it is lowest at an extremely 
low or high FRC (see Fig. 19-3). In lung diseases character-
ized by reduced compliance (e.g., ARDS, pulmonary fibrosis 
or edema), the pressure-volume curve is flatter and shifted 
to the right (Fig. 19-4).24 In contrast, although emphysema 
involves the loss of elastic tissue, the overall loss of lung tissue 
(as seen on computed tomography [CT] scanning)25 means 
that the compliance is increased; the pressure-volume curve 
is therefore shifted to the left and is steeper (see Fig. 19-4).24

The chest wall impedance is not noticed during sponta-
neous breathing because the respiratory “pump” includes 
the chest wall. Chest wall mechanics can be measured 
only if complete relaxation of the respiratory muscles can 
be achieved26; however, during mechanical ventilation 
the respiratory muscles can be completely relaxed. As the 
lung is inflated by PAW, the properties of the chest wall will 
determine the resulting change in PPL. Under these cir-
cumstances, the increase in lung volume per unit increase 
in PPL is the chest wall compliance. Values of chest wall 
compliance are about the same as that of the lung and are 
reduced with obesity, chest wall edema, pleural effusions, 
and diseases of the costovertebral joints.26

RESISTANCE OF THE RESPIRATORY SYSTEM

Airways
Resistance impedes airflow into (and out of) the lung. The 
major component of resistance is the resistance exerted by 
the airways (large and small), and a minor component is 
the sliding of lung and the chest wall tissue elements dur-
ing inspiration (and expiration).27 Resistance is overcome 
by (driving) pressure. In spontaneous breathing, driving 
pressure will be the PPL; in positive pressure ventilation, the 
Figure 19-2. A, Ventilation and lung volumes in a healthy 
subject with normal lungs. B, A patient with restrictive 
lung disease. C, A patient with chronic obstructive pulmo-
nary disease (COPD). In restrictive disease, the vital capac-
ity (VC) is decreased and expiratory flow rate is increased 
(i.e., steeper than the normal slope of the forced expiratory 
curve). In COPD, the residual volume (RV) is increased, the 
VC is reduced, and forced expiration is slowed. ERV, Expiratory 
reserve volume; TLC, total lung capacity. (From Hedenstierna 
G: Respiratory measurement. London, 1998, BMJ Books, 1998, 
p. 184; see also book review of Respiratory Measurement in  
Thorax 53:1096, 1998.)
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driving pressure will be difference between the pressures 
applied to the endotracheal tube (PAW; “source”) and the 
alveolus (PALV; “destination”). Resistance (R) is calculated as 
driving pressure (ΔP) divided by the resultant gas flow (F):

 R = ΔP/F 

The value of airway resistance is approximately 1 cm 
H2O/L/sec, and is higher in obstructive lung disease (e.g., 
COPD, asthma); in severe asthma, it is elevated approxi-
mately tenfold.28 The presence of an endotracheal tube 
adds a resistance of 5 (or 8) cm H2O/L/min for a tube with 
internal diameter of size 8 (or 7) cm.29 For any tube for  
which the airflow is laminar (smooth, streamlined), 
the resistance increases in direct proportion to the tube 
length and increases dramatically (to the fourth power) 
as the diameter of the tube is reduced.

Two factors explain why most (approximately 80%) of 
the impedance to gas flow occurs in the large airways.27 
First, as bronchi progressively branch, the resistances are 
arranged in parallel and the total cross-sectional area at 
the level of the terminal bronchioles adds up to almost 
tenfold that at the trachea. Second, in tubes that are large, 
irregular or branched, the flow is often turbulent, not 
laminar. When flow is laminar:

 F(lam) = ΔP/R 

In contrast, when flow is turbulent:

 F(turb) = ΔP/R2 

Therefore, for a given radius, far more pressure is 
required to achieve comparable flow where flow is turbu-
lent; thus, the effort required is greater and if prolonged 
or severe, respiratory failure is more likely.

Several factors can alter airflow resistance. First, resistance 
lessens as lung volume increases; this is intuitive as increas-
ing volume (positive pressure or spontaneous breathing) 
stretches the diameter of the airways; because this is the 
key determinant of resistance, the resistance falls to a small 
extent. The opposite occurs with exhalation (Fig. 19-5). 
However, as lung volume approaches RV—as can happen 
during anesthesia—the airways are narrowed in parallel 
with the compressing lung tissue and the resistance rises 
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Figure 19-4. Pressure-volume curves of the lung in health and lung 
disease. In fibrosis, the slope of the curve is flatter, reflecting consider-
able increases in pressure variation and in respiratory work. In asthma 
or bronchitis, there is a parallel (upward) shift of the pressure-volume 
curve, indicating an increase in lung volume but no change in compli-
ance. In emphysema, the slope of the curve is steeper, reflecting tis-
sue loss and possible increased compliance. However, in emphysema, 
asthma, or bronchitis, the airway resistance is increased; this increases 
work of breathing and overrides any benefit from increased compli-
ance. (From Hedenstierna G: Respiratory measurement. London, 1998, 
BMJ Books, 1998, p. 184; see also book review of Respiratory Measure-
ment in Thorax 53:1096, 1998.)
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Figure 19-5. Schematic drawing of airflow resistance against lung vol-
ume at different flow rates. As lung volume falls, the resistance to flow 
increases; the steepness of this increase is far greater at lung volumes 
below functional residual capacity (FRC). In addition, higher airflow rates 
are associated with greater resistance. At extremely low lung volume, the 
resistance is comparable to values seen in moderate to severe asthma (6 
to 8 cm H2O × l–1 × sec). RV, residual volume; TLC, total lung capacity.
exponentially. These effects are apparent with active or pas-
sive ventilation. Second, active ventilation has additional 
effects. Forced expiration can compress small airways (i.e., 
that do not contain cartilage).27 In addition, forced expira-
tion can cause turbulent flow in small airways in patients 
with COPD, precipitously dropping pressure in the lumen 
and thereby narrowing the bronchioles30 and resulting 
in expiratory flow limitation and, after multiple breaths, 
eventual “dynamic hyperinflation.”31 Expiring against 
resistance (or pursed-lips breathing) is sometimes used by 
those with COPD to make breathing easier. This works by 
increasing expiratory resistance and slowing expiration. 
The slowed expiration reduces the pressure gradient driv-
ing expiration (i.e., pressure highest in the alveolus, lower 
toward the mouth). Therefore, the point along the airway 
tree at which pressure inside the airway has decreased to 
less than that outside the airway (equal to pleural pres-
sure) is moved from smaller collapsible airways toward the 
mouth to noncollapsible, cartilaginous airways (Fig. 19-6); 
this prevents collapse of the smaller airways, which are vital 
for proper gas exchange.32
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Figure 19-6. Schematic drawings of the equal pressure point (EPP) concept and dynamic compression of airways. A, Slightly forced expiration 
during otherwise normal conditions. With the application of some expiratory muscle effort, pleural pressure (Ppl) is positive, 4 cm H2O (0.4 kPa). 
The elastic recoil pressure (Pst) of the alveoli (6 cm H2O) and the pleural pressure add together to yield intraalveolar pressure (Palv) (10 cm H2O). 
This causes expiratory flow. At some point downstream toward the airway opening, airway pressure (Paw) has dropped by 6 cm H2O, so intralu-
minal pressure and pleural, extraluminal pressure are the same. This is the EPP. From this point to the mouth, intraluminal airway pressure is lower 
than the surrounding, extraluminal pressure and the airway may be compressed. B, An attempt to stabilize the airway by so-called “pursed-lip“ 
breathing. The increased resistance to expiratory flow requires increased expiratory effort to maintain gas flow. Thus, pleural pressure is increased 
in comparison to the normal conditions (Ppl = 20 cm H2O). Alveolar elastic recoil pressure (Pst) is the same as in the earlier condition, provided 
that lung volume is the same. If expiratory flow is of the same magnitude as during normal breathing, pressure along the airway falls to the same 
extent as during normal breathing. Thus the EPP will have the same location as during normal breathing, and no stabilization of the airway has 
been achieved. The two ways of moving the EPP toward the mouth and to less collapsible airways is by raising alveolar recoil pressure (Pst) by an 
increase in lung volume or by lowering the expiratory flow rate so that the pressure drop along the airway tree is slowed down.
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The large airways (i.e., pharynx, larynx, and trachea) 
are outside the chest wall. During inspiration, the intra-
thoracic airways are exposed to extraluminal pressure 
(i.e., PPL) that is less than the lumen pressure; in contrast, 
the extrathoracic airways are exposed to lumen pressure 
that is less than the extraluminal (i.e., atmospheric) 
pressure.27 This feature, coupled with downward stretch 
induced by inspiration, narrows the large extrathoracic 
airways; in the presence of preexisting narrowing (e.g., 
thyroid enlargement or tumor, paralyzed vocal cord, 
epiglottitis), it can critically reduce the cross-sectional  
area.

Tissue
Although not intuitively obvious, resistance of the lung 
tissue is the applied pressure on tissue divided by the 
resulting velocity of tissue movement. There are various 
approaches to determining this in humans, including 
separately considering the pressure-volume (PV) charac-
teristics using plethysmography (where the area of the 
PV curve corresponds to work against total pulmonary 
resistance) and esophageal pressure (where the area of 
the PV curve corresponds to work against “tissue” resis-
tance).33 Alternative approaches mathematically model 
the lung responses to varying respiratory frequencies.34 
Lung tissue resistance amounts to 20% of the total resis-
tance to breathing; it can be increased threefold or four-
fold in chronic lung disease35 and is reduced by panting 
respirations.36 Finally, in ARDS the chest wall resistance is 
increased (see Chapter 103).37

INERTIA OR ACCELERATION OF GAS  
AND TISSUE

A final component of the total impedance to breathing 
is inertance, or the pressure required to accelerate air and 
tissue during inspiration and expiration. This component 
is minor, however, and can hardly be measured under 
normal breathing, regardless of whether the lungs are 
healthy. Nonetheless, tissue inertia is large during rapid 
ventilation,38 and it could be important during the rapid, 
shallow breathing characteristic of weaning failure or 
during high-frequency oscillation.

DISTRIBUTION OF INSPIRED GAS

Inspired gas is not evenly distributed throughout the 
lung; naturally, more gas enters those lung units that 
expand most during inspiration. In the resting lung, the 
basal (dependent) regions are less aerated than the api-
cal (nondependent) regions; therefore, they have the 
capacity to undergo greater expansion. During inspi-
ration, most gas goes to the basal units (dorsal, when 
supine; lower right lung when in the right lateral posi-
tion).39 This distribution is because of the compliance 
properties of the lung and the effects of position on the 
distribution of the distending pleural pressure (i.e., the 
PPL gradient). These changes are not related to the prop-
erties of the inspired gas.

In the upright position, the PPL is less negative at the 
base of the lung than at the apex. Because the PA is uniform 
throughout the lung, the distending PTP is greater at the 
apex; therefore, before inspiration commences, the apical 
lung is more open (and is less compliant) than the basal 
lung (Figs. 19-3 and 19-7). With inspiration, the contract-
ing diaphragm lowers the PPL by a comparable amount in 
all areas of the pleural surface (because of the fluid-like 
behavior of normal lung39) and distends the basal more 
than the apical regions (see Figs. 19-3 and 19-7). Because 
the pleural pressure gradient is oriented according to 
gravity, the distribution of ventilation changes with body 
position.

The PPL gradient exists because lung density, gravity, and 
conformation of the lung to the shape of the thorax40 result 
in crowding the basal lung tissue, making the local PPL less 
negative in the basal regions. Because the density of normal 
lung is approximately 0.3, PPL will become more positive 
by 0.3 cm H2O for each downward vertical centimeter, and 
more so with injured or edematous lungs. Indeed, experi-
mentally induced weightlessness decreases inhomogeneity 
in the distribution of ventilation41, but does not eliminate 
it; therefore, nongravitational (e.g., tissue, airway) factors 
also play a role.42

Although the vertical height of the lung is the same in 
the prone and supine positions, the vertical gradient PPL 
is less when prone,43 perhaps because the mediastinum 
compresses the dependent lung when supine but rests on 
the sternum when prone.44 A more even distribution of 
inspired gas—with improved oxygenation—in the prone 
position was predicted by Bryan in 197444; this has been 
confirmed experimentally.45,46

During low-flow states (e.g., at rest) distribution is 
determined by differences in compliance and not by air-
way resistance. Because compliance at the start of infla-
tion is less in the (already more aerated) apex, ventilation 
is preferentially directed to the base. In contrast, at high 
airflow, resistance (not compliance) is the key determi-
nant of distribution; because the resistance is lower in 
upper, more expanded lung regions, increasing flow 
rate equalizes the distribution of ventilation, as shown 
by distribution of 133Xe gas in humans47,48 (Fig. 19-8). 
This is important during exercise or stress because greater 
amounts of the alveolar-capillary surface area will be used.

AIRWAY CLOSURE

Expiration causes the airways to narrow, and deep expira-
tion can cause them to close. The volume remaining above 
RV where expiration below FRC closes some airways is 
termed closing volume (CV), and this volume added to the 
RV is termed the closing capacity (CC; i.e., the total capac-
ity of the lung at which closing can occur).49 Closure of 
airways during expiration is normal and is potentiated by 
increasing PPL, especially with active expiration. When 
PPL exceeds the PAW, the airway—if collapsible—will tend 
to close, and this usually commences at the bases because 
the basal PPL is greatest (see Fig. 19-7).

Three applications of this important principle are of 
key relevance to anesthesia. First, airway closure depends 
on age: in youth, the closure does not occur until expira-
tion is at or near RV, whereas with older age, it occurs 
earlier in expiration (i.e., at higher lung volumes). 
This occurs because PPL is on average more “positive”  
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regions as inspiratory flow is altered. At low flow, the bulk of the air-
flow goes to the lower regions. At higher flow rates (e.g., during exer-
cise) the distribution is more even, ensuring more efficient use of all 
alveolar-capillary membranes for gas transfer (provided that pulmo-
nary blood flow shows a similar distribution pattern).
(i.e., atmospheric, equal to PAW) as age increases. Clos-
ing can occur at or above FRC in individuals aged 65 to 
70 years50 such that dependent regions will undergo clo-
sure during normal expiration. This may be the major 
reason why oxygenation decreases with age (see Chapter 
80). Second, in the supine position FRC is less than when 
upright, but CC is unchanged; therefore, exhalation of a 
usual VT (from FRC) encroaches on CC in a supine 45 year 
old, and closure may be continuous in a supine 70 year 
old (Fig. 19-9). Finally, COPD increases the lung volume 
at which closure occurs, possibly exacerbated by airway 
edema and increased bronchial tone.49

DIFFUSION OF GAS

Gas moves in the large and medium-sized airways by bulk 
flow (i.e., convection) meaning that the gas molecules 
travel together at a given mean velocity according to a 
driving pressure gradient. Flow is through multiple gen-
erations of bronchi, and the net resistance falls with each 
division. After the fourteenth generation, airways merge 
with alveoli and participate in gas exchange (respiratory 
bronchioles). The cross-sectional area expands massively 
(trachea, 2.5 cm2; twenty-third generation bronchi, 0.8 m2;  
alveolar surface, 140 m2),51 resulting in a sharp drop in 
overall resistance. Because the number of gas molecules is 
constant, the velocity falls rapidly, which by the time the 
gas enters the alveoli is miniscule (0.001 mm/sec) and is 
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zero when it reaches the alveolar membrane. The velocity
of the gas entering the alveolus is slower than the diffu-
sion rates of O2 and CO2; therefore, diffusion—not con-
vection—is necessary for transport in the distal airways
and alveoli. Indeed, CO2 is detectable at the mouth after
just seconds of breath holding, because of rapid diffusion
and because of cardiac oscillations (i.e., mixing).

Gas mixing is complete in the alveoli of a normal lung
during normal breathing. However, if the alveolus expands
(e.g., emphysema), the diffusion distance may be too great
to allow complete mixing, potentially leaving a layer of
CO2-rich gas lining the alveolar membrane and a core of
O2-rich gas in the alveolus. This represents a “micro” ver-
sion of inhomogeneous distribution of ventilation.52

PERFUSION

The pulmonary circulation differs from the systemic circula-
tion: it operates at a five fold to tenfold lower pressure, and
the vessels are shorter and wider. There are two important
consequences of the particularly low vascular resistance.
First, the downstream blood flow in the pulmonary capil-
laries is pulsatile, in contrast to the more constant systemic
capillary flow.53 Second, the capillary and alveolar walls
are protected from exposure to high hydrostatic pressures;
therefore, they can be sufficiently thin to optimize diffusion
(i.e., exchange) of gas but not permit leakage of plasma or
blood into the airspace. Whereas an abrupt increase in the
pulmonary arterial (or venous) pressure can cause breaks
in the capillaries,54 slower increases (i.e., months to years)
stimulate vascular remodeling.55 This remodeling might
protect against pulmonary edema56 (and possibly against
lung injury57), but diffusion will be impaired.

DISTRIBUTION OF LUNG BLOOD FLOW

Pulmonary blood flow depends on driving pressure and vas-
cular resistance; these factors (and flow) are not homogenous
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Figure 19-9. Resting functional residual capacity (FRC) and closing
capacity (CC). FRC increases with age (because of loss of elastic tissue),
and superimposed upon this is a step decrease in FRC with supine
position (because of diaphragm elevation by abdominal contents),
and a further decrease with anesthesia in the supine position. The CC
is also increased with age, but far more steeply, causing airway closure
above FRC in upright subjects (>65 yr) and in supine subjects (>45 yr).
This relationship between CC and FRC explains decreasing oxygen-
ation with age.
throughout the lung. The traditional thinking about lung 
perfusion emphasized the importance of gravity58; how-
ever, factors other than gravity are also important.

DISTRIBUTION OF BLOOD FLOW IN THE 
LUNG: THE EFFECT OF GRAVITY

Blood has weight and therefore blood pressure is affected 
by gravity. The height (base to apex) of an adult lung is 
approximately 25 cm; therefore, when a person is stand-
ing, the hydrostatic pressure at the base is 25 cm H2O 
(i.e., approximately 18 mm Hg) higher than at the apex. 
The mean pulmonary arterial pressure is approximately 
12 mm Hg at the level of the heart, and the pulmonary 
artery pressure at the lung apex can therefore approach 
zero. Thus, less blood flow will occur at the apex (versus 
the base), and in the setting of positive pressure venti-
lation, the apical alveoli can compress the surrounding 
capillaries and prevent any local blood flow.

Based on such gravitational distribution of pulmonary 
artery pressure, as well as the effect of alveolar expan-
sion, West and colleagues59 divided the lung into zones 
I to III (Fig. 19-10). This system is based on the principle 
that perfusion to an alveolus depends on the pressures 
in the pulmonary artery (PPA), pulmonary vein (PPV), and 
alveolus (PALV). In the apex (zone I), the key issue is that 
pulmonary arterial pressure is less than alveolar pressure; 
therefore, no perfusion occurs. Zone I conditions can 
exist during mechanical ventilation and be exacerbated 
by low PPA. Whenever zone I conditions exist, the non-
perfused alveoli constitute additional dead space (VD). 

I

Pulmonary vascular resistance (PVR) =

(true only if lung is in zone III)

II

III

IV

PPA - PLA

QT
•

PALV � PPA � PLA

PPA � PALV � PLA

PPA � PLA � PALV

PPA � PLA � PALV

Figure 19-10. Vertical distribution of lung blood flow. The so-called 
zones I, II, III, and IV are indicated. In zone I there is no perfusion, 
only ventilation. In zone II, pulmonary artery pressure exceeds alveolar 
pressure which in turn exceeds venous pressure; the driving pressure 
is PPA-PA. In zone III, arterial and venous pressures both exceed alveolar 
pressure, and here the driving pressure is PPA-PLA. In the lung base, 
blood flow is decreased possibly because of increased interstitial pres-
sure that compresses extra alveolar vessels. PA, Alveolus pressure;PALV, 
positive intraalveolar pressure; PLA, positive artery pressure; PPA, pulmo-
nary artery pressure; QT, cardiac output.
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Figure 19-11. Distribution of blood flow (ventral, dorsal) in supine versus prone position. The distributions from ventral to dorsal are similar, 
irrespective of position, suggesting that that anatomic features (and not simply gravity) determine the distribution of flow. The magnitude of the 
variability in either the prone (or in the supine) position (i.e., nongravitational inhomogeneity) is far greater than the differences in distribution 
between the prone and the supine positions (i.e., gravitational inhomogeneity). (From Glenny RW et al: Gravity is a minor determinant of pulmonary 
blood flow distribution, J Appl Physiol 71:620-629, 1991.)
Below the apex in zone II, PPV is less than alveolar pres-
sure, and the veins are collapsed except during flow, as 
in a “vascular waterfall.” Although PALV is always greater 
than PPV, perfusion occurs when PPA exceeds PALV (i.e., 
intermittently, during systole). Below this zone is zone 
III, in which there are two important differences: PPA and 
PPV both always exceed PALV. As a result, there is perfu-
sion throughout systole and diastole (and inspiration 
and expiration). Gravity results in equal increases in 
both PPA and PPV toward the lung base; therefore, grav-
ity cannot affect flow throughout zone III by increasing 
the PPA to PPV pressure gradient alone. Nonetheless, it is 
possible that the greater weight of the blood nearer the 
base results in vessel dilatation, thereby lowering vascu-
lar resistance and increasing flow.58 It was subsequently 
recognized that there is also a decrease in perfusion in the 
lung base, or zone IV, that is thought to occur because of 
the effects of gravity compressing the lung at the bases—
and the blood vessels therein—and thereby increasing 
vascular resistance.60

Finally, additional evidence for the effect of gravity 
comes from volunteer experiments in which gravity was 
increased or abolished by altering the flight pattern of a 
jet aircraft.61 In these experiments, zero gravity decreased 
cardiac oscillations of O2 and CO2 during a breath hold, 
indicating development of more homogeneous perfusion. 
In contrast, more recent experiments of exhaled gas anal-
ysis (on the Mir space station) reported that the heteroge-
neity of lung perfusion was reduced, but not eliminated, 
in the presence of microgravity, indicating that gravity 
contributes to the heterogeneity of blood flow distribu-
tion but does not explain it entirely.62 While the precise 
role of gravity is disputed, it is likely to play a smaller role 
when supine versus when upright.

DISTRIBUTION OF BLOOD FLOW IN THE 
LUNG: INFLUENCE OF FACTORS NOT 
RELATED TO GRAVITY

Key experiments have reconsidered the effects of gravity. 
Blood flow measured in the same gravitational plane was 
less per unit of lung tissue at the apex than at the base.63 
In addition, microsphere assessment demonstrated signif-
icant variability within iso-gravitational planes, and lung 
height appeared to account for less than 10% of the dis-
tribution of flow in either the prone or supine positions.64 
In addition, inhomogeneity in the horizontal planes can 
exceed that in the vertical direction (Fig. 19-11).65 Other 
studies have reported a preponderance of perfusion to 
the central lung (versus peripheral) tissue,66 which can 
be reversed by the application of positive end-expiratory 
pressure (PEEP).67 Although greater length of radial blood 
vessels was considered to explain this central-peripheral 
difference, others have suggested that it is not signifi-
cant.64 Finally, differences have been reported among 
lung regions in local vascular resistance.68

Fractal distribution of blood flow may be more impor-
tant than the influence of gravity.69 A fractal pattern 
of perfusion means that in any given region, there will 
be “spatial correlation” (similarity) of the blood flow 
between neighboring regions.

Although the methods to study lung perfusion are 
complex—and there is a spectrum of opinion71,72, the 
aggregate data suggest that factors other than gravity 
contribute to the heterogeneity of the distribution of 
perfusion.

HYPOXIC PULMONARY VASOCONSTRICTION

Hypoxic pulmonary vasoconstriction is a compensatory 
mechanism that diverts blood flow away from hypoxic 
lung regions toward better oxygenated regions.73 The 
major stimulus for HPV is low alveolar oxygen tension 
(PAO2), whether caused by hypoventilation or by breath-
ing gas with a low PO2, and is more potent when affect-
ing a smaller lung region. The stimulus of hypoxic mixed 
venous blood is weaker.74,75 Whereas in humans older 
volatile anesthetics were thought to inhibit HPV more 
than intravenously based anesthesia (in humans), mod-
ern volatile anesthetics, including sevoflurane76 and des-
flurane,77 have little effect. During intravenously based 
anesthesia, exposure of one lung to an Fio2 of 1.0 and 
the contralateral to a hypoxic gas mixture (Fio2, 0.12 to 
0.05) reduced perfusion to the hypoxic lung to 30% of 
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the cardiac output.78 Pulmonary hypertension, because of 
vascular remodeling owing to ongoing HPV, can develop 
in humans at high altitude79 or in the presence of chronic 
hypoxemic lung disease.

CLINICAL ASSESSMENT OF LUNG 
FUNCTION

SPIROMETRY—TOTAL LUNG CAPACITY 
AND SUBDIVISIONS

The gas volume in the lung after a maximum inspiration 
is called the total lung capacity (TLC; usually 6 to 8 L). 
TLC can be increased in COPD either by overexpansion 
of alveoli or by destruction of the alveolar wall, result-
ing in loss of elastic tissue, as in emphysema (see Fig. 
19-4).80 In extreme cases, TLC can be increased to 10 to 
12 L. In restrictive lung disease, TLC is reduced, reflect-
ing the degree of fibrosis, and can be as low as 3 to 4 L 
(see Fig. 19-4).80

Following maximum expiratory effort, some air is left 
in the lung and constitutes the RV (about 2 L). How-
ever, usually no region develops collapse because distal 
airways (<2 mm) close before alveoli collapse,81 trap-
ping gas and preventing further alveolar emptying. In 
addition, there is a limit to how much the chest wall, 
rib cage, and diaphragm can be compressed. The impor-
tance of preventing collapse of lung tissue was presented 
earlier (see Fig. 19-6).

The maximum volume that can be inhaled and then 
exhaled is the vital capacity (VC; 4 to 6 L), and this is 
the difference between TLC and RV. VC is reduced in 
both restrictive and obstructive lung disease. In restric-
tion, VC reduction reflects the loss of lung volume, such 
as from the constricting (i.e., shrinking) effects of fibro-
sis. In obstructive lung disease, long-term trapping of air 
increases the RV and can occur either by encroaching on 
(and reducing) the VC or in association with a (propor-
tionally smaller) increase in FVC.80

Tidal volume (VT, usually 0.5 L) is inspired from the 
resting lung volume reached at end-expiration (FRC, 
2.0 L). With increased ventilation, as in exercise, VT is 
increased and FRC may be reduced by approximately 0.5 
L. However, in airway obstruction, exhalation is impeded 
such that inspiration commences before the usual rest-
ing lung volume is reached; thus end-expiratory volume 
is increased.80 Such air trapping reduces the resistance to 
gas flow in the narrowed airways, but because the lung 
tissue is hyperinflated and mechanically disadvantaged, 
the work of breathing overall is increased (also see Chap-
ter 103).

FRC increases with age as elastic lung tissue is lost; 
this reduces the lung recoil force countering the outward 
chest wall force, and lung assumes a higher volume (see 
Chapter 80). The rate of this aging process is accelerated 
in COPD because of the contributions of chronic air trap-
ping and marked loss of elastic tissue.19 FRC is reduced in 
fibrotic lung diseases,80 sometimes to 1.5 L (see Fig. 19-4). 
Lung resection also reduces FRC, but the remaining lung 
will expand to fill the lung tissue void partially; this is 
called compensatory emphysema (see Chapter 66).
DIFFUSING CAPACITY (DLCO)—DIFFUSION 
ACROSS ALVEOLAR-CAPILLARY 
MEMBRANES

The diffusing capacity test integrates many phenomena 
that are central to respiratory physiology. The test and 
the factors affecting its interpretation are described here. 
In the lungs, O2 and CO2 diffuse passively: O2 from alveo-
lar gas into plasma and red cells, where it binds to hemo-
globin, and CO2 in the opposite direction, from plasma 
to the alveoli. The amount that can diffuse across a mem-
brane in a given period is the diffusing capacity, and it is 
determined with the following equation:

 Diffusing capacity = (SA × Δ P × Sol)(
h ×

√
MW

)  

where SA is the surface area of the membrane exposed to 
gas, ΔP is the gradient of partial pressure between admin-
istered gas vs. blood tension, Sol is the solubility of the 
gas in the membrane, h is the thickness of the membrane, 
and MW is the molecular weight of the gas.

Assessment of diffusing capacity (sometimes called 
transfer factor) uses CO as the test gas; it is inhaled at a 
small concentration (0.3%) to TLC just after a maximal 
expiration, filling the lung as much as possible with the 
dilute CO. The breath is held and then deeply exhaled to 
RV. The difference between the quantity of CO exhaled 
versus inhaled will therefore either be taken up by the 
perfusing blood (i.e., Hb) or remain in the lung (RV). The 
latter can be determined if the CO is coadministered with 
an insoluble gas (e.g., He) that remains in the lung.

Surface Area
The surface area is taken as the area that is capable of 
exchanging gas on the alveolar and the capillary sides; 
thus, it assumes a ventilated and perfused lung (i.e., not 
dead space). It will be lower in small lungs, lung fibrosis 
(restriction), after lung resection, or in cases of lung tissue 
destruction, such as emphysema.

Membrane Thickness
Thicker membranes reduce the CO transfer because the 
longer diffusion distance lowers the diffusion capacity, 
and the solubility of O2 (and CO2) is lower in fibrotic tis-
sue than in plasma. Differentiating between effects of the 
volume of capillary blood and the membrane thickness 
can be difficult, but because oxygen and CO compete for 
binding to hemoglobin, distinguishing between these 
issues may be possible by measuring CO transfer with 
altered Fio2 (see review by Hughes and colleagues82,83).

Pressure Gradient
The larger the O2 or CO2 tension difference (ΔP) between 
the gas phase (alveolus) and the plasma (capillary), the 
greater the rate of diffusion. The mixed venous blood 
entering the pulmonary capillary has a PO2 of 40 mm Hg 
(5.3 kPa), and alveolar PO2 is approximately 100 mm Hg 
(13.3 kPa); therefore, the driving pressure (ΔP) is 60 mm 
Hg (8 kPa).

When blood flows through the capillary, it takes up 
oxygen and delivers CO2, but because oxygen pressure 
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builds up in capillary blood, the diffusion rate slows down 
and becomes zero when pressure is equilibrated across 
the alveolar-capillary wall. At rest, equilibrium is usually 
reached within 25% to 30% of the capillary length, and 
almost no gas transfer occurs in the remaining capillary 
(Fig. 19-12). However, during exercise or stress (i.e., high 
cardiac output), blood flow through the capillary is faster, 
and a longer capillary distance is required before equi-
librium is reached. Thickened alveolar-capillary mem-
branes will also prolong the equilibration process and, if 
severe, can prevent equilibration occurring and increas-
ing the propensity to hypoxemia. If the mixed venous 
PO2 (PmvO2) is lower than normal, the driving pressure 
increases and partially compensates towards achieving 
equilibrium with alveolar O2. The driving pressure is 
expressed:

 ΔP = (PaO2 − PmvO2)mm Hg  

Most of the oxygen that dissolves in plasma diffuses 
into the red cell and binds to hemoglobin; therefore, 1 L 
of blood (Hb 150 g/L) with a saturation of 98%—normal 
in arterial blood—carries 200 mL of Hb-bound O2, com-
pared with 3 mL that is dissolved (PaO2 100 mm Hg). The 
Hb-bound oxygen creates no pressure in plasma, which 
is important because it allows much more oxygen to dif-
fuse over the membranes before a pressure equilibration 
is reached. Anemia (or prior CO exposure) reduces—and 
polycythemia increases—diffusion capacity.

Molecular Weight and Solubility
The rate of diffusion of a gas is inversely related to the 
square root of its molecular weight (MW); the larger the 
molecule, the slower the diffusion. O2 is a light gas (MW 32)  
and CO2 is heavier (MW 44). However, diffusion is also 
directly proportional to solubility in tissue, and CO2 is 
almost thirtyfold times more soluble than O2. The aggre-
gate effect is that CO2 diffuses about twentyfold faster 
than O2

84; therefore, there is no lung disease compatible 
with life that measurably impairs CO2 diffusion.
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Figure 19-12. Schematic of oxygenation of pulmonary capillary 
blood. In a healthy subject, there is a rapid equilibration (<30% capil-
lary length) of the oxygen tension in capillary blood with that in alveo-
lar gas; however, during exercise, the flow rate is greater (i.e., transit 
time shorter) and most of the capillary distance is used before equili-
bration is reached. This effect can be offset by distention and recruit-
ment of pulmonary capillaries. If diffusion is impaired, equilibration 
takes longer, and it might not occur with exercise.
INTRAOPERATIVE RESPIRATORY EVENTS

RESPIRATORY FUNCTION DURING 
ANESTHESIA

Anesthesia impairs pulmonary function, whether the 
patient is breathing spontaneously or is receiving 
mechanical ventilation. Impaired oxygenation of blood 
occurs in most subjects who are anesthetized,85 and 
this is why supplemental O2 (Fio2 usually 0.3 to 0.5) is 
almost invariably used. Mild to moderate hypoxemia 
(SaO2, 85% to 90%) is common and lasts from seconds 
to minutes; sometimes it is severe, and approximately 
20% of patients may suffer from SaO2 less than 81% for 
up to 5 minutes.86 Indeed, greater than 50% of claims 
in anesthesia-related deaths relate to hypoxemia during 
anesthesia.2 Beyond the operating room, the alterations 
in lung function acquired during anesthesia persist: clini-
cally significant pulmonary complications can be seen in 
1% to 2% patients after minor surgery, and in up to 20% 
of patients after more major upper abdominal or thoracic 
surgery.87 Such consequences of anesthesia place prime 
importance on ascertaining the causes of perioperative 
respiratory dysfunction and the clinical approaches to 
treatment.

In this section, w describe the effects of anesthesia and 
mechanical ventilation on lung function. The arrange-
ment of this section parallels the sequence of events 
involved in oxygenating the blood and removing CO2. 
Thus, the first phenomenon that might be seen with anes-
thesia is loss of muscle tone with a subsequent change 
in the balance between outward forces (i.e., respiratory 
muscles) and inward forces (i.e., elastic tissue in the lung) 
leading to a fall in FRC. This causes or is paralleled by 
an increase in the elastic behavior of the lung (reduced 
compliance) and an increase in respiratory resistance. The 
decrease in FRC affects the patency of lung tissue with the 
formation of atelectasis (made worse with the use of high 
concentrations of inspired oxygen) and airway closure. 
This alters the distribution of ventilation and matching 
of ventilation and blood flow and impedes oxygenation 
of blood and removal of carbon dioxide.

LUNG VOLUME AND RESPIRATORY 
MECHANICS DURING ANESTHESIA

Lung Volume
Resting lung volume (i.e., FRC), is reduced by almost  
1 L by moving from upright to supine position; induc-
tion of anesthesia further decreases the FRC by approxi-
mately 0.5 L.88 This reduces the FRC from approximately 
3.5 to 2 L, a value close to RV. General anesthesia causes 
a fall in FRC (approximately 20%), whether breathing 
is controlled or spontaneous89,90 and whether the anes-
thetic is inhalational or intravenous91; this is a major 
contributor to lowered oxygenation (discussed later).  
Muscle paralysis in the context of general anesthesia does 
not cause additional reduction in FRC.

The anatomic basis of the FRC reduction is not well 
understood. A landmark experiment on three volunteers 
using two-dimensional tomography suggested that a 
cephalad shift of the diaphragm, induced by anesthesia 



Chapter 19: Respiratory Physiology and Pathophysiology 457
and paralysis, was responsible.92 Recent studies using CT 
scanning also suggest cephalad diaphragm shift, as well 
as a decrease in the transverse chest area.91,93 However, 
other data suggest little role for the diaphragm, with pos-
sible caudal (not cephalad) shift of its anterior aspect.94 
Simple CT suggests a cranial displacement except in severe 
obstructive lung disease. Although the anatomic com-
ponents of reduced FRC are debatable, the mechanism 
appears to be related to loss of respiratory muscle tone. 
FRC is maintained by a balance of the forces inward (lung 
recoil) versus forces outward (chest wall recoil, chest wall 
muscles, diaphragm). For example, maintenance of mus-
cle tone using ketamine as the anesthetic does not reduce 
FRC.91 Because patients are usually supine, the FRC will 
already have been reduced, and in elderly patients, this is 
particularly the case; in this context, the effects of anes-
thesia are more marked (see Fig. 19-9). As can be seen in 
the figure, FRC decreases with age assuming that weight 
does not change.

Compliance and Resistance of the 
Respiratory System
Static compliance of the total respiratory system (lungs 
and chest wall) is reduced on average from 95 to 60 mL/
cm H2O during anesthesia.95 Most studies of lung com-
pliance during anesthesia indicate a decrease compared 
with the awake state, and pooled data from several stud-
ies suggest that anesthesia is associated with a reduction 
in mean static compliance from almost 190 to approxi-
mately 150 mL/cm H2O.95 Data on changes in respiratory 
resistance are less clear. Although most studies suggest 
that anesthesia increases respiratory resistance, especially 
during mechanical ventilation,95 no studies have cor-
rected for lung volume and flow rates (both affect resis-
tance considerably), and it is possible that changes in 
resistance occur merely because of volume (i.e., FRC) loss 
(Fig. 19-13).

ATELECTASIS AND AIRWAY CLOSURE 
DURING ANESTHESIA

The classic article by Bendixen and colleagues96 pro-
posed “a concept of atelectasis” as a cause of impaired 
oxygenation and reduced respiratory compliance during 
anesthesia.96 That study described a progressive decrease 
in compliance that paralleled decreases in oxygenation 
in both anesthetized humans and experimental ani-
mals, which was interpreted as progressive of atelectasis. 
However, others noticed an abrupt decrease in compli-
ance and PaO2 during induction of anesthesia, and yet 
atelectasis could not be shown on conventional chest 
radiography.

Since then, CT scanning has improved our knowl-
edge of the nature of anesthesia-induced atelectasis, and 
the technique reveals prompt development of densities 
in the dependent regions of both lungs during anes-
thesia (data up to 1990 reviewed by Moller and asso-
ciates86,97). Morphologic studies of these densities in 
various animals supported the diagnosis of atelectasis. 
An example of atelectasis as seen on a CT scan is shown 
in Figure 19-14.

Atelectasis develops in approximately 90% of patients 
who are anesthetized, but it is unrelated to the choice of 
Awake

Anesthetized

Anesthesia

1. FRC

2. CL

3. Raw

Figure 19-13. Anesthesia induces cranial shift of the diaphragm and 
a decrease of transverse diameter of the thorax. These effects con-
tribute to a lowered functional residual capacity (FRC). The decreased 
ventilated volume (atelectasis and airway closure) can contribute to 
reduced compliance (CL). Decreased airway dimensions by the low-
ered FRC can contribute to increased airway resistance (Raw).

Figure 19-14. Computed tomography with transverse exposures of 
the chest when the subject is awake (upper panel) and anesthetized 
(lower panel). In the awake condition, the lung is well aerated (radiations 
from a pulmonary artery catheter are seen in the heart). During anes-
thesia, atelectasis has developed in the dependent regions (grey/white 
irregular areas). The large grey/white area in the middle of the right lung 
field is caused by a cranial shift of the diaphragm and the underlying liver.
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anesthesia.98 It is seen during spontaneous breathing and 
after muscle paralysis and when intravenous or inhaled 
anesthetics are used.91 The atelectatic area near the dia-
phragm is 5% to 6% of the total lung area, but can easily 
exceed 20%. The amount of lung tissue that is collapsed 
is larger, because the atelectatic area consists mostly of 
lung tissue, whereas normal aerated lung consists of 20% 
to 40% tissue (the rest being air). Thus, 15% to 20% of the 
lung is atelectatic during uneventful anesthesia, before 
surgery has commenced; it decreases toward the apex, 
which usually remains aerated (Fig. 19-15). However, this 
degree of atelectasis is larger (upwards of 50% of lung  
volume) after thoracic surgery or cardiopulmonary bypass, 
and can last for several hours.99 Abdominal surgery adds 

Figure 19-15. A three-dimensional reconstruction of the thorax of 
an anesthetized patient with atelectasis in the dependent regions 
of both lungs. There is a slight decrease in the degree of atelectasis 
toward the apex (distal in this image). (Data from Reber A, Nylund U, 
Hedenstierna G: Position and shape of the diaphragm: implications for 
atelectasis formation. Anaesthesia 53:1054-1061, 1998.)
little to the atelectasis, but after such surgery it can persist 
for several days.100

Atelectasis is an important cause of hypoxemia: 
there is a strong and significant correlation between the 
degree of atelectasis and the size of the pulmonary shunt 
(R = 0.81), where atelectasis is expressed as the percent-
age of lung area just above the diaphragm on CT scan 
and shunt is expressed as the percentage of cardiac out-
put using the multiple inert gas elimination technique 
(MIGET).98 The site of the increased shunt has been colo-
calized to the areas of atelectasis, using a technique that 
combines CT scanning and single photon emission com-
puted tomography (SPECT; Fig. 19-16).101 In addition to 
shunt, atelectasis may form a focus of infection and can 
certainly contribute to pulmonary complications.102

Aside from anesthesia (and the type of surgery), it is dif-
ficult to predict the development of atelectasis. Although 
obesity is associated with greater degrees of atelectasis, 
there is only poor correlation between the magnitude 
of the body weight (or body mass index [BMI]) and the 
extent of atelectasis.89,91 Moreover, neither age98 nor the 
presence of COPD103 predicts the development or extent 
of atelectasis. In COPD, it may be that airway closure pre-
cedes (and therefore prevents) alveolar closure. Alterna-
tively, the greater loss of lung (elastic recoil) versus chest 
wall tissue may serve to protect against atelectasis.

PREVENTION OF ATELECTASIS DURING 
ANESTHESIA

Several interventions can help prevent atelectasis97 or 
even reopen collapsed tissue, as discussed in the follow-
ing paragraphs.

Positive End-Expiratory Pressure
The application of PEEP (10 cm H2O) has been repeat-
edly demonstrated to reexpand atelectasis partially  
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Figure 19-16. Atelectasis and distribution of ventilation and blood flow. The left panel is a cross-sectional slice of a computed tomographic image 
of the chest of an anesthetized patient, illustrating atelectasis in the basal (dorsal) regions. The right panel illustrates the distribution of ventilation 
and perfusion throughout that slice. The bulk of the ventilation is to the upper lung region (zone A), in contrast to the awake subject without atelec-
tasis, and it exceeds the level of local perfusion; this results in wasted ventilation (i.e., deadspace) in the upper regions. In the lower region (zone B), 
the ventilation is less (probably because of intermittent airway closure) and is exceeded by the local perfusion, resulting in areas of low V̇A/Q̇, caus-
ing hypoxemia. In the next lowest region (zone C), there is complete cessation of ventilation because of atelectasis, but some perfusion exists and 
causes a shunt. The farther from the top of the lung, the higher the perfusion; however, in the lowermost regions perfusion decreases (see text). 
(Data from Hedenstierna G: Alveolar collapse and closure of airways: regular effects of anaesthesia, Clin Physiol Funct Imaging 23:123-129, 2003.)
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(Fig. 19-17). Some atelectasis may persist and might 
require higher PEEP and inspiratory airway pressure.91 
The application of larger levels of PEEP can have com-
plex effects. Reversal of hypoxemia is not proportion-
ally associated with applied PEEP, and a threshold exists 
in many cases. In addition, SaO2 may decrease during 
the application of increased PEEP for two reasons. First, 
the increased PPL owing to the PEEP can impair venous 
return, especially in the presence of hypovolemia, lower-
ing the cardiac output and DO2 and thereby reducing 
mixed venous O2 content (CvO2). In the presence of 
an intrapulmonary shunt, such as with atelectasis, the 
mixed venous blood is shunted directly into pulmo-
nary venous blood causing arterial desaturation. Second, 
increased PEEP can cause redistribution of blood flow 
away from the aerated, expanded regions (distended by 
PEEP) toward atelectatic areas (not distended by PEEP; 
Fig. 19-18).104 In this context, persisting atelectasis in 
dependent lung receives a larger proportion of the total 
pulmonary blood flow than without PEEP.59 Finally, 
anesthesia-induced atelectasis rapidly reemerges after 
discontinuation of PEEP.91 Indeed, Hewlett and co- 
workers105 in 1974 cautioned against “indiscriminate use 
of PEEP in routine anesthesia.”
Recruitment Maneuvers
A sigh maneuver, or a large VT, has been suggested for 
reversing atelectasis10; however, atelectasis is not uni-
formly reduced by a VT increase or sigh up to PAW of  
20 cm H2O.106 Instead, a PAW of 30 cm H2O is required 
for initial opening, and 40 cm H2O for more complete 
reversal (Fig. 19-19). In the presence of normal lungs, 
such inflation is equivalent to a VC and can therefore 
be called a VC maneuver (albeit achieved with positive 
PAW). In addition, a significant hemodynamic effect is 
likely if the VC maneuver is sustained; in fact, inflation 
with a PAW of 40 cm H2O for 7 to 8 seconds appears 
to successfully open almost all anesthesia-induced 
atelectasis.107

Minimizing Gas Resorption
Although recruitment of anesthesia-induced atelectasis is 
completely possible with either PEEP or a VC maneuver, 
continuous application of some level of PEEP is required 
to prevent rapid recurrence of the atelectasis.108 However, 
N2—an insoluble gas that is not absorbed into the blood—
can “splint” the alveolus if the alveolus is already opened. 
As a result, in anesthetized patients, a VC maneuver fol-
lowed by ventilation with a gas mixture containing 60% 
Figure 19-17. Computed tomographic scans and 
V̇A/Q̇ distributions in the lung of a healthy, awake 
subject during anesthesia (zero positive end-expi-
ratory pressure [ZEEP]) and during anesthesia (10 
cm H2O positive end-expiratory pressure [PEEP]). In 
the awake state, there is no atelectasis and the cor-
responding minor low V̇A/Q̇ distribution (left side of 
plot) may reflect intermittent airway closure. During 
anesthesia with ZEEP, atelectasis is apparent in the 
lung bases (and the diaphragm has been pushed 
cranially). The low V̇A/Q̇ has been replaced by atel-
ectasis and large shunt; in addition, a small “high” 
V̇A/Q̇ mode (right side of plot) may reflect alveolar 
dead space in upper lung regions. With the addition 
of PEEP during anesthesia, the collapsed lung tissue 
has been recruited and the shunt has been reduced 
considerably. Moreover, the “high” V̇A/Q̇ mode (right 
side of plot) has significantly increased; this may reflect 
additional inflation of nonperfused upper lung.
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N2 (40% O2) reduced the propensity for reaccumulation 
of atelectasis with only 20% reappearing 40 minutes after 
recruitment.108

The same principles apply in the practice of preoxy-
genation of patients during induction of anesthesia. 

ZEEP Gen.PEEP Sel.PEEP

Figure 19-18. Gamma camera images of lung blood flow in an anes-
thetized subject in the lateral position. During mechanical ventilation 
with zero end-expiratory pressure (ZEEP), perfusion is predominantly 
(60% to 70% of cardiac output) to the lower lung. Applying PEEP (10 
cm H2O) to both lungs forces more perfusion to the lower lung, leav-
ing almost no perfusion to the upper lung (i.e., major increase in VD).  
In contrast, selective application of PEEP to the lower lung causes redis-
tribution of perfusion to the upper lung. Of course, the image pre-
sented is perfused tissue (not total anatomic lung tissue; in the right 
lateral position the upper-right lung would be larger). (From Heden-
stierna G et al: Ventilation and perfusion of each lung during differential 
ventilation with selective PEEP, Anesthesiology 61:369-376, 1984.)

Anesth Paw 0Awake

Anesth Paw 20 Anesth Paw 40

Figure 19-19. Computed tomographic (CT) scans during awake and 
anesthetized states with altered airway pressure (PAW). The CT scan 
in the awake subject (upper left panel) shows normal vasculature and 
no atelectasis. During anesthesia (PAW, 0 cm H2O; upper right panel), 
bilateral basal atelectasis is seen; the PAW is increased in increments 
(20 cm H2O shown), but the atelectasis is not reversed until a PAW of  
40 cm H2O is applied (lower right panel). Thus, a vital capacity maneu-
ver was required to open the lung. (From Rothen HU et al: Re-expansion 
of atelectasis during general anaesthesia: a computed tomography study, 
Br J Anaesth 71:788-795, 1993.)
Here, the aim is to prevent O2 desaturation (i.e., gain an 
O2 safety margin) during induction before the airway has 
been secured when the anesthesiologist can better man-
age ventilation and oxygenation. Traditionally, the appli-
cation of Fio2 1.0 has been used. Although the SaO2 is 
usually well maintained with this approach, atelectasis 
inevitably forms. The use of 30% versus 100% O2 during 
induction was demonstrated in a clinical study to elimi-
nate the formation of atelectasis.109 Later, a comparison 
of breathing 100%, 80%, and 60% O2 during induction 
demonstrated ubiquitous atelectasis with 100%, less with 
80%, and even less with 60% O2 (Fig. 19-20); however, 
the trade-off for less atelectasis was a shorter safety mar-
gin before occurrence of O2 desaturation.110

An alternative approach may be continuous positive 
airway pressure (CPAP). Application of CPAP 10 cm H2O 
permitted the use of 100% inspired O2 without forma-
tion of significant degrees of atelectasis.111 This might 
provide an ideal combination of minimal risk of either 
O2 desaturation or atelectasis, but it has not been repeat-
edly verified.

Maintenance of Muscle Tone
Because loss of muscle tone in the diaphragm or chest 
wall appears to increase the risk of atelectasis, techniques 
that preserve muscle tone may have advantages. Intrave-
nous ketamine does not impair muscle tone and is the 
only individual anesthetic that does not cause atelectasis. 
If neuromuscular blockade is added, atelectasis occurs as 
with other anesthetics.91 Ketamine is an extremely useful 
agent in special circumstances, but it has significant chal-
lenges in routine cases.

An experimental approach is restoration of respira-
tory muscle tone by diaphragm pacing. This approach is 
achieved with phrenic nerve stimulation, and it can mod-
estly reduce the degree of atelectasis; however, the effect 
is minor and the approach complicated.112

Atelectasis Following Surgery
Hypoxemia is common after anesthesia and surgery. It 
is enhanced by breathing oxygen before induction of 
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Figure 19-20. Atelectasis formation in anesthetized subjects follow-
ing preoxygenation with different inspired oxygen concentrations. 
Increasing the Fio2 during preoxygenation increases the propensity 
to subsequent atelectasis (closed symbols), although there is much 
variability. The open circle at around an expired oxygen concentration 
(FeO2) of 25% represents data from anesthesia being induced while 
breathing 30% O2. (From Rothen HU et al: Prevention of atelectasis dur-
ing general anaesthesia, Lancet 345:1387-1391, 1995.)
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Figure 19-21. A three-compartment model of ventilation and perfusion during anesthesia. In the upper regions, the alveoli and airways are open 
(left panel, A). In the middle region, the airways are intermittently closed (B), and atelectasis is present in the lower region (C). The corresponding 
ventilation-perfusion distribution (multiple inert gas elimination technique) is illustrated in the right panel. Mode A reflects good ventilation and 
perfusion, whereas mode B reflects intermittent airway closure. In addition, there is a shunt in the atelectatic region (mode C).
anesthesia and suctioning of the airway (negative pres-
sure) before extubation of the trachea. In addition, splint-
ing and inhibition of coughing associated with pain can 
cause atelectasis postoperatively. Several approaches have 
been tried to address such atelectasis-associated hypox-
emia following surgery. Administration of 100% O2 cou-
pled with a VC maneuver is not effective; this is probably 
because while the VC maneuver recruits lung, alveolar 
opening is not maintained (in fact closure is encouraged 
by the N2-free O2).113 However, a VC maneuver followed 
by a lower O2 concentration (40% O2 in N2) can maintain 
an open lung until the end of anesthesia.107 Oxygenation 
is sustained for a longer period following ventilation with 
50% O2 in air (i.e., N2) compared with 100%, following 
cardiopulmonary bypass.114 Finally, treatment of postop-
erative hypoxemia, considered to be due to atelectasis, 
is associated with better outcomes when CPAP is used 
instead of 100% O2.115

AIRWAY CLOSURE

Intermittent airway closure reduces ventilation of the 
affected alveoli. Such lung regions can become regions of 
low V̇A/Q̇  if perfusion is maintained or is not reduced to 
the same degree as ventilation. The propensity to airway 
closure increases with age49 (see Fig. 19-9), as does perfu-
sion to low V̇A/Q̇  regions.116 Anesthesia reduces FRC by 
about 0.5 L,88 which increases airway closure during tidal 
ventilation.117,118 In fact, the reduction in ventilation in 
the nonatelectatic lung (Fig. 19-21) is caused by airway 
closure. In addition, ventilation in these regions is less 
than perfusion (i.e., regions of low V̇A/Q̇ ) and contrib-
utes to impaired oxygenation during anesthesia. Taken 
together, the combination of atelectasis and airway clo-
sure explain about 75% of the overall impairment in oxy-
genation.89 In addition, where (CV − ERV) indicates the 
amount of airway closure occurring above FRC (and ERV 
is expiratory reserve volume), this value increased with 
induction of anesthesia, and there is good correlation 
between low V̇A/Q̇  and the extent of airway closure.89 In 
summary, a simple three-compartment lung model (nor-
mal V̇A/Q̇  matching regions, region of airway closure, 
and atelectatic lung) describes well the components con-
tributing to impairment of oxygenation during anesthe-
sia (see Fig. 19-21).

DISTRIBUTION OF VENTILATION AND 
BLOOD FLOW DURING ANESTHESIA

Distribution of Ventilation
Redistribution of inspired gas away from dependent to 
nondependent lung regions has been demonstrated, 
using isotope techniques in anesthetized supine 
humans. Radiolabeled aerosol and SPECT demonstrate 
that ventilation is distributed mainly to the upper lung 
regions, with a successive decrease toward the lower 
lung regions, and an absence of ventilation in the lower- 
most regions, a finding consistent with the atelectasis 
demonstrable using CT (see Fig. 19-16).101
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Recruitment maneuvers increase dependent lung 
ventilation in anesthetized subjects in the lateral119 and 
supine120 positions, restoring the distribution of ventila-
tion to that in the awake state. Thus, restoration of over-
all FRC toward the awake level returns gas distribution 
toward the awake pattern. The explanations are recruit-
ment of atelectatic lung, reopening of closed airways, 
and further expansion of already expanded (upper) lung 
regions, decreasing regional compliance and lessening 
incremental ventilation.

Distribution of Lung Blood Flow
The distribution of lung blood flow has been studied 
by injection of radioactively labeled macroaggregated 
albumin and SPECT.101 During anesthesia, a successive 
increase in perfusion occurs from upper towards lower 
regions, with a slight drop in perfusion in the lowermost 
portion of the lung, which was atelectatic on simultane-
ous CT (see Fig. 19-16). PEEP will impede venous return 
to the right heart and reduce cardiac output. It can also 
affect pulmonary vascular resistance, although this 
would have little effect on cardiac output. In addition, 
PEEP redistributes blood flow toward dependent lung 
regions,59,120 reducing flow (and increasing deadspace) 
in the upper lung; the increased dependent flow may 
increase shunt through atelectatic lung.104

HYPOXIC PULMONARY 
VASOCONSTRICTION

Several inhaled—but not intravenous—anesthetics 
inhibit HPV in isolated lung preparations.121 Human 
studies of HPV are complex with multiple parameters 
changing simultaneously, thereby confounding the HPV 
response with changes in cardiac output, myocardial 
contractility, vascular tone, blood volume distribution, 
pH, Pco2, and lung mechanics. However, studies with no 
obvious changes in cardiac output, isoflurane and halo-
thane depress the HPV response by 50% at a minimum 
alveolar concentration (MAC) of 2 (Fig. 19-22).122
VENTILATION-PERFUSION MATCHING 
DURING ANESTHESIA

DEAD SPACE, SHUNT, AND VENTILATION-
PERFUSION RELATIONSHIPS

CO2 Elimination
Anesthesia impairs CO2 elimination and oxygenation
of blood. The explanation for reduced CO2 elimination
is reduced minute ventilation (V̇E) because of respira
tory depression, or where this is preserved, because of an
increase in the VD/VT. Single-breath washout recording
demonstrate that “anatomic” dead space is unchanged
indicating that increased VD/VT is alveolar and confirmed
by MIGET scan (Fig. 19-23).10 Such high V̇A/Q̇  can be
explained by the tiny perfusion of corner vessels in interal
veolar septa in the upper lung regions, where alveolar pres
sure can exceed pulmonary vascular pressure (zone I).8

The impaired CO2 elimination is most easily corrected
by increasing the ventilation and is seldom a problem in
routine anesthesia with mechanical ventilation.

Oxygenation
The impairment in arterial oxygenation during anes
thesia is more marked with increased age, obesity, and
smoking (see Chapter 80).123,124 Venous admixture, a
calculated by the standard oxygen shunt equation, is also
increased during anesthesia to approximately 10% of car
diac output. However, this is an averaged calculation tha
considers hypoxia caused by pure shunt only, when actu
ally it is due to a combination of “true” shunt (i.e., per
fusion of nonventilated lung), poor ventilation of some
regions, and regions that are ventilated but are perfused
in excess of their ventilation (low V̇A/Q̇  regions). The
combination of these effects is called venous admixture
The shunt equation (derived in Box 19-2) assumes that al
blood flow through the lung goes to either of two com
partments: in one (the non–shunt fraction), all the blood
is oxygenated; and in the other (the shunt fraction), al
blood is shunted.
Figure 19-22. Effect of inhaled anesthet-
ics on hypoxic pulmonary vasoconstriction 
(HPV). A concentration of 1 MAC causes a 
20% to 30% depression of HPV, and the 
HPV depression decreases sharply with 
higher concentrations. The effect is that 
the shunt (i.e., perfusion through nonven-
tilated regions) will be less reduced dur-
ing inhalational anesthesia. (From Marshall 
BE: Hypoxic pulmonary vasoconstriction, 
Acta Anaesthesiol Scand Suppl 94:37-41, 
1990.)
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The shunt equation (or venous admixture) can be 
written125:

Q̇S

Q̇T

= (CcO2 − CaO2)

(CcO2 − CvO2)

Because pulmonary end-capillary blood is assumed to 
be maximally saturated (therefore, ScO2 = 1), the quantity 
of dissolved O2 can be ignored, and it can be the differ-
ence between CvO2 and CvO2 can be assumed to be small 
(CvO2 = Cv̇O2):

Q̇S

Q̇T

= (1 − Sao2)

(1 − Svo2)

Thus, the effect of interventions on estimated shunt can 
be calculated easily from the changes in SaO2 and SvO2.

The extent of venous admixture depends on the inspired 
oxygen fraction (Fio2). The higher the inspired oxygen frac-
tion, the less there are of the low V̇A/Q̇  regions. However, 
with high Fio2, regions with low V̇A/Q̇  may collapse because 
of gas adsorption and be transformed to shunt regions.126 A 
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Figure 19-23. A schematic drawing of (A) the vertical distributions 
of ventilation (V̇A) and blood flow through the lung (Q̇) and (B) the 
resulting ventilation-perfusion distribution (V̇A/Q̇). The V̇A/Q̇ distribu-
tion is centred at a ratio of 1, corresponding to the intersection of 
the ventilation and perfusion distribution curves. The slightly larger 
ventilation than perfusion in upper lung regions contribute to the high 
V̇A/Q̇ ratios greater than 1, whereas the larger perfusion than ventila-
tion in the lower part of the lung is the cause of the lower V̇A/Q̇ ratios, 
less than 1. Although there is a moderate increase in ventilation down 
the lung, the increase in perfusion is greater.
good correlation between venous admixture vs. the sum of 
“true” shunt and perfusion of low V̇A/Q̇  regions was seen 
in a study involving 45 anesthetized subjects (Fig. 19-24).98 
Derivation of the “oxygen shunt” or venous admixture is 
shown in Box 19-2.

In young healthy volunteers during anesthesia with 
thiopental and methoxyflurane, both ventilation and 
perfusion were distributed to wider ranges of V̇A/Q̇  ratios, 

 Ca × Q̇T =
(

Cc′ × Q̇C

)
+

(
Cv × Q̇S

)
 (1)

Q̇C = Q̇T − Q̇S (2)

By inserting Equation 2 (accounts for all blood flow through 
the lungs) into Equation 1 (accounts for all oxygen carriage 
through the lungs),

Ca × Q̇T =
(

Cc ×
[
Q̇T − Q̇S

])
+ (Cv × Q̇S)

Rearranging,

C V
–

Q s

Ca

Q T

C C

Q C
.

.

.

Q̇S

Q̇T
=

Cc′ − Ca

Cc′ − Cv

where Cc ’, Ca, and Cv are oxygen content in pulmonary end-
capillary, arterial, and mixed venous blood, respectively; Q̇T  is 
cardiac output; Q̇C  is capillary flow; and Q̇S  is shunt.

BOX 19-2 Derivation of the Venous Admixture 
(Shunt) Equation
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Figure 19-24. The effect of age on oxygenation during anesthesia. 
The combination of shunt with low V̇A/Q̇ increases sharply with age 
(as does the degree of venous admixture). The increase in shunt with 
age, while significant, is less striking. (From Gunnarsson L et al: Influ-
ence of age on atelectasis formation and gas exchange impairment during 
general anaesthesia, Br J Anaesth 66:423-432, 1991.)
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which can be expressed as an increase in the logarith-
mic standard deviation of the perfusion distribution (log  
SDQ̇). In a similar group of patients studied during hal-
othane anesthesia and muscle paralysis, log SDQ̇ was 
almost doubled (0.43 awake, 0.80 during anesthesia). In 
addition, true shunt was increased to a mean of 8%. A 
similar increase in shunt from 1% awake to a mean of 
9% during anesthesia was recorded in a study on middle-
aged (37 to 64 years) surgical patients, and there was a 
widening of the distribution (log SDQ̇: 0.47 awake, 1.01 
during anesthesia). In older patients with more severe 
impairment of lung function, halothane anesthesia with 
muscle paralysis, with or without nitrous oxide, caused 
considerable widening of the V̇A/Q̇  distribution (log SDQ̇ 
0.87 awake, 1.73 during anesthesia). In addition, shunt 
increased to a mean of 15%, with large variation among 
patients (0% to 30%). Thus, the most consistent find-
ings during anesthesia are an increased V̇A/Q̇  mismatch, 
expressed as an increased log SDQ, and an increase in 
shunt. For review, see the article by Hedenstierna.85

Spontaneous ventilation is frequently reduced dur-
ing anesthesia; therefore, inhaled anesthetics127 or bar-
biturates128 reduce sensitivity to CO2. The response is 
dose-dependent; ventilation decreases with deepen-
ing anesthesia. Anesthesia also reduces the response to 
hypoxia, possibly because of effects on the carotid body 
chemoreceptors.129

The effects of anesthesia on respiratory muscle func-
tion are becoming better understood.130 The effects are 
not uniform. Rib cage excursions diminish with deepen-
ing anesthesia.131 The normal ventilatory response to CO2 
is produced by the intercostal muscles,132,133 but with no 
clear increase in rib cage motion with CO2 rebreathing 
during halothane anesthesia. Thus, the reduced ventila-
tory response to CO2 during anesthesia is due to impeded 
function of the intercostal muscles.

FACTORS THAT INFLUENCE RESPIRATORY 
FUNCTION DURING ANESTHESIA

SPONTANEOUS BREATHING

Most studies of lung function have been performed on 
anesthetized, mechanically ventilated subjects or ani-
mals. Spontaneous breathing has been studied rarely. FRC 
decreases to the same extent during anesthesia, regard-
less of whether a muscle relaxant is used,90,91 and atel-
ectasis occurs to almost the same extent in anesthetized, 
spontaneously breathing subjects as during muscle paral-
ysis.134 Furthermore, the cranial shift of the diaphragm, 
as reported by Froese and Bryan,92 was of the same mag-
nitude both during general anesthesia with spontaneous 
breathing and with muscle paralysis, even though a dif-
ference in movement of the diaphragm from the resting 
position was noted. Thus, during spontaneous breathing, 
the lower, dependent portion of the diaphragm moved 
the most, whereas with muscle paralysis, the upper, non-
dependent part showed the largest displacement.

All these findings have raised the question of whether 
regional ventilation is different between spontane-
ous breathing and mechanical ventilation and whether 
mechanical ventilation worsens V̇A/Q̇  as a consequence of 
poor ventilation of well-perfused, dependent lung regions. 
However, there is not much support for worsening of gas 
exchange by muscle paralysis in the literature. There is also 
no support from the few studies of V̇A/Q̇  distribution that 
have been performed. Dueck and colleagues135 found the 
same increase in V̇A/Q̇  mismatch in anesthetized sheep 
during anesthesia, regardless of whether they were sponta-
neously breathing or ventilated mechanically. The log SDQ, 
indicating the degree of mismatch, increased (0.66 [awake], 
0.83 [inhaled anesthesia with spontaneous breathing], 0.89 
[mechanical ventilation]). Shunt is also increased during 
anesthesia from 1% (awake) to 11% (anesthetized, sponta-
neous breathing) or 14% (anesthetized, mechanical ventila-
tion). In a study of anesthetized human subjects, shunt and 
log SDQ increased from 1% and 0.47 while awake to 6% and 
1.03 during anesthesia with spontaneous breathing and 8% 
and to 1.01 during mechanical ventilation.85 Thus, most of 
the gas exchange effects of anesthesia occurs during spon-
taneous breathing, with little or no further derangement 
added by muscle paralysis and mechanical ventilation.

INCREASED OXYGEN FRACTION

In the studies cited thus far, an inspired oxygen  fraction 
(Fio2) of approximately 0.4 was used. Anjou-Lindskog 
and colleagues136 induced anesthesia in subjects breath-
ing air (Fio2, 0.21) in middle-aged to older patients during 
intravenous anesthesia before elective lung surgery and 
found only small shunts of 1% to 2%, although log SDQ 
increased from 0.77 to 1.13. When Fio2 was increased 
to 0.5, the shunt increased (by 3% to 4%). In another 
study of older patients during halothane anesthesia,85 an 
increase in Fio2 from 0.53 to 0.85 caused an increase in 
shunt from 7% to 10% of cardiac output. Thus, increasing 
Fio2 increases shunt, possibly because of attenuation of 
HPV by increasing Fio2

122 or further development of atel-
ectasis and shunt in lung units with low V̇A/Q̇  ratios.126

BODY POSITION

Functional residual capacity is reduced dramatically by the 
combined effect of the supine position and anesthesia (see 
Chapter 41). The effects on the FRC of inducing anesthe-
sia in the upright position were tested by Heneghan and 
associates,137 and there was no difference in oxygenation 
in the semirecumbent versus supine position. Decreased 
cardiac output and enhanced inhomogeneity of blood 
flow distribution can outweigh any effects of posture. 
Fractional perfusion of the most dependent lung regions—
likely poorly or not ventilated—may actually have been 
increased in the semirecumbent position. In the lateral 
position, differences in lung mechanics, resting lung vol-
umes, and atelectasis formation between the dependent 
and nondependent portions of the lung have been demon-
strated138 and shown to result in further disturbance of the 
ventilation-perfusion match, with severe impairment in 
oxygenation. However, there are large and unpredictable 
inter-individual variations.139 Using isotope techniques, 
an increase in V̇A/Q̇  mismatch was also demonstrated in 
anesthetized, paralyzed patients in the lateral position,140 
and an improvement was noticed in the prone position.141 



hapter 19: Respiratory Physiology and Pathophysiology 465
C

In addition, the vertical inhomogeneity of perfusion dis-
tribution is less marked in the prone position,69 possibly 
reflecting regional differences in vascular configuration 
that promote perfusion of dorsal lung regions, regardless 
of whether they are in a dependent or nondependent posi-
tion. Finally, distribution of ventilation may be uniform 
in anesthetized subjects when prone.142

AGE

Oxygenation is less efficient in older patients (see Chap-
ter 80).10 However, the formation of atelectasis does 
not increase with age in adults, and the few CT studies 
of infants during anesthesia suggest greater degrees of 
atelectasis.98 In addition, shunt is independent of age 
between 23 and 69 years. However, V̇A/Q̇  mismatch 
increases with age, with enhanced perfusion of low V̇A/Q̇  
regions when awake and when anesthetized. The major 
cause of impaired gas exchange during anesthesia in 
those younger than 50 years is shunt, whereas beyond 50 
years V̇A/Q̇  mismatch (i.e., increased log SDQ) becomes 
increasingly important (see Fig. 19-24). Because the cor-
relation between log SDQ and age during anesthesia is 
almost parallel with that during the awake state, it can be 
said that anesthesia worsens V̇A/Q̇  matching to the same 
extent as 20 years of aging.

OBESITY

Obesity worsens oxygenation (see Chapter 71)143,144 
predominantly because of reduced FRC resulting in a 
greater propensity to airway closure.145 In addition, the 
use of high inspired oxygen concentrations promotes 
rapid atelectasis formation in alveoli distal to closed air-
ways,89,110 and there are good correlations between BMI 
and the extent of atelectasis (both during and after anes-
thesia)101,146 and between BMI and pulmonary shunt  
(Fig. 19-25).145

Preventing a decrease in FRC by applying CPAP 
during induction of anesthesia probably reduces atel-
ectasis formation, and thereby maintains oxygen-
ation.124,147,148 Indeed, the reduced “safety window” 
(the time taken to develop desaturation following 
breathing oxygen before induction of anesthesia) is 
much reduced in obese patients, and this may be pro-
longed by PEEP or CPAP149 increasing lung volume and 
increasing the reservoir of O2 available for diffusion 
into the capillary blood.

The use of high levels of inspired oxygen concentration, 
often almost 100%, to keep an acceptable level of oxygen-
ation during anesthesia and surgery may be the simplest but 
not necessarily the best approach. It will promote further 
atelectasis formation,109 and if the shunt is larger than 30%, 
which may well be the case in these patients, additional oxy-
gen will add little to arterial oxygenation.150 The application 
of PEEP has been advocated, and it may reduce the atelecta-
sis123,145,147 but will also have adverse effects, such as reduced 
cardiac output and redistribution of blood flow toward 
residual collapsed lung regions. Ventilation with inflations 
close to VC to reopen collapsed tissue, followed by venti-
lation with added PEEP, is another option. Recruitment of 
the lung with an inflation to 55 cm H2O opened essentially 
all collapsed lung tissue in patients with a BMI of 40  
kg/m2 or more.151 However, a recruitment alone did not 
keep the lung open for more than a few minutes. To keep 
the lung open, a PEEP of 10 cm H2O after the recruitment 
was needed. PEEP of 10 was not enough to open up the 
lung.151 Body position can have a substantial effect on lung 
volume and should be considered to the extent that surgery 
allows.152

PREEXISTING LUNG DISEASE

Smokers and patients with chronic lung disease 
have impaired gas exchange in the awake state, and 
 anesthesia-associated deterioration in oxygenation is 
greater than in healthy individuals.10 Interestingly, smok-
ers with moderate airflow limitation may have less shunt 
as measured by MIGET than in subjects with healthy 
lungs. Thus, in patients with mild to moderate bronchitis 
who were to undergo lung surgery or vascular reconstruc-
tive surgery in the leg, only a small shunt was noticed, 
but log SDQ was increased.85 In patients with chronic 
bronchitis studied by MIGET and CT, no or limited atel-
ectasis developed during anesthesia and no or only minor 
shunt103; however, a considerable mismatch was seen 
with a large perfusion fraction to low V̇A/Q̇  regions. Con-
sequently, arterial oxygenation was more impaired than 
in lung-healthy subjects, but the cause was different from 
that in healthy subjects. A possible reason for the absence 
of atelectasis and shunt in these patients is chronic hyper-
inflation, which changes the mechanical behavior of the 
lungs and their interaction with the chest wall such that 
the tendency to collapse is reduced. It should be kept in 
mind that a patient with obstructive lung disease may 
have large regions with low V̇A/Q̇  ratios that can be con-
verted over time to resorption atelectasis. Thus, the pro-
tection against atelectasis formation during anesthesia by 
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Figure 19-25. Relationship between body mass index (BMI) and 
extent of atelectasis during general anesthesia. As BMI increases, so 
does the extent of atelectasis (although there is considerable variability). 
(From Rothen HU et al: Re-expansion of atelectasis during general anaes-
thesia: a computed tomography study, Br J Anaesth 71:788-795, 1993.)
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TABLE 19-1 CAUSES OF HYPOXEMIA

Disturbance
Pao2 (Breathing Air) 
at Rest

Pao2 (Breathing Oxygen) 
at Rest

Pao2 (Breathing air) With Exercise 
(Versus Rest) Paco2

Hypoventilation Reduced Normal No change or further decrease Increased
V̇A/Q̇ mismatch Reduced Normal No change or minor increase or decrease Normal
Shunt Reduced Reduced No change or further decrease Normal
Diffusion impairment Reduced Normal Small to large decrease Normal
the obstructive lung disease might not last long. Regions 
with low V̇A/Q̇  can be replaced by atelectasis as a result of 
slow absorption of gas behind occluded airways later dur-
ing surgery and in the postoperative period.

REGIONAL ANESTHESIA

The ventilatory effects of regional anesthesia depend on 
the type and extension of motor blockade (see Chap-
ters 56 and 57). With extensive blocks that include all 
the thoracic and lumbar segments, inspiratory capac-
ity is reduced by 20% and expiratory reserve volume 
approaches zero.153,154 Diaphragmatic function, however, 
is often spared, even in cases of inadvertent extension of 
subarachnoid or epidural sensory block up to the cervi-
cal segments.153 Skillfully handled regional anesthesia 
affects pulmonary gas exchange only minimally. Arte-
rial oxygenation and carbon dioxide elimination are well 
maintained during spinal and epidural anesthesia. This 
is in line with the findings of an unchanged relationship 
of CC and FRC155 and unaltered distributions of ventila-
tion-perfusion ratios assessed by MIGET during epidural 
anesthesia.85

CAUSES OF HYPOXEMIA AND 
HYPERCAPNIA

In the previous sections, we discussed ventilation, gas dis-
tribution, and the respiratory mechanics that govern dis-
tribution, diffusion, and pulmonary perfusion. All these 
components of lung function can affect the oxygenation 
of blood, and all except diffusion can also measurably 
affect CO2 elimination. The different mechanisms behind 
hypoxemia and CO2 retention, or hypercapnia or hyper-
carbia, have been mentioned previously but will be ana-
lyzed in more detail here.

Causes of hypoxemia include hypoventilation, V̇A/Q̇  
mismatch, impaired diffusion, and right-to-left shunt 
(Table 19-1). Hypercapnia is usually caused by hypoventi-
lation although it can be caused by, V̇A/Q̇  mismatch and 
shunt (Table 19-2). Increased V̇CO2 occurs in hypermeta-
bolic conditions (e.g., fever, malignant hyperthermia, 
thyroid crisis) or with the use of CO2-generating buffers 
such as NaHCO3.

HYPOVENTILATION

If ventilation is low in proportion to metabolic demand, 
elimination of CO2 will be inadequate, and CO2 will 
accumulate in the alveoli, blood, and other body tis-
sues. Hypoventilation is often defined as ventilation that 
results in a Paco2 greater than 45 mm Hg (6 kPa). Thus, 
hypoventilation could be present even when minute ven-
tilation is high, provided the metabolic demand or dead 
space ventilation is increased to a greater extent.

The increased alveolar Pco2 reduces the alveolar space 
available for oxygen. Alveolar PO2 (PAO2) can be esti-
mated by the alveolar gas equation (see Box 19-1). The 
simplified equation is expressed:

 
PaO2 = PIO2 −

(
PaCO2/R

)
 

Assuming that the respiratory exchange ratio (R) is 
0.8 (more or less true at rest), PAO2 can be estimated. In 
the ideal lung, PaO2 equals PAO2. For example, if PiO2 is  
149 mm Hg (19.9 kPa) and Paco2 is 40 mm Hg (5.3 kPa), 
then PaO2 is 99 mm Hg (13.2 kPa). If hypoventilation 
develops and the Paco2 rises to 60 mm Hg (8 kPa) and 
there is no other gas exchange impairment, the PaO2 
will fall to 74 mm Hg (9.9 kPa). Clearly, a decrease in 
PaO2 caused by hypoventilation is easily overcome by 
increasing PiO2 (i.e., by increasing Fio2). If there is a gap 
between the PAO2 (estimated from this equation) and the 
measured (actual) PaO2, then a cause of hypoxemia in 
addition to hypoventilation is present. These causes are 
discussed in the following paragraphs.

VENTILATION-PERFUSION MISMATCH

For optimal gas exchange, ventilation and perfusion must 
match each other in all lung regions. At rest, both ventila-
tion and perfusion increase downward through the lung. 
However, perfusion increases more than ventilation, the 

TABLE 19-2 MECHANISMS OF HYPOXEMIA IN 
DIFFERENT LUNG DISORDERS

Disorder Hypoventilation
Diffusion 
Impairment

V̇A/Q̇ 
Mismatch Shunt

Chronic 
bronchitis

(+) − ++ −

Emphysema + ++ +++ −
Asthma − − ++ −
Fibrosis − ++ + +
Pneumonia − − + ++
Atelectasis − − − ++
Pulmonary 

edema
− + + ++

Pulmonary 
emboli

− − ++ +

Acute 
respiratory 
distress 
syndrome

− − + +++
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TABLE 19-3 MEAN (SD) VENTILATION-PERFUSION RELATIONSHIPS WITH NO CARDIOPULMONARY DISEASE 
(NORMAL, N = 45), AWAKE AND DURING GENERAL ANESTHESIA AND MUSCLE PARALYSIS

Q̇ mean log SDQ̇ V̇  Mean Log SD V̇ Shunt (% Qt) Dead Space (% Vt) Pao2/Fio2 (kPa)*

Awake 0.76 (0-33) 0.68 (0.28) 1.11 (0.52) 0.52 (0.15) 0.5 (1.0) 34.8 (14.2) 59.5 (8.1)
Anesthetized 0.65 (0.34) 1.04 (0.36) 1.38 (0.76) 0.76 (0.31) 4.8 (4.1) 35.0 (9.9) 50.9 (15.2)

log SDQ̇, standard deviations of the logarithmic distribution of perfusion; log SDV̇ , standard deviations of the logarithmic distribution of ventilation;  
Q̇ mean, mean V̇A/Q̇  of the perfusion distribution; V̇  mean, mean V̇A/Q̇  of ventilation distribution.
difference between the uppermost and lowermost 5-cm 
segments being threefold for ventilation and tenfold for 
perfusion. This change results in a mean V̇A/Q̇  ratio of 
approximately 1 somewhere in the middle of the lung 
and a range of V̇A/Q̇  ratios (0.5 at the bottom, 5.0 in the 
apex; see Fig. 19-23, upper panel, the perfusion distribu-
tion being a simplified drawing of Fig. 19-11).

Another way of showing the matching between ven-
tilation and blood flow is by illustrating a multicom-
partmental analysis of ventilation and distribution of 
blood flow against V̇A/Q̇  ratios. This can be achieved 
with MIGET.156 In short, MIGET is based on the constant 
intravenous infusion of a number of inert gases (usually 
six) with differing solubilities in blood. When passing 
through the lung capillaries, the different gases are elimi-
nated via the alveoli and expired in indirect proportion to 
their solubility. A poorly soluble gas will rapidly leave the 
bloodstream and be more or less completely eliminated 
and exhaled (e.g., sulfur hexafluoride); a gas with a high 
solubility in blood will be almost completely retained in 
the blood and will not be exhaled (e.g., acetone); and a gas 
of intermediate solubility will be retained (and expired) 
to an intermediate extent (e.g., halothane).

As a result, the concentration of the different gases in 
arterial blood will differ, with higher concentrations of 
gases with high solubility. Retention can be calculated 
as the ratio between arterial and mixed venous blood 
concentrations. Similarly, the ratio of the concentra-
tions (i.e., expired:mixed venous) can be calculated and 
gives the excretion for each gas. With knowledge of the 
retention, excretion, and solubility of each gas, an essen-
tially continuous distribution of blood flow against V̇A/Q̇  
ratios can be constructed. The lower panel in Figure 19-23 
shows an example from a healthy subject. Note that ven-
tilation and blood flow are well matched, being distrib-
uted to a limited number of compartments centered on a 
V̇A/Q̇  ratio of 1. MIGET has a high discriminatory capac-
ity of detecting different V̇A/Q̇  disturbances, but does not 
provide topographic information. Several variables that 
reflect the degree of mismatch can be calculated and are 
shown in Table 19-3. In the following paragraphs, exam-
ples of V̇A/Q̇  mismatch are discussed.

If ventilation and perfusion are not matched, gas 
exchange will be affected. The most common cause of 
impaired oxygenation is V̇A/Q̇  mismatch. Low V̇A/Q̇  will 
impede oxygenation because ventilation is insufficient to 
fully oxygenate the blood, and the degree of impairment is 
dependent on the degree of V̇A/Q̇  mismatch; in fact, even 
normal lung regions V̇A/Q̇  (0.5 to 1) cannot completely 
saturate the blood. Thus, PaO2 cannot equal alveolar PO2, 
and a difference (PAO2 – PaO2) of 3 to 5 mm Hg (0.4 to 0.7 
kPa) is normal. With more V̇A/Q̇  mismatch, the PAO2–PaO2 
difference is further increased. The V̇A/Q̇  mismatch can 
account for all the hypoxemia seen in a patient with severe 
obstruction.116 Shunt (Q̇, but no V̇A), which is often claimed 
to exist in patients with COPD, is mostly absent when ana-
lyzed with a more sophisticated technique such as MIGET. 
Indeed, shunt in a patient with obstruction likely represents 
a complicating factor in the disease (Fig. 19-26).

In severe asthma, a distinct bimodal pattern of low ratios 
occurs when using MIGET157 (see Fig. 19-26). The reason 
may be that alveoli behind airways obstructed by edema (or 
a mucous plug or spasm) can still be ventilated by collateral 
ventilation (i.e., alveolar pores, interbronchial communi-
cations); these regions would otherwise be shunt (no V̇A, 
some Q̇), resulting in the additional peak in V̇A/Q̇  explain-
ing the bimodal distribution. Such collateral ventilation 
might be part of the reason that true shunt is not normally 
seen in COPD. Of course, if the standard shunt equation is 
used to explain hypoxemia, there is no capacity to distin-
guish between the contributions of low V̇A/Q̇  vs. shunt to 
hypoxemia (the net effect is best called venous admixture).

Airway obstruction is distributed unevenly, and a large 
variation in V̇A/Q̇  ratios results. Indeed, ventilation is redis-
tributed from regions with high airway resistance to other 
regions that can then become overventilated in propor-
tion to their perfusion; this causes high V̇A/Q̇  ratios. There 
are normally regions in the apex that have V̇A/Q̇  ratios of 
up to 5, but ratios of 100 or more exist in patients with 
obstruction, making the regions practically indistinguish-
able from true dead space; this is what causes the increase 
in physiologic dead space in obstructive lung disease. The 
effect of high V̇A/Q̇  is also the same as for airway dead 
space—that is, ventilation that seems not to participate 
in gas exchange (“wasted ventilation”). Consequently, a 
patient with COPD has low V̇A/Q̇  (impedes oxygenation) 
and high V̇A/Q̇  (mimics dead space, impedes CO2 elimina-
tion). However, MIGET is a complex, research-orientated 
tool, and the calculation of dead space for clinical pur-
poses relies instead on expired CO2. Derivation of the CO2 
dead space is shown in Box 19-3.

V̇A/Q̇  mismatch exists to varying degrees in all patients 
with COPD, and it fully explains hypoxemia in most of 
them. Hypoventilation can also contribute, whereas 
impaired diffusion or shunt rarely contributes to hypox-
emia. Diffusion capacity, or transfer test, can be reduced 
markedly in severe COPD, in particular in emphysema; 
in this case the decrease is not caused by thickened alve-
olar-capillary membranes but rather by reduced capillary 
blood volume and reduced area for diffusion.

Pulmonary vessels can be affected by lung disease and 
can cause V̇A/Q̇  mismatch by impeding regional blood 
flow. Systemic diseases with vascular involvement can 
cause severe pulmonary dysfunction because of V̇A/Q̇  
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Figure 19-26. Distribution of ventilation and perfusion in normal lungs, asthma, chronic obstructive pulmonary disease (COPD), and pneumo-
nia. A, In normal lungs (A) there is good matching between ventilation (o) and perfusion (•) with a mode centerd around a V̇A/Q̇ ratio of 1. This 
results in near optimal oxygenation of blood and CO2 removal. B, In asthma (B) there is broader distribution of V̇A/Q̇ with some regions being 
ventilated well in excess of perfusion (V̇A/Q̇ = 10 and greater), with another mode of low V̇A/Q̇ centred around a ratio of 0.1. This mode can be 
explained by collateral ventilation maintaining gas exchange in alveoli behind occluded airways. There is no shunt seen in asthma. C, In COPD 
(C) the pattern is similar to asthma, but with an additional “high” V̇A/Q̇ mode that adds to dead space such as ventilation. Shunt is not present, 
and the pattern of V̇A/Q̇ distribution is not associated with significant hypoxemia. D, In lobar pneumonia (D) the major finding is pure shunt 
(consolidated, perfused, and poorly ventilated lobe); there is only minor widening of the V̇A/Q̇ distribution.
mismatch, impaired diffusion, and shunt. V̇A/Q̇  mis-
match causes most of the hypoxemia in pulmonary fibro-
sis.158 In addition, hypoxemia can be caused by impaired 
diffusion (in particular, during exercise, when it can dom-
inate) and a varying degree of shunt (discussed later).

Pulmonary emboli cause V̇A/Q̇  mismatch in three 
ways. First, vascular beds are occluded, causing extremely 
high V̇A/Q̇  locally; this is manifest as increased dead 
space. Second, the occluded vascular bed diverts blood 
flow to other, already ventilated regions, thus converting 
these into low V̇A/Q̇  regions. Finally, if PPA (pulmonary 
artery pressure) is markedly increased, then any propen-
sity to shunt will be increased.159 In patients with acute 
pulmonary embolism,160 hypoxemia appears to be prin-
cipally caused by increased variability of V̇A/Q̇ , and this 
has been confirmed experimentally.161
Pneumonia involving large areas of consolidated, 
edematous, or atelectatic (i.e., all non-aerated) lung 
involves significant shunt, and areas of partial aera-
tion contribute to V̇A/Q̇  mismatch (see Fig. 19-26).150 
In bacterial pneumonia, HPV appears to be inhib-
ited, which is an important mechanism that worsens 
hypoxemia.162,163

EFFECT OF V̇A/Q̇ ON CO2 ELIMINATION

A common perception is that although V̇A/Q̇  impedes 
oxygenation, it has little effect on CO2 clearance. Actu-
ally, elimination of CO2 is even more limited by V̇A/Q̇  
mismatch than is oxygenation of blood84; however this 
seldom results in hypercapnia because minimal increases 
in V̇A rapidly correct Paco2. If alveolar ventilation is 
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already impaired and cannot be increased, the addition 
of V̇A/Q̇  mismatch will increase Paco2.

IMPAIRED DIFFUSION

Hypoxemia can occur because of impaired diffusion in 
fibrosis or vascular diseases because of severely thickened 
of the alveolar-capillary membranes. Diffusion is slowed 
down and the entire length of capillary may be required 
before the capillary blood has been fully oxygenated, even 
in resting conditions. On the other hand, this means that 
a diffusion barrier is unlikely to cause hypoxemia provided 
the perfusion time and distance permits O2 equilibration 
(see Fig. 19-12); however, when these reserves are spent, 
PaO2 begins to fall. This decrease is particularly notice-
able in patients with pulmonary fibrosis, who might have 
normal PaO2 at rest but show dramatic decreases during 
exercise.84,116 Development of, or increase in right-to-left 
shunting in the heart, such as atrial septal defect, can 
also cause this exercise-induced hypoxemia because the 
left-to-right shunt at rest becomes right-to-left (or a small 
right-to-left shunt increases) because of increased PPA.

RIGHT-TO-LEFT SHUNT

If blood passes through the lung without contacting 
ventilated alveoli, then the blood will not oxygenate or 
release CO2. This condition is called a shunt, and it lowers 
PaO2 and can increase Paco2. Healthy people have a small 
shunt (2% to 3% of cardiac output) that is caused by 
venous drainage of the heart muscle into the left atrium 
by the Thebesian veins. In pathologic states, the shunt 
ranges from 2% to 50% of cardiac output.

The quantity of CO2 expired in an  
exhaled tidal volume = FeCO2 x Vt

This comes from perfused lung and 
from nonperfused lung.

CO2 exhaled from perfused lung = 
FaCO2 x Va = FaCO2 x (Vt - Vd) 

CO2 from nonperfused (dead space) lung is derived from  
inspired gas = FiCO2 x Vd

Thus, FeCO2 x Vt = FaCO2(Vt Vd) + (FiCO2 x Vd)

By rearranging,

VDS

VT
=

FA − FE

FA − FI 

If Fi = 0, F is replaced by P, and Pa is replaced by Pa, for CO2,

VDS

VT
=

PaCO2 − PECO2

PaCO2  
where Fe, Fa, and Fi are mixed expired, alveolar, and inspired gas 
concentration, respectively, and Vt, Vds, and Va are tidal volume, 
dead space, and part of the tidal volume to perfused alveoli, 
respectively.

BOX 19-3 Derivation of the Physiologic Dead 
Space Equation
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Shunt is often confused with V̇A/Q̇  mismatch. While 
a V̇A/Q̇  of zero (some perfusion, no ventilation) consti-
tutes a shunt, there are two clear and important differ-
ences between low V̇A/Q̇  and shunt. First, the anatomy of 
a shunt differs from an area of low V̇A/Q̇ . Regions with low 
V̇A/Q̇  are characterized by narrowing of the airways and 
vasculature, which reduces ventilation and blood flow in 
some regions and increases them in others. Examples are 
obstructive lung disease and vascular disorders. Shunt is 
caused by the complete cessation of ventilation in a region, 
usually as a result of collapse (atelectasis) or consolidation 
(e.g., pneumonia). Asthma or COPD does not involve the 
formation of a shunt116; if a shunt is present, it indicates 
a complication. Second, supplemental O2 improves the 
hypoxemia caused by low V̇A/Q̇ , but it has less effect on 
hypoxemia caused by shunt. Although aeration may be 
poor in regions of low V̇A/Q̇ , aeration does exist in these 
regions, and the concentration of O2 in these alveoli can 
be enriched by increasing Fio2. In contrast, supplemental 
O2 cannot access the alveoli in a true (anatomic) shunt.

Anatomic shunt and low V̇A/Q̇  usually coexist, and 
the net effect is sometimes referred to as percent shunt (per 
the standard shunt equation). In this situation, the low 
V̇A/Q̇  component will contribute to the response from 
increasing Fio2, and the regions of anatomic (true) shunt 
will not; therefore, shunt will always lower PaO2 (at any 
Fio2). When the calculated fraction increases to 25%, the 
response to increased Fio2 will be small; when it increases 
to 30% or greater, the response will be negligible.150 This 
varying response is the net effect of mixing blood with 
normal pulmonary end-capillary PO2 and shunt blood, 
which has the same PO2 as mixed venous blood. If shunt 
is a large enough fraction of total lung blood flow, the 
additional O2 that can be physically dissolved by the 
raised Fio2 is so small that it is almost immeasurable; such 
a shunt is said to be refractory.

RESPIRATORY FUNCTION DURING  
ONE-LUNG VENTILATION

Oxygenation can be a challenge during one-lung surgery. 
One lung is not ventilated but is still perfused, and in the 
postoperative period, restoration of lung integrity and 
ventilation–perfusion matching can take time (see Chap-
ter 66).164

The technique of one-lung anesthesia and ventilation 
means that only one lung is ventilated and that the lung 
provides oxygenation of—and elimination of carbon 
dioxide from—the blood. Persisting perfusion through 
the nonventilated lung causes a shunt and decreases PaO2 
(Fig. 19-27); measures can be taken to reduce this blood 
flow.165,166

During one-lung anesthesia, there are two main con-
tributors to impaired oxygenation: (1) the persisting 
blood flow through nonventilated lung and (2) develop-
ment of atelectasis in the dependent lung, resulting in 
local shunt and low V̇A/Q̇ .139 A recruitment maneuver 
can dissect the influence of the dependent atelectasis167; 
serial increases in peak airway pressure and PEEP directed 
to the dependent, ventilated lung increased significantly 
the PaO2, indicating that dependent atelectasis was an 
important cause of hypoxemia. In this situation, diver-
sion of perfusion from the dependent (ventilated) to the 
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Figure 19-27. Schematic 
drawing of the distribution of 
shunt during two-lung venti-
lation and one-lung ventila-
tion during anesthesia. Shunt 
region is indicated by dark 
area in the lower lung during 
two-lung ventilation and in the 
lower lung—plus the entire 
upper lung—during one-lung 
ventilation.

One lung ventilationTwo lung ventilation
nondependent (i.e., nonventilated) lung would have 
worsened oxygenation and not improved it.

Recruitment can also affect VD. Recruitment during 
one-lung anesthesia improved oxygenation, but also 
decreased VD.168 The slope of the CO2 curve during a tidal 
expiration (phase III) was flatter, indicating a more even 
distribution of inspired gas throughout the lung and more 
synchronous alveolar emptying. Thus, a secondary effect 
of recruiting collapsed lung tissue can be (presumably not 
when recruitment causes overinflation) more even distri-
bution of ventilation and a decrease in the dead space frac-
tion. This effect should facilitate the use of a smaller VT. In 
contrast to an individual recruitment, the application of 
continuous elevated PAW (PEEP titrated to optimal compli-
ance in the ventilated lung) increased compliance by 10% 
but slightly worsened oxygenation, probably because of 
redistribution of blood from the ventilated to the nonven-
tilated (nondependent) lung.169 The rationale for identify-
ing and using optimal PEEP has also been reviewed.170

Maneuvers can also be applied to the nondependent 
lung. The effects of compressing the nondependent lung 
on oxygenation were examined using an intra-arterial O2 
sensor, which provides instantaneous and continuous 
PaO2.171 Compression resulted in increased PaO2, suggest-
ing a shift of blood flow from the nondependent (nonven-
tilated) to the dependent (ventilated) lung; development 
of complete absorption atelectasis in the nondependent 
lung may have similar effects.172

Inhaled nitric oxide (NO; pulmonary vasodilator) and 
intravenous almitrine (pulmonary vasoconstrictor) have 
been studied alone and in combination (see Chapter 104). 
NO alone has little effect,173 but oxygenation is improved 
when NO is combined with almitrine.174,175 Almitrine 
alone also improves oxygenation176 at a dose that does 
not alter PPA or cardiac output. Although inhaled NO 
increases perfusion to already ventilated regions (increas-
ing V̇A/Q̇ ), almitrine potentiates HPV, decreasing per-
fusion to nonventilated (i.e., shunt) areas (reducing 
shunt) and potentially diverting blood flow to ventilated 
regions of the lung. Selective pulmonary vasodilation is 
reviewed.177,178
Careful analysis of the mechanical obstruction caused 
by kinking of pulmonary vessels and by HPV has shown 
that HPV is the important determinant of diversion of 
blood flow away from nonventilated lung (though not 
complete).179 Moreover, positioning of the patient can 
affect the degree of shunting.180

PNEUMOPERITONEUM

Laparoscopic operations are usually performed by insuf-
flation of CO2 into the abdominal cavity The effects are 
twofold. First, the consequences of hypercapnic acido-
sis181,182 include depressed cardiac contractility, sensitiza-
tion of the myocardium to the arrhythmogenic effects of 
catecholamines, and systemic vasodilation.183 There can 
also be long-lasting postoperative effects on breathing 
control.184 In addition, the physical effects of pneumo-
peritoneum are important. These include decreased FRC 
and VC,185 formation of atelectasis,186 reduced respiratory 
compliance,187 and increased peak airway pressure.188 
Nonetheless, shunt is reduced and arterial oxygenation 
is mostly improved during CO2 pneumoperitoneum.189 
This paradox—more atelectasis and less shunt—suggests 
that efficient redistribution of blood flow away from col-
lapsed lung regions is attributable to hypercapnic acidosis 
CO2. Indeed, a recent experimental study showed that if 
the abdomen was inflated with air, a much larger shunt 
developed than if CO2 had been used for inflation.190

LUNG FUNCTION AFTER CARDIAC 
SURGERY

Cardiac surgery produces the greatest degree of atelec-
tasis in the postoperative period (see Chapter 67),191 
perhaps because both lungs are often collapsed. Sponta-
neous resolution of the atelectasis is gradual, leaving a 
residual shunt of up to 30% by day 1 or 299,192; however, 
recruitment at the end of the case is possible. In some 
cases, 30 cm H2O for 20 seconds is sufficient,99 facili-
tated by the chest being open. A recruitment maneuver 
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(with zero PEEP) causes transient increase in PaO2 and 
EELV, and with PEEP alone EELV was increased but PaO2 
unchanged; however, a recruitment maneuver followed 
by PEEP resulted in a large and sustained increase in both 
Pao2 and EELV.193 The separation of effect whereby PEEP 
alone increases EELV to a greater extent than it increases 
oxygenation suggests further opening of already opened 
lung rather than opening of atelectatic lung.

Head-to-head comparison of intermittent CPAP versus 
constant noninvasive pressure support ventilation reported 
intriguing findings. There was less radiographic evidence of 
atelectasis following pressure support, without differences 
in oxygenation of bedside pulmonary function testing.194 
Although the authors’ conclusion was no clinical benefit 
with noninvasive pressure support ventilation, differences 
in Fio2 could cause differences in propensity to atelectasis. 
Recruitment maneuvers up to moderately high levels of air-
way pressure (46 cm H2O) do not appear to affect the pul-
monary vascular resistance or right ventricular afterload,195 
which is an issue of considerable importance following car-
diac surgery. Nonetheless, it is prudent to consider RV load-
ing and ejection in such circumstances, especially in the 
setting of diminished RV reserve or tricuspid regurgitation. 
Finally, many cardiac surgeries are now being performed 
“off pump,” and the postoperative pulmonary effect is 
reduced, with less postoperative intrapulmonary shunt and 
correspondingly shorter hospital stays.196

POSTOPERATIVE PHYSIOTHERAPY

Physiotherapy, much debated after surgery (including car-
diac surgery; see Chapter 103)197 is associated with more 
effective lung recruitment (seen on thoracic CT) when 
involving deliberate approaches, such as flow bottles fol-
lowing exercise.198 In effect, large and early inspiration 
following surgery may be key to preventing postopera-
tive lung complications. Whether the deep inspiration 
needs to be accomplished with a specific forced breathing 
device is uncertain.

EFFECT OF SLEEP ON RESPIRATION

Sleep has a major effect on many aspects of respiration, 
perhaps the most obvious being ventilation.199 Sleep 
reduces VT and inspiratory drive, and V̇E falls by approxi-
mately 10%, depending on the sleep stage, with the most 
marked fall occurring during rapid-eye-movement (REM) 
sleep. Lung volume (i.e., FRC) is also reduced200; this com-
mences almost immediately after the onset of sleep, and 
the lowest levels of FRC (down to 10% of resting levels) 
occur in REM sleep.201 CT studies in healthy volunteers 
demonstrate that the sleep-induced decrease in FRD is 
accompanied by reduced aeration in the dependent lung. 
Such loss in aeration was demonstrated in anesthetized 
patients when their Fio2 was increased from 0.3 to 1.0; 
atelectasis developed rapidly. It is possible that during 
normal sleep, breathing with high levels of O2 would also 
cause atelectasis.
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Cardiac Physiology
LENA S. SUN • JOHANNA SCHWARZENBERGER • RADHIKA DINAVAHI

K e y  P o i n t s

 •  The cardiac cycle is the sequence of electrical and mechanical events during the 
course of a single heartbeat.

 •  Cardiac output is determined by the heart rate, myocardial contractility, and 
preload and afterload.

 •  The majority of cardiomyocytes consist of myofibrils, which are rodlike bundles 
that form the contractile elements within the cardiomyocyte.

 •  The basic working unit of contraction is the sarcomere.
 •  Gap junctions are responsible for the electrical coupling of small molecules 

between cells.
 •  Action potentials have four phases in the heart.
 •  The key player in cardiac excitation-contraction coupling is the ubiquitous second 

messenger calcium.
 •  Calcium-induced sparks are spatially and temporally patterned activations of 

localized calcium release that are important for excitation-contraction coupling 
and regulation of automaticity and contractility.

 •  β-Adrenoreceptors stimulate chronotropy, inotropy, lusitropy, and dromotropy.
 •  Hormones with cardiac action can be synthesized and secreted by cardiomyocytes 

or produced by other tissues and delivered to the heart.
 •  Cardiac reflexes are fast-acting reflex loops between the heart and central nervous 

system that contribute to the regulation of cardiac function and the maintenance 
of physiologic homeostasis.
In 1628, English physician, William Harvey, first advanced 
the modern concept of circulation with the heart as the 
generator for the circulation. Modern cardiac physiology 
includes not only physiology of the heart as a pump but 
also concepts of cellular and molecular biology of the car-
diomyocyte and regulation of cardiac function by neural 
and humoral factors. Cardiac physiology is a component 
of the interrelated and integrated cardiovascular and 
circulatory physiology. This chapter discusses only the 
physiology of the heart. It begins with the physiology of 
the intact heart. The second part of the chapter focuses 
on cellular cardiac physiology. Finally, the various factors 
that regulate cardiac function are briefly discussed.

The basic anatomy of the heart consists of two atria 
and two ventricles that provide two separate circulations 
in series. The pulmonary circulation, a low-resistance and 
high-capacitance vascular bed, receives output from the 
right side of the heart, and its chief function is bidirec-
tional gas exchange. The left side of the heart provides 
output for the systemic circulation. It functions to deliver 
473

oxygen (O2) and nutrients and to remove carbon dioxide 
(CO2) and metabolites from various tissue beds.

PHYSIOLOGY OF THE INTACT HEART

Understanding of mechanical performance of the intact 
heart begins with the knowledge of the phases of the car-
diac cycle and the determinants of ventricular function.

CARDIAC CYCLE

The cardiac cycle is the sequence of electrical and 
mechanical events during the course of a single heart-
beat. Figure 20-1 illustrates (1) the electrical events of a 
single cardiac cycle represented by the electrocardiogram 
(ECG) and (2) the mechanical events of a single cardiac 
cycle represented by left atrial and left ventricular pres-
sure pulses correlated in time with aortic flow and ven-
tricular volume.1
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Figure 20-1. Electrical and mechanical events during a single cardiac 
cycle. The pressure curves of aortic blood flow, ventricular volume, 
venous pulse, and electrocardiogram are shown. (From Berne RM, Levy 
MN: The cardiac pump. In Cardiovascular physiology, ed 8. St. Louis, 
2001, Mosby, pp 55-82.)
The cardiac cycle begins with the initiation of the heart-
beat. Intrinsic to the specialized cardiac pacemaker tissues 
is automaticity and rhythmicity. The sinoatrial (SA) node 
is usually the pacemaker; it can generate impulses at the 
greatest frequency and is the natural pacemaker.

Electrical Events and the Electrocardiogram
Electrical events of the pacemaker and the specialized 
conduction system are represented by the ECG at the 
body surface (also see Chapters 45 and 47). The ECG is 
the result of differences in electrical potential generated 
by the heart at sites of the surface recording. The action 
potential initiated at the SA node is propagated to both 
atria by specialized conduction tissue that leads to atrial 
systole (contraction) and the P wave of the ECG. At the 
junction of the interatrial and interventricular septa, spe-
cialized atrial conduction tissue converges at the atrio-
ventricular (AV) node, which is distally connected to 
the His bundle. The AV node is an area of relatively slow 
conduction, and a delay between atrial and ventricular 
contraction normally occurs at this locus. The PR interval 
represents the delay between atrial and ventricular con-
traction at the level of the AV node. From the distal His 
bundle, an electrical impulse is propagated through large 
left and right bundle branches and finally to the Purkinje 
system fibers, which are the smallest branches of the 
specialized conduction system. Finally, electrical signals 
are transmitted from the Purkinje system to individual 
ventricular cardiomyocytes. The spread of depolarization 
to the ventricular myocardium is exhibited as the QRS 
complex on the ECG. Depolarization is followed by ven-
tricular repolarization and the appearance of the T wave 
on the ECG.2

Mechanical Events
The mechanical events of a cardiac cycle begin with the 
return of blood to the right and left atria from the sys-
temic and pulmonary circulation, respectively. As blood 
accumulates in the atria, atrial pressure increases until 
it exceeds the pressure within the ventricle, and the AV 
valve opens. Blood passively flows first into the ventricu-
lar chambers, and such flow accounts for approximately 
75% of the total ventricular filling.3 The remainder of 
the blood flow is mediated by active atrial contraction 
or systole, known as the atrial kick. The onset of atrial 
systole is coincident with depolarization of the sinus 
node and the P wave. While the ventricles fill, the AV 
valves are displaced upward and ventricular contraction 
(systole) begins with closure of the tricuspid and mitral 
valves, which corresponds to the end of the R wave on 
the ECG. The first part of ventricular systole is known as 
isovolumic or isometric contraction. The electrical impulse 
traverses the AV region and passes through the right 
and left bundle branches into the Purkinje fibers, which 
leads to contraction of the ventricular myocardium and 
a progressive increase in intraventricular pressure. When 
intraventricular pressure exceeds pulmonary artery and 
aortic pressure, the pulmonic and aortic valves open and 
ventricular ejection occurs, which is the second part of 
ventricular systole.

Ventricular ejection is divided into the rapid ejection 
phase and the reduced ejection phase. During the rapid 
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ejection phase, forward flow is maximal, and pulmonary 
artery and aortic pressure is maximally developed. In 
the reduced ejection phase, flow and great artery pres-
sure taper with progression of systole. Pressure in both 
ventricular chambers decreases as blood is ejected from 
the heart, and ventricular diastole begins with closure 
of the pulmonic and aortic valves. The initial period of 
ventricular diastole consists of the isovolumic (isometric) 
relaxation phase. This phase is concomitant with repolar-
ization of the ventricular myocardium and corresponds 
to the end of the T wave on the ECG. The final portion of 
ventricular diastole involves a rapid decrease in intraven-
tricular pressure until it decreases to less than that of the 
right and left atria, at which point the AV valve reopens, 
ventricular filling occurs, and the cycle repeats itself.

VENTRICULAR STRUCTURE AND FUNCTION

Ventricular Structure
The specific architectural order of the cardiac muscles 
provides the basis for the heart to function as a pump. 
The ellipsoid shape of the left ventricle (LV) is a result 
of the laminar layering of spiraling bundles of cardiac 
muscles (Fig. 20-2). The orientation of the muscle bundle 
is longitudinal in the subepicardial myocardium and cir-
cumferential in the middle segment and again becomes 
longitudinal in the subendocardial myocardium. Because 
of the ellipsoid shape of the LV, regional differences in 
wall thickness result in corresponding variations in the 
cross-sectional radius of the left ventricular chamber. 
These regional differences may serve to accommodate the 
variable loading conditions of the LV.4 In addition, such 
anatomy allows the LV to eject blood in a corkscrew-type 
motion beginning from the base and ending at the apex. 
The architecturally complex structure of the LV thus 
allows maximal shortening of myocytes, which results 
in increased wall thickness and the generation of force 
during systole. Moreover, release of the twisted LV may 
provide a suction mechanism for filling of the LV during 

Cardiac
muscle

Figure 20-2. Muscle bundles. (From Marieb EN: Human anatomy & 
physiology, ed 5. San Francisco, 2001, Pearson Benjamin Cummings, p 684.)
diastole. The left ventricular free wall and the septum 
have similar muscle bundle architecture. As a result, the 
septum moves inward during systole in a normal heart. 
Regional wall thickness is a commonly used index of 
myocardial performance that can be clinically assessed, 
such as by perioperative echocardiography or magnetic 
resonance imaging.

Unlike the LV, which needs to pump against the 
higher-pressure systemic circulation, the right ventricle 
(RV) pumps against a much lower pressure circuit in the 
pulmonary circulation. Consequently, wall thickness is 
considerably less in the RV. In contrast to the ellipsoidal 
form of the LV, the RV is crescent shaped; as a result, the 
mechanics of right ventricular contraction are more com-
plex. Inflow and outflow contraction is not simultaneous, 
and much of the contractile force seems to be recruited 
from interventricular forces of the LV-based septum.

An intricate matrix of collagen fibers forms a scaffold 
of support for the heart and adjacent vessels. This matrix 
provides enough strength to resist tensile stretch. The 
collagen fibers are made up of mostly the thick collagen 
type I fiber, which cross-links with the thin collagen type 
III fiber, the other major type of collagen.5 Elastic fibers 
that contain elastin are in close proximity to the collagen 
fibers. They account for the elasticity of the myocardium.6

Ventricular Function
SyStolic Function. The heart provides the driving force 
for delivering blood throughout the cardiovascular sys-
tem to supply nutrients and to remove metabolic waste. 
Because of the anatomic complexity of the RV, the tradi-
tional description of systolic function is usually limited to 
the LV. Systolic performance of the heart is dependent on 
loading conditions and contractility. Preload and after-
load are two interdependent factors extrinsic to the heart 
that govern cardiac performance.

DiaStolic Function. Diastole is ventricular relaxation, 
and it occurs in four distinct phases: (1) isovolumic relax-
ation; (2) the rapid filling phase (i.e., the LV chamber fill-
ing at variable left ventricular pressure); (3) slow filling, 
or diastasis; and (4) final filling during atrial systole. The 
isovolumic relaxation phase is energy dependent. During 
the auxotonic relaxation (phases 2 through 4), ventricu-
lar filling occurs against pressure. It encompasses a period 
during which the myocardium is unable to generate 
force, and filling of the ventricular chambers takes place. 
The isovolumic relaxation phase does not contribute to 
ventricular filling. The greatest amount of ventricular fill-
ing occurs in the second phase, whereas the third phase 
adds only approximately 5% of total diastolic volume 
and the final phase provides 15% of ventricular volume 
from atrial systole.

To assess diastolic function, several indices have been 
developed. The most widely used index for examining the 
isovolumic relaxation phase of diastole is to calculate the 
peak instantaneous rate of decline in left ventricular pres-
sure (−dP/dt) or the time constant of isovolumic decline 
in left ventricular pressure (τ). The aortic closing–mitral 
opening interval and the isovolumic relaxation time and 
peak rate of left ventricular wall thinning, as determined 
by echocardiography, have both been used to estimate 
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diastolic function during auxotonic relaxation. Ventricu-
lar compliance can be evaluated by pressure-volume rela-
tionships to determine function during the auxotonic 
phases of diastole.7,8

Many different factors influence diastolic function: 
magnitude of systolic volume, passive chamber stiff-
ness, elastic recoil of the ventricle, diastolic interaction 
between the two ventricular chambers, atrial properties, 
and catecholamines. Whereas systolic dysfunction is a 
reduced ability of the heart to eject, diastolic dysfunc-
tion is a decreased ability of the heart to fill. Abnormal 
diastolic function is now being recognized as the pre-
dominant cause of the pathophysiologic condition of 
congestive heart failure.9

Ventricular interactions during systole and diastole are 
internal mechanisms that function as internal feedback 
to modulate stroke volume. Systolic ventricular interac-
tion involves the effect of the interventricular septum 
on the function of both ventricles. Because the interven-
tricular septum is anatomically linked to both ventricles, 
it is part of the load against which each ventricle has to 
work. Therefore, any changes in one ventricle will also be 
present in the other. In diastolic ventricular interaction, 
dilatation of either the LV or RV will have an impact on 
effective filling of the contralateral ventricle and thereby 
modify function.

PreloaD anD aFterloaD. Preload is defined as the ven-
tricular load at the end of diastole, before contraction has 
started. First described by Starling, a linear relationship 
exists between sarcomere length and myocardial force 
(Fig. 20-3). In clinical practice, surrogate representatives 
of left ventricular volume such as pulmonary wedge 
pressure or central venous pressure are used to estimate 
preload.3 With the development of transesophageal echo-
cardiography, a more direct measure of ventricular vol-
ume is available.

Afterload is defined as systolic load on the LV after con-
traction has begun. Aortic compliance is an additional 
determinant of afterload.1 Aortic compliance is the abil-
ity of the aorta to give way to systolic forces from the 
ventricle. Changes in the aortic wall (dilation or stiffness) 
can alter aortic compliance and thus afterload. Examples 
of pathologic conditions that alter afterload are aortic ste-
nosis and chronic hypertension. Both impede ventricular 
ejection, thereby increasing afterload. Aortic impedance, 
or aortic pressure divided by aortic flow at that instant, is 
an accurate means of gauging afterload. However, clinical 
measurement of aortic impedance is invasive. Echocar-
diography can noninvasively estimate aortic impedance 
by determining aortic blood flow at the time of its maxi-
mal increase. In clinical practice, the measurement of sys-
tolic blood pressure is adequate to approximate afterload, 
provided that aortic stenosis is not present.

Preload and afterload can be thought of as the wall 
stress that is present at the end of diastole and during 
left ventricular ejection, respectively. Wall stress is a use-
ful concept because it includes preload, afterload, and the 
energy required to generate contraction. Wall stress and 
heart rate are probably the two most relevant indices that 
account for changes in myocardial O2 demand. Laplace’s 
law states that wall stress (σ) is the product of pressure (P) 
and radius (R) divided by wall thickness (h)3:

 σ = P × R/2h 

The ellipsoid shape of the LV allows the least amount 
of wall stress such that as the ventricle changes its shape 
from ellipsoid to spherical, wall stress is increased. By 
using the ratio of the long axis to the short axis as a mea-
sure of the ellipsoid shape, a decrease in this ratio would 
signify a transition from ellipsoid to spherical.

Thickness of the left ventricular muscle is an impor-
tant modifier of wall stress. For example, in aortic steno-
sis, afterload is increased. The ventricle must generate a 
much higher pressure to overcome the increased load 
opposing systolic ejection of blood. To generate such 
high performance, the ventricle increases its wall thick-
ness (left ventricular hypertrophy). By applying Laplace’s 
law, increased left ventricular wall thickness will decrease 
wall stress, despite the necessary increase in left ventricu-
lar pressure to overcome the aortic stenosis (Fig. 20-4).10 
In a failing heart, the radius of the LV increases, thus 
increasing wall stress.

Frank-Starling relationShiP. The Frank-Starling rela-
tionship is an intrinsic property of myocardium by 
Figure 20-3. Frank-Starling relationship. The 
relationship between sarcomere length and ten-
sion developed in cardiac muscles is shown. In 
the heart, an increase in end-diastolic volume 
is the equivalent of an increase in myocardial 
stretch; therefore, according to the Frank-Starling 
law, increased stroke volume is generated.
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which stretching of the myocardial sarcomere results in 
enhanced myocardial performance for subsequent con-
tractions (see Fig. 20-3). In 1895, Otto Frank first noted 
that in skeletal muscle, the change in tension was directly 
related to its length, and as pressure changed in the heart, 
a corresponding change in volume occurred.11 In 1914, 
E. H. Starling, using an isolated heart-lung preparation 
as a model, observed that “the mechanical energy set 
free on passage from the resting to the contracted state 
is a function of the length of the muscle fiber.”12 If a 
strip of cardiac muscle is mounted in a muscle chamber 
under isometric conditions and stimulated at a fixed fre-
quency, then an increase in sarcomere length results in 
an increase in twitch force. Starling concluded that the 
increased twitch force was the result of a greater interac-
tion of muscle bundles.

Electron microscopy has demonstrated that sarcomere 
length (2 to 2.2 μm) is positively related to the amount 
of actin and myosin cross-bridging and that there is an 
optimal sarcomere length at which the interaction is 
maximal. This concept is based on the assumption that 
the increase in cross-bridging is equivalent to an increase 
in muscle performance. Although this theory continues 
to hold true for skeletal muscle, the force-length relation-
ship in cardiac muscle is more complex. When comparing 
force-strength relationships between skeletal and cardiac 
muscle, it is noteworthy that the reduction in force is only 
10%, even if cardiac muscle is at 80% sarcomere length.11 
The cellular basis of the Frank-Starling mechanism is 
still being investigated and is briefly discussed later in 
this chapter. A common clinical application of Starling’s 

LV pressure
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Normal
LV pressure

Wall thickness

Laplace's law

Pressure radius
2 (Wall thickness)

Wall stress�

R
R

Figure 20-4. In response to aortic stenosis, left ventricular (LV) pres-
sure increases. To maintain wall stress at control levels, compensatory 
LV hypertrophy develops. According to Laplace’s law, wall stress = 
pressure ⋅ radius (R) ÷ (2 × wall thickness). Therefore the increase in 
wall thickness offsets the increased pressure, and wall stress is main-
tained at control levels. (From Opie LH: Ventricular function. In The 
heart. Physiology from cell to circulation, ed 4. Philadelphia, 2004, 
Lippincott-Raven, pp 355-401.)
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law is the relationship of left ventricular end-diastolic 
volume (LVEDV) and stroke volume. The Frank-Starling 
mechanism may remain intact even in a failing heart.13 
However, ventricular remodeling after injury or in heart 
failure may modify the Frank-Starling relationship.

contractility. Each Frank-Starling curve specifies a level 
of contractility, or the inotropic state of the heart, which 
is defined as the work performed by cardiac muscle at any 
given end-diastolic fiber. Factors that modify contractility 
will create a family of Frank-Starling curves with different 
contractility (Fig. 20-5).10 Factors that modify contractil-
ity are exercise, adrenergic stimulation, changes in pH, 
temperature, and drugs such as digitalis. The ability of the 
LV to develop, generate, and sustain the necessary pres-
sure for the ejection of blood is the intrinsic inotropic 
state of the heart.

In isolated muscle, the maximal velocity of contrac-
tion (Vmax) is defined as the maximal velocity of ejection 
at zero load. Vmax is obtained by plotting the velocity of 
muscle shortening in isolated papillary muscle at varying 
degrees of force. Although this relationship can be repli-
cated in isolated myocytes, Vmax cannot be measured in 
an intact heart because complete unloading is impossible. 
To measure the intrinsic contractile activity of an intact 
heart, several strategies have been attempted with vary-
ing success. Pressure-volume loops, albeit requiring cath-
eterization of the left side of the heart, are currently the 
best way to determine contractility in an intact heart (Fig. 
20-6).10 The pressure-volume loop represents an indirect 
measure of the Frank-Starling relationship between force 
(pressure) and muscle length (volume). Clinically, the 
most commonly used noninvasive index of ventricular 
contractile function is the ejection fraction, which is 
assessed by echocardiography, angiography, or radionu-
clide ventriculography.
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 Ejection fraction = (LVEDV − LVESV) /LVEDV 

where LVESV is left ventricular end-systolic volume.

carDiac Work. The work of the heart can be divided into 
external and internal work. External work is expended 
to eject blood under pressure, whereas internal work is 
expended within the ventricle to change the shape of the 
heart and to prepare it for ejection. Internal work con-
tributes to inefficiency in the performance of the heart. 
Wall stress is directly proportional to the internal work 
of the heart.14

External work, or stroke work, is a product of the stroke 
volume (SV) and pressure (P) developed during ejection 
of the SV.

 Stroke work = SV × P or (LVEDV − LVESV) × P 

The external work and internal work of the ventricle 
both consume O2. The clinical significance of internal 
work is illustrated in the case of a poorly drained LV dur-
ing cardiopulmonary bypass. Although external work is 
provided by the roller pump during bypass, myocardial 
ischemia can still occur because poor drainage of the LV 
creates tension on the left ventricular wall and increases 
internal work.

The efficiency of cardiac contraction is estimated by 
the following formula8:

 
Cardiac efficiency = External work/Energy equivalent

of O2 consumption

The corkscrew motion of the heart for the ejection of 
blood is the most favorable in terms of work efficiency, 
based on the architecture in a normal LV (with the car-
diac muscle bundles arranged so that a circumferentially 
oriented middle layer is sandwiched by longitudinally 
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Figure 20-6. Pressure-volume (PV) loop. Point a depicts the start of 
isovolumetric contraction. The aortic valve opens at point b, and ejec-
tion of blood follows (points b→c). The mitral valve opens at point d, 
and ventricular filling ensues. External work is defined by points a, b, c, 
and d, and internal work is defined by points e, d, and c. The PV area 
is the sum of external and internal work. (From Opie LH: Ventricular 
function. In The heart. Physiology from cell to circulation, ed 4. Phila-
delphia, 2004, Lippincott-Raven, pp 355-401.)
oriented outer layers). In heart failure, ventricular dila-
tion reduces cardiac efficiency because it increases wall 
stress, which in turn increases O2 consumption.11

heart rate anD Force-Frequency relationShiP. In isolated 
cardiac muscle, an increase in the frequency of stimulation 
induces an increase in the force of contraction. This relation-
ship is termed the treppe, which means staircase in German, 
and is the phenomenon or the force-frequency relation-
ship.8,15 At between 150 and 180 stimuli per minute, maxi-
mal contractile force is reached in an isolated heart muscle 
at a fixed muscle length. Thus an increased frequency incre-
mentally increases inotropy, whereas stimulation at a lower 
frequency decreases contractile force. However, when the 
stimulation becomes extremely rapid, the force of contrac-
tion decreases. In the clinical context, pacing-induced posi-
tive inotropic effects may be effective only up to a certain 
heart rate, based on the force-frequency relationship. In a 
failing heart, the force-frequency relationship may be less 
effective in producing a positive inotropic effect.8

CARDIAC OUTPUT

Cardiac output is the amount of blood pumped by the 
heart per unit of time (Q̇) and is determined by four fac-
tors: two factors that are intrinsic to the heart—heart rate 
and myocardial contractility—and two factors that are 
extrinsic to the heart but functionally couple the heart 
and the vasculature—preload and afterload.

Heart rate is defined as the number of beats per min-
ute and is mainly influenced by the autonomic nervous 
system. Increases in heart rate escalate cardiac output as 
long as ventricular filling is adequate during diastole. 
Contractility can be defined as the intrinsic level of con-
tractile performance that is independent of loading con-
ditions. Contractility is difficult to define in an intact 
heart because it cannot be separated from loading con-
ditions.8,15 For example, the Frank-Starling relationship 
is defined as the change in intrinsic contractile perfor-
mance, based on changes in preload. Cardiac output in a 
living organism can be measured with the Fick principle 
(a schematic depiction is illustrated in Fig. 20-7).1

The Fick principle is based on the concept of conserva-
tion of mass such that the O2 delivered from pulmonary 
venous blood (q3) is equal to the total O2 delivered to 
pulmonary capillaries through the pulmonary artery (q1) 
and the alveoli (q2).

The amount of O2 delivered to the pulmonary capil-
laries by way of the pulmonary arteries (q1) equals total 
pulmonary arterial blood flow (Q̇) times the O2 concen-
tration in pulmonary arterial blood (CpaO2):

 q1 = Q̇ × CpaO2 

The amount of O2 carried away from pulmonary 
venous blood (q3) is equal to total pulmonary venous 
blood flow (Q̇) times the O2 concentration in pulmonary 
venous blood (CpvO2):

 q3 = Q̇ × CpvO2 

The pulmonary arterial O2 concentration is the mixed 
systemic venous O2, and the pulmonary venous O2 con-
centration is the peripheral arterial O2. O2 consumption 
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is the amount of O2 delivered to the pulmonary capillar-
ies from the alveoli (q2). Because q1 + q2 = q3,

 Q̇
(
CpaO2

)
+ q2 = Q̇

(
CpvO2

)
 

 q2 = Q̇
(
CpvO2

)
− Q̇

(
CpaO2

)
 

 q2 = Q̇
(
Cpvo2

)
− CpaO2 

 Q̇ = q2/
(
CpvO2 − CpaO2

)
 

Thus if the CpaO2, CpvO2, and O2 consumption (q2) 
are known, then the cardiac output can be determined.

The indicator dilution technique is another method 
for determining cardiac output also based on the law 
of conservation of mass. The two most commonly used 
indicator dilution techniques are the dye dilution and the 
thermodilution methods. Figure 20-8 illustrates the prin-
ciples of the dye dilution method.1

CELLULAR CARDIAC PHYSIOLOGY

CELLULAR ANATOMY

At the cellular level, the heart consists of three major 
components: (1) cardiac muscle tissue (contracting car-
diomyocytes), (2) conduction tissue (conducting cells), 
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Figure 20-7. Illustration demonstrates the principle of determination 
of cardiac output according to the Fick formula. If the oxygen (O2) 
concentration in pulmonary arterial blood (Cpao2), the O2 concen-
tration of the pulmonary vein (Cpvo2), and the O2 consumption are 
known, then cardiac output can be calculated. pa, Pulmonary artery; 
pv, pulmonary vein. (From Berne RM, Levy MN: The cardiac pump. In 
Cardiovascular physiology, ed 8. St. Louis, 2001, Mosby, pp 55-82.)
and (3) extracellular connective tissue. A group of cardio-
myocytes with its connective tissue support network or 
extracellular matrix make up a myofiber (Fig. 20-9). Adja-
cent myofibers are connected by strands of collagen. The 
extracellular matrix is the synthetic product of fibroblasts 
and is made up of collagen, which is the main determinant 
of myocardial stiffness, and other major matrix proteins. 
One of the matrix proteins, elastin, is the chief constitu-
ent of elastic fibers. The elastic fibers account for, in part, 
the elastic properties of the myocardium.6 Other matrix 
proteins include the glycoproteins or proteoglycans and 
matrix metalloproteinases. Proteoglycans are proteins 
with short sugar chains, and they include heparan sul-
fate, chondroitin, fibronectin, and laminin. Matrix metal-
loproteins are enzymes that degrade collagen and other 
extracellular proteins. The balance between the accumu-
lation of extracellular matrix proteins by synthesis and 
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ing cardiac output with the indicator dilution technique. This model 
assumes that there is no recirculation. A known amount of dye (q) 
is injected at point A into a stream flowing at Q̇ (mL/min). A mixed 
sample of the fluid flowing past point B is withdrawn at a constant rate 
through a densitometer. The change in dye concentration over time is 
depicted in a curve. Flow may be measured by dividing the amount of 
indicator injected upstream by the area under the downstream con-
centration curve. (From Berne RM, Levy MN: The cardiac pump. In Car-
diovascular physiology, ed 8. St. Louis, 2001, Mosby, pp 55-82.)

Myofibrils

Figure 20-9. Organization of cardiomyocytes. Fifty percent of car-
diomyocyte volume is made up of myofibrils; the remainder consists of 
mitochondria, nucleus, sarcoplasmic reticulum, and cytosol.
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Figure 20-10. The sarcolemma that envelops cardiomyocytes becomes highly specialized to form the intercalated disks where ends of neighbor-
ing cells are in contact. The intercalated disks consist of gap junctions and spot and sheet desmosomes.
their breakdown by matrix metalloproteins contributes 
to the mechanical properties and function of the heart.6

CARDIOMYOCYTE STRUCTURE AND 
FUNCTION

Individual contracting cardiomyocytes are large cells 
between 20 μm (atrial cardiomyocytes) and 140 μm 
(ventricular cardiomyocytes) in length. Approximately 
50% of the cell volume in a contracting cardiomyocyte 
is made up of myofibrils, and the remainder consists of 
mitochondria, nucleus, sarcoplasmic reticulum (SR), and 
cytosol. The myofibril is the rodlike bundle that forms the 
contractile elements within cardiomyocytes. Within each 
contractile element are contractile proteins, regulatory 
proteins, and structural proteins. Contractile proteins 
make up approximately 80% of the myofibrillar protein, 
with the remainder being regulatory and structural pro-
teins.16,17 The basic unit of contraction is the sarcomere 
(see discussion under “Contractile Elements” later in this 
chapter).

The sarcolemma, or the outer plasma membrane, 
separates the intracellular and extracellular space. It sur-
rounds the cardiomyocyte and invaginates into the myo-
fibrils through an extensive tubular network known as 
transverse tubules or T tubules, and it also forms specialized 
intercellular junctions between cells.18,19

Transverse or T tubules are in close proximity to an 
intramembranous system and the SR, which plays an 
important role in the calcium (Ca2+) metabolism that is 
critical in the excitation-contraction coupling (ECC) of 
the cardiomyocyte. The SR can be further divided into 
the longitudinal (or network) SR and the junctional SR. 
The longitudinal SR is involved in the uptake of Ca2+ for 
the initiation of relaxation. The junctional SR contains 
large Ca2+-release channels (ryanodine receptors [RyRs]) 
that release SR Ca2+ stores in response to depolarization-
stimulated Ca2+ influx through the sarcolemmal Ca2+ 
channels. The RyRs are not only Ca2+-release channels, 
but they also form the scaffolding proteins that anchor 
many of the key regulatory proteins.20
Mitochondria are immediately found beneath the sar-
colemma, wedged between myofibrils within the cell. 
They contain enzymes that promote the generation of 
adenosine triphosphate (ATP), and they are the energy 
powerhouse for the cardiomyocyte. In addition, mito-
chondria can also accumulate Ca2+ and thereby contrib-
ute to the regulation of the cytosolic Ca2+ concentration. 
Nearly all of the genetic information is found within the 
centrally located nucleus. The cytosol is the fluid-filled 
microenvironment within the sarcolemma, exclusive of 
the organelles and the contractile apparatus and proteins.

Cardiac muscle cells contain three different types 
of intercellular junctions: gap junctions, spot desmo-
somes, and sheet desmosomes (or fasciae adherens) (Fig. 
20-10).18,21 Gap junctions are responsible for electrical 
coupling and the transfer of small molecules between cells, 
whereas desmosome-like junctions provide mechanical 
linkage. The adhesion sites formed by spot desmosomes 
anchor the intermediate filament cytoskeleton of the cell; 
those formed by the fasciae adherens anchor the contrac-
tile apparatus. Gap junctions consist of clusters of plasma 
membrane channels directly linking the cytoplasmic 
compartments of neighboring cells. Gap junction chan-
nels are constructed from connexins, a multigene family 
of conserved proteins. The principal connexin isoform of 
the mammalian heart is connexin 43; other connexins, 
notably connexins 40, 45, and 37, are also expressed but 
in smaller quantities.20,21

The conducting cardiomyocytes, or Purkinje cells, are 
cells specialized for conducting propagated action poten-
tials. These cells have a low content of myofibrils and a 
prominent nucleus, and they contain an abundance of 
gap junctions. Cardiomyocytes can be functionally sepa-
rated into (1) the excitation system, (2) the ECC system, 
and (3) the contractile system.

Excitation System
The cellular action potential originating in the specialized 
conduction tissue is propagated to individual cells where 
it initiates the intracellular event that leads to the contrac-
tion of the cell through the sarcolemmal excitation system.
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action Potential. Ion fluxes across plasma membranes 
result in depolarization (attaining a less negative mem-
brane potential) and repolarization (attaining a more 
negative membrane potential). They are mediated by 
membrane proteins with ion-selective pores. Because 
these ion channel proteins open and close the pores in 
response to changes in membrane potential, the channels 
are voltage gated. In the heart, sodium (Na+), potassium 
(K+), Ca2+, and chloride (Cl−) channels contribute to the 
action potential.

The types of action potential in the heart can be 
separated into two categories: (1) fast-response action 
potentials, which are found in the His-Purkinje system 
and atrial or ventricular cardiomyocytes; and (2) slow-
response action potentials, which are found in the pace-
maker cells in the SA and AV nodes. A typical tracing of an 
action potential in the His-Purkinje system is depicted in 
Figure 20-11.8 The electrochemical gradient for K+ across 
the plasma membrane is the determinant for the resting 
membrane potential. Mostly as a result of the influx of 
Na+, the membrane potential becomes depolarized, which 
leads to an extremely rapid upstroke (phase 0). As the 
membrane potential reaches a critical level (or threshold) 
during depolarization, the action potential is propagated. 
The rapid upstroke is followed by a transient repolariza-
tion (phase 1). Phase 1 is a period of brief and limited 
repolarization that is largely attributable to the activa-
tion of a transient outward K+ current, ito. The plateau 
phase (phase 2) occurs with a net influx of Ca2+ through 
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Figure 20-11. Phases of cellular action potentials and major associ-
ated currents in ventricular myocytes. The initial phase (0) spike and 
overshoot (1) are caused by a rapid inward sodium (Na+) current, the 
plateau phase (2) by a slow calcium (Ca2+) current through L-type 
Ca channels, and repolarization (phase 3) by outward potassium (K+) 
currents. Phase 4, the resting potential (Na+ efflux, K+ influx), is main-
tained by Na+-K+-adenosine triphosphatase (ATPase). The Na+-Ca2+ 
exchanger is mainly responsible for extrusion of Ca2+. In specialized 
conduction system tissue, spontaneous depolarization takes place dur-
ing phase 4 until the voltage resulting in opening of the Na channel is 
reached. (From LeWinter MM, Osol G: Normal physiology of the cardio-
vascular system. In Fuster V, Alexander RW, O’Rourke RA, editors: Hurst’s 
the heart, ed 10. New York, 2001, McGraw-Hill, pp 63-94.)
L-type Ca2+ channels and the efflux of K+ through several 
K+ channels—the inwardly rectifying ik, the delayed recti-
fier ik1, and ito. Repolarization (phase 3) is brought about 
when an efflux of K+ from the three outward K+ currents 
exceeds the influx of Ca2+, thus returning the membrane 
to the resting potential. Very little ionic flux occurs dur-
ing diastole (phase 4) in a fast-response action potential.

In contrast, during diastole (phase 4), pacemaker cells 
that show slow-response action potentials have the capa-
bility of spontaneous diastolic depolarization and gener-
ate the automatic cardiac rhythm. Pacemaker currents 
during phase 4 are the result of an increase in the three 
inward currents and a decrease in the two outward cur-
rents. The three inward currents that contribute to spon-
taneous pacemaker activity include two carried by Ca2+, 
iCaL and iCaT, and one that is a mixed cation current, If.22 
The two outward currents are the delayed rectifier K+ cur-
rent, ik, and the inward rectifying K+ current, ik1. When 
compared with the fast-response action potential, phase 0 
is much less steep, phase 1 is absent, and phase 2 is indis-
tinct from phase 3 in the slow-response action potential.23 
In SA node cells, the pacemaker If current is the principal 
determinant of duration diastolic depolarization, and it 
is encoded by four members of the hyperpolarization-
activated cyclic nucleotide-gated gene (HCN1-4) family.24

During the cardiac action potential, movement of Ca2+ 
into the cell and Na+ out of the cell creates an ionic imbal-
ance. The Na+-Ca2+ exchanger restores cellular ionic bal-
ance by actively transporting Ca2+ out of the cell against 
a concentration gradient while moving Na+ into the cell 
in an energy-dependent manner.

Excitation-Contraction Coupling
Structures that participate in cardiac ECC include the sar-
colemma, transverse tubules, SR, and myofilaments (Fig. 
20-12, A).25 The process of ECC begins with depolariza-
tion of the plasma membrane and spread of electrical 
excitation along the sarcolemma of cardiomyocytes.

The ubiquitous second messenger Ca2+ is the key 
player in cardiac ECC (see Fig. 20-12, B).23 Cycling of Ca2+ 
within the structures that participate in ECC initiates and 
terminates contraction. Activation of the contractile sys-
tem depends on an increase in free cytosolic Ca2+ and its 
subsequent binding to contractile proteins.

Ca2+ enters through plasma membrane channels con-
centrated at the T tubules, and such entry through L-type 
Ca2+ channels (dihydropyridine receptors) triggers the 
release of Ca2+ from the SR.26 This evokes a Ca2+ spark. 
Ca2+ sparks are considered to be the elementary Ca2+ sig-
naling event of ECC in heart muscle. A Ca2+ spark occurs 
with the opening of a cluster of SR RyRs to release Ca2+ 
in a locally regenerative manner. It, in turn, activates the 
Ca2+-release channels and induces further release of Ca2+ 
from subsarcolemmal cisternae in the SR and thus leads to 
a large increase in intracellular Ca2+ (iCa2+). These spatially 
and temporally patterned activations of localized Ca2+ 
release, in turn, stimulate myofibrillar contraction. The 
increase in iCa2+, however, is transient inasmuch as Ca2+ 
is removed by (1) active uptake by the SR Ca2+ pump ade-
nosine triphosphatase (ATPase), (2) extrusion of Ca2+ from 
the cytosol by the Na+-Ca2+ exchanger, and (3) binding of 
Ca2+ to proteins.27 Ca2+ sparks have also been implicated 
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in pathophysiologic diseases such as hypertension, cardiac 
arrhythmias, heart failure, and muscular dystrophy.28-30

The SR provides the anatomic framework and is the 
major organelle for the cycling of Ca2+. It is the depot 
for iCa2+ stores. The cyclic release plus reuptake of Ca2+ 
by the SR regulates the cytosolic Ca2+ concentration and 
couples excitation to contraction. The physical proximity 
between L-type Ca2+ channels and RyRs at the SR mem-
brane makes Ca2+-induced Ca2+ release to occur easily. 
The foot region of the RyR is the part that extends from 
the SR membrane to the T tubules, where the L-type Ca2+ 
channels are located.17,27,31

The SR is also concerned with the reuptake of Ca2+ that 
initiates relaxation or terminates contraction. The sarco-
plasmic/endoplasmic reticulum Ca2+-ATPase (SERCA) 
pump is the ATP-dependent pump that actively pumps 
the majority of the Ca2+ back into the SR after its release. 
SERCA makes up close to 90% of all of the SR proteins and 
is inhibited by the phosphoprotein, phospholamban, at 
rest. Phospholamban is an SR membrane protein that is 
active in the dephosphorylated form. Phosphorylation by 
a variety of kinases as a result of β-adrenergic stimulation 
or other stimuli inactivates phospholamban and releases 
its inhibitory action on SERCA. Positive feedback ensues 
and leads to further phospholamban phosphorylation 
and greater SERCA activity. Active reuptake of Ca2+ by 
SERCA then promotes relaxation.17,27,31

Once taken up into the SR, Ca2+ is stored until it is 
released during the next cycle. Calsequestrin and calre-
ticulin are two storage proteins in the SR. Calsequestrin is 
a highly charged protein located in the cisternal compo-
nent of the SR near the T tubules. Because it lies close to 
the Ca2+-release channels, the stored Ca2+ can be quickly 
discharged for release once the Ca2+-release channels are 
stimulated. Cytosolic Ca2+ can also be removed by extru-
sion through the sarcolemmal Ca2+ pump and the activ-
ity of the Na+-Ca2+ exchanger. The protein, calmodulin, is 
an important sensor and regulator of iCa2+.19
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Contractile System
contractile elementS. The basic working unit of contrac-
tion is the sarcomere. A sarcomere is defined as the distance 
between Z lines (Z is an abbreviation for the German word, 
Zuckung, meaning contraction), which join the sarcomeres 
in series. Each sarcomere consists of a central A band that 
is separated by one half of an I band from the Z lines on 
each side because the Z line bisects the I band. A schematic 
representation is depicted in Figure 20-13.8 Within each 
sarcomere are two principal contractile proteins (see the 
next section, “Contractile Proteins”) and one noncontrac-
tile protein, titin.27 The two contractile proteins are actin, 
the thin filament, and myosin, the thick filament. Actin 
filaments and titin are both tethered to the Z line, but the 
thick myosin filaments do not actually reach the Z lines. 
Titin, the third filament protein, tethers the thick-filament 
myosin to the Z line. The Z lines at the two ends of the 
sarcomere are brought closer together during contraction 
as the thick-filament myosin heads interact with the thin 
actin filaments and slide over each other.32,33

Familial hypertrophic cardiomyopathy is an inherited 
autosomal dominant sarcomeric disease34 that is the most 
common cause of sudden death in otherwise healthy indi-
viduals. Its clinical features are left ventricular hypertro-
phy and myocyte and myofibrillar disarray. Mutations in 
at least eight different genes encoding sarcomere proteins 
have been identified to be the molecular basis for the 
disorder. These genes are β-cardiac myosin heavy chain, 
cardiac troponin T (TnT), α-tropomyosin, cardiac myosin-
binding protein C, essential or regulatory myosin light 
chain, cardiac troponin I (TnI), α-cardiac actin, and titin.34

contractile ProteinS. The contractile apparatus within 
the cardiomyocyte consists of contractile and regulatory 
proteins.19,35,36 The thin-filament actin and the thick-
filament myosin are the two principal contractile pro-
teins. Actin contains two helical chains. Tropomyosin, 
a double-stranded α-helical regulatory protein, winds 
around the actin array and forms the backbone for the 
thin-filament actin. The thick-filament myosin is made 
up of 300 myosin molecules. Each myosin molecule has 
two functional domains: the body or filament and the 
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Figure 20-13. The basic unit of contraction is the sarcomere. A con-
tracted and relaxed sarcomere is depicted. Z lines are located at the 
ends of the sarcomere. The A band is the site of overlap between myo-
sin and actin filaments. The I band is located on either side of the A 
band and contains only actin filament. The H zone is located in the 
center of the A band, and only myosin is present.
bilobar myosin head. The myosin head is made up of one 
heavy chain and two light chains. The heavy head chain 
has two domains: the larger one interacts with actin at 
the actin cleft and has an ATP-binding pocket where 
myosin ATPase is located, and the other smaller one is 
flexible and attached to the two light chains. The regula-
tory troponin heterotrimer complex is found at regular 
intervals along tropomyosin. The heterotrimer troponins 
are made up of troponin C (TnC), the Ca2+ receptor; TnI, 
an inhibitor of actin-myosin interaction; and TnT, which 
links the troponin complex to tropomyosin. Tropomodu-
lin is another regulatory protein. It is located at the end of 
the thin-filament actin and caps the end to prevent any 
excessive elongation of the thin filament.32,33

myocyte contraction anD relaxation. At rest, cross-
bridge cycling and generation of force do not occur 
because either the myosin heads are blocked from physi-
cally reacting with the thin filament or they are only 
weakly bound to actin (Fig. 20-14).16 Cross-bridge cycling 
is initiated on binding of Ca2+ to TnC, which increases 
TnC-TnI interaction and decreases the inhibitory TnI-
actin interaction. These events, which ensue from the 
binding of Ca2+ to TnC, lead to conformational changes in 
tropomyosin and permit attachment of the myosin head 
to actin. Cross-bridging involves the detachment of the 
myosin head from actin and a reattachment of myosin 
to another actin on hydrolysis of ATP by myosin ATPase. 
Binding of ATP to the nucleotide pocket of the myosin 
head leads to the activation of myosin ATPase,31-33 ATP 
hydrolysis, and changes in the configuration of the myo-
sin head, all of which facilitate binding of the myosin 
head to actin and the generation of the power stroke of 
the myosin head. Based on this model, the rate of cross-
bridge cycling is dependent on the activity of myosin 
ATPase.36 Turnoff of cross-bridge cycling is largely initi-
ated by the decrease in cytosolic Ca2+.

Myocyte relaxation is an energy-dependent process 
because restoration of cytosolic Ca2+ to resting levels 
requires the expenditure of ATP. The decrease in cyto-
solic Ca2+ occurs through active reuptake of Ca2+ into 
the SR by SERCA and extrusion of Ca2+ by the Na+-Ca2+ 
exchanger. This activity results in the release of Ca2+ bind-
ing to TnC and the separation of the myosin-actin cross-
bridge. Myocyte relaxation is dependent on the kinetics 
of cross-bridge cycling, the affinity of Ca2+ for TnC, and 
the activity of the Ca2+-reuptake mechanisms. Relaxation 
is enhanced by the increased kinetics of cross-bridge 
cycling, decreased Ca2+ affinity for TnC, and increased 
activity of Ca2+-reuptake mechanisms.27

Titin is a giant stringlike protein that acts as the third 
filament within the sarcomere. A single titin molecule 
spans one half of the sarcomere. Structurally, titin consists 
of an inextensible anchoring segment and an extensible 
elastic segment. Its two main functions involve muscle 
assembly and elasticity. Titin is the principal determinant 
of the passive properties of the myocardium at small ven-
tricular volumes.37

The Frank-Starling relationship states that an increase 
in end-diastolic volume results in enhanced systolic func-
tion.38,39 At the cellular level, the key component for the 
Frank-Starling relationship is a length-dependent shift 
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in Ca2+ sensitivity.40-42 Several possible mechanisms for 
this change in Ca2+ sensitivity have been implicated, 
including Ca2+ sensitivity: (1) as a function of myofila-
ment lattice spacing, (2) involving positive cooperativity 
in cross-bridge binding to actin, and (3) dependence on a 
strain of the elastic protein titin.36,40

cytoSkeleton ProteinS. The cytoskeleton is the protein 
framework within the cytoplasm that links, anchors, or 
tethers structural components inside the cell.16,19 Micro-
filaments (actin filaments), microtubules, and intermedi-
ate filaments are three classes of cytoskeleton proteins 
found in the cytoplasm. Microfilament proteins are actin 
filaments, either sarcomeric or cortical, depending on 
their location. Sarcomeric actin filaments are the thin 
filaments in the contractile machinery that have been 
previously described. Cortical actin filaments are found 
below the plasma membrane at the cell surface and are 
linked to several other microfilament proteins, including 
dystrophin, vinculin, and ankyrin. Microtubules assem-
ble by polymerization of the α- and β-dimers of tubulin. 
They play a major role in intracellular transport and cell 
division.43 Attachment of the ends of microtubules to cel-
lular structures causes the microtubules to expand and 
contract, thereby pulling and pushing these structures 
around the cell. The intermediate filaments are relatively 
insoluble. They have been demonstrated to be important 
in normal mitochondrial function and behavior. The des-
min intermediate filament in cardiomyocytes connects 
the nucleus to the plasma membrane and is important 
in the transmission of the stress and strain of contrac-
tile force between cells.44 The cytoskeleton provides the 
organization of microenvironments within the cell for 
enzyme and protein activity and interaction.

Whereas familial hypertrophic cardiomyopathy is a 
genetic sarcomeric disease, familial dilated cardiomyopathy 
Figure 20-14. Molecules of the con-
tractile system, troponins C, I, and T 
(TnC, TnI, and TnT). ATP, Adenosine 
triphosphate; ATPase, adenosine tri-
phosphatase. (From Opie LH: Ventricular 
function. In The heart. Physiology from 
cell to circulation, ed 4. Philadelphia, 
2004, Lippincott-Raven, pp 209-231.)

Actin and myosinA Myosin head and neckB

Thin filamentC

Troponin I and TD

Myosin

Head

Fulcrum

Neck
or

arm
Actin

Actin Tropomyosin

TnC

TnT TnI

TnC

Diastole

Inhibition
TnT

TnI

TnI

Tropomyosin

TnC

Deinhibition

TnT

TnI

Systole

Ca2+

Regulatory
light chain

Essential
light chain

ATP
pocket
and
ATPase
activity

Actin cleft
and binding



Chapter 20: Cardiac Physiology 485
(FDCM) is a disease of cytoskeleton proteins. The genetic 
basis of FDCM includes two genes for X-linked FDCM (dys-
trophin, G4.5) and four genes for the autosomal dominant 
form (actin, desmin, lamin A/C, and δ-sarcoglycan).16

CONTROL OF CARDIAC FUNCTION

NEURAL REGULATION OF CARDIAC 
FUNCTION

The two limbs of the autonomic nervous system provide 
opposing input to regulate cardiac function.45 The neu-
rotransmitter of the sympathetic nervous system is nor-
epinephrine, which provides positive chronotropic (heart 
rate), inotropic (contractility), and lusitropic (relaxation) 
effects. The parasympathetic nervous system has a more 
direct inhibitory effect in the atria and has a negative 
modulatory effect in the ventricles. The neurotransmitter 
of the parasympathetic nervous system is acetylcholine. 
Both norepinephrine and acetylcholine bind to seven-
transmembrane–spanning G protein–coupled receptors 
to transduce their intracellular signals and affect their 
functional responses (Fig. 20-15).46 At rest, the heart has 
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Figure 20-15. General scheme for a G protein–coupled receptor 
consisting of receptor, the heterotrimeric G protein, and the effec-
tor unit. (Reprinted with permission from Bers DM: Cardiac excitation-
contraction coupling, Nature 415:198-205, 2002. Copyright MacMillan 
Magazines Ltd.)
a tonic level of parasympathetic cardiac nerve firing and 
little, if any, sympathetic activity. Therefore, the major 
influence on the heart at rest is parasympathetic. During 
exercise or stress, however, the sympathetic neural influ-
ence becomes more prominent.

Parasympathetic innervation of the heart is through 
the vagal nerve. Supraventricular tissue receives signifi-
cantly more intense vagal innervation than do the ventri-
cles. The principal parasympathetic target neuroeffectors 
are the muscarinic receptors in the heart.47,48 Activation 
of muscarinic receptors reduces pacemaker activity, slows 
AV conduction, directly decreases atrial contractile force, 
and exerts inhibitory modulation of ventricular contrac-
tile force. A total of five muscarinic receptors have been 
cloned.49 M2 receptors are the predominant subtype 
found in the mammalian heart. In the coronary circula-
tion, M3 receptors have been identified. Moreover, non–
M2 receptors have also been reported to exist in the heart. 
In general, for intracellular signaling, M1, M3, and M5 
receptors couple to Gq/11 protein and activate the phos-
pholipase C–diacylglycerol–inositol phosphate system. 
On the other hand, the M2 and M4 receptors couple to 
the pertussis toxin–sensitive G protein, Gi/o, to inhibit 
adenylyl cyclase. M2 receptors can couple to certain K+ 
channels and influence the activity of Ca2+ channels, If 
current, phospholipase A2, phospholipase D, and tyrosine 
kinases.

In contrast to vagal innervation, sympathetic inner-
vation of the heart is more predominant in the ventricle 
than in the atrium. Norepinephrine released from sym-
pathetic nerve terminals stimulates adrenergic recep-
tors (adrenoreceptors [AdRs]) located in the heart. The 
two major classes of ARs are α and β, both of which are 
G protein–coupled receptors that transduce their intra-
cellular signals by means of specific signaling cascades 
(Fig. 20-16).
Adrenoceptors

α1-adrenoceptors

DAG/IP3, PKC, MAPK 

α1A α1B α1D

Gq /11

PLC-β PLC-β PLC-β
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α2A α2B α2C
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GiGiGi

β-adrenoceptors

cAMP/PKA/MAPK

β1 β2 β3
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Figure 20-16. Adrenoceptor signaling cascades involving G proteins and effectors are adenylyl cyclase (AC), L-type calcium current (iCA), and 
phospholipase β (PLC-β) in the heart. The intracellular signals are diacylglycerol (DAG), inositol 1,4,5-triphosphate (IP3), protein kinase C (PKC), 
cyclic adenosine monophosphate (cAMP), protein kinase A (PKA), and mitogen-activated protein kinase (MAPK). Gq/11, Heterotrimeric G protein; 
Gi, inhibitory G protein; Gs, stimulatory G protein.
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β-ARs can be further divided into subpopulations of β1, 
β2, and β3.50 Although most mammalian hearts contain 
β1-ARs and β2-ARs, β3-ARs also exist in many mamma-
lian ventricular tissues. The relative contribution of each 
β-AR subtype to modulation of cardiac function varies 
among species. In humans, β1-ARs are the predominant 
subtype in both the atria and ventricles, but a substantial 
proportion of β2-ARs are located in the atria, and approxi-
mately 20% of β2-ARs are found in the LV. Much less is 
known about β3-ARs, but they do exist in the human ven-
tricle. Despite the fact that the β1-AR population is more 
intense than the β2-AR population, the cardiostimulant 
effect is not proportional to the relative densities of these 
two subpopulations, which is largely attributable to the 
tighter coupling of β2-ARs than β1-ARs to the cyclic ade-
nosine monophosphate (cAMP) signaling pathway. Both 
β1-ARs and β2-ARs activate a pathway that involves the 
stimulatory G protein (Gs), activation of adenylyl cyclase, 
accumulation of cAMP, stimulation of cAMP-dependent 
protein kinase A, and phosphorylation of key target pro-
teins, including L-type Ca2+ channels, phospholamban, 
and TnI.
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Figure 20-17. The β-adrenoceptor signaling system leads to an 
increased rate and force of contraction and increased relaxation. ADP, 
adenosine diphosphate; ATP, adenosine triphosphate; ATPase, adenos-
ine triphosphatase; cAMP, cyclic adenosine monophosphate; GTP, gua-
nosine triphosphate; Pi, phosphatidylinositol; PL, phospholipase; SL, 
sarcolemma; SR, sarcoplasmic reticulum; TnI, troponin I. (From Opie 
LH: Receptors and signal transduction. In The heart. Physiology from 
cell to circulation, ed 3. Philadelphia, 1998, Lippincott-Raven, p 195.)
Although traditional teaching is that both β1-ARs and 
β2-ARs are coupled to the Gs-cAMP pathway, more recent 
experimental evidence indicates that β2-ARs also couple 
to the inhibitory G protein (Gi) to activate non–cAMP-
dependent signaling pathways. Additionally, β2-ARs can 
couple to G protein–independent pathways to modulate 
cardiac function. β-AR stimulation increases both con-
traction and relaxation, as summarized in Figure 20-17.

The two major subpopulations of α-ARs are α1 and α2. 
α1-ARs and α2-ARs can be further subdivided into differ-
ent subtypes. α1-ARs are G protein–coupled receptors and 
include the α1A, α1B, and α1D subtypes. The α1-AR subtypes 
are products of separate genes and differ in structure, G 
protein coupling, tissue distribution, signaling, regula-
tion, and function. Both α1A-ARs and α1B-ARs mediate 
positive inotropic responses. However, the positive ino-
tropic effect mediated by α1-ARs is believed to be of minor 
importance in the heart. α1-ARs are coupled to phospho-
lipase C, phospholipase D, and phospholipase A2; they 
increase iCa2+ and myofibrillar sensitivity to Ca2+.

Cardiac hypertrophy is primarily mediated by α1A-
ARs.51,52 Cardiac hypertrophic responses to α1-AR agonists 
involve activation of protein kinase C and mitogen-acti-
vated protein kinase through Gq-signaling mechanisms. 
Three subtypes of α2-ARs are recognized: α2A, α2B, and α2C. 
In the mammalian heart, α2-ARs in the atrium play a role 
in the presynaptic inhibition of norepinephrine release. 
These prejunctional α2-ARs are believed to belong to the 
α2C subtype.

Neural regulation of cardiac function involves a 
complex interaction between the different classes and 
subpopulations of adrenoceptors and their signaling 
pathways. Targeted therapeutics in cardiovascular medi-
cine involve the clinical application and manipulation of 
a basic understanding of adrenoceptor pharmacology.

HORMONES AFFECTING CARDIAC 
FUNCTION

Many hormones have direct and indirect actions on the 
heart (Table 20-1). Hormones with cardiac actions can be 
synthesized and secreted by cardiomyocytes or produced 
by other tissues and delivered to the heart. They act on 
specific receptors expressed in cardiomyocytes. Most of 
these hormone receptors are plasma membrane G pro-
tein–coupled receptors (GPCRs). Non-GPCRs include 
the natriuretic peptide receptors, which are guanylyl 
cyclase–coupled receptors, and the glucocorticoid and 
mineralocorticoid receptors, which bind androgens and 
aldosterone and are nuclear zinc finger transcription 
factors. Hormones can have activity in normal cardiac 
physiologic function or are active only in pathophysi-
ologic conditions, or both situations can apply. Most of 
the new information regarding the action of hormones 
in the heart has been derived from the endocrine changes 
associated with chronic heart failure.53

Cardiac hormones are polypeptides secreted by cardiac 
tissues into the circulation in the normal heart. Natri-
uretic peptides,54,55 aldosterone,56 and adrenomedullin57 
are hormones secreted by cardiomyocytes. Angioten-
sin II, the effector hormone in the renin-angiotensin 
system, is also produced by cardiomyocytes.58,59 The 
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TABLE 20-1 ACTIONS OF HORMONES ON CARDIAC FUNCTION

Hormone Receptor Cardiac Action
Increase (+) or Decrease (−) 
With CHF

Adrenomedullin GPCR +Inotropy/+chronotropy +
Aldosterone Cytosolic or nuclear MR ? +
Angiotensin GPCR + Inotropy/+ chronotropy +
Endothelin GPCR ? +
Natriuretic peptides GCCR
ANP (ANF) +
BNP +
Neuropeptide Y* GPCR − Inotropy +
Vasopressin GPCR + Inotropy/+ chronotropy +
Vasoactive intestinal peptide† GPCR + Inotropy No
Estrogen ERα/ERß Indirect No
Testosterone AR Indirect No
Progesterone PR Indirect No
Thyroid hormones NR + Inotropy/+ chronotropy —
Growth hormones IGF-1 + Inotropy/+ chronotropy —

ANF, Atrial natriuretic factor; ANP, atrial natriuretic peptide; AR, androgen receptor; BNP, B-type natriuretic peptide; CHF, congestive heart failure; ER, 
estrogen receptor; GCCR, guanylyl cyclase–coupled receptor; GPCR, G protein–coupled receptor; IGF-1, insulin growth factor 1; MR, mineralocorticoid 
receptor; NR, nuclear receptor; PR, progesterone receptor.

*Data from Grundemar L, Hakanson R: Multiple neuropeptide Y receptors are involved in cardiovascular regulation. Peripheral and central mechanisms, 
Gen Pharmacol 24:785-796, 1993; and Maisel AS, Scott NA, Motulsky HJ, et al: Elevation of plasma neuropeptide Y levels in congestive heart failure,  
Am J Med 86:43-48, 1989

†Data from Henning RJ, Sawmiller DR: Vasoactive intestinal peptide: cardiovascular effects, Cardiovasc Res 49:27-37, 2001.
renin-angiotensin system is one of the most important 
regulators of cardiovascular physiology. It is a key mod-
ulator of cardiac growth and function. Angiotensin II 
stimulates two separate receptor subtypes, AT1 and AT2, 
both of which are present in the heart. AT1 receptors are 
the predominant subtype expressed in the normal adult 
human heart. Stimulation of AT1 receptors induces a posi-
tive chronotropic and inotropic effect. Angiotensin II also 
mediates cell growth and proliferation in cardiomyocytes 
and fibroblasts and induces the release of the growth fac-
tors aldosterone and catecholamines through the stim-
ulation of AT1 receptors. Activation of AT1 receptors is 
directly involved in the development of cardiac hypertro-
phy and heart failure, as well as adverse remodeling of the 
myocardium. In contrast, AT2 receptor activation is coun-
terregulatory and generally antiproliferative. Expression 
of AT2 receptors, however, is relatively scant in the adult 
heart because they are most abundant in the fetal heart 
and decline with development. In response to injury and 
ischemia, AT2 receptors become upregulated. The precise 
role of AT2 receptors in the heart remains to be defined.

The beneficial effects of blockade of the renin-angio-
tensin system with angiotensin-converting enzyme 
inhibitors in the treatment of heart failure have been 
attributed to an inhibition of AT1-receptor activity. In 
addition to the renin-angiotensin system, other cardiac 
hormones that have been shown to play pathogenic roles 
in the promotion of cardiomyocyte growth and cardiac 
fibrosis, development of cardiac hypertrophy, and pro-
gression of congestive heart failure include aldosterone,56 
adrenomedullin,60-62 natriuretic peptides,54,55 angioten-
sin,63-65 endothelin,66 and vasopressin.67,68

Increased stretch of the myocardium stimulates the 
release of atrial natriuretic protein (ANP) and B-type 
natriuretic protein (BNP) from the atria and ventricles, 
respectively. Both ANP and BNP bind to natriuretic pep-
tide receptors to generate the second messenger cyclic 
guanosine monophosphate and represent part of the car-
diac endocrine response to hemodynamic changes caused 
by pressure or volume overload. They also participate in 
organogenesis of the embryonic heart and cardiovascu-
lar system.54,55 In patients with chronic heart failure, 
increases of serum ANP and BNP levels are a predictor of 
mortality.69

Adrenomedullin is a recently discovered cardiac hor-
mone that was originally isolated from pheochromocy-
toma tissue. It increases the accumulation of cAMP and has 
direct positive chronotropic and inotropic effects.57,60,61 
Adrenomedullin, with interspecies and regional varia-
tions, has also been shown to increase nitric oxide pro-
duction, and it functions as a potent vasodilator.

Aldosterone is one of the cardiac-generated steroids, 
although its physiologic significance remains to be defined. 
It binds to mineralocorticoid receptors and can increase the 
expression or activity (or both) of cardiac proteins involved 
in ionic homeostasis or the regulation of pH, such as cardiac 
Na+/K+-ATPase, the Na+-K+ cotransporter, Cl−-bicarbonate 
(HCO3

2+), and the Na+-hydrogen (H+) antiporter.56 Aldoste-
rone modifies cardiac structure by inducing cardiac fibrosis 
in both ventricular chambers and thereby leads to impair-
ment of cardiac contractile function.

Other hormones such as the growth hormone,70 thy-
roid hormones,71 and sex steroid hormones (see the fol-
lowing text) can also have cardiac effects through direct 
actions of nuclear receptors or indirect effects.

Sex Steroid Hormones and the Heart
Cardiac contractility is more intense in premenopausal 
women than in age-matched men, and withdrawal 
of hormone replacement therapy in postmenopausal 
women leads to a reduction in cardiac contractile func-
tion. The gender dimorphism in heart function and its 
adaptive responses to injury and disease states are partly 
mediated by sex steroid hormones.
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The most extensively studied sex steroid hormones are 
estradiol-17β (E2) and its bioactive metabolites. They bind 
and act on the two subtypes of estrogen receptors (ERs) 
in the heart: ERα and ERβ. Progesterone and testosterone 
(two other sex steroid hormones) and the enzyme aroma-
tase, which converts testosterone to estrogen, are much 
less well investigated. Progesterone and testosterone bind 
and act on their respective progesterone receptors and 
androgen receptors in the heart. Sex steroid hormones 
interact with their receptors to affect postsynaptic target 
cell responses and to influence presynaptic sympathoad-
renergic function. Cardiomyocytes are not only targets 
for the action of sex steroid hormones, but they are also 
the source of synthesis and the site of metabolism of 
these hormones.72

E2 is derived from testosterone and is primarily metab-
olized in the liver to form hydroxyestradiols, catecho-
lestradiols, and methoxyestradiols. Estradiol metabolism 
also takes place in vascular smooth muscle cells, cardiac 
fibroblasts, endothelial cells, and cardiomyocytes. Car-
diomyocytes express nuclear steroid hormone receptors 
that modulate gene expression and nonnuclear recep-
tors for the nongenomic effects of sex steroid hormones. 
They interact with many different coregulators to con-
fer tissue and temporal specificity in their transcriptional 
actions. These cell-specific coactivator and corepressor 
proteins are known as estrogen-related receptors.73 Sex 
steroid hormones can activate rapid signaling pathways 
without changing gene expression (Fig. 20-18). One such 
example is stimulation of vascular endothelial nitric 
oxide synthase to mediate vascular dilatation. Estrogen’s 
vasodilatory effect might explain the lower systolic blood 
pressures of premenopausal women when compared 
with age-matched men. In men, aromatase-mediated 
conversion of testosterone to estrogen maintains normal 
vascular tone. In addition to sex steroid hormone stim-
ulation of nuclear or nonnuclear receptors, sex steroid 
hormone receptors could also induce rapid signaling of 
growth factor pathways in the absence of ligands.

Gender differences exist in cardiac electrophysiologic 
function. The modulatory actions of estrogen on Ca2+ 
channels might be responsible for sex-based differences 
in repolarization of the heart, such as the faster resting 
heart rate of women, as well as the increased propensity 
of women to have prolonged QT syndrome.74 Estrogen, 
through the activation of ERβ, confers protection after 
ischemia and reperfusion in murine models of myocardial 
infarction. In contrast, testosterone, in the same model, 
has the opposite effect. Aromatase also has protective 
effects, probably through its action to increase estrogen 
and to decrease testosterone.

Gender differences in cardiac physiology should 
include consideration of the cellular physiology of sex 
steroid hormones in males and females; intrinsic dif-
ferences in the physiology of cardiomyocytes, vascular 
smooth muscle cells, and endothelial cells between males 
and females; and gender-based differences in the auto-
nomic modulation of cardiac physiology.

CARDIAC REFLEXES

Cardiac reflexes are fast-acting reflex loops between the 
heart and the central nervous system (CNS) that contrib-
ute to regulation of cardiac function and the maintenance 
of physiologic homeostasis. Specific cardiac receptors 
elicit their physiologic responses by various pathways. 
Cardiac receptors are linked to the CNS by myelinated or 
unmyelinated afferent fibers that travel along the vagus 
nerve. Cardiac receptors are in the atria, ventricles, peri-
cardium, and coronary arteries. Extracardiac receptors 
0
Figure 20-18. Signaling mecha-
nism of nuclear and nonnuclear 
localized estrogen receptor (ER) 
and the estrogen-binding recep-
tor, GPR-30. Nuclear ER influences 
the transcription of target genes by 
binding to an ER-response element 
(ERE) within the promotor region 
of target genes. E2, Estrogen; EGFR, 
epidermal growth factor receptor; 
NCX, Na+-Ca2+ exchanger; NHE, 
Na+-H+ exchanger; NO, nitric oxide; 
NOS, nitric oxide synthase, SR, sar-
coplasmic reticulum. (From Du XJ, 
Fang L, Kiriazis H: Sex dimorphism in 
cardiac pathophysiology: experimen-
tal findings, hormonal mechanisms, 
and molecular mechanisms, Pharma-
col Ther 111:434-475, 2006.)
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are located in the great vessels and carotid artery. Sym-
pathetic and parasympathetic nerve input is processed in 
the CNS. After central processing, efferent fibers to the 
heart or the systemic circulation will provoke a particu-
lar reaction. The response of the cardiovascular system to 
efferent stimulation varies with age and duration of the 
underlying condition that elicited the reflex in the first 
instance.

Baroreceptor Reflex (Carotid Sinus Reflex)
The baroreceptor reflex is responsible for the mainte-
nance of arterial blood pressure. This reflex is capable of 
regulating arterial pressure around a preset value through 
a negative-feedback loop (Fig. 20-19).75,76 In addition, 
the baroreceptor reflex is capable of establishing a pre-
vailing set point for arterial blood pressure when the 
preset value has been reset because of chronic hyperten-
sion. Changes in arterial blood pressure are monitored 
by circumferential and longitudinal stretch receptors 
located in the carotid sinus and aortic arch. The nucleus 
solitarius, located in the cardiovascular center of the 
medulla, receives impulses from these stretch receptors 
through afferents of the glossopharyngeal and vagus 
nerves. The cardiovascular center in the medulla consists 
of two functionally different areas; the area responsible 
for increasing blood pressure is laterally and rostrally 
located, whereas the area responsible for lowering arte-
rial blood pressure is centrally and caudally located. The 
latter area also integrates impulses from the hypothala-
mus and the limbic system. Typically, stretch recep-
tors are activated if systemic blood pressure is greater 
than 170 mm Hg. The response of the depressor system 
includes decreased sympathetic activity, leading to a 
decrease in cardiac contractility, heart rate, and vascu-
lar tone. In addition, activation of the parasympathetic 
system further decreases the heart rate and myocardial 
contractility. Reverse effects are elicited with the onset 
of hypotension.

The baroreceptor reflex plays an important benefi-
cial role during acute blood loss and shock. However, 
the reflex arch loses its functional capacity when arte-
rial blood pressure is less than 50 mm Hg. Hormonal 
status and therefore sex differences may alter barorecep-
tor responses.77 Furthermore, volatile anesthetics (par-
ticularly halothane) inhibit the heart rate component of 
this reflex.78 Concomitant use of Ca2+-channel blockers, 
angiotensin-converting enzyme inhibitors, or phosphodi-
esterase inhibitors will lessen the cardiovascular response 
of raising blood pressure through the baroreceptor reflex. 
This lessened response is achieved by either their direct 
effects on the peripheral vasculature or, more impor-
tantly, their interference with CNS signaling pathways 
(Ca2+, angiotensin).79 Patients with chronic hyperten-
sion often exhibit perioperative circulatory instability as 
a result of a decrease in their baroreceptor reflex response.

Chemoreceptor Reflex
Chemosensitive cells are located in the carotid bodies and 
the aortic body. These cells respond to changes in pH sta-
tus and blood O2 tension. At an arterial partial O2 pressure 
(PaO2) of less than 50 mm Hg or in conditions of acidosis, 
the chemoreceptors send their impulses along the sinus 
nerve of Hering (a branch of the glossopharyngeal nerve) 
and the tenth cranial nerve to the chemosensitive area of 
the medulla. This area responds by stimulating the respi-
ratory centers and thereby increasing ventilatory drive. 
Figure 20-19. Anatomic configura-
tion of the baroreceptor reflex. Pres-
sure receptors in the wall of the carotid 
sinuses and aorta detect changes in 
arterial pressure in the circulation. 
These signals are conveyed to affer-
ent receptive regions of the medulla 
through the Hering and vagus nerves. 
Output from effector portions of the 
medulla modulates peripheral tone 
and heart rate. The increase in blood 
pressure results in increased activation 
of the reflex (right), which affects a 
decrease in blood pressure. (From Cam-
pagna JA, Carter C: Clinical relevance of 
the Bezold-Jarisch reflex, Anesthesiology 
98:1250-1260, 2003.)
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In addition, activation of the parasympathetic system 
ensues and leads to a reduction in heart rate and myo-
cardial contractility. In the case of persistent hypoxia, the 
CNS will be directly stimulated, with a resultant increase 
in sympathetic activity.

Bainbridge Reflex
The Bainbridge reflex80-82 is elicited by stretch receptors 
located in the right atrial wall and the cavoatrial junc-
tion. An increase in right-sided filling pressure sends 
vagal afferent signals to the cardiovascular center in the 
medulla. These afferent signals inhibit parasympathetic 
activity, thereby increasing the heart rate. Acceleration 
of the heart rate also results from a direct effect on the 
SA node by stretching the atrium. The changes in heart 
rate are dependent on the underlying heart rate before 
stimulation.

Bezold-Jarisch Reflex
The Bezold-Jarisch reflex responds to noxious ventric-
ular stimuli sensed by chemoreceptors and mechano-
receptors within the left ventricular wall by inducing 
the triad of hypotension, bradycardia, and coronary 
artery dilatation.75 The activated receptors communi-
cate along unmyelinated vagal afferent type C fibers. 
These fibers reflexively increase parasympathetic tone. 
Because it invokes bradycardia, the Bezold-Jarisch reflex 
is thought of as a cardioprotective reflex. This reflex has 
been implicated in the physiologic response to a range 
of cardiovascular conditions such as myocardial isch-
emia or infarction, thrombolysis, or revascularization 
and syncope. Natriuretic peptide receptors stimulated 
by endogenous ANP or BNP may modulate the Bezold-
Jarisch reflex. Thus the Bezold-Jarisch reflex may be less 
pronounced in patients with cardiac hypertrophy or 
atrial fibrillation.83

Valsalva Maneuver
Forced expiration against a closed glottis produces 
increased intrathoracic pressure, increased central venous 
pressure, and decreased venous return. Cardiac output 
and blood pressure will be decreased after the Valsalva 
maneuver. This decrease will be sensed by baroreceptors 
and will reflexively result in an increase in heart rate and 
myocardial contractility through sympathetic stimula-
tion. When the glottis opens, venous return increases 
and causes the heart to respond by vigorous contraction 
and an increase in blood pressure. This increase in arterial 
blood pressure will, in turn, be sensed by baroreceptors, 
thereby stimulating the parasympathetic efferent path-
ways to the heart.

Cushing Reflex
The Cushing reflex is a result of cerebral ischemia caused 
by increased intracranial pressure. Cerebral ischemia at 
the medullary vasomotor center induces initial activa-
tion of the sympathetic nervous system. Such activa-
tion will lead to an increase in heart rate, arterial blood 
pressure, and myocardial contractility in an effort to 
improve cerebral perfusion. As a result of the high vas-
cular tone, reflex bradycardia mediated by baroreceptors 
will ensue.
Oculocardiac Reflex
The oculocardiac reflex is provoked by pressure applied 
to the globe of the eye or traction on the surrounding 
structures. Stretch receptors are located in the extraocular 
muscles. Once activated, stretch receptors will send affer-
ent signals through the short- and long-ciliary nerves. 
The ciliary nerves will merge with the ophthalmic divi-
sion of the trigeminal nerve at the ciliary ganglion. The 
trigeminal nerve will carry these impulses to the gasserian 
ganglion, thereby resulting in increased parasympathetic 
tone and subsequent bradycardia. The incidence of this 
reflex during ophthalmic surgery ranges from 30% to 
90%. Administration of an antimuscarinic drug such as 
glycopyrrolate or atropine reduces the incidence of bra-
dycardia during eye surgery (also see Chapter 84).
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K e y  P o i n t s

 •  The functional role of the gastrointestinal (GI) tract is the digestion and 
absorption of nutrients. These processes are facilitated by the integrated 
movement of luminal contents (food, digestive enzymes, secretions) along the 
gastroenteral tube from the mouth to the anus.

 •  The wall structure of the GI tract consists of a few layers. Main layers of the GI tract 
are the serosa, muscularis (longitudinal and circular muscle layers), submucosa, 
and mucosa. The mucosa has three components: a single layer of epithelial cells 
(epithelium), the lamina propria, and the muscularis mucosae.

 •  The regulation of digestion and absorption is principally the result of the in-depth 
networking between the enteric mucosal membrane, the enteric nervous system, 
and the autonomic nervous system. The enteric nervous system contains two main 
plexuses: the submucosal plexus, which controls mainly absorption, secretion, and 
mucosal blood flow; and the myenteric plexus, which regulates tone and tonic 
contractions of the intestinal wall.

 •  Motility plays a vital role in regulating speed and intensity of absorption through 
regulation of transit time and exposure of nutrients to the mucosal brush border.

 •  Achlorhydria, such as chronic proton pump inhibitor or histamine antagonist 
use or the removal of much of the oxyntic region of the stomach (gastrectomy, 
bariatric surgery), results in a profound offset of the balance between digestive and 
protective secretion and can result in severe depletion of nutrients and vitamins 
over time.

 •  Manipulation of the intestines leads to a cascade of neural and inflammatory 
responses that propagate through the entire gut. The main pathophysiologic event 
in postoperative ileus is the neuroimmune interaction, which is the bidirectional 
communication between the immune system within the GI tract as well as the 
entire body and the autonomic nervous system, including the enteric nervous 
system.

 •  The main purpose of the GI blood flow is to deliver nutrients and hormones to the 
gut, to remove metabolic waste from the gut, and to maintain the mucosal barrier 
to prevent transepithelial migration of antigens, toxic chemicals, and pathogenic 
microbiota.

 •  Approximately 70% of the total blood volume is in the veins. The splanchnic 
system receives 25% of cardiac output and contains approximately one third of 
the total blood volume. Approximately 1 L of blood can be recruited from the 
splanchnic vasculature into the systemic circulation when needed.

 •  Hemodynamic changes observed during capnoperitoneum are the result of the 
complex interaction between anesthesia, surgical insult, the patient’s position, 
carbon dioxide, and an increase (followed by a reduction at the end of surgery) 
in intra-abdominal pressure and oxidative stress, which plays an important role in 
the overall response to this procedure. It is not surprising that some authors are 
replacing the term minimally invasive surgery with the more precise term minimal-
access surgery.



Chapt

The gastrointestinal (GI) tract constitutes approximately 
5% of the total human body mass but receives 25% of 
the cardiac output. The main functions of the GI tract 
include motility, digestion, absorption, excretion, and 
circulation (blood flow and blood volume regulation). 
Other important functions have been studied extensively 
only for the past few decades. These functions include 
local and general immunity and the overall role of the 
GI tract in inflammatory responses, including the resolu-
tion of inflammation. These multiple functions require 
sophisticated integration and regulation; information 
from the body and the environment must be sensed and 
processed into appropriate command centers, and then 
necessary activities are initiated. The structure and regula-
tory mechanisms of the GI tract fulfill these requirements.

The walls of the GI tract are multilayered (Fig. 21-1). 
The main layers are (from outermost to inmost) the 
serosa, muscularis (longitudinal and circular muscle lay-
ers), submucosa, and the mucosa. The mucosa has three 
components (from innermost to outermost): a single 
layer of epithelial cells (epithelium), the lamina propria, 
and the muscularis mucosae. Every organ along the GI 
tube has a generally similar structure; however, the spe-
cifics are remarkably different and mainly have to do 
with the mucosa. GI epithelial cells turn over every 3 
days, undergoing divisions and differentiation, followed 
by programmed death (apoptosis). The contents of the 
GI tract are sensed by the epithelium, where the enteric 
reflexes originate. Secretion of enzymes, absorption of 
nutrients, and excretion of waste products occur through 
the epithelium.

Beneath the epithelium is a membrane called the lam-
ina propria. It contains blood vessels and nerve endings as 
well as immune and inflammatory cells that are part of 
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Figure 21-1. The gut wall.
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the host defense mechanisms. Beneath the lamina pro-
pria, there is a thin layer of smooth muscle called the mus-
cularis mucosa, which is responsible for movement of the 
villi. Beneath the mucosa is a tangled network of nerve 
cell bodies called the submucosal plexus, which transmits 
information from the epithelial cells to the enteric and 
central nervous systems. Beneath the mucosa, two layers 
of smooth muscle provide gut motility. The one closer to 
the mucosa is a layer of circular muscle with contractions 
that decrease the diameter of the intestinal lumen. The 
outer layer of smooth muscle is longitudinal, and its con-
tractions shorten the length of the intestinal segment. 
Between these two smooth muscle layers is the myenteric 
plexus, consisting of nerves regulating the function of the 
gut smooth muscle.

REGULATION OF GASTROINTESTINAL 
FUNCTION

Four modes of communication control the GI sys-
tem: endocrine, neurocrine, paracrine, and juxtacrine 
(immune) regulation. Endocrine regulation is impor-
tant in integrating the function of the GI organs in their 
response to a meal. Barrett compares endocrine regula-
tion to a radio broadcast.1 When a hormone is released, 
it affects many receptors throughout the GI system and 
beyond. On the other hand, neurocrine regulation trans-
mits information over long distances, but the communi-
cation is narrow and precise, traveling from the end of 
the nerve fiber to release neurotransmitters that activate 
the appropriate receptor and then affects the effector. For 
its specificity, neurocrine communication has been com-
pared with the telephone rather than the radio.1 Paracrine 
and juxtacrine (immune) regulation are usually effective 
in the immediate vicinity of the mediator release. These 
modes are analogous to live conversations among a few 
individuals,1 such as a conference call, to extend Bar-
rett’s metaphor. In paracrine communication, certain 
substances are released from cells other than nerves. Such 
substances provide additional (sometimes redundant) 
regulation of GI functions, including motility. Juxtacrine 
or immune communications are achieved with the release 
of substances from the mucosal immune system. These 
immune cells are activated by pathogenic microorganisms 
during invasion of the mucosa by pathogens or antigenic 
substances and release chemical mediators that include 
histamines, prostaglandins, and cytokines. Mast cells are 
particularly important in these processes, and their den-
sity is high in the lamina propria. Paracrine and immune 
regulation involve the release of different mediators.

INTESTINAL MUCOSAL IMMUNOLOGY

The inner surface of the GI tract is really a continuation 
of the exterior of the body and provides an entrance to 
the body for microbes and toxic compounds. To protect 
the body, the intestine has developed a highly effective 
immune defense system, in effect making the GI tract 
the largest lymphoid organ in the body.1 The intestinal 
immune system can distinguish between harmful and 
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benign antigens within food. The mucosal immune sys-
tem is composed of mucosa-associated lymphoid tissues 
and is one of the most powerful barriers to invasion by 
pathogens. The system includes nonimmunologic bar-
riers such as acid in the stomach and other digestive 
secretions and enzymes. The immune host defense bar-
riers include innate and adaptive or acquired immune 
systems. The innate mucosal immune system responds 
quickly to pathogens by expressing pattern recognition 
receptors that detect molecules in pathogenic microbes. 
For example, lipopolysaccharide and peptidoglycan are 
often present within pathogenic microbes. The innate 
system senses these chemicals, activating and releasing 
chemotactic molecules that stimulate the influx of other 
inflammatory cells, including microphages and neutro-
phils. These activated cells facilitate microbial killing by 
releasing a variety of toxic products such as oxygen free 
radicals. These inflammatory mediators are important in 
host-defense mechanisms against microbes, but they also 
may traumatize nearby uninfected tissues. The innate 
immune system generates cytokines that facilitate the 
response and activation of the adaptive immune system, 
which recognizes components of microorganisms, anti-
gens within microorganisms, as well as abnormal host 
cells. Such recognition is mediated by specific receptors 
expressed on lymphoid cells and T and B cells. The B cells 
secrete antibodies specific for a given antigen; this process 
is facilitated by T cells, which release cytokines (trans-
forming growth factor β) and interleukins (IL-4, IL-5, and 
IL-6). Antibodies produced by B cells activate other classes 
of cells, such as natural killer (NK) cells, which link the 
adaptive and innate branches of the intestinal immune 
system. NK cells destroy particles and microbes that have 
been opsonized or coated with antibodies specific for the 
NK cell surface components

NK cells also release cytotoxic compounds that are 
independent of adaptive responses. Transport of antigens 
and microbes through epithelial cells to lymphoid cells 
for destruction by the immune system is accomplished by 
epithelial M cells; they provide an opening in the epithe-
lial barrier through vesicular transport.2

Glycocalyx is a general term describing the glycopro-
teins, mucosaccharides, and other compounds located 
at the apical part of epithelial cells. The functions of the 
glycocalyx include protection of the cellular membrane 
from chemical injury. The glycocalyx also enables the 
immune system to recognize and selectively attack for-
eign organisms. It coats the endothelial cells within blood 
vessels and prevents leukocytes from rolling. When the 
glycocalyx is damaged by inflammation, its permeability 
increases, leading to loss of water, electrolytes, and pro-
teins during many inflammatory conditions, including 
the perioperative period. The amount of water lost from 
the circulation in this way can reach 1 L.3

NEUROCRINE REGULATION OF MOTILITY

Motility refers to the contractions of the muscles of the GI 
tract that move ingested material from the mouth to the 
anus. During this long trip, the particles of the ingested 
mass are reduced in size and mixed with GI secretions. 
The GI tract is innervated by the autonomic nervous sys-
tem, which includes the extrinsic nervous system with 
its sympathetic and parasympathetic branches and the 
enteric nervous system.

EXTRINSIC SYMPATHETIC INNERVATION

Preganglionic sympathetic fibers that innervate the GI 
tract originate in the spinal cord at the T5-L2 segments. 
The ganglionic presynaptic fibers leave the spinal cord, 
enter the sympathetic chain of ganglia (celiac ganglion 
and a few mesenteric ganglia), synapse with postgangli-
onic neurons, and travel to the gut, terminating at the 
neurons of the enteric nervous system. The main neu-
rotransmitter in the sympathetic innervation of the GI 
tract is norepinephrine. Vasoactive intestinal polypeptide 
(VIP) also plays a role in transmission of sympathetic sig-
nals. The main physiologic action of the sympathetic ner-
vous system is inhibitory; strong sympathetic stimulation 
can stop the movement of food through the GI tract.

EXTRINSIC PARASYMPATHETIC 
INNERVATION

Preganglionic parasympathetic nerves arise from cell 
bodies in the medulla and in the sacral region of the spi-
nal cord. They synapse mainly in the cells of the enteric 
nervous system. The multiple afferent nerves that travel 
within the vagus and pelvic nerves provide information 
to the brain and spinal cord for integration. Vagus fibers 
provide innervation to the esophagus, stomach, pan-
creas, small intestine, and the first half of the large intes-
tine. The sacral parasympathetic nerves originate in the 
sacral segments of the spinal cord and within the pelvic 
nerves, innervating the lower part of the large intestine, 
sigmoid, rectal, and anal regions. The main physiologic 
effect of the parasympathetic influence is activation of 
the GI functions. The main parasympathetic neurotrans-
mitter is acetylcholine (ACh).

INTRINSIC INNERVATION (ENTERIC NERVOUS 
SYSTEM)

The GI tract has its own independent nervous system—
the enteric nervous system; it is often called the little brain 
because it functions independently from the central ner-
vous system to control GI tract functions such as motility, 
secretion, and blood flow.1 The motor apparatus con-
sists of enteric neurons, interstitial cells of Cajal (ICCs), 
and smooth muscle cells.4 The enteric nervous system 
receives information concerning the physiologic status of 
the intestine instantly, integrating it and effecting neces-
sary changes in the function of the smooth muscle and 
other structures within the GI tract. This information is 
also transmitted to the central nervous system, which 
modulates it with the adaptive plasticity of mostly vagal 
brainstem circuits and sends signals back to the enteric 
nervous system, modifying the functional result. This 
process ensures that extrinsic factors such as stress or the 
time of day are incorporated as well.

The enteric nervous system contains two main plex-
uses (see Fig. 21-1). The outer plexus is located between 
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the longitudinal and circular muscular layers and is called 
the myenteric plexus, or Auerbach plexus. The inner plexus 
is located within submucosa and is called the submuco-
sal plexus, or Meissner plexus. The motility of the GI tract 
is mainly controlled by the myenteric plexus. ICCs are 
pacemaker cells that generate intrinsic electrical activ-
ity. ICCs reside within the myenteric plexus and are 
functionally connected with smooth muscle cells via 
gap junctions. ICCs are densely associated with enteric 
nerve terminals and are interposed between them and the 
smooth muscle syncytium. The submucosal plexus con-
trols mainly absorption, secretion, and mucosal blood 
flow.5 Sympathetic and parasympathetic fibers are con-
nected with the myenteric and submucosal plexuses. 
Stimulation of the myenteric plexus mainly increases the 
tone or tonic contraction of the intestinal wall, mediated 
by neurotransmitters within the enteric nervous system. 
ACh and tachykinins such as substance P are excitatory, 
whereas VIP and nitric oxide (NO) are inhibitory.

There are reflexes that occur within the enteric ner-
vous system. Many are bidirectional, connecting the spi-
nal cord or brainstem with the GI tract. Activation of 
sympathetic neurons and norepinephrine do not directly 
affect the basic myogenic tone of the GI tract, but instead 
reduce the amount of ACh released from intrinsic cholin-
ergic neurons.6 The sympathetic neurons also constrict the 
sphincters. Both mechanisms (reducing ACh release and 
constricting sphincters) retard the transit of intestinal con-
tent along the digestive tract. There are many sympathetic 
enteric reflexes. Distention of the distal ileum or the colon 
leads to inhibition of motility within the proximal ileum, 
slowing down gastric emptying to protect the duodenum 
from excessive exposure to the highly acid gastric contents.6 
The main neurotransmitter within the excitatory nerves is 
ACh, which activates muscarinergic receptors. Inhibitory 
nerves release predominantly NO, although other inhibi-
tory neurotransmitters include VIP and adenosine triphos-
phate (ATP). Sympathetic inhibitory effects within the 
enteric nervous system are achieved by norepinephrine.

Decreases in motility are mediated partially by the inhi-
bition of ACh release from enteric cholinergic neurons, 
secondary to α2 adrenoceptor activation.6 This effect is 
supplemented by direct relaxation of the intestinal mus-
cles by activation of β-adrenergic receptors. Sphincter mus-
cles (unlike nonsphincter muscles) have excitatory α and 
inhibitory β-adrenergic receptors. Development of dys-
trophic and degenerative processes in sympathetic effer-
ent fibers innervating the GI tract have been observed in 
diabetic sympathetic neuropathy,6 leading to more rapid 
transit of food through the distal small intestine.

Nervous control of GI motility is complex and includes 
communication from the central nervous system to the 
periphery; it also messages from the GI tract to the central 
nervous system. The role of the enteric nervous system 
within the GI tract cannot be overestimated.

TRAVEL AND MIXING OF FOOD  
IN THE GASTROINTESTINAL TRACT

There are two main types of movement within the GI 
tract: mixing movements (which keep the intestinal 
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ontents well mixed at all times) and propulsive move-
ents (which move the GI contents along the tract, 

llowing necessary time for digestion and absorption). 
he propulsive movements result from periodic contrac-
ions of certain segments of the GI tract (peristalsis). The 
istention of intestinal segments is the most important 
timulus of peristalsis.

WALLOWING AND THE MOTILITY  
F THE ESOPHAGUS

he pharynx is divided into three regions: nasopharynx, 
ropharynx, and hypopharynx. Muscles in the naso-
harynx prevent food from moving into the nasal pas-
ages during swallowing. The oropharynx pushes the 
ood bolus backwards and down into the esophagus. The 
ypopharynx is located between the base of the tongue 
nd the cricoid cartilage; it contains the upper esophageal 
phincter. The functional coordination between muscles 
uring swallowing is regulated by the swallowing center 

n the brain.
There are two phases of swallowing, the first of which 

s the initiatory voluntary stage. When the food is ready 
o be swallowed, it is voluntarily squeezed and rolled 
osterior into the pharynx by the pressure of the tongue 
pwards and backwards against the palate. Next, the pro-
ess becomes automatic and cannot stop. During the sec-
nd phase, the food is passed through the pharynx into 
he esophagus. At the beginning, the soft palate moves 
pwards to close the posterior nares, preventing the 
eflux of food into the nasal cavities. Next, the combined 
ction of muscles within the larynx and the neck pre-
ents the movement of the epiglottis upwards, protecting 
he opening of the larynx and trachea. This stage of swal-
owing takes approximately 1 or 2 seconds, during which 
he swallowing center specifically inhibits the respiratory 
enter of the medulla.

The function of the esophagus is not dependent on 
ravity; food can be moved from the mouth to the stom-
ch even if a person is standing on his or her head.1 Food 
nters the esophagus and enters the stomach with two 
aves of peristalsis. The first wave moves the main part 
f the food; the second wave takes the remaining part 
f the food to the stomach. There is an upper esopha-
eal sphincter, which is also called the pharyngoesopha-
eal sphincter. This sphincter constricts after food moves 
o the esophagus, preventing it from moving back into 
he pharynx. The upper esophageal sphincter produces 
ressure of approximately 60 mm Hg. At the distal end of 
he esophagus, approximately 2 to 5 cm above the junc-
ion with the stomach, the esophageal circular muscle 
hickens and functions as the gastroesophageal or lower 
sophageal sphincter; this sphincter can produce pressure 
etween 20 and 40 mm Hg.

The many enteric neurons within the esophagus sense 
he presence of food and coordinate local reflexes, sup-
lementing central control of swallowing and esopha-
eal peristalsis. Sensory afferents transmit the signals to 
he dorsal vagal complex, which activates the somatic 
nd vagal efferents terminating on the striated muscle 
n the upper third of the esophagus or on the nerves of 
he enteric nervous system. The enteric nervous system 
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releases ACh (which contracts the muscle) or NO or VIP 
(which induce relaxation).

The lower esophageal sphincter contracts in response 
to distention; the response is mainly myogenic. How-
ever, neurohumoral substances (ACh and gastrin) are also 
released in concert with the ingestion of the meal. Relax-
ation of this sphincter allows food to enter the stomach 
and it is mediated mainly by VIP. The lower esophageal 
sphincter is controlled by myogenic mechanisms, neu-
rohumoral factors, and neural regulation from both the 
central nervous system as well as the enteric plexus.

Difficulty swallowing is called dysphagia. Dysphagia 
is a frequent problem, especially among the elderly, and 
increases the risk of aspiration, choking, and malnutri-
tion. Approximately 13% of patients in hospitals and 
60% of patients in nursing homes have some degree of 
dysphagia.1 Anatomic reasons for dysphagia include 
diverticula, hiatal hernia, the formation of fibrosis, and 
scarring of the esophagus as a consequence of reflux dis-
ease. Causes of functional dysphagia include stroke and 
other neurologic diseases.

One of the most common dysfunctions of the lower 
esophagus is heartburn, which is caused by the reflux of 
gastric acid and can result in injury to the esophageal 
mucosa. The acid in the esophagus is partially neutralized 
by bicarbonate contained in the swallowed saliva; how-
ever, with progression of reflux, the stomach contents 
(including acid) stay in the esophagus longer than under 
normal conditions, and gastroesophageal reflux disease 
develops. The activity of the gastroesophageal sphincter 
and the pressure of the esophageal sphincter are both 
reduced in critically ill patients.7,8 Gastroesophageal 
sphincter tone decreases reflexively when cricoid pres-
sure is applied to awake patients.9 Remifentanil infusion, 
with or without a propofol bolus, reduces the decrease 
in gastroesophageal barrier pressure caused by cricoid 
pressure.10

MOTILITY OF THE STOMACH

The stomach functions as a homogenizer, mechanically 
breaking down ingested food into an emulsion of small 
particles. The proximal stomach (i.e., the cardia, fundus, 
and corpus) functions primarily as a reservoir. The dis-
tal stomach consists of the distal portion of the body of 
the stomach, the antrum, and the pylorus that controls 
the amount and size of food particles entering the duo-
denum. The stomach is shaped like a sac rather than a 
tube. The muscle layers are thick and contract in different 
directions. There are three main motor functions of the 
stomach. The first function is the storage of large quanti-
ties of food. The stomach can easily accommodate about 
1500 mL of contents without a significant increase in 
intragastric pressure. This process is called receptive relax-
ation and is mediated by a vagovagal reflex; vagotomy 
abolishes this reflex. The second function of the stom-
ach is mixing food with gastric secretions until it forms a 
semifluid mixture called chyme. The third function is slow 
emptying of the stomach into the small intestine. Solid 
food tends to be retained in the proximal stomach, while 
liquids are distributed throughout the stomach. Liquids 
are emptied faster than solids. Gastric emptying of solids 
is a two-stage process: an initial retention period during 
which solids are broken down to approximately 2 mm 
diameter followed by a generally linear emptying phase.5 
It takes approximately 3 to 4 hours to empty solids from 
the stomach into the duodenum. Characteristics of the 
food within the stomach affect the pace of stomach emp-
tying; for example, isotonic saline leaves the stomach the 
fastest, while lipids empty slowly.

Vagal afferents provide information from mechano-
sensitive and chemosensitive receptors to the nucleus 
tractus solitarius of the dorsal motor nucleus in the brain. 
Gastric motility is controlled by intrinsic (myenteric 
plexus) and extrinsic neural regulation. Extrinsic control 
regulates motility via parasympathetic nerves carried by 
the vagus. Stimulation of the vagus increases the num-
ber and force of contractions, while sympathetic nerves 
usually inhibit contractions. The hormones gastrin and 
motilin increase frequency and strength of contractions, 
while gastric inhibitory polypeptide inhibits them.

Sympathetic innervation reaches the stomach through 
the splanchnic nerve. The main neurotransmitter there 
is norepinephrine, which functions as an inhibitor at the 
postganglionic level within the enteric ganglia. Myen-
teric neurons provide coordination for gastric motility.

The effectiveness of such complex innervation and 
interconnectedness is illustrated by the fact that distention 
of the duodenum leads to a decrease in the tone of the gas-
tric fundus. Such reflexes and actions depend on the char-
acteristics of the contents of the duodenum. For example, 
an increase in fat or protein within the duodenal lumen 
slows gastric emptying until the duodenum is able to pro-
cess additional nutrients. Colon distention also leads to 
relaxation of the stomach. Cholecystokinin (CCK) is con-
sidered one of the main neurotransmitters mediating ret-
rograde signaling from the intestines to the stomach. CCK 
is released from the mucosa of the jejunum in response to 
fatty substances in the intestinal contents. CCK constricts 
the gallbladder, expelling bile into the small intestine and 
inhibiting stomach motility. The combination of these 
two functions leads to slower movement and longer expo-
sure of the intestinal contents to digestive enzymes.

The motility of the stomach is organized to accom-
plish the orderly emptying of the contents into the duo-
denum. When the stomach is filled with a meal, the 
pylorus is closed for a prolonged period and opens for 
short periods to let only small amounts of food enter the 
duodenum. The specific chemical composition of a meal 
can also prolong constriction of the pylorus to prevent 
food from entering the duodenum prematurely. This fea-
ture is used in the formulation of medications; pills can 
be coated with a substance that is sensed by the gastric 
chemoreceptors and through enteric reflexes prevents the 
pylorus from relaxing for a relatively long period (referred 
to as slow-release pills).

The emptying of the stomach is regulated by neural 
mechanisms (the reflex is a reaction to the distention of 
the stomach) and hormonal mechanisms (release of gas-
trin from the mucosa of the stomach). The pyloric tone 
is regulated by inhibitory and excitatory vagal pathways 
and also by myenteric ascending and descending reflexes. 
The main mediator of pyloric relaxation is NO, which is 
formed through both extrinsic and intrinsic pathways.
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Suppressed gastric motility and slow gastric empty-
ing aggravate and increase the risk of gastroesophageal 
reflux. This condition often develops in critically ill 
patients. Delayed transit has been observed following 
administration of opioids and during the postoperative 
period.7,11 Retrograde flow of gastric contents is observed 
frequently.11,12 Gastroparesis can result from abnormali-
ties in the intrinsic and extrinsic innervation of the GI 
tract. Vagal neuropathy is an important cause of gastro-
paresis in patients with diabetes.13 Gastric emptying can 
be slowed to 1 kcal/min from the 2 to 3 kcal/min seen in 
healthy humans.7

Slow gastric emptying was observed in approximately 
half of critically ill patients receiving mechanical ventila-
tion.14 Hyperglycemia and increased intracranial pressure 
are associated with delayed gastric emptying. Adminis-
tration of dopamine and other catecholamines stimu-
lates β-adrenergic receptors, reduces intestinal motility, 
and slows gastric emptying. Erythromycin and meto-
clopramide accelerate gastric emptying in critically ill 
patients and can be effective as prokinetic drugs in this 
population.15

MOTILITY OF THE SMALL INTESTINE

The proximal part of the small intestine is called the 
jejunum and the distal part is called the ileum, with 
total length approximately 6 m. There are two layers of 
smooth muscle within the intestinal wall (see Fig. 21-1). 
Slow intestinal motility serves several purposes: mixing 
of the contents with digestive enzymes; further reduction 
of particle size, increasing their solubility; circulation of 
the contents to ensure optimal exposure to the intestinal 
cell membrane; and finally, propulsion of the contents 
through the small intestine into the colon. A number of 
reflexes are involved in these activities; they occur within 
the intrinsic or extrinsic neurons or both. For example, 
the peristaltic reflex depends on the enteric nervous sys-
tem. The intestinal reflex depends on the extrinsic neural 
connection; when one of the areas of intestines is dis-
tended, contractile activity in the rest of the intestines 
is inhibited. The section of the extrinsic nerves abolishes 
this reflex.

Two types of contractions occur within the small intes-
tines to serve particular purposes: mixing contractions 
and propulsive contractions. Periodic contractions of the 
same segment of intestine help to blend the chyme with 
the intestinal secretions. Peristaltic contractions occur in 
segments of the intestine in a well-regulated order that 
pushes the chyme along the GI tract. The constriction of 
the ileocecal valve keeps the chyme in the ileum to facili-
tate absorption and to prevent the contents of the large 
intestine from entering. The ileocecal valve contracts 
when the colon is distended; this reflex is mediated by 
sympathetic input from the splanchnic nerve.

The smooth muscles of the intestine provide for “two 
steps forward, one step back”—that is, retaining the 
intestinal contents long enough to assure the extraction 
of useful substances.1 One of the mechanisms involved 
is segmentation. When two nearby areas contract, a seg-
ment of the small intestine becomes isolated. Next, a 
contraction in the middle of this segment occurs, further 
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dividing it. Each of the two smaller segments is then 
divided by other contractions. Both circular and longitu-
dinal muscles shorten and relax in concert to achieve this 
effect. Segmentation is controlled by the enteric nervous 
system; specifically, the myenteric plexus receives input 
from other neurons within the plexus, from receptors 
located in the mucosa and muscle layers, and from the 
central nervous system by way of the parasympathetic 
and sympathetic nerves. Plexus neurons in turn provide 
integrated output to the smooth muscle cells as well as to 
epithelial cells and probably to endocrine and immune 
cells.

Extrinsic innervation is provided by the vagus and by 
nerve fibers from the superior mesenteric ganglia. The 
main contracting neurotransmitters of this system are 
ACh and substance P; VIP and NO are inhibitory. How-
ever, intestinal motility is mainly regulated by intrinsic 
innervation. The main function of extrinsic innervation 
is to modulate the motility pattern established by the 
“little brain” of the enteric nervous system. In addition, 
many circulating compounds are involved in regulation 
of intestinal motility, including epinephrine (released 
from adrenal glands), secretin, and glucagon, which 
inhibit contractions, whereas serotonin (contained in the 
wall of the small intestine), gastrin, motilin, and insulin 
stimulate them.

Vomiting is the forceful expulsion of intestinal and 
gastric contents through the mouth. An increase in tone 
of the autonomic nervous system usually precedes and 
accompanies vomiting. The symptoms are nausea, sali-
vation, sweating, rapid breathing, and sometimes an 
irregular heartbeat. During vomiting, the pressure gradi-
ent between different areas of the intestines and stomach 
can reach 200 mm Hg, and often the stomach partially 
slides through the hiatus in the diaphragm into the 
thorax. Vomiting is usually a protective mechanism to 
eliminate toxic compounds; however, prolonged vomit-
ing can lead to fluid and electrolyte imbalance. Transit of 
contents through the small intestine can be substantially 
faster in critically ill patients than in healthy individu-
als.16 Faster transit decreases absorption and contributes 
to malnutrition.7

MOTILITY OF LARGE INTESTINE

The colon (large intestine) is a reservoir for waste and 
indigestible material prior to elimination through def-
ecation. The colon (the GI tract distal to the ileocecal 
junction) is anatomically divided into the cecum; ascend-
ing, transverse, and descending colon; sigmoid; the rec-
tum; and the anal canal. Unlike the small intestines, the 
main function of the colon is to extract electrolytes and 
remaining water from the intestinal contents, to transfer 
the contents to the rectum, and then promote the urge to 
defecate. Distention of the colon contracts the ileocecal 
sphincter, whereas distention of the ileum relaxes it; both 
actions are mediated by enteric nerves. Relaxation of the 
ileocecal sphincter and increase in contractile activity of 
the ileum occur shortly after eating. This gastroileal reflex 
is mediated by GI hormones, mainly gastrin and CCK; 
both hormones increase contractions of the ileum and 
relax the ileocecal sphincter.
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Most movements within the colon are segmental; they 
move the contents back and forth, exposing them to 
absorptive surfaces. The contractions generate intralumi-
nal pressure between 10 and 50 mm Hg and are of either 
short or long duration. Short-duration contractions occur 
mainly within the circular muscle and create waves of 
contraction approximately 8 seconds long, effecting local 
mixing. Long-duration contractions last 20 to 60 seconds 
and can propagate the contents for a short distance.

The motility of the large intestine is controlled almost 
entirely by the enteric nervous system; the major effect 
of regulation is inhibitory. Cells of the myenteric plexus 
receive the input from receptors within the intestines as 
well as from extrinsic nerves. Both parasympathetic and 
sympathetic branches of the autonomic nervous system 
are involved in the regulation of colon motility. Pelvic 
nerves enter the colon near the rectosigmoid junction 
and then travel along the colon proximally and distally. 
The distal rectum and anal canal are innervated by sym-
pathetic fibers from the hypogastric plexus. The external 
anal sphincter striated muscle is innervated by somatic 
pudendal nerves. The main neurotransmitters involved 
in the innervation of the large intestine include ACh, 
substance P, NO, VIP, and ATP. Transmission between 
pudendal nerves and the external anal sphincter is medi-
ated by ACh.

Movement of the colon mass into the rectum leads to 
the beginning of defecation. Filling and distention of the 
rectum causes relaxation of the internal anal sphincter, 
mediated by release of VIP and NO from intrinsic nerves. 
This effect is offset by the simultaneous increase of the 
tone of the external anal sphincter. This action not only 
allows postponement of defecation until an appropriate 
time; it also prevents leakage.

Defecation is controlled by extrinsic and intrinsic 
nerves. The sensation of distention and voluntary con-
trol of the external anal sphincter are mediated by nerves 
within the spinal cord and the cerebral cortex.

GASTROINTESTINAL TRACT  
AND EMOTIONS

Experiments using magnetic resonance imaging (MRI) 
and other methods have demonstrated the relationships 
amongst eating, overall quality of food, and emotions. 
The design of one such experiment included ratings of 
hunger, mood, and feeling of fullness; then the subjects 
were exposed to musical and visual cues intended to 
induce sadness. At the same time nutrients were infused 
into the stomach. It was found that induced sadness was 
attenuated by fatty acid infusion; increased neural activ-
ity in the part of the brain processing emotions was also 
observed.17

Gut-brain communications are also influenced by 
enteric microflora. Ingestion of probiotic bacteria influ-
ences emotional state by modulating subunits of receptors 
of the neurotransmitter γ-aminobutyric acid. Probiotic 
bacteria are beneficial in stress-related disorders, such as 
anxiety and depression, and during the course of com-
mon comorbidities and some bowel disorders.18 It seems 
that the connections between GI function and emotional 
state have been discussed for centuries: expressions such 
as “butterflies in the stomach” or “I do not have the stom-
ach for this” were probably not created by chance.

POSTOPERATIVE ILEUS

The following description of postoperative ileus (POI) 
and its pathophysiology includes only the uncomplicated 
course of changes in motility of the GI tract after lapa-
rotomy or surgery, or both, on GI organs. Not included 
are descriptions of any unexpected complications (e.g., 
perforations, peritonitis, bleeding) during the postopera-
tive period. Such complications would have additional 
pathophysiologic features necessitating different addi-
tional treatments.

The main pathophysiologic event in POI is neuroim-
mune interaction, which is based on bidirectional com-
munication between the immune system within and 
outside the GI tract (including mast cells, macrophages, 
and other leukocytes) on one hand and the autonomic 
nervous system (which includes afferents, efferents, and 
the enteric nervous system) on the other.19 The course 
of uncomplicated POI lasts approximately 3 to 4 days 
and consists of two phases: the early neurogenic phase 
and the second inflammatory phase.19 Manipulation of 
the intestines is the main factor initiating POI. However, 
many additional factors contribute to its development, 
including anesthesia, postoperative pain, and opioids.

The early, neurogenic phase of POI begins with the 
manipulation of the intestine, which leads to almost 
complete cessation of GI motility. This effect is medi-
ated via adrenergic innervation. Afferent splanchnic 
nerves convey the information from the manipulated 
intestine to the spinal cord. After synapsing within the 
spinal cord, the efferent fibers convey the information 
back to the GI organs. These signals also travel through 
the afferents to the hypothalamus, specifically to the 
nucleus tractus solitarii and the paraventricular and 
supraoptic nuclei. This pathway activates secretion of 
corticotropin-releasing factor (CRF). CRF activates neu-
rons in the supraoptic nucleus of the hypothalamus, 
from which the information travels distal to the spinal 
cord to the synaptic preganglionic neurons. Activation 
of the postganglionic neurons inhibits motility of the 
GI tract. This early phase of POI usually lasts approxi-
mately 3 to 4 hours after surgery. The late, inflammatory 
phase of POI also starts with the manipulation of the  
intestines, which leads to influx of leukocytes into the 
traumatized segments of the intestine. This increases 
the overall sympathetic tone, including the activation 
of sympathetic efferents. Sympathetic activation within 
the myenteric plexus contributes to the increased influx 
of leukocytes into the manipulated segment of the intes-
tine (Fig. 21-2).

Trauma of serosa and activation of sympathetic neu-
rons within the myenteric plexus lead to activation of 
phagocytosis20 and an increase in the release of cyto-
kines and chemokines, which further increases the influx 
of leukocytes first into the manipulated segment of the 
intestine and later into the entire GI tract.

Degranulation of mast cells and release of their medi-
ators within the traumatized segment increases perme-
ability and facilitates translocation of intraluminal 
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bacteria, exacerbating the inflammatory process. Mast 
cells are highly effective in recruiting neutrophils and 
eliminating bacteria within the peritoneal cavity. Some 
data suggest that substance P and calcitonin gene–
related peptide (CGRP) released from activated affer-
ent nerves are involved in the triggering of mast cell 
degranulation. During the process, released histamines 
and proteases have been found in the peritoneal fluid 
after intestinal manipulation.21,22 Thus, mast cells and 
macrophages play central roles in the inflammatory 
process leading to POI.

The neural response to surgical manipulation of the 
intestines is important in initiating POI, but becomes 
less important during the inflammatory phase. POI 
still develops after small intestine transplantation 
despite the transplanted intestine being completely 
denervated.23
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Under normal conditions, macrophages are located 
at the level of the myenteric plexus (between the lon-
gitudinal and circular muscle layers) and the intestinal 
serosa.20 The products released from cells damaged dur-
ing manipulation of the intestine (which includes ATP 
and others), and particularly the products of mast cell 
degranulation, activate muscularis phagocytes.24 Cyto-
kines and chemokines released thereafter activate resi-
dent macrophages.25

Pharmacologic or genetic manipulation leading to 
depletion of resident macrophages leads to a decrease 
in release of inflammatory mediators and decreases the 
recruitment of leukocytes into the muscularis. Thus, 
resident macrophages are activated by direct manip-
ulation of the intestines, which activate muscular 
phagocytes. Released cytokines reinforce the inflamma-
tory process. Preoperative treatment with antibiotics 
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Figure 21-2. Pathophysiology of postoperative ileus (POI). The key feature in the development of POI is the crosstalk between the immune 
system (mast cells, macrophages, and other leukocytes) and the autonomic nervous system (afferents, efferents, and myenteric plexus). The dia-
gram incorporates main events. The majority of important afferents and efferents are not depicted; see text for explanation. (1) The manipulation 
of the intestines leads to activation of sympathetic nervous system. Neural pathways involve afferents from the gut, synapses in the spinal cord, 
and efferents traveling back to the gut directly or through the enteric nervous system. (2 and 3) Released CRF together with substance P initi-
ate MC degradation; the following effects are depicted in the diagram. (4) Manipulation of the intestines triggers the influx of leukocytes in the 
manipulated segment immediately impairing the smooth muscle function within the segment. (5) Resident macrophages located in serosa and 
between circular and longitudinal muscle layers close to myenteric plexus are activated directly by manipulation of the intestinal segment lead-
ing to an increase in iNOS and COX-2 and directly inhibiting function of the smooth muscles by production of nitric oxide and prostaglandins, 
particularly PGE-2. (6) Released cytokines tumor necrosis factor α, IL-1β, and IL-6, chemokines MCP-1 and macrophage inflammatory protein-1α 
(MIP-1α) upregulate adhesion molecules (ICAM-1) in the endothelium and increase further the influx of leukocytes. Neuroinput into this process 
is illustrated by the decrease in inflammation and POI symptoms during sympatholytic influences, including thoracic epidural anesthesia. (7) Influx 
of leukocytes triggers neural pathways and inhibits motility illustrating the importance of the crosstalk between neural and immunity or inflam-
matory systems during the development of POI. CRF, corticotropin-releasing factor; MC, mast cells.
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modifies the overall inflammatory process within the 
intestines.

The influx of leukocytes into the muscularis starts 
approximately 3 hours after manipulation of the intes-
tines; during the next 24 hours, the influx increases 
in the manipulated segment of the intestine and the 
entire GI tract. These events in turn induce iNOS and 
cyclooxygenase-2 (COX-2) in the resident macrophages. 
Thus, the inflammatory process that includes influx of 
leukocytes into the muscularis of the intestinal wall is 
one of the main mechanisms responsible for the late 
inflammatory phase of POI. The up-regulation of iNOS 
and COX-2 in the resident macrophages inhibits motil-
ity in the inflamed intestines26,27; therefore, the preven-
tion and treatment of POI can include the blockade of 
iNOS and COX-2. Preoperative administration of antibi-
otics decreases the overall inflammatory process and can 
reduce POI.

Pharmacologic or electrical stimulation of the vagus 
reduces macrophage activation and attenuates POI.28 
Stabilizing mast cells, administering antibodies to IL-12, 
or inhibiting Th1 cell migration were also effective in 
reducing POI symptoms.29 Ganglion antagonists such as 
hexamethonium significantly ameliorate the inhibition 
of intestinal motility during POI.30 Thoracic epidural 
anesthesia placed below T12 does not affect the course 
of POI; however, if it is administered above T12, attenu-
ation of POI has been observed.31 Thoracic epidural 
anesthesia promotes GI motility by blockade of afferent 
nerves, blockade of thoracolumbar sympathetic effer-
ent nerves, unopposed parasympathetic efferent nerves, 
reduced need for postoperative opioids, increased GI 
blood flow, and systemic absorption of local anesthet-
ics.31 These observations show clearly that both neu-
ral and inflammatory mechanisms (and interactions 
between them) play an important role in the pathogen-
esis of POI.

Manipulation of the intestines leads to a cascade of 
neural and inflammatory responses. Leukocyte influx 
into manipulated segments is associated with release of 
cytokines and chemokines that initiate and potentiate 
the recruitment of leukocytes into the intestinal segment 
and then into the entire GI tract. Motility is decreased 
in the inflamed intestine by increased production of NO 
and COX-2. These events and the activation of inhibitory 
adrenergic neural signals are responsible for the course of 
POI (see Fig. 21-2).

SECRETION

OVERVIEW

Initially, the secretory function of the GI tract supports 
the digestion of a swallowed bolus of food to promote 
the absorption of nutrients, electrolytes, and vitamins 
contained in food. It also protects the GI tract from 
ingested bacteria. Next, the secretion of hormones, pep-
tides, and mediators not only regulates the intake of food 
through intensive crosstalk with the central nervous sys-
tem; it also ensures the optimal digestion and absorption 
of luminal content by modulating digestive secretion 
and its rate of delivery throughout the intestinal tract. 
It regulates mucosal proliferation, maturation and regen-
eration, and modulates immune function. The integral 
secretory activity of the GI tract controls food ingestion, 
its digestion, absorption, and the advancement through 
the intestine to optimize extraction of vital nutrients, 
vitamins, and electrolytes while ensuring the mainte-
nance of homeostasis of the complex ecosystem of the 
GI tract, the integrity of its own structure by adapting 
to the ever changing needs of quiescence during night 
and fasting, and the dynamics of food processing during 
digestion.

DIGESTIVE SECRETION

Hydrochloric Acid Secretion
Hydrochloric acid is secreted in the stomach by parietal 
cells found in the oxyntic region (Fig. 21-3) and facilitates 
digestion and absorption of proteins, iron, electrolytes, 
and certain medications such as thyroxin.32 Hydrochlo-
ric acid also controls ingested bacteria and sterilizes food. 
Hydrochloric acid production and secretion must be 
tightly regulated, because too much gastric acid is det-
rimental to the stomach itself or the adjacent esophagus 
and duodenum and it might overwhelm self-protective 
measures causing significant pathology (gastric ulcers, 
duodenal ulcers, esophagitis, intestinal metaplasia [Bar-
rett esophagus], and ultimately gastric or esophageal 
cancer). Too little gastric acid can lead to malabsorption 
of essential vitamins and electrolytes or increase the risk 
for intestinal infections and modification of the enteral 
ecosystem by bacterial overgrowth. The chronic use of 
acid-suppressing drugs, such as histamine-2 receptor 
antagonists or proton pump inhibitors (PPIs), can also 
increase the risk for community-acquired pneumonia.33 
Electrolyte abnormalities, such as hypomagnesemia and 
low vitamin B12 levels, should be anticipated with long-
term use of such medications. An increased risk of frac-
tures has been noted as well when gastric hydrochloric 
acid is reduced chronically by means of a PPI.34 Lastly, 
when administered with clopidogrel, a GP2b/3a receptor 
inhibitor frequently used as an antiplatelet agent after 
stent placement, PPIs are thought to reduce the effi-
cacy of clopidogrel in various but clinically significant 
degrees.35

Acid secretion is a complex and highly integrated pro-
cess involving hormonal, paracrine, and enteric as well 
as central neuronal pathways that are modulated by both 
local and central feedback loops (Fig. 21-4). The cephalic 
phase of acid secretion is initiated by sensory inputs 
such as the thought, sight, smell, taste, or sound of food. 
The cephalic phase contributes about 50% of the overall 
acid response to a meal.5 GI peptides such as ghrelin and 
leptin can act directly in the brain or indirectly by act-
ing on the abundant afferent neurons that terminate in 
the spinal cord or the brain stem. The mechanical and 
chemical milieu is monitored continuously by as many 
as 16,000 afferent vagal neurons that convey informa-
tion to the nucleus tractus solitarius in the medulla and 
the paraventricular nucleus in the hypothalamus. Only 
6000 efferent preganglionic neurons originating from 
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the nucleus ambiguus and the dorsal motor nucleus 
of the vagus nerve are switched over to postganglionic 
neurons in the wall of the stomach and duodenum and 
with decreasing density in the mid and distal gut.36 
These neurons stimulate acid secretion either directly or 
indirectly by inhibiting somatostatin secretion and by 
stimulating histamine and gastrin. Overall, acid secre-
tion is supported by paracrine histamine release from 
oxyntic enterochromaffin-like (ECL) cells, gastrin release 
from pyloric G cells, and ACh release from postgangli-
onic intramural neurons. Histamine and either ACh or 
gastrin act synergistically at the parietal cell and poten-
tiate hydrochloric acid release. Somatostatin is released 
from oxyntic and pyloric D cells in a paracrine fashion; 
this represents the major inhibitor of acid secretion. Syn-
thetic somatostatin (octreotide) is used therapeutically 
among other treatments in acute bleeding peptic ulcer 
disease.
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Figure 21-3. Functional gastric anatomy. The stomach consists of 
three anatomic (fundus, corpus or body, and antrum) and two func-
tional (oxyntic and pyloric gland) areas. The hallmark of the oxyn-
tic gland area is the parietal cell. The hallmark of the pyloric gland 
area is the gastric (G) cell. Somatostatin (SST)-containing D cells are 
structurally and functionally coupled to their target cells: parietal, 
enterochromaffin-like (ECL), and gastric cells. SST, acting via SSTR2 
receptors, tonically restrains acid secretion. This restraint is exerted 
directly on the parietal cell and indirectly by inhibiting histamine 
secretion from ECL cells and gastrin secretion from G cells. H2, his-
tamine H2 receptor. (Redrawn from Functional Gastric Anatomy from 
Schubert ML: Regulation of gastric acid secretion. In Johnson LR, Ghishan 
FK, Kavnitz JD, et al, editors: Physiology of the gastrointestinal tract, 
vol 2, ed 5. Boston, 2012, Academic Press.)
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Bicarbonate Secretion and Mucus Barrier
Mucus and bicarbonate secretions, particularly in the 
stomach and the duodenum, represent the first line of 
defense against the hostile and acidic luminal milieu. 
Mucin is secreted from epithelial cells and polymerizes 
into large multimers to form a gel. Together with surfac-
tant phospholipids and bicarbonate, it covers the epi-
thelial cell surface and creates a steep pH gradient across 
the unstirred mucus layer. The hydrophobic luminal 
surface of this glycoprotein matrix is probably the major 
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Figure 21-4. Model illustrating parietal cell receptors and signaling 
pathways. The principal stimulants of acid secretion at the level of the 
parietal cell are histamine (paracrine), gastrin (hormonal), and acetyl-
choline (ACh; neurocrine). Histamine, released from enterochromaffin-
like (ECL) cells, binds to H2 receptors coupled to activation of adenylate 
cyclase, which converts cytosolic adenosine triphosphate (ATP) to 
cyclic adenosine monophosphate (cAMP). Increases in cAMP activate 
cAMP-dependent protein kinases (protein kinase A) that phosphorylate 
various intracellular proteins that ultimately trigger acid secretion. Gas-
trin, released from G cells, binds to CCK2 receptors on ECL and parietal 
cells that are coupled to activation of phospholipase C with conversion 
of phosphatidylinositol bisphosphate (PIP2) to inositol triphosphate 
(IP3). IP3 in turn induces release of cytosolic calcium (Ca2+), which acti-
vates various calcium-dependent enzymes, such as calmodulin kinases, 
that ultimately trigger acid secretion. The acid-stimulatory effects of 
gastrin are mediated primarily via release of histamine from ECL cells. 
ACh, released from intramural neurons, binds to M3 receptors that 
are coupled to an increase in intracellular calcium via similar signaling 
pathways as described earlier for gastrin. The intracellular cAMP- and 
calcium-dependent signaling systems activate downstream protein 
kinases ultimately leading to fusion and activation of H+K+-ATPase, 
the proton pump. Somatostatin, released from oxyntic D cells, is the 
principal inhibitor of acid secretion. Somatostatin, acting via the SSTR2 
receptor, inhibits the parietal cell directly and indirectly by inhibiting 
histamine release from ECL cells. +, Stimulatory; –, inhibitory. (Redrawn 
from Schubert ML: Regulation of gastric acid secretion. In Johnson LR, 
Ghishan FK, Kavnitz JD, et al, editor: Physiology of the gastrointestinal 
tract, vol 2, ed 5. Boston, 2012, Academic Press.)
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reason for this gradient. Trefoil family peptides (TFFs) 
are stored in mucosal cells in the stomach (gastric pit 
and surface mucus cells) and in the duodenum (small 
and large intestinal goblet cells) and are secreted into 
the mucus gel, where TFFs increase viscosity and elastic-
ity. In addition, TFFs are believed to play a pivotal role in 
mucosal cell differentiation and regeneration and add to 
the regulatory signals of acid production. Mucus secre-
tion is stimulated by gastrin, secretin, prostaglandin E2, 
and cholinergic agents. Ulcerogenic substances such as 
nonsteroidal antiinflammatory drugs (NSAIDs), aspirin, 
and bile salts dissolve the mucus gel and phospholipid 
layer and lead to mucosal injury (Fig. 21-5). Parietal cells 
in the oxyntic region of the stomach maintain a tan-
dem production of equivalent numbers of hydrogen and 
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Figure 21-5. Gastric mucosal defense. Schematic diagram of the mucu
Laine L, Takeuchi K, Tarnawski A: Gastric mucosal defense and cytoprotecti
bicarbonate ions. This astonishing and simplistic yet 
sophisticated principle results in self-regulation.37 The 
more hydrochloric acid is produced, the more bicarbon-
ate is secreted into the interstitium and fenestrated cap-
illaries in the gastric glands from which it diffuses into 
the mucus layer, where it neutralizes hydrogen ions that 
have diffused into it from the gastric lumen. The driving 
force for bicarbonate diffusion is the rate of its neutral-
ization in the mucus layer by hydrogen ions; however, 
most bicarbonate from parietal cells is secreted in the 
urine. The increase in blood and urine pH after a meal is 
known as the alkaline tide.38

Duodenal HCO3
– secretion is stimulated by a wide 

variety of agonists (e.g., CCK, ghrelin, serotonin, uro-
guanylin) and is a much stronger and more sustained 
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s–bicarbonate barrier of the acid-secreting gastric mucosa. (Redrawn from 
on: bench to bedside, Gastroenterology 135:41, 2008.)
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occurrence compared with that of the stomach. Expo-
sure of the duodenal mucosa to luminal acid results in a 
significant but segmental increase in bicarbonate secre-
tion by mucosal enterocytes and by submucosal Brun-
ner glands. This increase is augmented by a concomitant 
increase in PGE2 secretion, which also stimulates bicar-
bonate secretion. The autonomic nervous system 
plays an important role in this acid-induced secre-
tory response. The capsaicin-sensitive transient recep-
tor potential vanilloid receptor 1 resides in the lamina 
propria, senses acidosis, and stimulates bicarbonate 
secretion. Local humoral factors such as melatonin, vaso-
active intestinal peptide, and NO prove to be involved 
in up-regulation of bicarbonate secretion following 
exposure to luminal acid. Cystic fibrosis transmem-
brane conductance regulator (CFTR) is an ATP-binding 
cassette–class transporter ion channel for chloride and 
thiocyanate movement across epithelial cell mem-
branes. In states of hypotonicity or low intracellular Cl–, 
CFTR switches its selectivity from chloride to HCO3

–.39  
At least three forms of the apical solute carrier (Slc-26) 
anion transporter family are expressed in the duodenum 
and contribute to HCO3

– secretion.40

Prostaglandins (PGE2, PGI2) stimulate and facili-
tate mucosal defense by inhibiting acid secretion and 
by stimulating mucus, bicarbonate, and phospholipid 
secretion. They increase mucosal blood flow and sup-
port epithelial regeneration and mucosal healing. Pros-
taglandins (PGs) inhibit mast cell activation, leukocyte 
adhesion, and platelet adhesion to the vascular endothe-
lium. The inhibition of cyclooxygenase (COX)- mediated 
PG synthesis by NSAIDs leads to gastroduodenal ulcer-
ation and is mainly a systemically mediated effect 
regardless of the route of NSAID administration. Gastric 
mucosal integrity at baseline is supported by COX-1– 
mediated PG synthesis. COX-1 is expressed in many tis-
sues whereas COX-2 is rapidly induced in response to 
growth factors or cytokines. Only the combined inhibi-
tion of COX-1 and -2 causes mucosal damage, whereas 
mucosal blood flow decreases after selective COX-1 
and COX-1/2 inhibition but not with COX-2 selective 
inhibition. The absence of PG renders hormonal, para-
crine or neurocrine pathways (TRPV-1, afferent fibers, 
NO, CGRP) that stimulate mucus gel secretion inef-
fective, which underlines the importance of PG, espe-
cially in the up-regulation of mucus gel production and 
secretion. Interestingly, PG depletion results in vagus 
nerve–dependent gastric hypermotility and subsequent 
reduction of mucosal blood flow and neutrophil recruit-
ment in the endothelium with the onset of oxygen- 
radical production.38

REGULATORY SECRETION

Hormones, Paracrine, and Neurocrine 
Compounds
Five peptides are considered GI hormones.32 They are 
released following a stimulus, such as a meal, and act at 
a different location in the GI tract altering its function. 
This effect is maintained even if no nervous connections 
exist between the area where the hormone is released and 
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the area where it acts. Hormones are chemically identi-
fied and reliably elicit the same functional change when 
injected into the blood stream. Secretin, gastrin, CCK, 
gastrin inhibitory peptide and motilin are today estab-
lished gastrointestinal hormones.32

Histamine and somatostatin are released in close prox-
imity to and reach their respective targets by diffusion 
and therefore represent paracrine agents.

Neurotransmitters are ACh, gastrin-releasing peptide 
(GRP), vasoactive intestinal peptide, and pituitary ade-
nylate cyclase-activating polypeptide (PACAP). They are 
released from nerve terminals, and they reach their tar-
get receptors by traversing the synaptic cleft. Table 21-1 
summarizes postpyloric compounds and their respective 
primary actions.

Gastrin is the major regulator for hydrochloric acid 
secretion in the stomach. It promotes mucosal prolifera-
tion and maturation, and it modulates innate mucosal 
immune function. Gastrin is secreted as precursor pep-
tides by G cells in the antrum of the stomach and the 
duodenum. G cells are the hallmark of the pyloric gland 
mucosa in the antrum of the stomach. Gastrin is also 
produced, although in much smaller amounts, in the 
small intestine, colon, and pancreas. Gastrin release is 
stimulated by ACh, GRP, PACAP, secretin, serotonin, 
β2/β3-adrenergic agonists, calcium, luminal protein, 
capsaicin, alcoholic beverages made by fermentation, 
and bacterial lipopolysaccharide. Galanin, adenosine, 
and somatostatin inhibit gastrin release from G cells. 
Gastrin stimulates ECL cells and parietal cells directly 
via the CCK-2 receptor, which increases intracellular 
Ca2+ through the phospholipase C pathway. Gastrin 
is metabolized by the kidney, the intestine, and the 
liver and is found in higher plasma concentrations in 
patients with impaired renal function. At least two nega-
tive feedback loops regulate gastrin release. One loop is 
activated by intragastric acidity, which releases soma-
tostatin via sensory CGRP neurons, and the second is a 
direct stimulus by gastrin to release somatostatin. Long-
term use of medications that raise gastric pH can lead to 
hypergastrinemia.41

CCK-2 receptors are also found on oxyntic progenitor 
cells, implying that gastrin is also involved in differen-
tiation, growth, and migration of parietal cells. Gastrin 
stimulates mucosal proliferation and increases the pari-
etal and ECL cell mass, probably through the release of 
growth factors.

Gastrin modulates innate immune function through 
CCK-2 receptors that are found on macrophages in the 
intestinal lamina propria, peripheral blood mononuclear 
cells, and polymorphonuclear monocytes within the 
stroma of colorectal cancers. Proinflammatory actions 
appear to dominate with stimulation of chemotaxis, 
adherence, and phagocytosis at sites of active inflamma-
tion. In the mesenteric venous system, gastrin promotes 
leukocyte adherence and extravasation. CCK-2 receptor–
expressing intestinal endothelial cells up-regulate their 
production of vascular cell adhesion molecule 1 (VCAM-1) 
and P-selectin glycoprotein ligand-1 (P-selectin) follow-
ing a gastrin stimulus. Therefore, gastrin appears to act as 
a chemoattractant and recruits inflammatory cells to sites 
of inflammation within the GI tract.41
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TABLE 21-1 IMPORTANT FEATURES OF POSTPYLORIC PEPTIDES

Peptide Location
Hormone (H), 
Neuropeptide (N) Secretagogues Primary Activities

Secretin “S” cells—small intestine H Luminal acid, fat Bicarbonate secretion by 
biliary pancreatic ductular 
epithelium, Brunner’s 
glands

Somatostatin (SRIF) ”D” cells—entire GI tract, 
nerves, and nerve plexuses

H, N Luminal acid,  
dietary nutrients

Central inhibitor of gut 
hormone secretion, 
nutrient absorption, and 
exocrine secretion

Vasoactive intestinal 
polypeptide (VIP)

Superior and inferior 
mesenteric ganglia, 
Meissner’s and Auerbach’s 
plexuses

N Unresponsive to 
meal

Smooth muscle relaxant

Pituitary adenylate 
cyclase activity 
peptide (PACAP)

Nerve fibers; myenteric and 
submucosal ganglia

N Unresponsive to 
meal

Physiologic function 
not proved; relaxes 
colonic smooth muscle, 
stimulates pancreatic 
exocrine secretion

Neurotensin “N” cells—cells in ileum and 
colon; myenteric plexus

H, N Dietary fat Physiologic functions 
not proved; influences 
pancreatic, gastric, and 
intestinal secretion

Neuropeptide Y (NPY) Submucosal and myenteric 
plexuses; nerve fibers of 
entire GI tract; highest 
level in lower esophageal 
sphincter

N Unresponsive to 
meal

Regulates GI blood flow, 
motility, and secretion

Motilin “M” or “Mo” cells in 
duodendum

H Cyclic elevations in 
plasma motilin 
during fasting 
stage; dietary fat  
in human increases 
plasma motilin

Stimulation of phase 
III–MMC contractions

Peptide YY (PYY) “L” cells of terminal ileum and 
colon; nerve cell bodies and 
fibers of stomach; intestinal 
myenteric and submucosal 
plexuses

H, N Mixed meal in 
humans, luminal 
fat

Enterogastrone; ileal break; 
reduces gastric and 
intestine motility, gastric 
acid, and pancreatic 
secretion

GI, Gastrointestinal; MMC, migrating myoelectric complex.
Reproduced from Greeley G: Postpyloric gastrointestinal peptides. In Johnson LR, Ghishan FK, Kavnitz JD, et al, editors: Physiology of the gastrointestinal tract, 

vol 1, ed 5. Boston, 2012, Academic Press.
Enteroendocrine I–type cells in the duodenum secrete 
CCK into the blood stream following a meal rich in fat 
and protein. This secretion stimulates gallbladder con-
tractions and exocrine pancreatic secretion and inhib-
its further food intake, delays gastric emptying, and 
increases the travel time along the GI tract via CCK-
receptor-1 acting on afferent vagal fibers. Overall, CCK 
promotes the optimal digestion of fat and protein in 
the small intestine and currently represents the most 
important anorexigenic signal in the complex control 
of food intake and in the long-term energy balance.42 In 
addition, CCK has been found to act as an endogenous 
antiopioid and promotes the development of acute opi-
oid tolerance.43

Secretin is released by S cells that line the mucosa of 
the small intestine in decreasing density from the duo-
denum to the ileum. It is released when the luminal pH 
in the duodenum falls to less than 4.5. Its major action 
is the stimulation of pancreatic and biliary duct cells to 
secrete bicarbonate.1 In addition, secretin reduces the 
gastrin response to food intake, slows gastric empty-
ing, and decreases colonic motility. Secretin is used to 
aid in the diagnosis of Zollinger-Ellison syndrome, a 
condition in which an often malignant neuroendocrine 
tumor produces gastrin. Elevated serum gastrin levels 
increase further by up to 100% after a secretin chal-
lenge.32 Gastrin-inhibitory peptide or glucose-dependent 
insulinotropic peptide is a member of the secretin fam-
ily; it is secreted by K cells, stimulates pancreatic insulin 
release, and decreases gastric acid release. Luminal car-
bohydrates, protein, and fat are triggers for the release of 
gastric inhibitory polypeptide. It also slows gastric emp-
tying and reduces gastric motility.32 Motilin is cyclically 
released in the small intestine during the fasting state; 
it promotes the “migrating motor complex,” which is 
a phased peristaltic wave through the entire intestine 
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believed to serve a preparatory function to accommodate 
the next meal.1

Gastral histamine is mainly released from ECL cells 
that are found on the base of oxyntic glands. Some his-
tamine is also released from mast cells. ECL cells, but not 
mast cells, contain L-histidine decarboxylase, which cata-
lyzes the production of histamine from L-histidine, the 
major source for histamine in ECL cells. Four subtypes of 
histamine receptors exist and all of them are G-protein 
coupled. Parietal cells exhibit the histamine-2 receptor. 
Histamine release is stimulated by gastrin, PACAP, VIP, 
ghrelin, epinephrine, norepinephrine, and transform-
ing growth factor alpha. Somatostatin, CGRP, PGE1 and 
PGE2, peptide YY, galanin, and interleukin-1β inhibit his-
tamine secretion.36

ACh is released from postganglionic intramural neu-
rons in the gastric body and fundus; it stimulates acid 
secretion directly by acting on M3-ACh receptors on pari-
etal cells and indirectly by inhibiting somatostatin release 
via M2- and M4-ACh receptors on D cells.36

Gastrin-releasing peptide (GRP) receptors are found on 
G cells and stimulate gastrin among other peptides.

PACAP is a regulatory peptide found in the gastric 
mucosa and released from enteric nervous system neu-
rons. Its receptors are found on ECL and D cells. Whether 
it increases acid secretion or inhibits it depends on con-
founding factors such as calcium entry and the relative 
weight of ECL cell–derived histamine release versus D 
cell–derived somatostatin release.

NO acts as a neurotransmitter, intracellular messenger, 
and signaling molecule, and it appears to have a dose-
dependent effect on net acid secretion.

Ghrelin
Ghrelin is present mainly within the oxyntic mucosa 
and to a lesser extent within the pyloric mucosa in 
A-like or Gr cells. These cells represent 20% to 30% 
of gastric neuroendocrine cells and produce approxi-
mately 80% of the body’s ghrelin. It is released when 
the stomach does not contain calories and circulates 
systemically when fasting to stimulate appetite. ACh, 
glucagon, secretin, endothelin, and gastric inhibitory 
polypeptide stimulate ghrelin secretion as well. Ghre-
lin promotes food intake and appetite. It increases 
gastric motility, hydrochloric acid secretion, insulin 
secretion, and promotes adipogenesis. Ghrelin release 
decreases with intragastric calories, intravenous fat and 
dextrose, insulin, CCK, somatostatin, GRP, and IL-1β. 
Ghrelin stimulates growth hormone release in the pitu-
itary gland.41 The sustained weight loss after bariatric 
surgery or total gastrectomy is thought to be main-
tained by loss of ghrelin-secreting cells, 65% of which 
reside in the stomach. Additionally, ghrelin antago-
nists might be able to induce weight loss by reduc-
ing appetite. Offsetting the hormonal balance that 
regulates appetite (ghrelin, leptin, GLP-1) by removing 
parts of the stomach together with a significant drop 
in ghrelin-secreting cells can put patients at risk for 
addiction after bariatric surgery, because these media-
tors affect dopamine release in the addiction circuitry 
in the brain.44
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IMMUNOMODULATORY SECRETION

Paneth Cells
Paneth cells reside at the base of Lieberkühn crypts in 
the small intestine and display a unique histologic mor-
phology with their extensive endoplasmic reticulum 
and Golgi network.45 Paneth cells secrete host defense 
proteins and peptides (e.g., α-defensins that modulate 
composition of small intestinal microflora, secretory 
phospholipase A2, lysozyme, lipopolysaccharide-binding 
protein, REG3-γ, xanthine oxidase, matrix metallopro-
tease 7, CD95 ligand, immunoglobulin A, CD1d, CRIP, 
CD15, and several proinflammatory mediators such as 
IL-17A, tumor necrosis factor α, IL-1β, and lipokines). As 
a result, these cells play various roles in innate mucosal 
immunity and maintenance of homeostasis in the lower 
GI tract. Paneth cells are particularly sensitive to endo-
plasmic reticulum stress and unfolded protein responses, 
which if unresolved, leads to apoptosis and disruption of 
crypt homeostasis with the result of increased sensitivity 
to ileitis and colitis.45

DIGESTION AND ABSORPTION

OVERVIEW

Digestion ensues in the mouth after the ingestion of food. 
Saliva lubricates the food bolus and mixes into the food as 
it is chewed. This action moistens the food and facilitates 
swallowing. Enzymes that are contained in saliva begin 
the breakdown of carbohydrates (α-amylase) and lipids 
(lipase). In addition, saliva protects the oral cavity by 
buffering and by diluting noxious substances, hot or cold 
liquids, or food. Saliva exhibits additional protective func-
tions by its antibacterial compounds (lactoferrin, secretory 
immunoglobulin A). Salivary glands are highly effective in 
producing saliva and are under control of the autonomic 
nervous system. Muscarinergic receptors and β-adrenergic 
receptors of salivary glands are mostly stimulated by the 
parasympathetic as well as by the sympathetic nervous 
system. Antidiuretic hormone (ADH) and aldosterone 
decrease sodium and increase potassium concentrations; 
however, they do not affect the rate of saliva production.

The digestive process in the stomach begins with simple 
hydrolysis. The stomach secretes hydrochloric acid, which 
acidifies the luminal environment, denaturizes protein, 
and sterilizes the meal. Proteolytic enzymatic digestion 
begins in the stomach. Pepsin is secreted as an inactive 
precursor (pepsinogen), which is activated by autocata-
lytic cleavage in the low pH environment. Pepsin activity 
is optimal at low pH. This is referred to as luminal diges-
tion.32 As the bolus of food passes into the small intestine, 
membrane digestion ensues. Food contacts the small intes-
tinal brush border and is further hydrolyzed by enzymes 
anchored in the apical membrane of the epithelial surface.

The small intestine with its brush border is the major 
area of digestion and absorption of all major dietary 
compounds, whereas the colon principally absorbs elec-
trolytes and most of the remaining water that passes the 
ileocecal valve.
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The intestinal epithelial monolayer is composed 
mainly of four different cell types: absorptive entero-
cytes, mucus-secreting goblet cells, enteroendocrine cells, 
and Paneth cells. All cells are renewed continuously from 
pluripotent progenitor cells that reside in the Lieberkühn 
crypts. See Figure 21-6 for a schematic arrangement of the 
epithelium in villi and crypts and an illustration of its 
mucous barrier.

The intake of nutrients and water occurs through several 
mechanisms such as pinocytosis, passive diffusion, facili-
tated diffusion, and active transport.32 Luminal tight junc-
tions between apposing enterocytes seal the endothelium 
mechanically but are relatively leaky for ions and water 
in certain regions of the intestine. Digestive and absorp-
tive processes are adaptable to functional changes within 
the intestine. Small bowel resections or bypasses are well 
tolerated because the remaining gut is able to compensate. 
An exception is the terminal ileum, which is the only area 
where bile salts and vitamin B12 are absorbed.

Sugars
Carbohydrates comprise approximately 50% of our daily 
ingested calories. Half of these calories are in the form of 
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Figure 21-6. Mucosal barrier. Solutes moving across the enterocyte 
from the intestinal lumen to the blood must traverse an unstirred layer 
of fluid, a glycocalyx, the apical membrane, the cytoplasm of the cell, 
the basolateral cell membrane, the basement membrane, and finally 
the wall of the capillary of the lymphatic vessel. Microvilli are mor-
phologic modifications of the cell membrane that comprise the brush 
border. The importance of this region in the digestion and absorp-
tion of nutrients is depicted by the enlarged microvillus (inset), which 
illustrates the spatial arrangement of enzymes and carrier molecules. 
(Redrawn from Johnson LR: Gastrointestinal physiology: Mosby physiol-
ogy monograph series, ed 7. Philadelphia, 2006, Mosby.)
starch, a high-molecular-weight compound made of amy-
lose and amylopectin. α-Amylase from salivary glands and 
from the pancreas luminally digests starch in the mouth 
and the small intestine. Amylase is inactivated by acid; 
therefore, only limited digestion of starch occurs in the 
stomach. Brush border hydrolases further break down 
starch and other carbohydrates into their monosaccha-
rides. Those are absorbed throughout the small intestine 
passively either by paracellular diffusion facilitated by 
tight junction plasticity or by the passive facilitated diffu-
sion using Glucose Transporters (GLUTs of the SLC2 gene 
family) at the brush border. More importantly, monosac-
charides are absorbed into the enterocytes by the active 
sodium glucose symporter or cotransporter (SGLTs of 
the SLC5 gene family). Glucose and galactose are accu-
mulated within the enterocyte and eventually exit at the 
basolateral membrane into the blood by either facilitated 
transport (GLUT2) or exocytosis.46 The capacity to absorb 
sugars in the small intestine is extremely high. Usu-
ally, all monosaccharides are absorbed by the time they 
reach the mid ileum. Chemoreceptors and osmoreceptors 
within the brush border of the proximal small intestine 
sense luminal carbohydrate content and regulate the con-
tact time of ingested sugars by modifying motility and 
gastric emptying.32 The rate of carbohydrate-containing 
solutes leaving the stomach is inversely related to the car-
bohydrate content. The higher the carbohydrate load, the 
slower it is delivered into the duodenum with approxi-
mately 200 kcal/hr delivered to the duodenum.5

Proteins
Proteins are denaturized by hydrochloric acid and lumi-
nally digested by pepsin in the stomach. Pepsin is released 
as a precursor by the chief cells. Ingestion of a meal with 
protein in the stomach and low gastric pH (as more hydro-
chloric acid is secreted in response to protein in the meal) 
triggers pepsin release. With transition of the chyme to 
the duodenum, its polypeptide and fat content triggers 
CCK release from duodenal enteroendocrine cells (I cells), 
which stimulates the secretion of peptidases (trypsinogen, 
chymotrypsinogen, proelastase, procarboxypeptidase) 
from the pancreas in inactive precursor forms; they are 
activated by enterokinase in the brush border of duodenal 
enterocytes. Furthermore, membrane-bound digestion of 
peptides to free amino acids, and more importantly small 
dipeptides and tripeptides, occurs at the brush border, 
where absorption follows by secondary active transport 
processes along transmembrane ion gradients. The activ-
ity for dipeptide and tripeptide absorption is highest in 
the more proximal small intestine, whereas free amino 
acids are more efficiently absorbed more distally in the 
ileum. This activity coincides with a noticeable increase 
in brush border–bound proteases towards the ileum. Most 
protein is absorbed in the small intestine. Although able 
to absorb protein, the colon plays only a minor role in 
the uptake of amino acids derived from food. It can be 
involved in the absorption of dipeptides and tripeptides 
from bacterial proteins.47 Enterocytes demonstrate high 
cytosolic peptidase activity that further hydrolyzes small 
peptides so that ultimately about 90% of all absorbed 
peptides exit the enterocyte at the basolateral membrane 
in the form of amino acids.
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Lipids
Lipids are highly heterogeneous macromolecules and rep-
resent the most dense source of calories in the human diet. 
Lipids present predominantly as triacylglycerols (TAGs), 
phospholipids, and sterols; they are inherently insoluble 
in water and tend to form ester linkages. Digestion of 
lipids is a refined and efficient process that is intimately 
associated with the absorption of lipid-soluble vitamins. 
It involves three steps: emulsification, enzymatic hydro-
lysis, and the creation of water-soluble products of lipoly-
sis that allows lipids to be absorbed.32 The stomach mixes 
and churns lipids with hydrochloric acid, releases lipase 
in its corpus and fundus, and regulates the advancement 
of chyme into the duodenum. CCK is secreted to slow gas-
tric motility and emptying when significant amounts of 
lipids reside in the small intestine. CCK also promotes the 
release of bile salts into the duodenum. With the excep-
tion of short-chain fatty acids, there is no absorption of 
lipids in the stomach.32 In the small intestine, bile salts, 
phosphatidylcholine, fatty acids (FA), and other com-
pounds emulsify lipids into small fat droplets of approxi-
mately 1 μm in diameter to allow enzymatic hydrolysis. 
Because products of lipolysis are poorly soluble in water, 
they are built together with lipid-soluble vitamins (vita-
mins A, D, E, and K) into micelles, which have a hydro-
phobic core but a hydrophilic surface.

CD36, a member of the class B scavenger receptor fam-
ily of cell surface proteins, is found abundantly on the api-
cal membrane of villi enterocytes of the proximal small 
bowel, where most FA absorption occurs. CD36 knockout 
animals shift absorption of FA to the more distal small 
bowel, where it is CD36 independent. Chylomicron 
production, however, is greatly impaired when CD36 is 
absent. Polymorphisms of the CD36 gene are relatively 
common and result in high blood FA levels and acceler-
ated cardiovascular disease.48 TAG is hydrolyzed to two 
FAs and monoacylglycerol and is subsequently reassem-
bled to TAG in the endoplasmic reticulum of the entero-
cyte before moving as a prechylomicron transport vesicle 
into the Golgi apparatus. There, the chylomicrons mature 
and are subsequently released into the lymph and blood 
streams. This multistep process is usually accomplished 
quickly, and 500 g of fat can be processed daily. Fat-soluble 
vitamins are solubilized into micelles before absorption 
occurs by passive diffusion (vitamins A, D, E, food-derived 
K) into the enterocyte. Bacterially derived vitamin K is 
absorbed by an active process. The eventual distribution 
of vitamins throughout the body is achieved by embed-
ding them (mostly unaltered) into chylomicrons, which 
demonstrates that the absorption of fat-soluble vitamins 
in fact depends on fat absorption.32

Intestinal lipid metabolism could have a significant 
effect on overall metabolic homeostasis in the body. High 
fatty intake and intestinal lipid metabolism disturbances 
can lead to hyperlipidemia and accelerated cardiovascular 
disease.48

WATER TRANSPORT

The GI tract handles 8 to 9 L of water in a 24-hour period; 
only the kidneys filter and process more water. Approxi-
mately 2 L are ingested with daily food and liquid intake, 
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the remaining 6 to 7 L are derived in combination from 
the following: secretory products from salivary glands 
(1.5 L), gastric juices (2.5 L), pancreatic enzymes and 
bicarbonate-containing fluids (1.5 L), and bile salts (0.5 
L). Most water is reabsorbed in the small intestine (7.5 to 
9 L),1,49 which illustrates that especially in the stomach 
and small intestine, water is secreted and absorbed at the 
same time, with a net flow in either direction depend-
ing on the location and the physiologic state. Com-
pared with the small intestine, the colonic mucosa has 
a lower paracellular permeability and tighter epithelium 
with higher electrical resistance; therefore, it is relatively 
impermeable for water. It reabsorbs the remainder, leav-
ing approximately 100 mL/day of hypertonic water for 
excretion with the feces. Hence, water flow in the colon 
is mostly absorptive and has to occur against substantial 
osmotic and hydraulic resistance imposed by the luminal 
content.49 The colonic crypts are suggested to be the site 
where water is absorbed, because they are surrounded by 
a hypertonic milieu created by solute absorption (mostly 
sodium). A fenestrated sheath formed by myofibroblasts 
maintains the osmotic gradient and patency of the crypts 
as water is “sucked” into the pericryptal space.49

Mechanisms of Water Transport
The longstanding paradigm states that water moves across 
membranes driven by either osmotic forces created by 
active salt transport or hydrostatic pressure differences. 
The observation that water can be secreted or absorbed in 
the absence of both forces puzzles scientists even today 
and supports the theory of a dedicated active transport 
mechanism for water across GI epithelial membranes. The 
role of aquaporin water channels or water pumps such 
as the sodium/glucose co-transporter 1 is being investi-
gated but remains elusive. Currently, the most widely 
accepted model, the “standing gradient model,” assumes 
that sodium is actively transported into the hypertonic 
lateral intercellular space (LIS) between cells, resulting in 
transcellular movement of water into the LIS and isotonic 
transfer of fluid into the capillary circulation. However, 
the apical and basolateral membranes prove to be water 
permeable, and the osmotic gradient in the LIS is small 
and essentially immeasurable. The observation that most 
water transfer occurs through the cell rather than across 
intercellular tight junctions has led to the “revised stand-
ing gradient model” and the emergence of several other 
theories.49

Sodium and Potassium Transport
Sodium is absorbed by four mechanisms. It diffuses pas-
sively, either transcellular or paracellular, following elec-
trochemical gradients and Starling forces. There is an 
active countertransport with H+, cotransport with organic 
solutes such as sugars and amino acids, and cotransport 
with Cl–. The luminal sodium content in the duodenum 
is equilibrated to plasma through net water secretion or 
absorption. The sodium content in the enterocyte is kept 
low as the basolateral Na+, K+-activated adenosine triphos-
phatase (ATPase) continues to move Na+ out and K+ into 
the cell. Advancing aborally, Na+ and Cl– concentrations 
decrease in the jejunum and further in the ileum, reach-
ing their respective minima in the colon where luminal 
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Na+ concentrations are as low as 35 to 40 mEq/L. Chlo-
ride is conserved in the colon and is exchanged for HCO3

– 
which stems from the hydration of CO2 by carbonic 
anhydrase.32 Potassium is absorbed passively throughout 
the small intestine and is secreted actively in the colon.

There is little regulation of water and electrolyte 
absorption in the intestine, which simply absorbs what 
is presented. However, adrenergic (α-receptor) or anti-
cholinergic stimuli increase absorption, whereas cholin-
ergic and anti-adrenergic stimuli decrease it. Serotonin, 
dopamine, endorphins, and enkephalins alter the net 
transport across the epithelium and enhance secretion 
over absorption. Exogenous opiates such as morphine or 
codeine enhance absorption in the small and large intes-
tine and increase transition time.32

In contrast to the small intestine, the large intestine is 
able to increase sodium absorption by decreasing sodium 
concentration in fecal water to as little as 2 mEq/L in a 
response to plasma sodium depletion or mineralocorti-
coid secretion. Simultaneously, the potassium secretion 
is stimulated. Aldosterone improves the sodium perme-
ability of the brush border membrane by activating more 
sodium channels and increasing the number of sodium 
pump molecules in the basolateral membrane of the 
enterocyte. Osmotic retention of fluid in the gut and the 
increase in fecal water content is achieved by polyvalent 
ions such as magnesium sulfate (MgSO4), which are only 
incompletely absorbed.32 This principle is used when the 
bowel is “prepared” for endoscopies or colorectal surgery. 
For the latter, it has been suggested that this practice be 
abandoned because there is no benefit; moreover, the dis-
turbances of electrolyte and water homeostasis may be 
significant.50

Calcium, Magnesium, and Phosphorus
Calcium, magnesium, and phosphorus stem from 
dietary sources and are essential elements required for 
multiple functions and structural tasks. Serum levels are 
tightly regulated, and the intestine along with kidney 
and bone play a major role in the homeostasis of those 
elements. Parathyroid hormone and vitamin D are the 
major regulating signals among a complex network of 
membrane transporters, associated proteins, and soluble 
mediators.51 The ratio of absorbed to ingested calcium 
varies with age, level of Ca2+ intake, physiologic state 
(i.e., pregnancy), and GI factors, such as transit time 
of chyme along the gut, proportion of soluble form of 
calcium, and the rate of transport across the intestinal 
epithelium.51 Solid food containing calcium must be 
digested first to make soluble calcium available. Overall, 
approximately 25% of all ingested calcium is enterically 
absorbed in the nonpregnant state by passive paracel-
lular and active, ion-channel dependent transcellu-
lar pathways. When luminal calcium concentration is 
high, most of it is passively absorbed through the tight-
junction regulated paracellular pathway. The major ion-
channel protein responsible for transcellular calcium 
absorption is TRPV6. Several models have been proposed 
to explain how calcium can diffuse into the cytoplasm 
of the enterocyte, traverse it, and exit at the basolat-
eral membrane without upsetting the tightly regulated 
intracellular calcium concentration. The “facilitated 
diffusion model” assumes binding of free calcium to an 
intracellular buffering protein and basolateral exclusion 
via a P-type ATPase with high affinity to Ca2+. The “ER 
tunneling model” and the “vesicular transport model” 
suggest transport through the endoplasmic reticulum 
and exocytosis of calcium through vesicles, respectively, 
or Na+/Ca2+ exchangers and Ca2+ ATPases.51

Phosphorus plays an important role in bone structure 
and as inorganic phosphate and phosphate esters in cell 
physiology. Phosphorus is extracted efficiently from food 
in the intestine, which maintains phosphate levels within 
a narrow range. Absorption occurs mostly in the duode-
num and in the jejunum by passive paracellular diffusion 
and by active transcellular transport, which can be up-
regulated when phosphate intake is reduced.

Magnesium is absorbed mostly in the small intestine 
by passive, gradient-driven, paracellular diffusion that 
is regulated by luminal magnesium concentration in a 
curvilinear fashion, which is probably the result of tight 
junction plasticity. 51 Similar to calcium and phosphorus, 
magnesium is also absorbed apically by an active trans-
cellular transport involving TRP family of ion channels. 
Vitamin D3 increases the capacity of both pathways and 
hence represents the major regulatory signal in intestinal 
calcium absorption and overall calcium homeostasis.

Iron
Iron is absorbed mainly in the proximal small intestine; 
less prominent sites include the stomach, ileum, and 
colon. Iron must be reduced before being transported 
across apical surfaces by the intestinal iron transporter-1 
and stored as ferritin in mature enterocytes when iron 
stores in the body are filled. If iron stores are low, iron 
is exported from enterocyte storage via ferroportin 1 to 
bind to transferrin in interstitial fluid and plasma. This is 
regulated by liver-derived hepcidin, which is up-regulated 
by hemochromatosis protein.

Water-Soluble Vitamins
Dietary vitamin B1 (thiamine) is mainly phosphorylated 
and thus needs to be hydrolyzed at the brush border before 
absorption through a mechanism in the small intestine 
that is pH dependent and mediated by an electroneutral 
carrier.52 Another source of thiamine is the bacterial flora 
in the large intestine that synthesizes free thiamine to be 
used by enterocytes for their own metabolism in addition 
to adding to the body’s supply. Prolonged vomiting and 
alcoholism are common causes for vitamin B1 deficiency.

Vitamin B2 (riboflavin) from dietary and bacterial 
sources in the large intestine is absorbed similarly to 
vitamin B1 utilizing a Na+-independent, carrier-medi-
ated mechanism, whereas vitamin B3 is absorbed only 
from dietary sources. Vitamin B5 (pantothenic acid) and 
vitamin B6 (pyridoxine) are hydrolyzed before they are 
absorbed in the small intestine.

Conjugated vitamin B9 (folate) polyglutamates carry 
multiple negative charges, represent a large molecule, 
and are hydrophobic—all features that hinder absorption. 
Hence, folate hydrolases at the brush border hydrolyze it 
to its monoglutamate before it can be absorbed. Again, 
large intestine bacterial flora supplies folate locally to 
the colonic mucosa and supports its structural integrity. 
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